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Abstract

The blood-brain barrier (BBB) plays an important role in brain homeostasis. Hypoxia/ischemia constitutes an important
stress factor involved in several neurological disorders by inducing the disruption of the BBB, ultimately leading to cerebral
edema formation. Yet, our current understanding of the cellular and molecular mechanisms underlying the BBB disruption
following cerebral hypoxia/ischemia remains limited. Stem cell-based models of the human BBB present some potentials
to address such issues. Yet, such models have not been validated in regard of its ability to respond to hypoxia/ischemia as
existing models. In this study, we investigated the cellular response of two iPSC-derived brain microvascular endothelial
cell (BMEC) monolayers to respond to oxygen-glucose deprivation (OGD) stress, using two induced pluripotent stem cells
(iPSC) lines. iPSC-derived BMECs responded to prolonged (24 h) and acute (6 h) OGD by showing a decrease in the bar-
rier function and a decrease in tight junction complexes. Such iPSC-derived BMECs responded to OGD stress via a partial
activation of the HIF-1 pathway, whereas treatment with anti-angiogenic pharmacological inhibitors (sorafenib, sunitinib)
during reoxygenation worsened the barrier function. Taken together, our results suggest such models can respond to hypoxia/
ischemia similarly to existing in vitro models and support the possible use of this model as a screening platform for identify-
ing novel drug candidates capable to restore the barrier function following hypoxic/ischemic injury.
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Introduction

The blood-brain barrier (BBB) plays an important role
in brain homeostasis, by providing a physical and chemi-
cal barrier against toxicants and pathogens (Neuwelt et al.
2011). Disruption of the BBB is a hallmark feature asso-
ciated with the pathophysiology of several neurological
disorders including adrenoleukodystrophy (Orchard et al.
2019; Lee et al. 2018), Alzheimer’s disease (Nation et al.
2019; Sweeney et al. 2019), Huntington’s disease (Lim et al.
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2017; Drouin-Ouellet et al. 2015), stroke (Merali et al. 2017,
Turner and Sharp 2016; Choi et al. 2016; Suzuki et al. 2016;
Kassner and Merali 2015; Prakash and Carmichael 2015), or
traumatic brain injury (Wu et al. 2017; Wang et al. 2016a,
b; Prakash and Carmichael 2015; Dore-Duffy et al. 2000).
Hypoxia/ischemia is an important environmental stress
factor involved in several diseases associated with a dis-
ruption of the BBB such as cerebral ischemia (Kim et al.
2018a, b; Lu et al. 2018; Haley and Lawrence 2017; Mer-
ali et al. 2017; Turner and Sharp 2016; Choi et al. 2016;
Suzuki et al. 2016; Kassner and Merali 2015; Prakash and
Carmichael 2015; O’Donnell 2014; Kuntz et al. 2014; Yang
et al. 2013; Fernandez-Lopez et al. 2012), cerebral amyloid
angiopathy (Freeze et al. 2019; Daulatzai 2017; Ghiso et al.
2014), high-altitude cerebral edema (Lafuente et al. 2016;
Ogunshola and Al-Ahmad 2012; Natah et al. 2009; Hack-
ett and Roach 2004; Mark and Davis 2002; Schoch et al.
2002), or neonatal hypoxic/ischemic encephalitis (Lee et al.
2017; Ma et al. 2017; Gussenhoven et al. 2019). Disrup-
tion of the BBB following hypoxic/ischemic event has been


http://orcid.org/0000-0001-7463-3204
http://crossmark.crossref.org/dialog/?doi=10.1007/s12017-019-08531-z&domain=pdf
https://doi.org/10.1007/s12017-019-08531-z

NeuroMolecular Medicine (2019) 21:414-431

415

documented with a loss of tight junction complexes (Kokubu
et al. 2017; Zhang et al. 2016; Page et al. 2016; Engelhardt
etal. 2015, 2014a, 2014b; Al Ahmad et al. 2012; Ogunshola
and Al-Ahmad 2012; Zhu et al. 2012; Al Ahmad et al. 2011;
Bauer et al. 2010; Haarmann et al. 2010; Al Ahmad et al.
2009), resulting in cerebral edema formation, a potentially
fatal condition. At the BBB, brain microvascular endothelial
cells (BMECs) constitute the first cell type of the neuro-
vascular unit to respond to hypoxic/ischemic injury, via the
activation of the hypoxia-inducible factor (HIF) pathway
(Ogunshola and Al-Ahmad 2012). Under hypoxia/ischemia,
HIF-1a undergoes a rapid stabilization, resulting in its
nuclear translocation, pairing with HIF-1p/aryl hydrocar-
bon receptor nuclear translocase (ARNT) to form the HIF-1
transcription factor complex. HIF-1 has been documented
to modulate the expression of over 200 target genes includ-
ing vascular endothelial growth factor (VEGF) and matrix
metalloproteinases (MMP-2, MMP-9), two class of proteins
well documented for their contribution of the BBB disrup-
tion (Zhang et al. 2018; Turner and Sharp 2016; Jin et al.
2015; Yang et al. 2013; Liu et al. 2012, 2009; Feng et al.
2011; Bauer et al. 2010). The current literature investigating
the effect of cerebral hypoxia/ischemia in vitro and in vivo is
predominantly documented from rodent-based models. Yet,
in vitro models of the BBB used in such studies suffer from
the presence of poor barrier properties (Helms et al. 2016;
Holloway and Gavins 2016; Palmiotti et al. 2014; Naik and
Cucullo 2012; Ogunshola 2011), making their relevance to
understand the cellular and molecular mechanisms underly-
ing the disruption of the BBB limited. More recently, human
in vitro models of the BBB based on stem cells have been
documented. Such models provide a scalable source of cells,
BMECs displayed a phenotype and gene expression pro-
file close from primary human BMECs and were capable to
form significantly tighter monolayers. However, the ability
of these monolayers to respond to hypoxia/ischemia as previ-
ous in vitro models remains poorly documented (Page et al.
2016; Kokubu et al. 2017). The major aim of this study is to
investigate the cellular response of stem cell derived in vitro
models of the BBB, using two patient-derived induced pluri-
potent stem cells (iPSCs).

