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The blood-brain barrier (BBB) is a highly restrictive barrier that preserves central nervous system homeostasis
and ensures optimal brain functioning. Using BBB cell assays makes it possible to investigate whether a com
pound is likely to compromise BBBs functionality, thereby probably resulting in neurotoxicity. Recently, several
protocols to obtain human brain-like endothelial cells (BLECs) from induced pluripotent stem cells (iPSCs) have
been reported. Within the framework of the European MSCA-ITN in3 project, we explored the possibility to use
an iPSC-derived BBB model to assess the effects of repeated dose treatment with chemicals, using Cyclosporine A
(CsA) as a model compound. The BLECs were found to exhibit important BBB characteristics up to 15 days after
the end of the differentiation and could be used to assess the effects of repeated dose treatment. Although BLECs
were still undergoing transcriptional changes over time, a targeted transcriptome analysis (TempO-Seq) indi
cated a time and concentration dependent activation of ATF4, XBP1, Nrf2 and p53 stress response pathways
under CsA treatment. Taken together, these results demonstrate that this iPSC-derived BBB model and iPSCderived models in general hold great potential to study the effects of repeated dose exposure with chemicals,
allowing personalized and patient-specific studies in the future.

1. Introduction
Neurotoxicity assessment of chemicals is essential for their safety
evaluation. Current neurotoxicity testing for regulatory purposes,
following OECD guidelines, is still based on resource intensive animal
studies (Bal-Price et al., 2018). Nevertheless, there is an ongoing
movement towards the use of non-animal test methods for neurotoxicity
and developmental neurotoxicity (Bal-Price et al., 2018; Fritsche, 2017;
Sirenko et al., 2019). Many of these test methods make use of human
induced pluripotent stem cells (iPSCs) derived neural cultures

containing neuronal and glial cells, allowing better toxicity prediction
by use of human cells. However, neurotoxicity assessment of chemicals
does not solely rely on their interaction with brain cells but also on their
ability to reach these cells by crossing the blood-brain barrier (BBB)
(Schultz et al., 2015). This selective barrier is composed of specialized
endothelial cells at the level of the brain capillaries that contain physical
components (i.e. tight-junctions), metabolic components (i.e. metabo
lizing enzymes) and transport processes (i.e. presence of efflux trans
porters (e.g. ABCB1 and ABCG2) and solute carrier transporters (e.g.
SLC2A1)) in conjunction with perivascular elements (such as closely
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associated pericytes, astrocyte end-feet processes and perivascular
neurons). Altogether, the functions of the BBB endothelium maintain
brain homeostasis. Therefore, interaction of chemicals with the BBB can
lead to neurotoxicity by jeopardizing the barrier integrity and creating a
homeostatic disturbance of the brain. Multiple human in vitro BBB
models have been developed, starting with scarce primary cells and
followed by immortalized cell lines (like hCMEC/D3, hBMEC, TY10 and
BB19) (Eigenmann et al., 2013). More recently, BBB models have been
derived from hematopoietic stem cell (Cecchelli et al., 2014) and
endothelial progenitor cell-based BBB co-culture models (Boyer-Di
Ponio et al., 2014) or human induced pluripotent stem cells (iPSCs)
(Workman and Svendsen, 2020) to overcome some of the challenges
faced with immortalized cell lines like the low paracellular barrier
properties (Weksler et al., 2005). As pericytes and astrocytes play an
important role in the development and maintenance of the BBB (Ober
meier et al., 2013), some of these protocols make use of these peri
vascular cells in the differentiation process to induce a BBB phenotype
(with a decrease in permeability and upregulation of BBB genes)
(Appelt-Menzel et al., 2017; Canfield et al., 2019; Canfield et al., 2017;
Cecchelli et al., 2014). The availability of unlimitedly self-renewing
human iPSCs, which could be differentiated in all cell types with the
same genetic background, allows the development of isogenic neuro
vascular unit models (Canfield et al., 2019; Canfield et al., 2017) and has
opened new opportunities for the evaluation of chemical toxicity (Logan
et al., 2019).
Within the framework of the in3 project (Marie Sklodowska-Curie
Action-Innovative Training Network 2017–2020 grant no. 721975,
www.estiv.org/in3), we intended to explore the possibility to use iPSCs
for chemical toxicity assessment by differentiating iPSCs into specific
cell types: neural, lung, liver, kidney (Rauch et al., 2018) and vascula
ture lineages including BBB and exposing it to various compounds.
In the recent years, several protocols have been published to differ
entiate iPSCs into brain-like endothelial cells (BLECs) (Appelt-Menzel
et al., 2017; Canfield et al., 2019; Canfield et al., 2017; Hollmann et al.,
2017; Lippmann et al., 2014; Lippmann et al., 2013) but the possibility
to use these models for repeated dose toxicity testing has not yet been
explored. Among these iPSC differentiation protocols to BLECs, Qian
et al. reported at the end of 2017 a completely chemically defined
method using a developmentally pertinent progression by activation of
Wnt and retinoic acid pathway using small-molecule activation (Qian
et al., 2017). As this protocol enables to avoid the use of serum which
batch-to-batch variation affects the barrier properties of brain micro
vascular endothelial cells (Neal et al., 2019), the chemically defined
protocol reported by Qian et al. has been used in this study.
In order to study the effects of repeated dose treatment, the immu
nosuppressive drug Cyclosporine A (CsA) has been used, which is
extensively prescribed to prevent graft rejection after transplantation.
However, its use often leads to nephrotoxicity and sometimes to hepa
totoxicity and neurotoxicity (Hauben, 1996; Wu et al., 2018). Given its
reported chronic side effects, the molecular mechanism of CsA toxicity
has been studied in different cell types using Chip-Seq data and tran
scriptomics (Limonciel et al., 2015, 2018; Wilmes et al., 2011),
demonstrating the activation of different stress response pathways (like
ATF4, XBP1 and Nrf2). Therefore, we selected CsA as a model compound
and investigated the stress response pathways activated by repeated
dose treatment with CsA on BLECs derived from iPSCs.
The objectives of this study were (i) to investigate the long-term
stability of the iPSC differentiated BLECs and (ii) to evaluate the possi
bility to use such model for repeated dose toxicity testing using CsA.

