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Abstract

The blood-brain barrier (BBB) is critical to central nervous system (CNS) health. Brain
microvascular endothelial cells (BMECSs) are often used as 7 vitro BBB models for studying BBB
dysfunction and therapeutic screening applications. Human pluripotent stem cells (hPSCs) can be
differentiated to cells having key BMEC barrier and transporter properties, offering a renewable,
scalable source of human BMECs. hPSC-derived BMECs have been previously shown to respond
to all-trans retinoic acid (RA), and the goal of this study was to identify the stages at which
differentiating human induced pluripotent stem cells (iPSCs) respond to activation of RA receptors
(RARs) to impart BBB phenotypes. Here we identified that RA application to iPSC-derived
BMEC:s at days 6-8 of differentiation led to a substantial elevation in transendothelial electrical
resistance and induction of VE-cadherin expression. Specific RAR agonists identified RARa,
RARY, and RXRa as receptors capable of inducing barrier phenotypes. Moreover, RAR/RXRa
costimulation elevated VE-cadherin expression and improved barrier fidelity to levels that
recapitulated the effects of RA. This study elucidates the roles of RA signaling in iPSC-derived
BMEC differentiation, and identifies directed agonist approaches that can improve BMEC fidelity
for drug screening studies while also distinguishing potential nuclear receptor targets to explore in
BBB dysfunction and therapy.

Graphical abstract

Brain microvascular endothelial cells, the cells the form the physical blood-brain barrier, can be
used for drug screening studies and investigating blood-brain barrier contribution to central
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nervous system diseases. Human pluripotent stem cells can be differentiated into a scalable and
renewable source of brain-like endothelial cells, and these cells exhibit increased barrier tightness
when treated with all-trans retinoic acid. In this study, the authors examine the small molecule
agonists against specific retinoic acid signaling receptors to identify receptors for future
therapeutic applications. Through this work, they found that activation of the RARa, RARy or
RXRa receptors lead to earlier VE-cadherin expression—a mature endothelial cell protein, elevated
barrier tightness, and increased junctional integrity of the tight junction protein Occludin. In
addition, coactivation of the RAR/RXRa receptors using small molecule agonists exhibited
appreciable improvements above single agonist treatment conditions.
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1 Introduction

The blood-brain barrier (BBB) is a critical component for central nervous system (CNS)
health. The selectively impermeable blood vessels that comprise the BBB regulate the
exchange of material between the bloodstream and brain [1]. Brain microvascular
endothelial cells (BMECSs) form the principle barrier, and BMECs express a host of tight
junction proteins, nutrient transporters, and efflux transporters. Recent studies have
implicated BBB dysfunction early in CNS disease progression [2-6]. In addition, the BBB
restricts many therapeutics from brain entry, creating a bottleneck in CNS disease treatment
[7, 8]. Human /in vitro BBB models offer the capability for high throughput screening of
potential therapeutics and for the study of cellular mechanisms that drive human BBB health
and disease. Recently, human pluripotent stem cell (hPSC)-sourced BMECs have been
described that express BBB tight junction proteins, efflux transporters, and nutrient
transporters while exhibiting functionally tight barriers [9, 10].

Differentiation of hPSCs to BMECs occurs in a four step process in which hPSCs are first
seeded as single cells on Matrigel and expanded as hPSCs in mTeSR1 for three days [9, 11,
12] (D-3 to DO) (Figure 1A). Cells are subsequently cultured in unconditioned medium
(UM) for six days (D0-D6), conditions that result in the codifferentiation of neural cells
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(NCs) and endothelial cells (ECs) that gain properties of BMECs. The BMEC population is
expanded in EC medium for two days (D6-D8). Finally, BMECs are subcultured onto
collagen/fibronectin-coated plates or filters as virtually pure monolayers (D8-D10) for
assessing barrier properties and other BMEC phenotypes. BMECs express efflux transporter
and tight junction proteins by D8 of the differentiation, but do not express VE-cadherin, a
more mature EC marker, until after subculture [9].

We recently found that differentiating hPSC-derived BMECs respond to all-trans retinoic
acid (RA), a hormone implicated in CNS development and hindbrain patterning [13] and
BBB development. Previous studies have identified RA production by astrocyte progenitor
cells during embryonic BBB development and coordination with WNT signaling to promote
BBB fidelity [14-16]. During hPSC differentiation to BMECs, administration of RA during
the EC expansion phase (D6-D8) and the first 24 hours of the subculture phase (D8-D9)
induced VE-cadherin expression at D8, and the resulting BMECs exhibited dramatically
elevated transendothelial electrical resistance (TEER) at D10 of the differentiation, an
indicator of BMEC barrier function [10]. Whether RA is essential during the
codifferentiation phase when NCs are present, or if RA can act directly on BMECs
following subculture remains unknown. Moreover, RA signaling occurs via all-trans RA
binding to nuclear RA receptors (RARs), which bind to DNA response elements and
regulate RA-targeted gene transcription [17, 18]. All-trans RA can directly activate three
RAR family isoforms (a, B, and -y), and RAR members dimerize with retinoid X receptors
(RXRs) to bind DNA [19, 20]. RXRs also exist as three separate isoforms (a, B, and -y) and
exhibit different heterodimeric combinations with RAR receptors based on tissue-specific
expression patterns of RAR and RXR nuclear hormone receptors [21]. Understanding the
functional and temporal roles of RA signaling and the particular receptors that can impart
BMEC phenotypes in differentiating hPSCs could identify potential signaling targets
important in human BBB development and maintenance.

