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SUMMARY
The derivation of human brain capillary endothelial cells is of utmost importance for drug discovery programs focusing on diseases of the

central nervous system. Here, we describe a two-step differentiation protocol to derive brain capillary-like endothelial cells from human

pluripotent stem cells. The cells were initially differentiated into endothelial progenitor cells followed by specification into a brain capil-

lary-like endothelial cell phenotype using a protocol that combined the induction, in a time-dependent manner, of VEGF, Wnt3a, and

retinoic acid signaling pathways and the use of fibronectin as the extracellular matrix. The brain capillary-like endothelial cells displayed

a permeability to lucifer yellow of 13 10�3 cm/min, a transendothelial electrical resistance value of 60 U cm2 and were able to generate a

continuous monolayer of cells expressing ZO-1 and CLAUDIN-5 but moderate expression of P-glycoprotein. Further maturation of these

cells required coculturewith pericytes. The study presented here opens a new approach for the study of soluble and non-soluble factors in

the specification of endothelial progenitor cells into brain capillary-like endothelial cells.
INTRODUCTION

The blood-brain barrier (BBB) is a physical and metabolic

barrier formed by a specialized network of brain capillary

endothelial cells (BCECs) that together with pericytes, as-

trocytes, microglia, neurons, and extracellular matrix

(ECM) form the functional neurovascular unit (NVU).

BCECs are characterized by their low permeability to drugs,

mostly due to the high expression of tight junctions as well

as the molecular influx and efflux transporters that selec-

tively regulate the flux of molecules through the BBB (Ab-

bott et al., 2010; Aday et al., 2016; Cecchelli et al., 2007;

Zhao et al., 2015). In addition, BCECs present low vesicle

trafficking, resulting in low rates of transcytosis (Sie-

genthaler et al., 2013; Villaseñor et al., 2018).

Pluripotent stem cells are a promising source of cells for

the derivation of large numbers of brain capillary-like

endothelial cells (BCLECs) to study BBB function in ho-

meostasis and disease such as Alzheimer and Parkinson dis-

eases. Up until now, BCLECs have been derived from

induced pluripotent stem cells (iPSCs) based on differenti-

ation protocols relying on non-defined media (i.e., con-

taining serum) (Appelt-Menzel et al., 2017; Katt et al.,

2016, 2018; Lim et al., 2017; Lippmann et al., 2012,

2014; Ribecco-Lutkiewicz et al., 2018) or chemically

defined media (Hollmann et al., 2017) without the isola-

tion of endothelial progenitor cells (EPCs). In these proto-

cols, BCLECs have been selectively purified from a mixture

of different cell populations containing neural progenitor
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cells by using selective media and ECM. Unfortunately,

the heterogeneity inherent to the system precludes the

study of the molecular mechanisms governing the specifi-

cation of iPSCs into BCLECs. Furthermore, the yield and

the final phenotype of the BCLECs obtained was depen-

dent on the original iPSC line used (Lippmann et al.,

2012). During the preparation of this work, a protocol for

the derivation of BCLECs using an intermediary EPC pop-

ulation and chemically defined media was reported (Qian

et al., 2017). The protocol consisted of the differentiation

of iPSCs into EPCs (characterized by the expression of

VEGFR2 and CD31) followed by their specification into

BCLECs by exposure to retinoic acid (RA). Yet, the role of

other soluble and non-soluble signaling molecules on

BCLEC specification, the cell kinetics during specification,

as well as the permeability properties of BCLECmonolayers

to small molecules, were not investigated.