funded StemBANCC consortium (grant agreement no 115439,
http://stembancc.org) and maintained as described in Rauch et al.
(Rauch et al., 2018). iPSCs were differentiated into BLECs according to
the protocol of Qian et al. with minor modifications (Qian et al., 2017).
Briefly, undifferentiated iPSCs were first passaged with Accutase
(#07920, Stemcell technologies) as small colonies and plated at a den
sity of 20.8 k cells/cm2 on Matrigel-coated (83 μg/mL, 354230, Corning)
6 well plates (3506, Corning) in mTeSR (#85850, Stemcell technologies)
with 10 μM Rho kinase inhibitor Y-27632 (stock concentration: 5 mM in
DMSO; Ab120-129, Abcam). The day after, the medium was changed to
DeSR1 (DMEM/F12 (HEPES) (11330–032, Thermo Fisher Scientific)
with 1× MEM non-essential amino acids (11140–050, Thermo Fisher
Scientific), 0.5× Glutamax (35050–061, Thermo Fisher Scientific) and
0.1 mM β-Mercaptoethanol (M3148, Sigma)) supplemented with 6 μM
CHIR99021 (stock concentration: 3 mM in DMSO; SML1046, Sigma) for
24 h. Subsequently the cells were kept in DeSR2 (DMEM/F12 (HEPES)
with 1× MEM non-essential amino acids, 0.5× Glutamax, 0.1 mM
β-Mercaptoethanol and 1× B27 supplement (17504044, Thermo Fisher
Scientific)) for three or four days with a medium change every 24 h.
Then, the cells were changed to hECSR1 (human endothelial serum-free
medium (11111-044, Thermo Fisher Scientific) with 20 ng/mL basic
fibroblast growth factor (stock: dissolved in Tris (1 mg/mL) and diluted
in DMEM with 0.1% bovine serum albumin (100 μg/mL); 100-18B,
Peprotech), 10 μM all-trans retinoic acid (stock concentration: 5 mM
in DMSO; R2625, Sigma) and 1× B27) for 48 h, passaged with Accutase
and seeded in hECSR1 medium at a density of 1 million cells/cm2 on
Matrigel-coated (100 μg/mL) 96 well plates (161093, Thermo Fisher
Scientific) or transwell inserts with 0.4 μm pore size (3401, Corning).
One day after the passage, the medium was changed to hECSR2 (human
endothelial serum-free medium with 1× B27, without bFGF and RA) and
this was continued every 48 h until the end of the protocol.
2.2. Transendothelial electrical resistance (TEER)
The resistance of the seeded or coated inserts was measured, using
the EVOM2 device (with chopstick, World precision instruments),
immediately after the inserts were taken out of the incubator. If a me
dium change needed to be performed on the same day, this was done
after the resistance measurement. For the calculation of the TEER, the
resistance of the coated inserts without cells was subtracted from the
resistance with cells and multiplied by the surface area of the insert
(1.12 cm2). TEER measurements were performed on triplicates of inserts
of two independent differentiations.
2.3. Functionality of efflux transporters
The functionality of efflux transporters was assessed, at day of
treatment (DOT) 0 and DOT 14, by comparing the rate of clearance of
the fluorescent efflux transporter substrate, rhodamine 123 out of the
cells (Rho123 Kout) in the presence or absence of the competitive in
hibitors elacridar and verapamil as described by Sevin et al. (Sevin et al.,
2019). Elacridar, rhodamine 123 (Rho123) and verapamil were ob
tained from Sigma-Aldrich (Saint Quentin Fallavier, France) and were
first dissolved in DMSO to achieve stock concentrations which enable
dilution to their final concentration in buffer while reducing the DMSO
concentration to 0.1%.
The cells (8 replicates/condition), seeded in 96-well plates, were
washed once with HEPES-buffered Ringer’s (RH) solution (NaCl 150
mM, KCl 5.2 mM, CaCl2 2.2 mM, MgCl2 0.2 mM, NaHCO3 6 mM, Glucose
2.8 mM, HEPES 5 mM, water for injection), pH = 7.4 before incubation
with 10 μM Rho123, dissolved in RH, for 120 min. After rinsing, the cells
were incubated with elacridar (final concentration = 20 μM), verapamil
(final concentration = 50 μM) or without any compound (0.1% DMSO)
in RH for one hour at 37 ◦ C during which Rho123 (λex = 485 nm and λem
= 538 nm) was measured using a microplate fluorescence reader (Flu
oroskan Ascent FL, Thermo Labsystems, Issy-Les-Moulineaux, France)

2. Materials and methods
2.1. Cell culture (iPSC differentiation protocol)
The SBAD3 clone 1 iPSC cell line, already used by several members of
the in3 project, was obtained from the Innovative Medicines Initiative2
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every 2 min. The slope of the cumulative Rho123 fluorescence curve
against the time served to calculate the Rho123 Kout.