Materials and Methods
Cell Culture

The hCMEC/D3 immortalized human brain microvascu-
lar cell line (RRID: CVCL_U985) was purchased from
EMD Millipore (Billerica, MA, USA) and maintained fol-
lowing the manufacturer’s instructions. This cell line was
originally isolated from a female patient suffering from
temporal lobe epilepsy (Weksler et al. 2005). CTR90F

(Yu et al. 2007) (IPS(IMR90)-c4; RRID: CVCL_C437)
and CTR65M (ND41865, RRID: CVCL_Y837) human
induced pluripotent stem cells (iPSCs) were obtained from
WiCell (Madison, WI, USA) and from Coriell Institute
of Medical Research (Camden, NJ, USA) repositories,
respectively. Cells were maintained and differentiated as
previously mentioned (Patel et al. 2017). Undifferentiated
iPSCs were seeded at a density of 2x 10* cells/cm? and
maintained in Essential-8 Medium (Life Technologies,
Thermofisher, Waltham, MA) and grown on a Matrigel-
coated (Trevigen, Gaithersburg, CT) tissue culture plastic
surface (TCPS) for 5 days prior to differentiation. BMEC
differentiation was obtained by following the protocol of
Shusta and colleagues(Lippmann et al. 2014) and achieved
by growing undifferentiated iPSCs in unconditioned media
(UMM: DMEM/ F12 with 15 mM HEPES supplemented
with 20% KO serum replacement, 1% MEM non-essen-
tial amino acids, and 0.5% Glutamax I (ThermoFisher,
Waltham, MA, USA), and 0.1 mM f-mercaptoethanol
(Sigma—Aldrich, St Louis, MO, USA)) for 6 days, with
medium changed daily. After 6-day treatment, iPSC-
derived BMECs were incubated in EC** (EC serum-free
medium (ECSFM, Thermofisher), supplemented with 1%
platelet-poor derived plasma serum (PDS, Thermofisher),
20 pg/mL human basic fibroblast growth factor (R&D Sys-
tems) and 10 uM all-trans retinoic acid (Sigma—Aldrich))
for 2 days. Maturing BMECs were enzymatically dissoci-
ated by Accutase® (Corning, Corning, NY) treatment and
seeded on TCPS and Transwell® inserts (Corning, poly-
ester membrane, 0.4u m pore size) coated with collagen
from human placenta (Sigma) and fibronectin from bovine
plasma (Sigma- Aldrich) at concentrations of 80 and 20
ug/cm?, respectively. Cells were allowed to recover for
24 h and were incubated in EC™ (ECSFM supplemented
with 1% PDS) for another 24 h. All experiments were car-
ried out by day 10 of differentiation.

iPSC differentiation into astrocytes and neurons were
obtained following our previous differentiation protocol
(Patel et al. 2017). In brief, undifferentiated iPSCs were
differentiated into neural stem cells (NSCs) by 10 days of
induction in the presence of neural induction medium (NIM,
Life Technologies), followed by reseeding and maturation
into neural progenitor cells (NPCs) by incubating such cells
in the presence of neural differentiation medium (NDM) for
5 days. Differentiation of these NPCs into astrocytes was
achieved by incubating NPCs on Matrigel® supplemented
with astrocyte medium (AMM, Life Technologies) for 15
days, whereas differentiation into neurons was achieved by
incubating cells on laminin/poly-p-lysine (Sigma—Aldrich)
supplemented with neural maturation medium (NMM: Neu-
robasal Plus Medium (Life Technologies) supplemented
with 1% CultureOne (Life Technologies)). Medium was
changed every two days for up to 15 days.
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Barrier Function and Co-culture Experiments

BMEC monolayer tightness was measured by assessing
the transendothelial electrical resistance (TEER) using an
EVOM STX2 chopstick electrode (World Precision Instru-
ments, Sarasota, FL., USA). TEER was measured in three
different locations on the insert, averaged, and subtracted
from values obtained in blank inserts.

TEER values obtained at the beginning of experiments
served as baseline value (Supplementary Fig. 1). Paracel-
lular permeability was assessed by incubating inserts in the
presence of 1 uM fluorescein solution (Sigma) added in the
donor (top) chamber. Diffusion of fluorescein across mon-
olayers was assessed by sampling 100 uL of the receiver
(bottom) chamber every 15 min for 60 min. Fluorescence
was assessed using a Synergy MX2 ELISA plate reader
(Bio-Tek Instruments, Burlington, VT, USA).