Here, we describe a method to derive BCLECs from iPSCs

based on the initial differentiation of iPSCs into EPCs fol-

lowed by their specification into BCLECs by modulating

three different signaling pathways (VEGF, RA, and WNT)

and providing variable ECM substrates. We monitored

the process by following the expression of BCEC markers

by flow cytometry, immunocytochemistry, and gene

expression analyses. To assess the functional properties of

the BCLECs obtained, we evaluated the transendothelial

electrical resistance (TEER), paracellular permeability,

response to pro-inflammatory stimuli, and transport of

P-glycoprotein (PGP) ligands. The BCLECs reported here
eports j Vol. 13 j 599–611 j October 8, 2019 j ª 2019 The Authors. 599
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are immature in nature but open new opportunities for

future BBB diseasemodeling and drug-screening initiatives.
RESULTS

Characterization of EPCs

iPSCswere differentiated for 10 days in conditions that pro-

moted mesoderm differentiation (Figure 1A). Then, EPCs

were isolated by magnetic activated cell sorting (MACS),

and the expression of BEC markers was performed by

flow cytometry (Figure 1B) and immunocytochemistry

(Figure 1C). Approximately 91% of the sorted cells

expressed CD31, 90% VEGFR2, 97% GLUT-1, 51%

CLAUDIN-5, 58% OCCLUDIN, and the expression of PGP

was not detected (Figure 1B). The EPCs obtained were

able to uptake acetylated low-density lipoprotein (ac-LDL)

and expressedOCCLUDIN, CLAUDIN-5, and ZO-1without

colocalization with cell junctions, suggesting that these

cells were not yet specified into BCLECs (Figure 1C).
Screening of Soluble Factors for the Specification

of EPCs into BCLECs

VEGF (Engelhardt and Liebner, 2014), WNT (Daneman

et al., 2009; Liebner et al., 2008; Stenman et al., 2008;

Zhou and Nathans, 2014; Wang et al., 2018), and RA (Lipp-

mann et al., 2014; Qian et al., 2017; Mizee et al., 2013)

signaling have been reported as important players in early

phases of BBB development. To specify EPCs into BCLECs,

we modulated the three above-mentioned signaling path-

ways in a temporal manner (Figure 2A) using concentra-

tions (VEGF, 50 ng/mL, Ferreira et al., 2007; Wnt3a,

10 ng/mL, Cecchelli et al., 2014; RA, 10 mM, Lippmann

et al., 2014) previously reported by us and others. Impor-

tantly, EPCs (passage 1) expressed frizzled receptors (FZD4,

FZD6, and FZD7) (Figure S1A1) and the concentration of

Wnt3a used was enough to increase mRNA transcripts of

downstream players of the Wnt3a signaling pathway,

namely LEF1 and APCDD1 (Liebner et al., 2008; Lippmann

et al., 2012) (Figure S1A2). No significant differences were

observed for AXIN2. EPCs were cultured for four passages

onto fibronectin-coated dishes in basal medium (BM) sup-

plemented, or not, with different factors, and the expres-

sion of BCEC markers was monitored over time by flow

cytometry and qRT-PCR. The selection of fibronectin was

based on the fact that, during the early stages of angiogen-

esis, when the specification of endothelial cells (ECs) into

BCECs starts, ECs express predominantly fibronectin recep-

tors (a4b1 and a5b1 integrins) (Milner andCampbell, 2002;

Wang and Milner, 2006). Since collagen IV and fibronectin

proteins are both part of the NVU ECM, we also tested the

use of a combined mix of these substrates, but no improve-

ment was seen (data not shown). The expression of EC
600 Stem Cell Reports j Vol. 13 j 599–611 j October 8, 2019
markers was lower in cells cultured in BM or BM + Wnt3a

(Figures 2B and 2C) than in the remaining conditions, sug-

gesting that these culture conditions were less efficient in

maintaining the EC phenotype. Because non-ECs have a

significant impact on the barrier properties of ECs (Fig-

ure S1B), CD31+ cells were purified and cultured to conflu-

ency on Matrigel-coated Transwell inserts for 6 days after

which paracellular permeability to lucifer yellow (LY) and

TEER analyses were performed. The monolayer of purified

cells cultured in BM showed a relatively high permeability

to LY (3 ± 0.6 3 10�3 cm/min) (Figure 2D) and low TEER

(ca. 22.3 ± 1.5 U cm2) (Figure 2E). The supplementation of

BM with individual factors reduced the permeability of

the EC barrier to LY (VEGF, 1.8 ± 0.3310�3 cm/min;