We therefore set out to elucidate the impact of RAR and RXR agonism on BMEC
differentiation and BBB phenotype acquisition. RA treatment of differentiating human
induced pluripotent stem cell (iPSC)-derived BMEC cultures imparted optimal barrier
phenotypes when applied during the EC expansion phase (D6-D8). Agonism of RARa and
RAR-y upregulated VVE-cadherin expression and enhanced BMEC barrier formation.
Furthermore, we determined that RARa or RARy could synergize with RXRa to impart
BMEC phenotypes. This work establishes the role of RA in BMEC differentiation from
iPSCs and identifies selective RA-associated nuclear hormone receptor agonists that are
sufficient to improve iPSC-derived BMEC phenotypes while offering insight into RA
signaling pathway roles in BBB development and maintenance.

2.1 Differentiation of iPSCs to a mixture of BMECs and NCs

iPSC culture and differentiation methods were described in detail in Stebbins et al. [12].
Briefly, IMR90-C4 iPSCs (WiCell) were maintained in adherent culture on Matrigel (BD
Biosciences) coated plates. iPSCs were cultured in mTeSR1 with daily medium changes.
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When iPSC colony edges began to contact adjacent colonies, cells were passaged in colony
format using Versene (Gibco).

Initial starting density for BMEC differentiation has a substantial impact on differentiation
efficiency, with an ideal starting density of 3.0 x 10% cells/cm? [11]. To achieve this target
density, iPSCs were singularized 3 days prior to initiating a differentiation (D-3) using
Accutase (Innovative Cell Technologies) and replated onto fresh Matrigel-coated plates in
mTesR1 containing 10 uM Y27632 (Tocris; from 10 mM Y27632 solution diluted in sterile
water). Cells were typically seeded between 7.5 x 102 cells/cm? and 1.25 x 10* cells/cm? at
D-3 to achieve a cell density of 3.0 x 104 cells/cm? at day 0 (DO). Cell medium was replaced
24 hours later (D-2) and 2 days after seeding (D-1) with mTeSR1 lacking Y27632. To
initiate BMEC differentiation at DO, cell medium was replaced with UM (392.5 mL DMEM/
F12, Gibco; 100 mL KnockOut Serum Replacement, Gibco; 5 mL MEM NEAA, Gibco; 2.5
mL GlutaMAX, Gibco; 3.5 uL p-mercaptoethanol, Millipore Sigma). Cell medium was
replaced daily with fresh UM until D6 to differentiate iPSCs to a mixture of BMECs and
NCs.

2.2 Probing the temporal effects of RA signaling during iPSC-derived BMEC differentiation

Cell medium at D6 was replaced with EC medium, containing Human Endothelial Serum
Free Medium (HESFM; Gibco) supplemented with 20 ng/mL bFGF (100 pg/mL stock
solution from Waisman Biomanufacturing) and 1% platelet-poor plasma derived serum (Alfa
Aesar). Cells were treated with a final concentration of 10 uM RA (Tocris resuspended in
dimethyl sulfoxide, DMSO, Millipore Sigma; 10 mM stock concentration dissolved in
DMSO) or an equivalent volume DMSO. EC medium was not replaced at D7. At day 8
(D8), BMEC/NC cocultures were singularized using Accutase and replated in EC medium
supplemented with DMSO or 10 uM RA (Figure 1A). Cells were replated onto 4:1:5
collagen 1V (Millipore Sigma): fibronectin (Millipore Sigma): sterile Milli Q water coated
Transwell filters (Corning) at a seeding density of 1.0 x 108 cells/cm?. Cell medium was
replaced at D9 with EC medium supplemented with DMSO or 10 yM RA. 10 uM Y 23732
was added at D9 to improve cell viability and increase experimental reproducibility because
DMSO vehicle control cells exhibited cell detachment at 48 hours after replating. Note that
bFGF was included in EC medium at D9, unlike previously published protocols, to preserve
the same medium conditions that cells received from D6-D8 of the differentiation [9-12].

2.3 BMEC progenitor purification at D6

Prior to conducting a BMEC progenitor purification at D6, conditioned medium (CM) was
harvested from BMEC/NC codifferentiation cocultures at D7 and D8 of the differentiation.
To harvest CM, D6 BMEC/NC codifferentiation mixtures were treated with EC medium
containing 10 uM RA or volume equivalent DMSO (Figure 1B panel 1). At D7, CM was
collected from cells into a 15 mL conical tube, centrifuged for 5 minutes at 1000 RPM, and
the supernatant transferred to a fresh 15 mL conical tube. The supernatant was shap frozen
at -20°C. Media in BMEC/NC codifferentiations were replaced at D7 with fresh EC medium
supplemented with 10 uM RA or volume equivalent DMSO. At D8, CM was harvested as
described above.

Biotechnol J. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stebbins et al.

Page 5

To isolate BMEC progenitors at D6, a subsequent iPSC-derived BMEC/NC codifferentiation
was dissociated at D6 with Accutase (Figure 1B panel 2). Cells were quenched 4:1 with
DMEM/F12 and pelleted by centrifuging cells 5 minutes at 1000 RPM. Cells were replated
at a split ratio of 4 6-wells to 6 12-wells onto 5x dilute collagen/fibronectin-coated 12-well
plates. Cells were replated in the 1 of the 4 following conditions: “DMSO”, “RA”, “DMSO-
CM”, or “RA-CM.” For “RA” and “DMSQO” treatment conditions, cells were replated in EC
medium containing 10 UM RA or volume equivalent DMSO. For “RA-CM” and “DMSO-
CM” samples, cells were replated in a 25% fresh EC: 75% CM from D7 BMEC/NC
codifferentiations. Fresh medium was mixed into CM to supplement CM with fresh
nutrients. Fresh medium was supplemented with 10 uM RA or volume equivalent DMSO
prior to mixing fresh medium with CM to adjust RA and DMSO concentrations to
comparable levels as “RA” and “DMSQO” conditions. At D7, media from “RA” and
“DMSO” samples were replaced with fresh EC medium containing 10 pM RA or volume
equivalent DMSO. “RA-CM” and “DMSO-CM” samples were treated with 75% D8 CM
and 25% fresh EC medium as described above. All samples were supplemented with 10 M
Y27632 to increase cell survival. Cell medium was replaced at D7 to remove dead cell
debris and increase cell survival following replating at D6.