Paracellular permeability across BMEC monolay-
ers was performed by replacing the apical medium with
['*C]-mannitol (0.4 pCi/mL. 17.5 uM total concentration.
Perkin-Elmer, Waltham, MA) and sampled at similar time-
points and sample volumes than fluorescein assay. Radioac-
tivity in samples were determined by mixing samples in the
presence of ScintiSafe® liquid scintillation cocktail (Ther-
moFisher) and quantified counted using a Beckman-Coul-
ter LS6500 liquid scintillation counter (Beckman-Coulter,
Pasadena, CA). Permeability (Pe) values to fluorescein were
determined using the clearance-slope method as previously
described (Perriere et al. 2005; Patel et al. 2017). Co-cul-
ture experiments were obtained by seeding day 8 BMECs
on Transwell inserts juxtaposed over astrocytes/neurons
wells. The apical chamber was maintained in EC medium,
whereas the basolateral chamber was maintained in AMM
(astrocytes) or NMM (neurons), respectively. Medium was
changed in both chambers at day 9 and day 10 of BMECs
differentiation timeline. Experiments were initiated at Day
10 of BMEC differentiation. Maximum TEER and average
permeability values reported in BMEC monolayers can be
found in Supplementary Table 1.

Immunofluorescence

Cells were quickly washed with ice-cold PBS and fixed in
4% paraformaldehyde (PFA, Electron Microscopy Sciences,
Hatfield, PA, USA) and blocked for 30 min at room tem-
perature in the presence of PBS supplemented with 10%
goat serum (Thermofisher) supplemented with 0.2% Triton-
X100 (Sigma). Cells were incubated overnight at 4 °C in
primary antibodies (Supplementary Table 2) diluted in 10%
goat serum and labeled with Alexa Fluor® 555-conjugated
secondary antibodies for 1 h at room temperature (see Sup-
plementary Table 1). Cells were observed at 200X mag-
nification (20X long-distance dry objective) and acquired
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using a Leica DMi-8 inverted epifluorescence microscope
(Leica Microsystems, Wetzlar, Germany). Images were pro-
cessed using ImageJ (Image J, NIH, Bethesda, MD). Rela-
tive fluorescence was quantified using the built-in function
in Imagel.

Pharmacological Treatment

In experiments involving prolyl hydroxylase domain (PHD)
inhibitors, HIF-1 stabilization in ambient air was chemically
induced by treatment with 100uM dimethyloxalylglycine
(DMOG) or FG-4592 (Cayman Chemicals, Ann Arbor, MI)
for 24 h in DMEM-. Cells treated with DMEM- supple-
mented with 0.1% DMSO (GD) were used as controls. In
experiments involving HIF inhibition, cells were exposed
to DMEM- supplemented with 10 uM CAY 10585 (Cay-
man Chemicals) or 10uM YC-1 (Cayman Chemicals) and
immediately incubated into the hypoxic chamber set at 1%
for 6 h. Cells treated with 0.1% DMSO served as vehicle.
Following OGD stress, cells were allowed to reoxygenate in
the absence of pharmacological inhibitors. In experiments
involving VEGF inhibition, cells undergoing reoxygenation
were immediately treated in the presence of 10uM sorafenib
(Selleck Chemicals, Houston, TX) or 10uM sunitinib (Sell-
eck Chemicals) for 18 h. Cells treated with 0.1% DMSO
served as vehicle controls.

Enzyme-Linked Immunosorbent Assays (ELISA)

HIF-1a (Abcam, Cambridge, MA, USA) and VEGF (R&D
Systems, Minneapolis, MN, USA) protein levels were deter-
mined by ELISA following the manufacturer’s protocol.
In brief, conditioned medium was collected and frozen at
—80 °C upon analysis for secreted VEGF levels. For HIF-1a
collections, BMEC monolayers were washed with ice-cold
PBS and treated with homogenization buffer supplemented
with proteases inhibitor cocktail (Thermofisher) as recom-
mended by the manufacturer. Cell homogenates were cen-
trifuged, and supernatants were recovered and stored in
—80 °C upon ELISA analysis. HIF-1a protein levels were
normalized to samples total protein content determined by
BCA assay (Thermofisher).

MTS Assay

Cell metabolic activity was assessed on cells grown on
a 96-well plate by an MTS-based CellTiter 96 Aqueous
Assay (Promega, Madison, WI, USA) following the manu-
facturer’s protocol. Briefly, concentrated MTS reagent was
added to cells at a final dilution rate of 1:20 and allowed
to react for 1 h. Cell media was recovered, followed by a
measurement of absorbance at 490 nm using the Synergy
MX2 ELISA plate reader (Bio-Tek). MTS reagent incubated
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in unconditioned media (cell-free medium) served as the
blank. Absorbance from blank samples was subtracted from
cell samples. Optical density (OD) values in cells following
treatment were normalized against OD values obtained in
control (untreated) cells.

Statistics

All experiments were performed using at least three inde-
pendent biological replicates (three independent passages
and cell differentiation). Data are represented as mean +
SD. Statistical analysis was performed using Student’s # test
(control versus 24 h of OGD) or one-way analysis of the
variance (ANOVA) complemented by a Dunnett post hoc
analysis. P <0.05 was considered statistically significant.