Wnt3a, 1.6 ± 0.1310�3 cm/min; RA, 2.4 ± 0.3310�3

cm/min) (Figure 2D). Interestingly, the supplementation

of BMwith a combination of factors (protocol 5, BM supple-

mented with VEGF and Wnt3a; protocol 6, BM supple-

mented with VEGF, Wnt3a, and RA) yielded an EC barrier

with higher TEER values (BM + VEGF + Wnt3a, 50 ± 0.8 U

cm2; BM + VEGF +Wnt3a + RA, 55 ± 0.6 U cm2) (Figure 2E)

and lower paracellular permeability to LY (BM + VEGF +

Wnt3a, 1.2 ± 0.2 3 10�3 cm/min; BM + VEGF + Wnt3a +

RA, 1.2 ± 0.1 3 10�3 cm/min) than cells cultured with BM

or BM supplemented with each factor alone (Figure 2D).

Thus, our results showed that BM supplemented with

VEGF,Wnt3a, and RA offered the best approach to differen-

tiate EPCs into BCLECs and generate a monolayer of cells

with the highest TEER values and lowest paracellular perme-

ability to LY. This chemically defined medium was selected

for the remaining experiments.

Screening of ECM for the Specification of EPCs into

BCLECs

ECM is an important component for the maintenance of

BBB integrity (Baeten and Akassoglou, 2011; del Zoppo

andMilner, 2006). To evaluate the role of ECM in the induc-

tion of a BCEC phenotype from EPCs, we obtained decellu-

larized ECM from primary bovine pericytes, bovine brain

capillary endothelial cells (bBCECs), and rat glial cells (Fig-

ure S2).We found that the best time to decellularize the cell

monolayers was between day 8 and day 12, based on a

compromise between the amount of deposited ECM and

time (data not shown). In these conditions, regardless of

the cell type,we obtained a decellularizedmatrix consisting

of 1.5–2 mg/cm2 of collagen (Figure S2C), which is in line

with the value described for decellularized matrix obtained

frommesenchymal stem cells (Prewitz et al., 2013). In addi-

tion, the decellularized matrix had relatively low levels

of sulfated glycosaminoglycan (sGAG) (0.11 mg/cm2 for

bBCECs; data not shown), again in accordance with other

studies (Prewitz et al., 2013). To evaluate the stability of

the decellularized ECM, the matrices were kept in culture
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Figure 1. Characterization of EPCs
(A) Scheme of iPSCs differentiation into BCLECs. iPSCs were first differentiated during 10 days into EPCs (CD31+ cells). These cells were then
isolated by MACS and specified/expanded into BCLECs for four passages.
(B) Expression of BCEC markers was assessed by flow cytometry on isolated CD31+ cells. Percentages of positive cells were calculated based
on the isotype controls (1%; dark blue scatter plot).
(C) Expression of BCEC markers on CD31+ cells by immunocytochemistry. Scale bar corresponds to 50 mm.
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Figure 2. Effect of Soluble Factors on the Specification of EPCs into BCLECs
(A) Schematic representation of the protocols used to specify CD31+ onto BCLECs.
(B) Expression of CD31 marker on ECs at passage 4 was assessed by flow cytometry. Percentages of positive cells were calculated based on
the isotype controls (1%; dark blue scatter plot).

(legend continued on next page)
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medium, 4�C or 37�C, for 4 days, and our results showed

that approximately 50% of the collagen content was main-

tained after 4 days, regardless of the temperature (Fig-

ure S2D). Taken together, our results showed that we could

prepare decellularized ECM from cells of the NVU.