Harmony software 4.9.

2.4. Immunocytochemistry

2.5. Cyclosporine A treatment regimen and cytotoxicity assessment
(lactate and resazurin)

Cells cultivated on transwell inserts were fixed with ice-cold meth
anol (100%) for 10 min on ice. After washing three times with PBS-CMF
(Phosphate Buffered Saline–Calcium Magnesium Free), sea block buffer
(37527, Thermo Fisher Scientific) was added for 30 min, at room tem
perature (RT). Primary antibodies were diluted in PBS-CMF containing
2% normal goat serum (NGS, G-6767, Sigma) at following dilutions:
Claudin 5 (34–1600, Invitrogen) 1/100 and VE-cadherin (ab33168,
Abcam) 1/400. Following 1-h incubation at RT with the primary anti
body, the filters were washed three times with 2% NGS (in PBS-CMF)
and incubated with the secondary antibody (A11036, Invitrogen, 1/
500 in PBS-CMF) for 30 min, at RT. After three rinses with PBS-CMF,
inserts were mounted with Prolong Diamond Antifading Mountant
containing DAPI (P36962, Invitrogen) on to glass slips. Samples were
imaged using the confocal Operetta CLS high content imager (Perkin
Elmer) with 63× water objective and the images were collected using

First, CsA (CAS: 59865–13-3, 30024, Sigma) was dissolved in DMSO
and afterwards diluted thousand times in hECSR2 to the final concen
trations (resulting in 0.1% DMSO in the cell assays). For repeated dose
exposure, treatment of BLECs was initiated at DOT 0 and renewed every
48 h by refreshing medium containing either 5 μM CsA, 15 μM CsA or
0.1% DMSO (Fig. 1a).
The quantification of lactate in cell culture medium was performed
using a corrected protocol based on Limonciel et al. (Limonciel et al.,
2011). Supernatant medium samples for lactate measurement were
taken at DOT 1, 3, 5, 11 and 15 from three independent wells of 96 well
plates of two independent differentiations. For 7 min, 10 μL of super
natant medium was incubated with 90 μL of the lactate assay mix,
composed of 86 mM triethanolamine HCl (T9534), 8.6 mM EDTA.Na
(E4884), 34 mM MgCl2.6H20 (M8266), 326 μM N-Methylphenazonium
methyl sulphate (PMS, P9625), 790 μM p-iodonitrotetrazolium violet

Fig. 1. iPSC-derived brain-like endothelial cells differentiation and subsequent 15 days culture.
a) Schematic of experimental protocol: first, iPSCs were differentiated into BLECs (day − 12 to day 0) and then hECSR2 medium was changed every two days from
DOT 0 till DOT 15.
b) Transendothelial Electrical Resistance (TEER) measured at DOT 0 after differentiation of iPSCs in DeSR2 medium for either 3 or 4 days. Values represent the mean
± SEM of three biological replicates for each independent differentiation.
c) TEER were measured daily from DOT 0 till DOT 15. Values represent the mean ± SEM of three biological replicates for two independent differentiations.
d) Immunostainings of differentiated BLECs at DOT 0 and DOT 15 for claudin 5 (CLDN5) or vascular endothelial cadherin (VE-cadherin). Cell nuclei were stained
with DAPI. Scale bars represent 10 μm.
e) Rate of Rhodamine 123 (Rho123) clearance out of the differentiated BLECs at DOT 0 and DOT 14 in the presence and absence of elacridar (20 μM) or verapamil
(50 μM). Values represent the mean ± SD of eight biological replicates for each condition. Statistical significance was determined using a two-way ANOVA with
Sidak’s multiple comparison test (****p < 0.0001).
3
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(INT, I8377), 7% ethanol, 0.4% Triton-X-100 (X100), 3.3 mM β-Nico
tinamide adenine dinucleotide (β-NAD, N7004) and 4 U/mL lactate
dehydrogenase (LDH, L2500). All components were acquired from
Sigma. Subsequently, the absorption of the reduced INT (to INTH) was
measured using a microplate reader (Synergy H1, BioTek, Colmar,
France) at 490 nm. The lactate concentrations of the unknown values
were extrapolated from the standard lactate values using a spline fit
function (using GraphPad Prism version 8.4.3).
The resazurin assay was performed as described by Jennings et al.
(Jennings et al., 2007) on triplicates of two independent differentiations.
A resazurin stock solution at 880 μM (R7017, Sigma) was prepared by
first dissolving the powder in 0,1 N NaOH (0.011 g/mL) and subse
quently diluted in PBS with a final pH of 7.8. BLECs in 96 well plates,
were incubated with 44 μM resazurin in hECSR2 medium (100 μL/well)
for 2 h. Fluorescence of the resazurin reduction product, resorufin, was
measured with excitation at 540 nm and emission at 590 nm using the
Synergy H1 plate reader.