Cells were replated at 6.6 x 10° cells/cm? per Transwell filter at D8 onto collagen/
fibronectin coated filters as described above. All sample conditions were replated in EC
medium without RA. At D9, cell medium was switched to EC medium without bFGF
supplemented with 10 uM Y27632 to increase cell viability and prevent cell detachment
from filters.

2.4 Retinoid agonist treatment

Cell medium at D6 was replaced with EC medium containing activating concentrations of
retinoid agonists (10 uM CD3254, BMS753, BMS453, or docohexaonic acid from stock 10
mM solutions dissolved in DMSO) or subactivating concentrations of these agonists (1 uM
CD3254 or BMS753; diluted from stock 10 mM solutions diluted in DMSO). CD1530 is a
potent RARYy agonist, but can activate RARa and RARR at high concentrations. We,
therefore, added CD1530 at a concentration below the ICgg for CD1530 activation of RARa
and RARP (1 uM CD1530 activating concentration from 10 mM stock dissolved in DMSO;
0.1 uM CD1530 subactivating concentration from 1 mM stock solution dissolved in
DMSO). All retinoid agonists were purchased from Tocris. Cell medium was not changed at
D7.

At day 8 (D8), BMEC/NC cocultures were singularized using Accutase and replated in EC
medium. For screening experiments (Figure 2A), retinoid agonists were not added at D9.
Retinoid agonists were added at D9 for all other experiments to assess maximum TEER
response to small molecule agonists. Cells were replated onto 4:1:5 collagen 1V: fibronectin:
sterile Milli Q water-coated Transwell filters at a seeding density of 1.0 x 108 cells/cm? per
filter or 1.32 x 10° cells/cm? per plate. 96 well plates typically exhibited lower plating
efficiency than other cell culture plate sizes, and therefore required a plating density of 2.0 x
10° cells/well. At D9, cell medium was switched to EC without bFGF supplemented with 10
UM Y27632.
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2.5 Assessment of functional barrier tightness

BMEC TEER was measured using an Epithelial Volt/Ohm Meter (EVOM; World Precision
Instruments) with chopstick electrodes on D9 and D10. Briefly, TEER was taken as a soon
as Transwell plates were removed from the incubator, as TEER increases as temperature
decreases. The short electrode and long electrode arms were inserted vertically into the
apical and basolateral chambers respectively, taking care not to touch the Transwell filter or
plate sides. To assess TEER, electrical resistance was measured in Q, multiplied by the
surface area of the Transwell filter, and subtracted from the TEER of a blank filter.

2.6 Efflux transporter substrate accumulation assay

Cell medium was aspirated and cells were incubated for 1 hour at 37°C in EC medium
without bFGF + 10 uM efflux transporter inhibitors (P-glycoprotein inhibitor cyclosporin A
“CsA”, Millipore Sigma, 10 mM stock solution dissolved in DMSQO; MRP inhibitor
MK5371, Thermo Fisher, 10 mM stock solution dissolved in DMSQ). Cells were
subsequently incubated 2 hours at 37°C on a rotating platform at 35 RPM with efflux
transporter assay substrate diluted in EC medium without bFGF + efflux transporter
inhibitor, washed 1 time with cold PBS, and lysed using RIPA buffer. Substrate
accumulation was quantified using a Tecan plate reader at 485 nm excitation/530 nm
emission. To assay P-glycoprotein activity, cells were incubated with or without 10 uM CsA
then incubated with rhodamine 123 P-glycoprotein substrate (Millipore Sigma, from 10 mM
stock solution dissolved in sterile water) + 10 uM CsA. Carboxymethyl-2",7’-
dichlorofluorescein diacetate (DCFDA; Thermo Fisher, 10 mM stock solution dissolved in
DMSO) was used as an MRP substrate along with 10 uM MK571 as an MRP inhibitor to
determine MRP activity in cells treated with retinoid agonists. Fluorescent substrate
accumulation levels were normalized to protein content determined by protein content as
measured by BCA (Pierce BCA Protein Assay Kit) for each treatment condition.

2.7 Immunocytochemistry

Cells were fixed for 15 minutes with 100% ice-cold methanol (Millipore Sigma) and washed
three times with Dulbecco’s phosphate buffered saline (DPBS; Millipore Sigma) without
Ca?* or Mg?*. Cells were subsequently blocked in DPBS with 10% goat serum (PBSG;
Millipore Sigma) for one hour at room temperature and incubated overnight with primary
antibodies in PBSG. The following day, cells were washed three times with DPBS and
incubated 1 hour at room temperature with secondary antibodies. Cells were subsequently
incubated for 15 minutes with 1:5000 Hoechst (Thermo Fisher) diluted in DPBS at room
temperature, washed 3 times with DPBS, and stored in DPBS until ready to image. A
detailed list of the primary and secondary antibodies as well as their dilutions can be found
in Stebbins et al. [22].

2.8 Image quantification of tight junction continuity

Tight junctions exhibit a continuous network, which display maximum peak intensities
above a low intensity background. The area fraction covered by tight junctions can be
quantified by setting a threshold to remove background signal and determining the number
of pixels above this threshold covered by tight junction proteins.
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To assess tight junction continuity, images were analyzed using the FIJI software (Figure
S1). Fluorescent images were first corrected to remove uneven illumination using the
Background Correction Plugin. A Gaussian blur filter was applied to each image to reduce
noise. Next, a line was drawn by the user, and the grey level intensity profile was plotted
over line distance to determine a threshold value to eliminate background. Images were
converted to a binary image and processed using the outline filter to count the tight junction
perimeter in pixels encompassing each cell within a given field. The total number of tight
junction perimeter pixels was normalized to the square root of the number of cells in each
field, to account for shared perimeters between adjacent cells. Cell number for each field
was determined using the FIJI Analyze Particle feature to count the number of cell nuclei
per each tight junction image.