Results

Prolonged Oxygen-Glucose Deprivation Displays
Different Outcomes in iPSC-Derived BMECs

In order to demonstrate a similar response than reported in
our previous report (Page et al. 2016), iPSC-derived BMEC
monolayers were challenged to prolonged (24 h) oxygen-
glucose deprivation (OGD) stress and compared to hCMEC/
D3 monolayers (Fig. 1). All three groups showed a signifi-
cant decrease in TEER (Fig. 1a), however, CTR90F- and
CTR65M-BMECs showed 50% decrease in TEER, contrast-
ing with the 80% decrease observed in hCMEC/D3. Such
results were confirmed by an increase in fluorescein perme-
ability (Fig. 1b). Loss of barrier integrity was accompanied
by a loss in tight junction complexes’ integrity following
prolonged OGD stress (Fig. 1¢). CTR90F-derived BMECs
showed a significant decrease in both claudin-5 and occlu-
din immunoreactivity compared to their normoxic controls.
In contrast, CTR65M-derived BMEC monolayers showed a
robust immunoreactivity to both claudin-5 and occludin in
both normoxic and OGD groups. In conclusion, these results
suggest a differential response to prolonged OGD stress
between CTRIOF and CTR65M iPSC-derived BMECs.

iPSC-Derived BMECs Show Differences in Cell
Metabolic and VEGF Secretion Levels During
Prolonged OGD Stress

To better understand the differences between BMEC mon-
olayers, we investigated changes in cell metabolic activ-
ity using MTS assay (Fig. 1d). Prolonged OGD stress
resulted in a significant decrease in cell metabolic activity
in all three cells. However, such decrease was less accen-
tuated in iPSC-derived BMECs compared to hCMEC/D3
monolayers. Such decrease was unlikely due to decrease

in glucose uptake, as immunoreactivity of glucose trans-
porter 1 (GLUT1) remained similar or higher than normoxic
controls (Fig. le). Finally, changes in secreted VEGF-A
were assessed in BMEC monolayers following prolonged
OGD stress (Fig. 1f), as VEGF-A constitutes an important
hypoxia-induced growth factor documented to exert an
hyperpermeable growth factor at the BBB (Al Ahmad et al.
2009; Chi et al. 2008; Vogel et al. 2007; Kilic et al. 2006;
Fischer et al. 2002, 1999; Schoch et al. 2002; Zhang et al.
2000). Normoxic cells displayed similar secreted VEGF-
A levels (250-380 pg/mL). Prolonged OGD stress resulted
in an increase in VEGF in all three groups. Interestingly,
both hCMEC/D3 and CTR65F-BMECs showed a 50%
and 100% increase in VEGF secretion, whereas CTR90F-
BMECSs showed almost a 200% increase. Taken together,
these results suggest that iPSC-derived BMECs are capable
to respond to prolonged OGD stress similarly than hCMEC/
D3 cells.

Differential Response to Prolonged OGD Stress
Occurs in iPSC-Derived Astrocytes and Neurons

Following the results obtained in iPSC-derived BMECs
monolayers were also reproduced in other cell types of the
neurovascular unit, astrocytes and neurons monocultures
were differentiated from the same iPSC lines and exposed
to prolonged OGD stress (Supplementary Fig. 1). Prolonged
OGD stress significantly reduced cellular metabolic activ-
ity in both astrocytes (Fig. S1A) and neurons (Fig. S1B).
Although no particular difference between CTRO0OF and
CTR65M-derived astrocytes was noted, cell metabolic activ-
ity in CTR90F-derived neurons appeared lower compared to
CTR65M-derived neurons. Astrocytes showed an increase in
VEGF-A secreted levels following OGD stress, in agreement
with the literature (Al Ahmad et al. 2011; Al Ahmad et al.
2009; Schmid-Brunclik et al. 2008; Engelhardt et al. 2015;
Margaritescu et al. 2011). Notably, CTR90F-astrocytes
showed higher VEGF levels than CTR65M astrocytes. Such
levels were significantly higher than neurons (Fig. S1D).
Prolonged OGD stress significantly injured iPSC-derived
neurons, as a decrease in neurite density was observed in
both neuron monocultures (Fig. S1F). In conclusion, iPSC-
derived astrocytes and neurons respond to prolonged OGD
stress similarly as reported in the literature.

iPSC-Derived BMECs Show a Differential Response
to OGD/Reoxygenation Stress

To assess the relevance of these cells as a putative hypoxic/
ischemic in vitro model of the human BBB, cells were chal-
lenged to 6 h of OGD stress, followed by 18 h of reoxygena-
tion (Fig. 2). Treatment with OGD/reoxygenation resulted
in a decrease in TEER in both hCMEC/D3 and CTR90F
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Fig. 1 Impact of prolonged oxygen-glucose deprivation stress on
barrier function in iPSC-derived BMECs. Cells were exposed to
prolonged oxygen-glucose deprivation (OGD) stress by exposing
cells to glucose-free DMEM for 24 h in the presence of a hypoxic
environment. a TEER and b sodium fluorescein permeability meas-
urement in iPSC-derived BMECs and hCMEC/D3. ¢ Representa-
tive micrograph pictures of claudin-5 and occludin in CTROOF and
CTR65M-derived BMECs following 24 h of OGD stress. Note the
quasi-absence of immunoreactivity in CTRO9OF-BMECs during OGD
compared to CTR65M despite the presence of cell nuclei (DAPI,

(Fig. 2b) following OGD stress, whereas no changes in
TEER were observed in CTR65M-derived BMEC monolay-
ers. Reoxygenation failed to restore the barrier function to
values similar to controls in both hCMEC/D3 and CTR90F
cell lines, whereas CTR65M maintained a barrier func-
tion similar to their normoxic controls. Similar outcomes
were observed using paracellular tracers including fluores-
cein (Fig. 2¢) and ["*C]-mannitol (Supplementary Fig. 2).
To correlate changes in the barrier function to changes in
tight junction integrity, immunofluorescence experiments
were performed against claudin-5 and occludin (Fig. 2d
and f). Both CTR90F and CTR65M showed a decrease in
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blue). Scale bar =50 pm. d Change in cell metabolic activity by MTS
assay. Note the higher metabolic rate in iPSC-derived BMECs com-
pared to hCMEC/D3 in the OGD group. e GLUT1 expression profile
in CTR90F and CTR65M-derived BMECs. Not the relative absence
of changes in GLUT1 expression after 24 h of OGD. f VEGF secre-
tion levels between controls and 24 h of OGD. VEGF levels were
quantified from conditioned cell medium. Note the spike in VEGF
levels in CTROOF-BMECs. * and ** denote P<0.05 and P<0.01
versus control, # and ## denote P <0.05 and P <0.01 versus hCMEC/
D3, respectively