resazurin assay performed at DOT 7 (Fig. 3c). Two-way ANOVA with
Dunnett’s multiple comparison test was used for analysis of the TEER
measurements of the treated BLECs (Fig. 3a) and analysis of the lactate
assay (Fig. 3b).
3. Results
3.1. iPSC-derived BBB model for repeated dose toxicity testing
Within the framework of this study, different protocols to differen
tiate iPSCs into BLECs have been explored and resulting iPSC derivedBLECs cultures have been evaluated for their ability to display some of
the main characteristics of BBB-ECs such as restrictive tight junctions
resulting in a high TEER and functional expression of efflux transporters
(data not shown) (Hollmann et al., 2017; Lippmann et al., 2014; Qian
et al., 2017). For two of these protocols (Hollmann et al., 2017; Lipp
mann et al., 2014) challenges were faced in reproducing the protocol as
the platelet-poor plasma derived bovine serum was banned in the
country of experimentation and the functional expression of efflux
transporters could not be identified. Consequently, the directed differ
entiation protocol from Qian et al. (Qian et al., 2017) was selected and
optimised for the SBAD3 clone 1 iPSC cell line (Fig. 1a). To evaluate the
utility of the model for repeated dose toxicity testing, the BLECs were
maintained for 15 days after the end of the differentiation protocol (day
of treatment (DOT) 0 to DOT 15). At DOT 0, the restrictive permeability
was assessed by TEER measurement to evaluate the differentiation
(Fig. 1b). Differentiations of iPSCs resulting in a TEER lower than 25 Ω.
cm2 at DOT 0 were considered unsuccessful and excluded. Keeping these
differentiations in culture for a longer time period did not result in an
increase in the TEER (data not shown). To reproduce the original dif
ferentiation protocol as much as possible, multiple differentiation at
tempts were made with four days of DeSR2 medium. As this did not
result in an increased TEER at DOT 0, the time in DeSR2 was shortened
to three days. Although an increased TEER at DOT 0 was then frequently
achieved, the variability between independent differentiations
remained distinct (e.g. among successful differentiations the difference
between the highest and lowest TEER at DOT 0 was more than 27-fold
(1619 Ω.cm2 and 59 Ω.cm2 respectively). Two of these differentiations
(most on the right in Fig. 1b) were kept for 15 days during which TEER
was measured (Fig. 1c). One differentiation showed an immediate in
crease in TEER while for the other differentiation the maximum was
achieved at DOT 8. At DOT 15, the lowest TEER was still 390 Ω.cm2
which indicate that the BLECs still formed a restrictive barrier. This was
also indicated by the immunostainings of the tight junction protein
claudin 5 (CLDN5) which showed marginal membrane localization both
at DOT 0 and DOT 15 (Fig. 1d). While the CLDN5 staining remained
localized at the cell border after 15 days, the vascular endothelial cad
herin (VE-cadherin) staining changed from a membrane localization at
DOT 0 to an intracellular staining at DOT 15. The functionality of efflux
transporters was evaluated by comparing the efflux clearance of the P-gp
(ABCB1) and BCRP (ABCG2) (Alqawi et al., 2004; Özvegy et al., 2002)
fluorescent substrate, Rhodamine 123 (Rho123), in the presence or
absence of the inhibitors verapamil and elacridar (Fig. 1e). Both at DOT
0 and DOT 14, the reduced Rho123 Kout in the presence of inhibitors
indicate the presence of functional efflux transporters. Taken as a whole,
these data demonstrate that BLECs displayed some of the main features
of BBB endothelial cells: high TEER, presence of VE-cadherin and tight
junction protein CLDN5 and functional efflux transporter up to at least
two weeks after differentiation and appears suitable for repeated dose
toxicity testing.

2.6. TempO-Seq preparation and analysis
Duplicate wells of two independent differentiations in 96 well plates
at time points DOT 0, 1, 3, 5, 11 and 15 were used for the targeted
transcriptome quantification assay, TempO-Seq from BioSpyder (www.
biospyder.com) (Yeakley et al., 2017). Cells were rinsed once with
200 μL sterile PBS-CMF and lysed using 160 μL 1× TempO-Seq lysis
buffer per well. After 15 min incubation at room temperature, lysates
were frozen and stored at − 80 ◦ C before shipment to BioClavis (Glas
gow, UK) where the TempO-Seq assay was conducted. For TempO-Seq
analysis, the 3565 probe-set representing 3257 genes were quantified
(Table S1) following the same procedure as Limonciel et al. 2018
(Limonciel et al., 2018). FASTQ file from each sample was aligned
against the TempO-Seq transcriptome using the Bowtie aligner (Li and
Durbin, 2009). The output of this analysis generated a table of counts
per gene per sample, further analysis was performed in R (script files
S4). Assessment of outliers was done by the use of a correlation heatmap.
No outliers were identified. The DESeq2 package was used for normal
isation (Table S2), using the estimateSizeFactors function, and differ
entially expression analysis (Love et al., 2014). Differential expression
analysis was performed of the treatment samples with their suitable
control. Genes were considered significantly differentially expressed
when the Benjamin Hochberg adjusted p-values were ≦ 0.05. For the
generation of the Volcano plots with ggplot shrinkage of the log2 fold
changes was applied.
Toxicity pathway analysis was performed using a list of genes an
notated to different stress response pathways (for a complete list of
pathway allocations see Table S1). These gene lists were used to calcu
late the z-score of the stress response pathways using the following
formula (Kutmon et al., 2015) with N representing the total number of
genes measured in the experiment, n the total number of genes of a
certain pathway measured in the experiment, R the total number of
genes with adjusted p-value <0.05 and r the number of genes with
adjusted p-value <0.05 belonging to the pathway investigated. A Z-score
above 1.96 or below − 1.96 is considered significant.
(
)
r − n NR
Z − Score = √̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
( )(
)(
)
n

R
N

1−

R
N

1−

n− 1
N− 1

2.7. Statistical analysis

3.2. Cyclosporine A concentration determination by acute toxicity
assessment

Statistical analysis was performed using GraphPad Prism version
8.4.3. One-way ANOVA with Sidak’s multiple comparison test was used
for the rate of rhodamine excretion graph (Fig. 1e). One-way ANOVA
with Dunnett’s multiple comparisons test was used for analysis of the