2.9 Flow cytometry

To assess the percentage of VE-cadherin+ cells per sample condition, adherent live cells
were incubated for 30 minute at room temperature with PBSG, and subsequently incubated
for 1 hour with VE-cadherin (Millipore Clone BV9, 8 ug/mL) or equivalent concentration of
mouse 1gG2a,x isotype control (BD Biosciences) diluted in PBSG. Cells were washed three
times with DPBS and incubated for 30 minutes at room temperature in secondary antibodies
(Thermo Fisher Alexa 488 Goat Anti-Mouse IgG, 1:200) diluted in PBSG. Cells were
subsequently washed 3 times with DPBS and dissociated at 37°C using Accutase until 90%
of cells began to dissociate from the plate. Cells were sprayed 3 to 5 times to singularize cell
clumps, passed through a 40 um nylon filter to remove cell aggregates, and quenched with
DMEM/F12. Cells were spun down 5 minutes at 200g, resuspended in 4%
paraformaldehyde (16% paraformaldehyde from Electron Microscopy Sciences diluted in
DPBS), and incubated 15 minutes at room temperature. Cells were spun down 5 minutes at
200g, resuspended in 1% BSA diluted in DPBS and run immediately on a BD FACSCalibur
flow cytometer.

Cells stained for occludin and claudin-5 were first prepared by rinsing cells with Versene
and subsequently incubating cells in Versene at 37°C until 90% of cells dissociated from the
plate. Cells were passed through a 40 pm nylon mesh strainer and incubated in 4%
paraformaldehyde as previously described. Cells were blocked 30 minutes in 10% donkey
serum (Millipore Sigma) diluted in DPBS (PBSDo) with 0.1% Triton-X 100 (Millipore
Sigma). Cells were resuspended in PBSDo with primary antibody and incubated overnight at
4°C (occludin, Invitrogen, OC-3F10, 1gG1, 10 pg/1e6 cells; claudin-5, Invitrogen, 4C3C2,
9G4, 10 ug/1e6 cells). The following day, cells were washed 2 times in 1% BSA in PBS
(flow buffer) and incubated 30 minutes at room temperature with secondary antibody diluted
in PBSDo. Cells were washed 2 times with flow buffer and analyzed on a BD FACSCalibur
flow cytometer.

Cells stained for PECAM-1 were dissociated using Accutase until 90% of cells were
dissociated from the plate. Cells were passed through a 40 pm nylon mesh strainer and
incubated 15 minutes with 1% paraformaldehyde (from 16% paraformaldehyde solution
diluted in PBS). Cells were subsequently permeabilized in 100% ice-cold methanol for 15
minutes at room temperature. Cells were washed 3 times with 0.5% BSA (Millipore Sigma)
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+ 0.3% Triton-X 100 diluted in DPBS (wash buffer). Cells were incubated overnight with
primary antibody (PECAM, LabVison, RB-1033, rabbit polyclonal, 18 ug/1e6 cells) or 1IgG
control (Cell Signaling Technologies) at 4°C. The following day, cells were washed 3 times
with wash buffer and incubated for 30 minutes at room temperature with secondary
antibodies (Thermo Fisher goat anti-rabbit Alexa 488, 1:200). Cells were subsequently
washed and quantified on a BD FACSCalibur flow cytometer.

2.10 Western blotting

Cells were lysed using RIPA buffer (Rockland) including protease/phosphatase inhibitor
cocktail (Pierce) and protein concentration quantified via BCA. Lysates were denatured at
95°C and loaded with equal protein content into 4-12% Tris-glycine 15-well WedgeWell
SDS-PAGE gels (Thermo Fisher) under reducing conditions. Lysates were resolved at 125 V
for 90 minutes. Protein was transferred to nitrocellulose membranes, and membranes were
blocked 1 hour with 5% milk in TBS + 0.1% Tween-20 (Thermo Fisher) (TBST).
Membranes were incubated overnight at 4°C with primary antibodies diluted in 5% milk in
TBST. Membranes were probed for VE-cadherin (Santa Cruz BV9, 1:200), claudin-5
(Thermofisher 4C3C2, 1:250), occludin (Thermofisher OC-3F10), and B-actin (Cell
Signaling Technology D59D7, 1:1000). The following day, membranes were washed 5 times
with TBST and incubated 1 hour with secondary antibodies (Licor IRDye 800CW donkey
anti-mouse 1gG; Licor IRDye 680RD donkey anti-rabbit 1gG) diluted 1:5000 in 5% milk +
TBST. Membranes were washed 5 times with TBST and imaged on a Licor Odyssey Classic
Scanner.

2.11 Statistical analysis

3 Results

Student t-test was used for comparing one experimental condition to control, while ANOVA
analysis was used for comparing more than 2 experimental conditions followed by Dunnett’s
post-hoc analysis for comparing all experimental conditions only to the control or Tukey’s
Honest Significant Difference (HSD) for comparing all experimental conditions against each
other. All error is reported as standard error of the mean unless otherwise indicated. A lower
case “n” denotes that data represent the average of the means of “n” independent
differentiations. An uppercase “N” denotes “N” number of technical replicates averaged
together across one representative differentiation, unless otherwise indicated.