To evaluate the effect of decellularized ECM in the induc-

tion of BCEC phenotype from EPCs, CD31+ cells were

cultured on top of decellularized ECMs or fibronectin (con-

trol) for three passages (ca. 12 days), both in BM or BM sup-

plemented with VEGF, Wnt3a, and RA (Figure 3A). CD31+

cells adhered to glial and bBCEC decellularized ECM; how-

ever, they did not adhere well to the decellularized ECM of

pericytes and died after some time. Therefore, only cells

cultured on fibronectin and decellularized glial or bBCEC

ECMs were characterized by flow cytometry at passage 4.

Cells cultured in the glial decellularized ECM presented a

lower co-expression of CD31:ZO-1 and CD31:CLAUDIN-5

and a higher co-expression of CD31:PGP than the ones

cultured on fibronectin (Figure S2E1). Colocalization re-

sults, combined with the expression of BCEC markers (Fig-

ure S2E), suggested that cells cultured on glial decellularized

ECM expressed BBB markers, but they were not all

CD31+ cells. Cells cultured on decellularized bBCEC

ECM significantly lost their endothelial phenotype (as

evaluated by CD31 marker) and showed low co-expres-

sion of CD31:ZO-1, CD31:CLAUDIN-5, and CD31:PGP

(Figure S2E). These studies were complemented by gene an-

alyses for a set of ECM, ECs, and BCEC genes (Table S1) (Ar-

mulik et al., 2010; Cecchelli et al., 2014; Lippmann et al.,

2012). Gene clustering analyses showed that CD31+ cells

cultured on fibronectin and BM supplemented with VEGF,

Wnt3a, and RA were more related to BCECs derived from

a coculture of ECs (differentiated fromhumanhematopoiet-

ic progenitor cells)withpericytes, previously described byus

(coculture condition; Cecchelli et al., 2014) (Figure 3B).

Similar results were obtained using high-throughput gene

expression analyses by Fluidigm (Figure S2F). Therefore,

the decellularized glial ECM did not significantly improve

the BCEC phenotype compared with fibronectin.

Next, we evaluated the functional properties of the

BCLECs obtained at passage 5 after purification using the

CD31 marker. BCLECs were cultured to confluence on
(C) Fold change of endothelial gene expression in ECs cultured in the d
cultured in BM conditions. Genes were normalized against the control
3 technical replicates per experimental condition). *p < 0.05, **p < 0.
multiple comparison test.
(D and E) (D) Paracellular permeability to LY and (E) TEER in cells either
being plated on Matrigel-coated Transwell inserts. In (D) and (E), the h
ECs cocultured with pericytes for 6 days (coculture condition) (Cecche
independent experiments; at least 3 Transwell inserts per independen
and ****p < 0.0001 using one-way ANOVA followed by Dunnett’s mu
See also Figure S1.
Transwell inserts for 6 days after which paracellular perme-

ability to LY and TEER analyses were performed. Cells

cultured onto the decellularized glial ECM and fibronectin,

but not in bBCEC ECM, expressed VE-CADHERIN,

CLAUDIN-5, and ZO-1 at the cell borders and showed inter-

cellular communication (Figure 3C). No difference in para-

cellular permeability to LY was observed between cells

cultured onto fibronectin or onto decellularized ECM

from glial cells; however, cells cultured onto decellularized

bBCEC ECM showed higher paracellular permeability than

cells cultured in the other conditions (Figure 3D). On the

other hand, cells cultured onto fibronectin had higher

TEER values than the ones cultured in the other conditions

(Figure 3E).

Overall, our results showed that from the three decellu-

larized ECMs tested, only decellularized glial ECM showed

promising results in terms of EC phenotype maintenance,

induction of BCEC markers, and paracellular permeability;

however, the results were not significantly different from

the ones obtained with fibronectin. Therefore, subsequent

tests were performed with CD31+ cells cultured on fibro-

nectin-coated plates in BM supplemented with VEGF,

Wnt3a, and RA.