claudin-5 immunoreactivity and relative protein levels after
6 h of OGD compared to normoxic controls (Fig. 2d and
e). However, during the reoxygenation phase, CTR65M
showed a better claudin-5 outcome than CTR9O0F, both in
protein localization and expression levels. In contrast, occlu-
din (Fig. 2e) was lesser affected by OGD treatment than
claudin-5. Semi-quantitative analysis (Fig. 2f) suggested
an increase in occludin expression levels in both CTR90F
and CTR65M compared to control. Reoxygenation mildly
decreased occludin protein localization and expression in
CTRI0F but not in CTR65M. In conclusion, these results
suggest a difference in barrier function integrity between
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Fig.2 Reoxygenation is a A
critical event in OGD-induced
barrier disruption. a Sketch of
the experimental design. Cells
are incubated in OGD (glucose-
free DMEM, 1% O2) for 6 h
followed by reoxygenation for
18 h at ambient O, level (21%)
in the presence of DMEM with
D-glucose (5.5 mM). Cells
maintained in DMEM with

5.5 mM D-glucose for 24 h. b
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Note the decrease in claudin-5
immunoreactivity after 6 h of
OGD indicative of an impaired
barrier function, such decrease
was more accentuated in
CTROI0F compared to CTR65M.
Reoxygenation process appears
as a major stressor on BMEC
monolayers integrity as we not
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CTRI0OF and CTR65M suggesting that such differences
maybe partially explained by a differential maintenance of
the barrier function.

iPSC-Derived BMECs Show a Differential Cellular
Response to 0GD/Reoxygenation Stress

As HIF-1 pathway constitutes an important pathway
involved in the BBB response to hypoxia/ischemia in vitro
and in vivo, changes in HIF-1 activity in this model were
assessed by measuring changes in HIF-1a and VEGF.
Under normoxic condition, both iPSC-derived BMECs

B ocGD
[l Reox
*%

Reox

60

40

20+

Occludin relative protein levels

CTR90F CTR65M

showed HIF-1a protein levels higher than hCMEC/D3
(Fig. 3a). However, both iPSC-BMECs showed lower
HIF-1a protein levels compared to hCMEC/D3 upon
exposure to OGD stress (Fig. 3b). OGD stress decreased
GLUT! immunoreactivity in both iPSC-BMECs, and
appeared more accentuated in CTR65M-BMECs, such
changes in expression correlated with changes in cell
metabolic activity (Fig. 3d). Finally, both hCMEC/D3 and
iPSC-derived BMECs were capable to increase secreted
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Fig.3 OGD induces HIF-lo activation and VEGF expression in
iPSC-derived BMECs. a HIF-la protein levels under normoxic
conditions. Cells were treated with DMEM +for 24 h under ambi-
ent O, level (21%). Total proteins were extracted and HIF-1a levels
were determined by ELISA and normalized to total protein content
in cell homogenates. Note the higher basal HIF-1a levels in CTRO0OF
and CTR65M compared to hCMEC/D3. b HIF-1a stabilization level
profile in BMECs following OGD stress. Note the overall increase
in HIF-1la level in hCMEC/D3 that is higher than iPSC-derived
BMECs. ¢ Representative micrograph pictures of GLUT1 expression
profile in CTR90F and CTR65M following OGD and reoxygenation.

VEGEF levels upon and after OGD stress, with CTR65M-
derived BMECs showing the lowest VEGF increase from
all three groups. Taken together, iPSC-derived BMECs
respond to OGD stress via activation of the HIF-1 pathway.
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ized to values obtained in normoxic controls. Note the higher level
during reoxygenation suggesting an increased mitochondrial activity.
e VEGEF levels in cell supernatants. The shorter incubation time (6 h)
of OGD was included and compensated in the calculation of VEGF
levels. Note the difference in VEGF expression profile between
CTRY0F and CTR65M

iPSC-Derived Astrocytes and Neurons Show
a Differential Cellular Response to OGD/
Reoxygenation Stress

In addition to changes in iPSC-derived BMEC:s, this study
documented changes in iPSC-derived astrocytes and neu-
rons following OGD/reoxygenation stress (Supplementary
Fig. 3). OGD/reoxygenation had little impact on CTRI0F
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and CTR65M-derived astrocyte cell metabolic activity (Fig.
S3A), whereas a difference in HIF-1a protein levels was
observed between CTR90F-astrocytes and CTR65M-astro-
cytes (Fig. S3B). Such differences were reflected in VEGF
secretion levels, as CTR90F-astrocytes displayed higher
VEGF levels than CTR65M-astrocytes (Fig. S3C). CTRI0F-
derived neurons showed a significant decrease following
OGD and maintained such low cell metabolic activity during
reoxygenation (Fig. S3D), whereas CTR65M-derived neu-
rons cell metabolic activity was mildly decreased. Notably,
OGD treatment showed a differential response in neurites
depletion between CTRO0OF neurons and CTR65M neurons
(Fig. S3E and F), as CTR65M neurons showed a sustained
neurite density similar to control.