3.1 Temporal effects of RA signaling on iPSC-derived BMECs

To determine if RA treatment during the EC expansion phase of the NC/BMEC
codifferentiation (D6-D8) or the BMEC subculture phase (D8-D10) imparts BMEC-specific
phenotypes, all-trans RA was administered during these two timeframes and TEER was
measured at D10, the time point previously shown to exhibit maximum barrier tightness
(Figure 1A) [10, 11]. Whereas D6-D8 RA treatment led to a striking elevation in TEER
(1634 + 160 Q*cm?; p<0.05) compared to DMSO vehicle control (200 + 57 Q*cm?2), RA
treatment of purified BMECs (D8-D10 treatment) did not lead to a statistically significant
change in TEER (274 + 41 Q*cm?, Figure 1C) compared to control. RA administration
during both the EC expansion phase and BMEC subculture (D6-D10) improved TEER
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(2528 + 34 Q*cm?; p<0.05) above cells treated only during the EC expansion phase (D6-D8,
Figure 1C). These data demonstrate that RA treatment during EC expansion phase is
essential for RA-mediated TEER elevation, yet subcultured BMECs can also respond to RA
treatment if previously primed with RA during the EC expansion phase.

The D6-D8 RA activation window may be critical because the ECs are more responsive at
this differentiation stage, because the codifferentiating NCs may be sensitive to RA
induction at this stage thereby inducing BMEC properties, or both. To explore these
possibilities, differentiating PECAM-1* BMEC progenitors were subcultured onto collagen/
fibronectin plates at D6 to permit investigation of RA effects on purified BMECs (Figure 1B
and D). First, the purified D6 BMEC progenitors were expanded for an additional two days
in the presence or absence of RA to investigate if RA can directly affect differentiating
BMECs during the D6-D8 window. To additionally test if RA effects are reliant on the
codifferentiating NCs, conditioned media from control and RA-treated Day 6-8
codifferentiating cultures (containing NC/BMEC mixtures) were added to D6 purified
BMEC progenitors (Figure 1B). At D8, purified BMEC progenitors treated with either RA
or RA CM exhibited increased VVE-cadherin expression (Figure 1 D-F, 15 + 9-fold
improvement and 17 + 10-fold improvement over controls, respectively, p < 0.05). To
determine if RA or CM from RA-treated cells affected induction of barrier properties, we
passaged purified BMEC progenitors and D6-8 treated BMECs onto collagen/fibronectin-
coated filters and measured TEER at D10. Notably, in contrast to D8-10 treatment of
purified BMECs (Figure 1C), D6-8 RA treatment of D6 BMEC progenitors elevated TEER
(1179 + 52 Q*cm?) (Figure 1G). While control CM promoted minimal TEER improvement
(464 + 14 Q*cm?), we found that RA CM improved TEER beyond that observed with direct
RA treatment of purified BMEC progenitors (Figure 1G, 2590 + 179 Q*cm?, p < 0.05). All
treatment groups expressed junctionally localized claudin-5 and occludin, and neither RA
nor RA CM treatment impacted the total protein levels of claudin-5 or occludin at D8 of the
differentiation (Figure 1D and E, Figure S2A and B). Collectively, these data demonstrate
that BMECs can respond directly to RA during the D6-D8 EC expansion differentiation
stage as evidenced by VE-cadherin induction and barrier formation, and suggest that
additional components present in the RA-CM from the codifferentiating NC/BMEC cell
mixture can further improve barrier properties.

3.2 Agonism of RA-associated nuclear receptors can improve BMEC barrier fidelity

Next, to identify individual RA-signaling associated nuclear hormone receptors that are
capable of driving the elevated TEER observed in the differentiating BMEC cultures from
D6-D8, a series of small molecule RAR and RXR agonists were tested (Figure 2A). Several
individual RA receptor agonists elevated TEER above vehicle treated controls (172 + 24
Q*cm?), including BMS753 (RARa agonist; 1071 + 226 Q*cm?; p < 0.05), CD1530 (RARy
agonist; 1249 + 355 Q*cm?; p < 0.05), and CD3254 (RXRa agonist; 1278 + 236 Q*cm?; p <
0.05) (Figure 2B).While BMS453 (RARp agonist) and docosahexaenoic acid (DA; RXR
family pan agonist) modestly improved TEER above DMSO controls (585 + 125 Q*cm? and
305 + 94 Q*cm?, respectively), these treatments did not reach statistical significance
(p>0.05). Conversely, compared to cells treated with RA (1283 + 266 Q*cm?), pan-
antagonism of the RAR receptor family with BMS493 reduced the effect of RA-mediated
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TEER elevation (406 + 166 Q*cm?; p=0.057) (Figure S3). Neither individual RARa
antagonist BMS195615 nor individual RARy antagonist MM11253 significantly affected
the RA-mediated TEER elevation (Figure S3). These data collectively indicate that while
RARa, RARy and RXRa activation are sufficient for increased barrier function in
differentiating BMECs, RARa and RARYy are individually nonessential for mediating RA-
associated TEER elevation, suggesting compensatory effects.

3.3 Nuclear receptor activation in differentiating BMECs can mimic the effects of RA
treatment on VE-cadherin expression

We subsequently examined whether RARa, RARy, or RXRa activation via small molecule
agonists could improve other BMEC properties associated with RA enhancement, including
induction of VE-cadherin expression and improved occludin expression and localization
[10]. Compared to vehicle controls, samples treated from D6-D8 of the differentiation with
CD3254 (RXRa), BMS753 (RARa), and CD1530 (RARy) contained pockets of VE-
cadherin® cells by D8 (Figure 3A). Quantitation across multiple differentiations indicated
that BMS753, CD1530 and CD3254 led to the largest changes (17-45-fold) in VE-cadherin
protein expression and percentage of cells expressing VE-cadherin at Day 8 of
differentiation (Figure 3B and C). Neither RA nor individual small molecule agonist
treatment affected the percentage of PECAM-1* ECs in the differentiating cultures, and
therefore, the changes in VE-cadherin expression observed reflect differences in EC
maturation rather than a change in the differentiation fate (Figure S4).