The immunosuppressive drug CsA was selected to evaluate the ef
fects of repeated dose-treatment on BLECs derived from iPSCs as the
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molecular mechanisms of its nephro- and hepatotoxicity have been
extensively studied whereas its effects at the BBB are still to be exam
ined. We aimed to investigate the effects of repeated exposure of CsA at
concentrations where no major cellular perturbations are observed after
acute (24 h) treatment. Therefore, we first assessed the cytotoxicity of
24-h exposure of BLECs to CsA concentrations ranging from 1 μM to 20
μM using a resazurin assay (Fig. 2a). The amount of reduced resazurin
(resorufin) signal was significantly lower at 20 μM CsA compared to the
control. The similar redox capacity of BLECs following 24 h of treatment
with CsA indicated the absence of cytotoxicity of the compounds for
concentrations up to 15 μM. As 5 μM and 15 μM, so called therapeutic
and supratherapeutic concentrations, were previously used to explore
the effects of repeated dose exposure with CsA on human renal proximal
tubule cells line (RPTEC/TERT1) (Wilmes et al., 2013) and these con
centrations did not indicate any acute toxicity, these concentrations
were selected for repeated dose exposure of BLECs to CsA (medium
change every 48 h).

Although, no effect of CsA treatment at either 5 μM and 15 μM on TEER
was noted after one day of treatment (i.e DOT 1), the TEER of the BLECs
cultures treated with both concentrations dropped from DOT 2 and
remained lower than the control condition until DOT 15 (with a
significantly lower TEER under treatment compared to control for both
individual differentiations after DOT 5) (Fig. 3a). These results
demonstrate a progressive loss of barrier tightness in BLECs culture
treated with CsA resulting in absolute TEER below 100 Ω.cm2 at both
concentrations after DOT 12.
Various stress situations, like hypoxia, tissue repair, oxidative stress
and mitochondrial dysfunction, can lead to an increase in lactate pro
duction via anaerobic metabolization of glucose (Limonciel et al., 2011).
Therefore, enhanced lactate production may be considered as a global
marker of sub-lethal injury. As lactate can be measured non-invasive in
the supernatant medium, this is suitable marker for temporal monitoring
during repeated dose toxicity testing. The significant higher amount of
lactate, found in supernatant medium, 24 h after the onset of CsA
treatment indicates increased cellular stress (Fig. 3b). Under 5 μM CsA
treatment, the lactate production remained elevated compared to the
untreated condition throughout the experiment (although not signifi
cantly at DOT 15). Under 15 μM CsA treatment, the lactate production
was also elevated compared to the untreated condition from DOT 1 to
DOT 11. However, the lactate production under 15 μM CsA was found
unexpectedly lower compared to the 5 μM condition at DOT 3, 5 and 11
whereas a higher CsA concentration was expected to produce an at least
similar cell stress. This can be explained by a reduction of cell viability

3.3. Cyclosporine A repeated dose toxicity assessment
TEER and lactate production were monitored throughout the
experiment as parameters of cell-barrier tightness and cellular stress,
respectively (Fabulas-da Costa et al., 2013; Limonciel et al., 2011).
Additionally, cell viability was measured after 7 days of treatment with
resazurin assay and samples were harvested for targeted RNA
sequencing (TempO-Seq) at DOT 0, 1, 3, 5, 11 and 15 (Fig. 2b).

Fig. 2. Concentration determination and experimental outline for repeated dose toxicity testing.
a) Viability measurements in 96 well plates after 24 h of exposure to Cyclosporine A (CsA). iPSCs were differentiated into BLECs before initiating treatment with CsA.
Resazurin assay was conducted after 24 h of treatment. Values represent the mean ± SD from three to six biological replicate for each independent differentiation
normalized to resorufin reduction in the absence of CsA (with 0.1% DMSO).
b) Scheme of experimental procedure and sample generation. iPSCs differentiated into BLECs were cultivated either in 96-well plates or on permeable inserts and
treatment with 5 μM or 15 μM CsA was initiated at DOT 0. Medium and treatment were renewed every 48 h from DOT 0 until DOT 15. TEER measurement and
resazurin assays were performed at the indicated days. Samples for targeted RNA sequencing using TempO-Seq and lactate were harvested at set intervals as
indicated.
Bottom left figures were modified from Servier Medical Art, licensed under a Creative Common Attribution 3.0 Generic License. http://smart.servier.com/
5
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Fig. 3. Repeated dose toxicity assessment.
Treatment of BLECs with either 5 μM or 15
μM Cyclosporine A (CsA) were initiated on
DOT 0 and renewed every 48 h until DOT 15.
a) Transendothelial Electrical Resistance
(TEER) was measured daily except on DOT 7,
9 and 14. Values represent the mean ± SEM
of six biological replicates normalized to
control condition in the absence of CsA
(0.1% DMSO). Statistical significance was
determined using repeated measures twoway ANOVA with Dunnett’s multiple com
parison test (* p < 0.05, ** p < 0.01, *** p <
0.001, **** p < 0.0001).
b) Lactate production after 1, 3, 5 or 11 days
of BLECs repeated dose treatment with either
5 μM or 15 μM CsA. Lactate was measured in
supernatant medium collected 24 h after the
last treatment. Values represent the mean ±
SD from six biological replicates normalized
to the amount of lactate found in superna
tant medium of untreated cells (0.1% DMSO)
collected on the same DOT. Statistical sig
nificance was determined using repeated
measures two-way ANOVA with Dunnett’s
multiple comparison test (* p < 0.05, ** p <
0.01, *** p < 0.001).
c) Cell viability after 7 days of repeated dose
treatment with either 5 μM or 15 μM CsA (i.
e. at DOT 7). Resazurin assay was conducted
24 h after the last treatment. Values repre
sent the mean ± SD from six biological replicates normalized to resorufin in the absence of CsA (0.1% DMSO). Statistical significance was determined using One-way
ANOVA with Dunnett’s multiple comparisons test (* p < 0.05, *** p < 0.001).