However, reoxygenation dramatically blunted neurites
density in both groups, highlighting the susceptibility of
these cells to OGD/reoxygenation stress. In conclusion,
iPSC-derived astrocytes and neurons were capable to
respond to OGD/reoxygenation stress in similar fashion than
reported in the existing literature.

HIF-1 Activation by Prolyl-4-Hydroxylase
Inhibitors Shows a Differential Response Between
iPSC-Derived BMECs

To determine the influence of HIF-1a effect on the barrier
function in iPSC-derived BMEC monolayers, cells were
exposed to glucose-free medium under normoxic condition
and exposed in the presence of 100uM dimethyloxalylgly-
cine (DMOG) or FG-4592 (Roxadustat®), two distinct pro-
lyl-4-hydroxylase domain (PHD) inhibitors (Besarab et al.
2015; Elvidge et al. 2006) (Fig. 4).

Glucose deprivation (GD) had little impact on HIF-1a
proteins (Fig. 4a) in hCMEC/D3 monolayers, whereas a sig-
nificant increase was observed both CTR90F- and CTR65M-
BMEC:s. The presence of PHD inhibitors was necessary to
induce an increase in HIF-1a protein levels in hCMEC/D3
monolayers (Fig. 4b), whereas such treatment had a mar-
ginal effect on HIF-1a in iPSC-derived BMECs. Interest-
ingly, 24 h of treatment with DMOG or FG-4592 resulted in
a decreased GLUT1 immunoreactivity in CTR90F-derived
BMEC monolayers (Fig. 4c), whereas it showed an increased
immunoreactivity in CTR65M cells. However, treatment
with DMOG or FG-4592 failed to show significant dif-
ferences in cell metabolic activity as measured by MTS
(data not shown). Finally, changes in secreted VEGF lev-
els were determined following treatment with PHD inhibi-
tors (Fig. 4d). Notably, glucose deprivation alone yielded
to lower VEGF levels compared to normoxic/normogly-
cemic controls in both iPSC-derived BMEC monolayers.
Treatment with DMOG or FG-4592 yielded to a significant
increase in VEGF production in CTR90OF-BMECs, whereas
CTR65M-BMEC:s displayed an increase only in FG-4592

treated group. In conclusion, iPSC-derived BMEC monolay-
ers are capable to respond to PHD inhibitors treatment by
increasing HIF-1 activity under normoxic condition.

Prolyl Hydroxylase Inhibition by Small Molecules
Increased BMECs Permeability via a Selective
Targeting of Claudin-5 Pathway

To show a correlation between HIF-1a activation and
changes in the barrier function, BMEC monolayers were
treated with either DMOG or FG-4592 for 24 h, following
assessment of the barrier function using TEER and fluores-
cein permeability (Fig. 4e and f). No differences in TEER
were noted in treated groups (Fig. 4e), albeit an increase
in fluorescein permeability (Fig. 4f) was noted following
DMOG or FG-4592 treatment. Such changes in the barrier
function were associated with changes in tight junction com-
plexes integrity (Fig. 4g and h), as treatment with DMOG
and FG significantly affected claudin-5 levels, whereas no
major changes in occludin were noted in both cells following
treatment. In conclusion, activation of the HIF pathway by
PHD inhibitors resulted in a decreased barrier function. Such
decrease may be attributed to a selective loss in claudin-5
expression. In conclusion, an increase in HIF-1 activity did
partially correlate with loss of tight junction complexes.

HIF-1 Inhibition by Small Molecules During OGD
Stress Inhibits VEGF Production in BMEC Monolayers

To demonstrate the relevance of targeting the HIF-1 pathway
on OGD-induced barrier disruption, BMECs were exposed
to OGD stress in the presence of 10 uM CAY 10585 or 10 uM
YC-1 (Zhang et al. 2013; Lee et al. 2007; Chun et al. 2001;
Chen et al. 2015; Engelhardt et al. 2014a; Yan et al. 2011;
Yeh et al. 2007), and allowed to reoxygenate in the absence
of such HIF-1 inhibitors (Fig. 5). Treatment with HIF-1
inhibitors was sufficient to decrease significantly HIF-1a
protein levels in hCMEC/D3 levels (Fig. 5a), but mildly
affected HIF-1a protein levels in CTR90F and CTR65M-
BMECs. However, such treatment resulted in a significant
decrease in GLUT1 immunoreactivity (Fig. 5b), and such
decrease was more sustained in CTR90F than CTR65M.
Yet, such decrease in GLUT1 expression had only a minor
effect on cell metabolic activity, with a small but significant
decrease cell metabolic activity following treatment with
YC-1 (Fig. 5¢). Treatment with HIF-1 inhibitors during
OGD were sufficient to decrease VEGF secretion (Fig. 5d)
by 50% in both hCMEC/D3 and CTR90F-derived BMECs;
however, no differences in CTR65M-derived cells. In sum-
mary, HIF-1 inhibitors were capable to partially inhibit HIF/
VEGF axis in iPSC-derived BMECs following OGD stress.
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Fig.5 HIF-1 inhibitor treat-
ments do not improve the
barrier function in BMEC mon-
olayers. Cells were treated in the
presence of 10uM CAY 10585
or YC-1 during the OGD phase.
Such inhibitors were absent
during the reoxygenation phase.
a Effect of HIF-1 inhibitors

on HIF-1a protein levels.
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HIF-1 Inhibition During OGD Stress Does Not
Prevent OGD/Reoxygenation-Induced Barrier
Disruption in iPSC-Derived BMEC Monolayers

To better associate the decrease in HIF/VEGF with
changes in the barrier function, changes in the barrier
function were assessed in iPSC-derived BMEC monolayers
following treatment with CAY 10585 or YC-1 immediately
after OGD stress and following reoxygenation (Fig. Se and
f). Treatment with HIF-1 inhibitors (CAY 10585 or YC-1)
failed to improve TEER in BMEC monolayers both after

Vehicle CAY 10585

CTRO0F

CTR65M

OGD stress (Fig. 5e) and after reoxygenation. No differ-
ences in fluorescein permeability were noted (Fig. 5f).