We next investigated whether dual RXRa - RAR agonism may contribute to additive
phenotypic enhancement above single agonist controls. Coactivation of RXRa/RARa or
RXRa/RARYy via CD3254/BMS753 or CD3254/CD1530, respectively induced a more
substantial increase in VE-cadherin expression (Figure 3B, C, 46-53 fold, p<0.05) as well as
the percentage of cells expressing VE-cadherin (Figure 3D, 73-78%, p<0.05) than either
agonist alone. In fact, these two coactivation scenarios led to indistinguishable responses in
VE-cadherin induction compared with RA treatment (Figure 3D, p>0.05). By contrast,
costimulation of RXRa/RAR receptors via CD3254/BMS453 treatment promoted only a
15 + 3-fold increase in VE-cadherin expression above vehicle control that was not
statistically significant (Figure 3B, C, p>0.05), and the percentage of VE-cadherin
expressing cells was below that induced by RA treatment (Figure 3D).

3.4 Nuclear receptor activation in differentiating BMECs can mimic the effects of RA
treatment on barrier formation

Next BMEC barrier function was assessed after RARa/RXRa and RARy/RXRa
costimulation. We dosed RARa and RXRa. agonists from D6-D9 of differentiation, the
timeline for maximal RA-responsiveness to TEER (Figure 1A and C, and refs [10, 11]).
When added at the activating concentration at which individual agonists increased TEER,
RARa/RXRa costimulation demonstrated increased TEER over either single agonist
(Figure 4A, 3096 + 374 Q*cm?; p<0.05). Similarly, costimulation of RARy and RXRa. at
activating concentrations increased TEER over either single agonist, although this change
was not statistically significant from single agonist controls (Figure 4A, 2741 + 548 Q*cm?,
p>0.05). To further explore whether RAR/RXR costimulation could result in synergistic
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effects, the agonists were instead dosed at 10-fold lower concentrations which yielded
minimal activation by either individual agonist (Figure 4B). While these lowered doses of
RARa and RXRa agonists induced modest barrier tightening, costimulation resulted in
synergistic increases, elevating TEER to 2254 + 157 Q*cm? (Figure 4B, p<0.05) that was
not statistically significantly different from RA treatment (2740 + 582 Q*cm?, p > 0.05).
Similarly, costimulation of RARy and RXRa led to a synergistic increase in TEER to 1750
+ 151 Q*cm? (Figure 4B, p<0.05), but did not reach the levels of RA treatment.

We next explored whether changes in tight junction protein expression or continuity were
observed upon BMEC barrier tightening induced by RAR and RXRa agonism. Occludin
expression was not increased by individual agonist treatments or by costimulation as
measured by Western blot and flow cytometry, nor was the percentage of BMECs expressing
occludin changed by agonist treatment (Figure 5A-C). However, noticeable discontinuities
in junctional occludin were present in the untreated controls, and the discontinuities lessened
upon agonist treatment (Figure 5E, F). Costimulation of either RARa/RXRa or RARy/
RXRa was sufficient to yield junctional continuity that mimicked that provided by RA
stimulation (Figure 5E, F). This effect was limited to occludin localization as no differences
in claudin-5 junctional continuity were observed nor were there differences in claudin-5
positive cells percentages or expression levels (Figure S5). Finally, the effects of nuclear
receptor costimulation on P-glycoprotein and MRP activity were measured and no
differences in efflux activity were observed for either the RARa/RXRa or RARy/RXRa
costimulation groups compared to untreated control cells (Figure S6).

4 Discussion

Here, we sought to elucidate the differentiation stage-specific effects of RA on iPSC-derived
BMEC phenotypes and determine how individual RAR and RXR retinoid nuclear hormone
receptors can affect these phenotypes. We found that the D6-D8 differentiation window was
critical for RA-mediated TEER elevation. During this differentiation phase both BMEC
progenitors and NCs are present as the BMEC population is expanding [9, 11]. D6 BMEC
progenitors autonomously respond to RA when compared to D6 BMEC progenitors treated
with vehicle control. These responses included induction of VE-cadherin expression and
higher TEER compared to vehicle control-treated cells. Notably, BMECs purified at D8 of
differentiation did not exhibit elevated TEER following D8-D10 RA treatment. While D6
BMEC progenitors can directly respond to RA treatment, RA alone did not completely
account for enhanced barrier properties, as CM from RA-treated cocultures induced higher
TEER elevation in purified BMEC progenitors compared to purified BMEC progenitors
treated with RA alone. These findings reveal that BMEC-autonomous RA effects are
differentiation-stage dependent, with greatest induction when BMECs are in a more
immature state. Thus, the observed improvements may be due to synergistic effects of direct
RA activation of the BMEC progenitors and paracrine signaling factors provided by RA-
stimulated NCs. Taken together, these data map onto /n vivo evidence of RA-EC
autonomous and non-autonomous effects on BBB fidelity [15].

Neural progenitor cells secrete VEGF to promote cerebral vascular angiogenesis, and WNT
7A and 7B ligands to induce BBB properties during embryonic BBB development [23, 24].

Biotechnol J. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stebbins et al.

Page 12

We previously observed WNT7A and WNT7B transcript expression in NCs during iPSC
codifferentiation to NCs and BMECs, and RA signaling was recently demonstrated to
improve WNT signaling in neural progenitor cells and reduce WNT signaling activity in
BMECs [9, 15]. WNT signaling during embryonic development is important for BBB
formation, and RA signaling enhances barrier function in BMECs by initially inducing then
reducing WNT signaling activity [25]. Data presented here motivate future studies to
examine how specific NC paracrine factors, such as VEGF or WNTSs, may interact with RA
signaling to induce BBB properties in iPSC-derived BMECs.