over time under 15 μM as reflected by the much lower reduction of
resazurin at DOT 7 (Fig. 3c) and the lower lactate production compared
to control at DOT 15 (Fig. 3b). This reduced viability at DOT 15 was
confirmed by the reduced number of DAPI-stained nuclei (data not
shown). Based on these results, the 15 μM CsA treatment condition at
DOT 15 was excluded from targeted RNA sequencing analysis.

sequencing (TempO-Seq) at DOT 0, 1, 3, 5, 11 and 15 and we utilised a
probe set identifying 3257 genes which is a combination of a previously
selected gene panel (Mav et al., 2018) supplemented with knowledgebased cellular stress response-related genes identified by the experi
ences of the academic groups in this publication (entire gene set pro
vided in Table S1).
First, we investigated the changes in the transcriptomic profile of
BLECs derived from iPSCs over time without treatment. A differential
expression analysis was performed for all time points in comparison
with DOT 0 (Fig. 4). The amount of differentially expressed genes
(DEGs) increases over time suggesting that numerous biological pro
cesses are ongoing within the cultures over the two weeks treatment
period. Then the effects of repeated-dose CsA treatment on BLECs
transcriptional responses has been investigated by comparing the gene
expression of treated and untreated condition at the same time point

3.4. TempO-Seq transcriptomics analysis of repeated-dose treatment
Transcriptomics has been a key tool in allowing a better under
standing on how the cellular program is altered in response to stress
situations (Jennings et al., 2013). In the present study we have used the
new, cost-effective technique TempO-Seq to study the effects of
repeated-dose treatment on BLECs with CsA (Limonciel et al., 2018;
Yeakley et al., 2017). Samples were harvested for targeted RNA

Fig. 4. Volcano plots of BLECs targeted TempO-Seq transcriptomic data over time without CsA treatment.
The averages of gene expression data (n = 4) at DOT 1, 3, 5, 11 and 15 were compared using DESeq2 with the averages of gene expression at DOT 0. Blue dots are
differentially expressed genes (DEGs) with an adjusted p-value <0.05. The amount of DEGs within these criteria are also given in the top right corner. The DEGs with
an adjusted p-value >0.05 are indicated by a red dot. Shrunken log 2-fold changes are shown on the x-axis.
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Fig. 5. Volcano plots of BLECs targeted TempO-Seq transcriptomic data with Cyclosporine A (CsA) repeated dose treatment at 5 μM or 15 μM.
a) The averages of gene expression data (n = 4) in BLECs under repeated dose treatment with 5 μM CsA at DOT 1, 3, 5, 11 and 15 were compared with the averages of
gene expression in untreated BLECs (0.1% DMSO) at the same DOT.
b) The averages of gene expression data (n = 4) in BLECs under repeated dose treatment with 15 μM CsA at DOT 1, 3, 5, 11 and 15 were compared with the averages
of gene expression in untreated BLECs (0.1% DMSO) at the same DOT.
Blue dots are differentially expressed genes (DEGs) with an adjusted p-value <0.05. The amount of DEGs within these criteria are also given in the top right corner.
The DEGs with an adjusted p-value >0.05 are indicated by a red dot. Shrunken log 2-fold changes are shown on the x-axis.

(Fig. 5). The amount of DEGs upon exposure to 5 μM CsA is gradually
increasing over time from 22 DEGs at DOT 1 to 316 DEGs at DOT 11 (or
381 DEGs at DOT 15) (Fig. 5a). A higher number of genes were found to
be differentially expressed upon exposure to 15 μM CsA which was also
increasing over time with 593 DEGs at DOT 1 and 1436 DEGs at DOT 11
(Fig. 5b). Therefore, both the concentration and the duration of the
exposure increased the number of DEGs.

which could be used to uncover the toxicological responses of specific
cell-types to chemicals. Using the data from TempO-Seq analysis, the
effects of repeated dose treatment with CsA on some of these pathways
has been investigated (Table 1). Pathways with a z-score above 1.96
were considered overrepresented while pathways with a z-score below
− 1.96 were considered underrepresented. The unfolded protein
response pathway ATF4 was overrepresented at all time points for both
5 μM and 15 μM CsA treatment. The z-score was highest at the earliest
time point and gradually reduced in both conditions. Over
representation of the oxidative stress response pathway Nrf2 was pre
sent in the 15 μM CsA condition at all time points while for the 5 μM CsA

3.5. Stress response pathway analysis using z-scoring
Several transcriptionally regulated pathways have been discovered
Table 1
Toxicity pathway analysis: z-scores.