Specification of EPCs into BCLECs: Effect of Time

and Pluripotent Stem Cell Line

The induction of BCLEC properties in CD31+ cells cultured

on fibronectin-coated plates in the presence of BM supple-

mented with VEGF, Wnt3a, and RAwas monitored by flow

cytometry and compared with CD31+ cells cultured in BM

alone. Flow cytometry analyses were performed at passage

2 (approximately 8 days in culture) and 4 (approximately

16 days in culture), and the colocalization of the CD31

marker with ZO-1, CLAUDIN-5, or PGP was quantified.

Our results showed that cells cultured in BM supplemented

with VEGF, Wnt3a, and RA have higher colocalization of

CD31 with ZO-1 or CLAUDIN-5 (Figure 4A), and this was

further confirmed by confocal microscopy analyses (Fig-

ure S3A). As expected, the expression of BCEC markers

was higher than the one observed in initial EPCs (Figures

1B and 1C) or ECs without a BBB phenotype (Figure S3B)

and similar, for some markers, to BCECs (hCMEC/D3 cell
ifferent protocols at passage 4 (without purification) relative to ECs
gene ACTB. Values are means ± SEM (n = 3 independent experiment,
01, and ****p < 0.0001 using one-way ANOVA followed by Dunnett’s

exposed or not to the chemical factors with purification 6 days after
CMEC/D3 cell line and human hematopoietic progenitor cell-derived
lli et al., 2014) were used as controls. Values are means ± SEM (n = 3
t experiment and experimental condition). *p < 0.05, ***p < 0.001,
ltiple comparison test.
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line) (Figure S3C). Noteworthy, the colocalization between

CD31 and ZO-1/CLAUDIN-5 increased over time even

though the differentiated cells expressed very low levels

of PGP. Interestingly, our results showed that the CD31-

subpopulation also expressed BCEC markers, likely indi-

cating the presence of intermediate phenotypic stages in

the cell population (Figure 4A).

We next tested whether our differentiation protocol

could generate BCLECs using different human pluripotent

stem cell lines, including the human embryonic stem cell

line NKX2-5eGFP/W (Elliott et al., 2011) and the iPSC cell

line derived from a Hutchinson-Gilford progeria syndrome

(HGPS) fibroblast (Nissan et al., 2012). Using both pluripo-

tent cell lines, we were able to reproduce the differentiation

protocol, ultimately obtaining BCLECs expressing endo-

thelial and BCEC markers (Figures S3D and S3E).

Functional Characterization of BCLECs

CD31+ cells were cultured on fibronectin-coated plates in

the presence of BM supplemented with VEGF, Wnt3a,

and RA for four passages. At passage 5, cells were again

purified for CD31 marker and grown to confluence on

Transwell inserts for 6 days, after which the monolayer

was characterized by immunocytochemistry (Figure 4B).

Cells expressed typical endothelial surface markers, such

as CD31, VE-CADHERIN, and TIE-2, as well as intracellular

markers such as von WILLEBRAND FACTOR (vWF), and

were able to uptake ac-LDL (Figure 4B). Moreover, the cells

obtained expressed BCEC markers, including the tight-

junction proteins ZO-1, CLAUDIN-5, OCCLUDIN, and

GLUT-1 (Figure 4B). The transporter PGP was expressed at

moderate levels (Figure 4B). Furthermore, at transcriptional

level, the differentiated cells showed lower expression of

plasmalemma vesicle-associated protein (PVLAP) and a

higher expression of multiple BBB genes such as tight junc-

tions (CLDN1 and ZO1), influx amino acid (SLC16A1),
Figure 3. Effect of the Combination of Soluble Factors with Dece
(A) Schematic representation of the protocols used to maturate the
fibronectin (control) or on decellularized ECM and then purified and
(B) Relative gene expression levels on cells cultured on BM or BM + VE
was ‘‘coculture’’ condition, i.e., human hematopoietic stem/progeni
followed by plating on Matrigel-coated Transwell inserts for 6 days.
Genes were normalized against the control gene ACTB (n = 1 independ
Relative gene expression is provided in Table S1. For each gene, the
Information for the detailed calculation procedure). Gene expression
groups is shown in red, the expression below the median in blue, and
(C) Expression of CLAUDIN-5, ZO-1, and VE-CADHERIN in BCLECs plat
sponds to 50 mm.
(D and E) (D) Paracellular permeability to LY and (E) TEER on cells spec
culture for 6 days on Matrigel-coated Transwell inserts. In (D) and (E),
Transwell inserts per independent experiment and experimental condit
by Tukey’s multiple comparison test.
See also Figure S2.
receptors (e.g., insulin receptor [INSR], transferrin receptor