We next sought to determine specific RA-associated nuclear hormone receptors that are
capable of driving acquisition of BMEC phenotypes since RAR and RXR receptor isoforms
can exhibit tissue specific effects [22]. RXRa (CD3254), RARa (BMS753), and RARYy
(CD1530) agonism alone induced significantly tighter barriers than vehicle control when
dosed during the crucial D6-D8 differentiation stage, demonstrating that activation of single
retinoid receptor isoforms can elicit barrier tightening. BMS453 modestly improved TEER,
yet when compared to BMS753, CD1530, or CD3254, this TEER improvement was not
statistically significant. As reported by Mizee et al.,, hCMEC/D3 immortalized human
BMECs stimulated with BMS453 exhibited a small but significant increase in TEER (1.3-
fold increase from baseline), consistent with modest improvements in TEER observed with
BMS453 in differentiating iPSC-derived BMECs [14]. /n vivo comparisons between
BMECs and peripheral ECs identified BMEC specificity for RA signaling proteins,
including retinol binding protein and its membrane transporter STRAG6 [24]. Transcriptomics
analysis of mouse brain endothelium identified enrichment of RA-associated signaling
pathways compared to peripheral endothelium [25]. Global reduction of RA production in
mice leads to embryonic cerebral hemorrhaging, and global genetic knockout of RARa and
RARYy, two RA receptors, recapitulates these effects [26]. In the current study, pan-RAR
antagonism diminished RA-mediated effects and demonstrated the necessity of RAR in RA-
mediated responses. However, while we identified both RARa and RARy receptors as
sufficient to induce TEER response in BMECs, antagonist experiments demonstrated that
neither isoform was necessary for mediating RA-dependent TEER induction in iPSC-
derived BMECs. RAR isoform compensatory mechanisms are well established and may
account for these observations [21]. Thus, future studies may require multiple RAR isoform
deletion in brain ECs to investigate essential RAR isoforms in BBB development and
maintenance.

To further understand how individual retinoid receptor stimulation can affect iPSC-derived
BMEC properties, we investigated RA induction of VE-cadherin [10, 14]. Single RAR
isoform agonists and CD3254 induced VE-cadherin expression without affecting the total
percentage of PECAM-1* ECs in the differentiation. This suggests that RA matures ECs
rather than promotes endothelial expansion during the D6-D8 codifferentiation phase. Dual
RXRa/RAR agonism synergized to elevate VE-cadherin levels and the percentage of VE-
cadherin® cells to levels that mimicked those produced by RA treatment. We also identified
synergistic effects of RXRa/RAR agonism in barrier formation as determined by TEER
elevation. These findings are consistent with earlier reports demonstrating the synergistic
nature of RAR and RXR partners to activate RA-targeted gene transcription [29].
Furthermore, increased TEER correlated with more continuous junctional occludin as
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previously described for RA treated iPSC-derived BMECs [10]. Neither RA nor retinoid
receptor agonists elevated occludin levels, contrasting with previous observations of RA-
mediated increases in occludin expression in hPSC-derived BMECs and hCMECs treated
with RA [10, 14]. Recent differentiation protocol adaptions, including standardized cell
seeding densities [11], may have improved basal occludin protein levels in iPSC-derived
BMECs thereby mitigating occludin expression level effects of RA treatment. In addition,
claudin-5 and occludin promoter regions lack a RA response element, and therefore, RA
effects described in previous reports may have been a result of indirect regulation [9, 14, 30,
31]. Finally, neither RA nor RA-associated nuclear hormone receptor agonists affected P-
glycoprotein or MRP activity, although previous observations /n vitro and in vivo have
suggested that RA can increase efflux transporter expression and activity [10, 14, 32]. In
conclusion, this work demonstrates that RA signaling impacts iPSC-derived BMEC
differentiation and demonstrated that RAR/RXR small molecule activation could mimic RA-
mediated barrier improvements. Since all-trans RA is a pleiotropic signaling molecule, this
could provide an alternative, directed approach to supplying RA-mediated cues to the
BMEC differentiation process. In addition, the identification of specific RAR and RXR
isoforms that are sufficient to induce BBB properties motivates further investigation /in vivo,
and suggests possible targeted approaches to restore BBB dysfunction in pathological states.
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CNS central nervous system
CsA cyclosporin A

DCFDA  Carboxymethyl-2”,7’-dichlorofluorescein diacetate
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EC endothelial cell

hPSCs human pluripotent stem cells

HSD honest significant difference

iPSCs induced pluripotent stem cells

NCs neural cells

RA retinoic acid

RAR retinoic acid receptor

RXR retinoid X receptor

TEER transendothelial electrical resistance
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Figure 1.
Temporal effects of RA signaling on TEER of iPSC-derived BMECs. A) Experimental

timeline for 10 uM RA dosage during BMEC differentiation. B) Experimental timeline for
BMEC progenitor purification and treatment. C) D10 TEER following 10 uM RA
stimulation over the indicated two day increments. Error bars represent standard error of the
mean; n = 3. ANOVA followed by Tukey HSD test; * p < 0.05 vs. control; # p < 0.05 vs. RA
D6-D8. D) Representative images of D8 purified BMEC progenitors exposed to the
indicated media from three independent differentiations. Scale bar represents 100 pm. E)
Representative Western blot of D8 BMEC progenitors exposed to the indicated treatments
from D6-D8 from three independent differentiations; n = 3. Replicates bands are technical
replicates within a single differentiation. F) Quantification of VE-cadherin band intensities
from three independent differentiations via densitometry of Western blots; n = 3. Error bars
represent standard error of the mean. ANOVA followed by Dunnett post-hoc analysis. * p <
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0.05 vs. DMSO. G) Representative D10 TEER from purified BMEC progenitors exposed to
the indicated media from D6-D8 and passaging to filters at D10. TEER assessed in three
independent differentiations, and values are technical replicates (N = 2) of a single
representative differentiation. Error bars represent standard deviation. All groups were
compared using ANOVA followed by Tukey HSD. * p < 0.05 vs. DMSO; # p < 0.05 vs.
DMSO-CM; % p < 0.05 vs. RA.
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Figure 2.