Z-scores were calculated using the transcriptional expression of annotated genes of treated (5 or 15 μM Cyclosporine A) BLECs after DESeq2 analysis (in comparison
with untreated BLECs of the same time point).
Only genes with an adjusted p-value <0.05 were included. Pathways with a z-score above 1.96 were considered significantly over-represented while pathways with a
z-score below − 1.96 were considered significantly under-represented.
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condition this was exclusively the case at DOT 3. The p53 pathway was
only overrepresented at 15 μM CsA, indicating a clear difference in
cellular response between 5 μM and 15 μM CsA. For both AhR and HIF1α
a slight overrepresentation (z-score: 2.2) of these pathways was identi
fied at one particular time point. No over-representation of NFκB,
PPARG and MTF1 pathways was observed at any of the tested time-point
or concentration.

to primary human brain microvascular endothelial cells (BMECs) is still
debatable. Depending on the phenotypic marker(s) used, the endothelial
or epithelial nature of the iPSC-derived BLECs could be questioned
(Delsing et al., 2018). Since primary and transformed BMECs exhibit
reduced barrier properties once removed from the brain microenviron
ment and can begin to de-differentiate following prolonged culture pe
riods, this renders the transcriptomic comparison between primary and
iPSC derived BLECs quite challenging (Fujimoto et al., 2020). Indeed,
the transcriptional expression at the level of the brain vasculature has
been reported to be different in arterioles, capillaries and venules
(Vanlandewijck et al., 2018). Given the challenge of assessing the dif
ferentiation status of the iPSC towards BLECs, the targeted transcrip
tional data is provided as supplementary material providing in depth
information on the culture used.
Variability in the iPSC to BLECs differentiation efficiency depending
on the iPSC line used, has already been reported (Patel et al., 2017) and
it was then not surprising that differentiation protocol from Qian et al.
(Qian et al., 2017) had to be adapted to the SBAD3 clone 1 iPSC cell line.
Adaptations included changing the seeding density, shortening the
culture time in mTeSR and the differentiation time in DeSR2 medium.
However, even after these optimizations of the protocol to the iPSC line,
striking differences in barrier formation (based on TEER recording) were
observed between differentiations, even when these differentiations
were performed in parallel with iPSC having the same passage number.
Despite that we selected a serum-free, fully defined differentiation me
dium to reduce variability between differentiations, we had to discard
some of the differentiations prepared for this study and only used the
ones displaying our minimal requirements (i.e. TEER higher than 25 Ω.
cm2 and functionality of efflux transporters at DOT 0). The observed
variability between different differentiations of the same iPSCs line to
BLECs with this protocol (Qian et al., 2017) would hamper the use of
such model, in particular for regulatory purposes.
Different strategies might be implemented in the future to reduce this
variability. First, as the use of Matrigel for cell inserts coating could be a
plausible source of variability due to its batch-to-batch variation
(Aisenbrey and Murphy, 2020), its substitution by more defined alter
natives such as Collagen IV/fibronectin may increase the reproducibility
of iPSCs to BLECs differentiation and provide a solution (Qian et al.,
2017). Secondly, it has been reported that the iPSC seeding density
before the start of the differentiation might influence the TEER of the
differentiated BLECs (Wilson et al., 2015). Although we tested different
seeding densities of SBAD-3 clone 1 iPSC cell line in the framework of
this study, it might be that other iPSC cell lines with different yield or
proliferation rate are more suitable for robust differentiations into
BLECs. Finally, as co-culturing BLECs with brain pericytes and/or as
trocytes has been reported to lead to an increase in TEER and upregu
lation of BBB associated genes, this might provide a possibility to reduce
the variability of iPSCs to BLECs differentiation (Appelt-Menzel et al.,
2020; Canfield et al., 2019; Canfield et al., 2017; Heymans et al., 2020).
Since the BLECs resulting from our successful differentiations were
able to maintain their BBB characteristics (i.e. TEER higher than 25 Ω.
cm2, claudin-5 expression at cell border, functional expression of efflux
transporters) we have used these cultures to investigate the effects of
repeated-dose treatment with CsA over a two-week period. The varia
tion in barrier tightness over the two-week period following differenti
ation is similar to the one recently reported by Neal et al. (Neal et al.,
2019). This and the increasing amount of DEGs over-time could indicate
that the model is undergoing some maturational changes over the 15
days post-differentiation. Therefore, chemically induced transcriptional
changes in BLECs should be analysed with caution as the cells are likely
to respond differently to the chemical challenge depending on their
maturation status. Nevertheless, the comparison of the targeted RNA
sequencing using TempO-Seq of BLECs following treatment with CsA to
BLECs from the corresponding control group (i.e. untreated BLECs from
the same differentiation at the same time point) revealed the time and
concentration dependant over-representation of some stress response