Treatment with CAY 10585 or YC-1 did not signifi-
cantly alter the expression and localization of claudin-5
in both CTR90F and CTR65M. In contrast, treatment
with YC-1 significantly altered occludin localization in
CTRO0F, whereas no changes were noted in CTR65M
monolayers (Fig. 5g and h). In conclusion, HIF-1 inhi-
bition by small molecules failed to improve the barrier
function during and after OGD stress.
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Anti-angiogenic Small Molecules Treatment
Worsened the Barrier Function in iPSC-Derived
BMECs During Reoxygenation Phase

VEGEF constitutes an important hyperpermeable growth
factor involved in hypoxia-induced blood-brain barrier dis-
ruption (Yan et al. 2012; Kanazawa et al. 2011; Al Ahmad
et al. 2009; Kilic et al. 2006; Fischer et al. 2002; Schoch
et al. 2002; Zhang et al. 2000). VEGF inhibition by small
molecules has been associated with improved BBB function
in animal models of cerebral ischemia (Kim et al. 2018, b;
Greenberg and Jin 2013; Ke and Zhang 2013; Pikula et al.
2013; Margaritescu et al. 2011; Bauer et al. 2010), yet the
relevance of such pathway in a clinical setting remains to
be documented. Hence, we investigated the effect of two
FDA-approved anti-angiogenic tyrosine kinase inhibitors
(sorafenib (Nexavar®) and sunitinib (Sutent®)) (Roskoski

2017), known to inhibit VEGFR2 (Fig. 6). Treatment with
10uM sorafenib resulted in a significant decrease in cell
metabolic activity in both CTR90F and CTR65M-BMECs
compared to vehicle control group. In contrast, 10 pM suni-
tinib mildly affected cell metabolic activity. Treatment with
sorafenib or sunitinib significantly decreased GLUT1 expres-
sion compared to vehicle (Fig. 6b). In addition to changes in
GLUT! and cell metabolic activity, changes in barrier func-
tion were reported following treatment with these two inhibi-
tors (Fig. 6¢ and f). Treatment with sorafenib resulted in a
dramatic disruption of the barrier function in both BMEC
monolayers, as measured by a significant decrease in TEER
(Fig. 6¢) and increased fluorescein permeability (Fig. 6d).
Noteworthy, CTR90F-derived BMECs displayed a higher
susceptibility to sorafenib than CTR65M-derived BMECs.
As expected, immunocytochemistry analysis of claudin-5
and occludin (Fig. 6e and f, respectively) showed a massive
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disruption of the monolayer integrity with the presence of
wide intercellular gaps. In conclusion, treatment with anti-
angiogenic inhibitors significantly impaired the barrier
recovery during reoxygenation.

Co-cultures Show a Differential Response to OGD/
Reoxygenation Stress

Finally, we investigated changes in the barrier function in
BMECs co-cultured with astrocytes or neurons (Supple-
mentary Fig. 3). The presence of co-cultures exacerbated
(Fig. S3A and B) BMECs response to OGD stress, in par-
ticular in CTRO90F-BMECs. Reoxygenation failed to restore
the barrier function in CTR90F co-cultures and resulted in
worsened barrier function compared to monocultures, as
seen with fluorescein permeability. As expected, CTR65M
co-cultures showed no differences in terms of permeabil-
ity. In contrast, neuron co-cultures showed no detrimental
effects on TEER during OGD (Fig. S3C&D) and showed
detrimental effects only during reoxygenation, whereas
OGD/reoxygenation yielded to a fivefold increase in per-
meability in CTRI0F co-cultures, whereas no differences
were observed in CTR65M co-cultures. In conclusion, these
results suggest that the presence of co-cultures (astrocytes
or neurons) influences the barrier response following OGD/
reoxygenation stress.

Discussion

Hypoxia/ischemia constitutes an important stress factor
capable to disrupt the blood—brain barrier (BBB) function
in several neurological diseases. Although several studies
documented the cellular and molecular response of the BBB
during hypoxic/ischemic insult using in vitro (Kokubu et al.
2017; Page et al. 2016; Engelhardt et al. 2014a; Zhu et al.
2012; Al Ahmad et al. 2009; Koto et al. 2007; Yang et al.
2007; Fischer et al. 2004, 2002, 1999; Abbruscato and Davis
1999) and in vivo approaches (Gussenhoven et al. 2019; Ma
et al. 2017; Yang and Rosenberg 2011; Bauer et al. 2010;
Lochhead et al. 2010; McCaffrey et al. 2009; Brown and
Davis 2005; Witt et al. 2003; Mark and Davis 2002), such
findings have yet to translate into clinically relevant targets.
A major caveat of current in vitro models of the BBB is
marked by their limited ability to form tight monolayers,
in this study, we investigated the effect of oxygen-glucose
deprivation (OGD) stress (an in vitro model of cerebral
ischemia) on the barrier function in iPSC-derived BMEC
monolayers, by exposing such cells to 6 h of OGD, followed
by 18 h of reoxygenation in normoglycemic medium.