Effect of RA-associated nuclear hormone receptor agonists on BMEC barrier fidelity. A)
Experimental timeline for application of RA-signaling associated nuclear hormone receptor
agonists during iPSC differentiation to BMECs. B) D10 TEER following D6-D8 treatment
with RA signaling associated nuclear hormone receptor agonists: 10 yM BMS753 (RARa
agonist; n = 7), 10 yM BMS453 (RARP agonist and RARa/y antagonist; n = 7), 1 yM
CD1530 (potent RARy agonist; n = 7), 10 pM CD3254 (RXRa agonist; n = 7), 10 uM DA
(pan-RXR agonist; n = 3). Error bars represent standard error of the mean. ANOVA followed
by Dunnett’s test; * p < 0.05 vs. control.
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Figure 3.

Impact of RA signaling associated nuclear hormone activation on iPSC differentiation to
BMECs. A) Representative VE-cadherin immunocytochemistry images of BMEC/NC
codifferentiations at D8 following D6-D8 treatment with the indicated RA-signaling
associated nuclear hormone receptor agonists; n = 6. VE-cadherin is indicated in green and
Hoechst counterstain is indicated in blue. Scale bar represents 100 um. B) VE-cadherin and
[B-actin signal from representative Western blots of D8 cells following D6-D8 application of
the indicated RA-signaling associated nuclear hormone receptor agonists from three
independent differentiations; n = 3. The B-actin signal is additionally shown as a control in
Figure 5A. C) Quantification of VE-cadherin protein levels over three independent
differentiations via densitometry of Western blots. Error bars represent standard error of the
mean. ANOVA followed by Dunnett’s test; * p < 0.05 vs. control. D) Percentage of VE-
cadherin+ cells determined by flow cytometry analysis of D8 BMEC/NC codifferentiating
population following D6-D8 treatment with the indicated RA-signaling associated nuclear
hormone receptor agonists; n = 2. Error bars represent standard error of the mean. Right
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panel: comparison for RARa agonism to coRARa/RXRa and controls. Middle: comparison
for RARP agonism to coRARB/RXRa and controls. Left: comparison for RARy agonism to
CORARY/RXRa and controls. ANOVA followed by Tukey HSD test. * p < 0.05 vs. DMSO
vehicle control; % p < 0.05 vs. CD3254; # p < 0.05 vs. RAR agonist; r p < 0.05 vs. RA.
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Figure 4.

Effect of RAR/RXR coactivation on BMEC barrier function. Error bars represent standard
error of the mean. ANOVA followed by Tukey HSD test. A) D10 TEER in iPSC-derived
BMECs following treatment with the indicated dosages with RARa/y agonists in
combination with RXRa agonism during D6-D9 of the differentiation; n = 6. Left:
comparison of 10 yM CD3254 and 10 uM BMS753 treatment to combined 10 uM
CD3254/10 pM BMS753. * p < 0.05 vs. CD3254. Right: comparison of 10 uM CD3254 and
1 uM CD1530 treatment to combined 10 uM CD3254/1 uM CD1530. ANOVA failed. B)
D10 TEER in iPSC-derived BMECs following subactivating dosages with the indicated
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RARa/y agonists in combination with RXRa agonism during D6-D9 of the differentiation;
at least three independent differentiations (n = 3) included per condition * p < 0.05 vs.
CD3254; #p < 0.05 vs. RAR agonist; % p < 0.05 vs. RA. Left: comparison of 1 uM
CD3254 and 1 uM BMS753 treatment to combined 1 uM CD3254/1 uM BMS753. * p <
0.05 vs. CD3254. Right: comparison of 1 uM CD3254 and 0.1 uM CD1530 treatment to
combined 1 pM CD3254/0.1 uM CD1530.
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Figure5.
Changes in tight junction proteins following RAR/RXRa coactivation. A) Occludin- and f-

actin signals from representative Western blots of D8 cell lysates following D6-D8 treatment
with the indicated compounds from three independent differentiations; n = 3. The p-actin
signal is additionally shown as a control in Figure 3B. B) Quantification of occludin protein
levels over three independent differentiations via densitometry of Western blots. Error bar
represents standard error of the mean. ANOVA test failed. C) Percentage of occludin+ cells
as quantified by flow cytometry in D10 iPSC-derived BMECs following D6-D9 treatment
with the indicated RA-signaling associated nuclear hormone receptor agonists; n = 3. Error
bars represent standard error of the mean. Right panel: comparison for RARa agonism to
cORARa/RXRa and controls. Left panel: comparison for RARy agonism to coRARy/
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RXRa and controls. ANOVA tests failed. D) Geometric mean of occludin fluorescence
levels in occludin+ cells as measured by flow cytometry in D10 iPSC-derived BMECs
following D6-D9 treatment with the indicated RA-signaling associated nuclear hormone
receptor agonists; n = 3. Error bars represent standard error of the mean. Right panel
comparison for RARa agonism to coRARa/RXRa and controls. Left panel comparison for
RARy agonism to coRARy/RXRa and controls. ANOVA failed. E) Representative occludin
immunocytochemistry images for iPSC-derived BMECs at D10 following D6-D9 treatment
with the indicated RA-signaling associated nuclear hormone receptor agonists; n = 3.
occludin is shown in green and Hoechst counterstain is indicated in blue. Scale bar
represents 100 um. F) Area fraction index quantification of occludin immunostaining
images. Error bars represent standard deviation. N = 11 independent fields over three
differentiations with at least three independent fields per differentiation. Right panel
comparison for RARa agonism to coRARa/RXRa and controls. Left panel comparison for
RAR-y agonism to coORARy/RXRa and controls. ANOVA followed by Dunnett’s test. * p <
0.05 vs. DMSO vehicle control.
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