3.6. Top ten differentially expressed genes
To gain further insight into the effects of repeated dose treatment
with CsA, we examined the ten most upregulated genes under CsA
treatment compared to the controls (Table 2). The gene NMRAL2P ap
pears twice in the list of the top ten most differentially expressed genes
at DOT 3 under 15 μM CsA, as this gene was found upregulated by two
independent probes to sequence this gene. Several genes appear in the
top ten for different time-points (e.g. 8 out of the 10 genes with the
highest fold change at DOT 5 under 5 μM CsA treatment are also in the
top 10 of at least one other time point with this concentration). Six genes
were found in the top ten of the most differentially expressed gene
compared to control at different time-point for both CsA concentrations.
For example, CHAC1 (ChaC glutathione specific gammaglutamylcyclotransferase 1) is present in the top ten of almost all 5 μM
CsA time points, with exception of DOT 15 and at DOT 1 of 15 μM CsA.
Interestingly, ABCG2 (aka BCRP) is present in the top 10 at the latest
time points for both concentrations. CsA is known to be a substrate of
several efflux transporter expressed in BLECs including ABCG2. There
fore, its increased expression at the cell membrane could reduce the
cellular uptake of CsA.
Some of the most upregulated genes at both concentrations of CsA
are part of the ATF4 and Nrf2 stress response pathways. Some of the
most downregulated genes (Table S3) are also part of the ATF4 (5 μM
CsA) and Nrf2 (15 μM CsA) pathways, which supports the findings of our
pathway analysis.
4. Discussion
Current safety assessment is moving towards animal free methods,
striving for pathway orientated understanding of the molecular changes
after exposure to chemicals. The evaluation of compounds toxicity to
wards the BBB is a crucial component in the assessment of neurotoxicity
(Schultz et al., 2015). By restricting their access to the CNS compart
ment, the BBB prevents numerous potentially neurotoxic agents from
reaching toxic concentrations in the brain. However, some chemicals
could exert deleterious effects at the BBB, thereby disrupting CNS ho
meostasis and ultimately resulting in (indirect) neurotoxicity. Indeed,
neurological impairment is one of the most frequent adverse reactions to
chronic drug treatment and several studies have suggested that some
compounds could be toxic towards BBB at concentrations which do not
produce any toxic effects on neurons (Hallier-Vanuxeem et al., 2009;
Pimentel et al., 2020).
Within the framework of the European Predict-IV (FP7: 2008–2013)
project, which aimed to define a strategy for the identification of chronic
adverse drug reactions, we demonstrated the possibility to evaluate
repeated dose-toxicity of chemicals at the BBB using an animal-derived
BBB model (Fabulas-da Costa et al., 2013). However, species-specific
differences in the type and expression level of transporters limit the
utility of animal models in toxicological studies. Immortalization of
human primary BBB endothelial cells have permitted modelling of the
human BBB in vitro, but limitations such as lack of sufficient barrier
properties of these cells have hindered their potential as BBB models.
The use of human iPSCs as a renewable source of BLECs for in vitro BBB
modelling constitute a great opportunity to overcome these shortcom
ings and since the seminal work of E. Shusta et al. in 2012 (Lippmann
et al., 2012), several protocols have been published to differentiate iPSC
into BLECs (Workman and Svendsen, 2020). The likeliness of these cells
8
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Table 2
Top ten most upregulated differentially expressed genes at each time point.

Gene expression in BLECs treated with either 5 or 15 μM Cyclosporine A (CsA) was compared to gene expression in untreated BLECs from the same time point.
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For each time-point, the ten most highly upregulated genes are displayed with log 2-fold change and an adjusted p-value <0.05. Genes in blue reappear over the
different time points of the 5 μM CsA treated BLECs. Genes in yellow reappear over the different time points of the 15 μM CsA treated BLECs. Genes in green appear in
both the 5 μM and 15 μM CsA treated BLECs. Duplicated genes within one specific condition are sequenced using different probes.

pathway (based on z-scoring). For both concentrations, 5 μM and 15 μM
CsA, a significant increase in z-score for the unfolded protein response
transcription factor ATF4 pathway was observed which was also re
ported in human renal epithelial cells (RPTEC/TERT1) and human liver
cells (HepaRG) at 15 μM CsA (Limonciel et al., 2018; Wilmes et al.,
2013). Similarly, the unfolded protein response XBP1 branch and
oxidative stress response pathway Nrf2 were found activated under
repeated dose treatment with CsA at 15 μM which was also the case in
RPTEC/TERT1 cells (Wilmes et al., 2013).
The activation of the p53 pathway, involved in cell cycle arrest and
apoptosis, is observed under repeated-dose treatment with 15 μM CsA
from DOT 1 to DOT 11. This might explain the cell loss at this concen
tration already indicated by the decreased reduction of resazurin at DOT
7, reduced viability at DOT 15 and the decreased number of nuclei at
DOT 15. Although, the z-scores for ATF4 are the highest at the earliest
time points for both 5 and 15 μM CsA, the lower z-scores at later time
points do not imply that the fold change of the genes within this pathway
are decreasing over time. This is also reflecting additional changes in
other cellular processes, indicated by the higher amount of DEGs at the
later time points. Furthermore, the lower z-score under 15 μM CsA
compared to 5 μM CsA might also reflect additional cellular changes due
to the severity of the toxicological insult at this concentration.
The adaptation of an iPSC derived model for repeated dose treatment
with the used protocol still remains challenging as illustrated by the
differentiation-to-differentiation variability and ongoing transcriptional
changes after differentiation. The implementation of cell sorting stra
tegies to increase BLECs homogeneity, completely chemically defined
cell culture products and effective methods for the cryopreservation of
these differentiated cells would improve the reproducibility and scal
ability of BLECs for toxicological use (Praça et al., 2019; Qian et al.,
2017; Wilson et al., 2016). Despite this variability and ongoing matu
rational changes over the two weeks treatment period, the combination
of targeted TempO-Seq transcriptomics and transcriptomic pathway
analysis evidenced the dose and time specific activation of ATF4, XBP1,
NRF2 and p53 pathways by CsA in BLECs. Taken as a whole, the results
of this study demonstrate that iPSCs derived BBB models hold a great
potential to study the effects of repeated dose treatment.

Appendix B. Supplementary data
Supplemental-Files-4 - This folder contains the R-script in jupyter
notebook format (TempO-Seq-analysis-Workflow24March2020.ipynb)
together with the raw data (raw_data-UART02-SBAD3U.csv) and meta
data (metadata-UART02-SBAD3U.csv) used for the analysis.
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