Such models were capable to reproduce hallmarks of
existing in vitro models of cerebral hypoxia/ischemia by
showing disrupted barrier function (decreased TEER,

increased permeability to fluorescein and mannitol), partial
loss of tight junction complexes. Such response occurred via
the stabilization of HIF-1a and increased VEGF-A secretion.

Overall, both iPSC lines used in this study showed
responses similar to those observed in hCMEC/D3 mon-
olayers, a somatic adult immortalized human BMEC line
(Weksler et al. 2005). All three cells showed disruption in
the barrier function following prolonged (24 h) and acute
(6 h) OGD stress, and all three cells showed increase in
HIF-1a and VEGF following OGD stress. A major con-
cern of the use of stem cells for modeling hypoxia/ischemia
in vitro is their compliance to hypoxia (Mimeault and Batra
2013; Nobes et al. 1990; Medley et al. 2013; Mathieu et al.
2014; Lopez-Iglesias et al. 2015; Nakashima et al. 2018).
This study is in agreement with our previous study (Page
et al. 2016) and a recent by Kokubu and colleagues (Kokubu
et al. 2017). Such data are in agreement with the existing lit-
erature and suggest that such BMECs, despite their stem cell
origin, were capable to respond similarly to human BMECs
obtained from somatic adult cells. Similar outcomes were
reported in iPSC-derived astrocytes and neurons used in this
study (Antoniou et al. 2011; Genetos et al. 2010; Lin et al.
2015; Martin-Aragon Baudel et al. 2017; Wang et al. 2012,
2015; Schmid-Brunclik et al. 2008), suggesting that the dif-
ferentiation of iPSCs into different cell types of the neuro-
vascular unit may allow such cells to respond to hypoxia/
ischemia similarly than primary cells. However, further stud-
ies are necessary to ensure a more detailled characterization
of these cells in order to demonstrate their ability to reflect
similar cellular and molecular mechanisms as reported in
primary cells. In our study, the increase in VEGF levels in
both BMECs and astrocytes following hypoxic/ischemic
injury was consistent with the literature (Mo et al. 2016;
Wang et al. 20164, b, 2007; Wu et al. 2015; Sajja et al. 2014;
Ke and Zhang 2013; Margaritescu et al. 2011; Mani et al.
2010, 2005; Kim et al. 2008; Plaschke et al. 2008; Schmid-
Brunclik et al. 2008; Fischer et al. 2002; Jin et al. 2002;
Chow et al. 2001). In addition, we observed that the presence
of astrocytes in our co-culture models yielded worsened bar-
rier function compared to monocultures, in agreement with
the existing literature (Al Ahmad et al. 2009; Brillault et al.
2002; Kuntz et al. 2014).

Yet, our study also failed to show a direct effect of HIF-1
on the barrier function following treatment with YC-1, in
contradiction with some studies (Na et al. 2015; Yan et al.
2011; Yeh et al. 2007), but in agreement with two recent
studies (Barteczek et al. 2017; Pikula et al. 2013). In those
studies, deletion of HIF-1a and HIF-2a in mice failed to
show differences in cerebral edema compared to wild-type,
whereas serum VEGF levels in patients failed to correlate
with increased white matter hyperdensity. Our study showed
that the use of tyrosine kinase inhibitors (sorafenib, suni-
tinib) as anti-angiogenic agents failed to show improvement
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of the barrier function during the reoxygenation phase.
This finding agrees with a recent study reporting worsened
cardiovascular outcomes in elders treated with such thera-
peutics (Jang et al. 2016). In addition, such results suggest
the important function of pro-angiogenic pathways in this
model, in agreement with the beneficial role of angiogenesis
following stroke injury (Prakash and Carmichael 2015; Ruan
et al. 2015; Yang et al. 2013; Greenberg and Jin 2013; Zhong
et al. 2010; Ohab et al. 2006).

Finally, the major difference observed in this study is the
differential response of the two iPSC lines following OGD
stress, such differences were reflected in both astrocytes,
BMEC:s and neurons. In particular, CTR65M appeared as a
more compliant iPSC line than CTRI0F to OGD/reoxygena-
tion stress. It is important to note that until now, variability
between iPSC lines in regard of in vitro BBB models was
both our groups and others as discrete and minimal (Lee
et al. 2018; Canfield et al. 2017; Al-Ahmad 2017; Vatine
etal. 2017; Lim et al. 2017), as these BMECs showed similar
outcomes in terms of BBB phenotype and barrier function.
Several hypotheses may explain such differences. Our data
showed some similarities in response between CTRO0F (a
female iPSC line) and hCMEC/D3 (originated from a female
patient), whereas CTR65M displayed a distinct behavior.
The effect of sex (chromosomal sex as a biological variable)
at the BBB remains poorly understood at this time. There-
fore, the inclusion of additional iPSC lines (from male and
female patients) may help differentiate the effect of sex from
other variables. Another hypothesis explaining such differ-
ence may inherent to the derivation process, in particular due
to the random nature of the insertion of the four transcription
factors, but also on clonal differences. Therefore, a side-by-
side comparison of clones obtained from the same patient
may help explain some aspect of this variability. Finally, we
cannot exclude a possible genetic and epigenetic polymor-
phism inherent of each individual. Thus, a further analysis of
gene variants may help explain differences observed in our
study. In conclusion, our study suggests that iPSC-derived
BMEC monolayers may be suitable for assessing changes
at the BBB during hypoxia/ischemia following the valida-
tion of our findings into in vivo models and eventually be
used as a platform for identifying novel target to restore the
barrier function.
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