[TFRC] and low-density lipoprotein receptor-related pro-

tein [LRP1]) and key efflux transporters such as ABCB1

and multidrug resistance protein (ABCC1 and ABCC5)

than cells differentiated in BM conditions (Figure 4C).

Based on the gene and protein expression results, as well

as the paracellular permeability and TEER results (Figures

2C and 2D), the differentiated cells were named as BCLECs.

BCLECs constitutively expressed intracellular adhesion

molecule (ICAM)-1 and -2 and responded to inflammatory

stimuli such as tumor necrosis factor alpha (TNF-a) (Fig-

ure 4D). ICAM-1 was upregulated in BCLECs (Figure 4D)

and HUVECs (control; Figure S4A) exposed to TNF-a, likely

mediated by the activation of the pleiotropic nuclear factor

kB (NF-kB) (Collins et al., 1995), while ICAM-2 was slightly

downregulated in BCLECs after TNF-a, according to what is

observed in HUVECs (Figure S4A) and previous studies

(McLaughlin et al., 1998), compared with the basal expres-

sion. BCLECs had nomeasurable expression of VCAM-1 by

flow cytometry (data not shown), in agreement with other

studies (Halaidych et al., 2018).

Because the expression of PGP in BCLECs was moderate,

we evaluated whether the coculture with other cells from

NVU would affect its expression and activity. We assessed

the PGP activity and expression in BCLECs, with or

without coculture for 6 days with bovine pericytes. The

expression of PGP was not statistically different in BCLECs

cocultured with pericytes compared with BCLECs cultured

as a monoculture (Figure 4E). Our results further showed

that the inhibition of the PGP by elacridar led to a signifi-

cant increase in the accumulation of Rhodamine 123 in

BCLECs cocultured with pericytes but not when they

were absent (Figure 4F).

Overall, the BCLECs obtained using our protocol ex-

pressed BCEC markers at gene and protein levels, they re-

sponded to inflammatory stimuli such as TNF-a, and they
llularized ECMs in the Specification of EPCs into BCLECs
CD31+ to BCLECs. Cells were cultured for three passages either on
plated on Matrigel-coated Transwell inserts for 6 days.
GF + Wnt3a + RA either on fibronectin or glial ECM (positive control
tor-derived ECs cocultured with pericytes; Cecchelli et al., 2014)
The heatmap and hierarchical clustering dendogram are displayed.
ent experiment, 3 technical replicates per experimental condition).
normalized values were between +0.5 and �0.5 (see Supplemental
that was above the gene expression median for all the experimental
the expression similar to the median in white.

ed on Matrigel-coated Transwell inserts for 6 days. Scale bar corre-

ified in different ECMs and media followed by their purification and
values are means ± SEM (n = 3 independent experiments; at least 3
ion). **p < 0.01 and ****p < 0.0001 using one-way ANOVA followed
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Figure 4. Impact of Time on the Specification of EPCs into BCLECs and BCLEC Functional Characterization
(A) Expression by flow cytometry of BCEC markers (ZO-1, CLAUDIN-5, and PGP) colocalized with CD31 marker on cells specified in different
inductive media (BM and BM + VEGF + Wnt3a + RA) at passage 2 and passage 4. Percentages of positive cells were calculated based on the
isotype controls (1%).

(legend continued on next page)
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showed efflux transporter activity when further maturated

in coculture with pericytes.
DISCUSSION

In this study, we described the derivation of BCLECs

from iPSCs using a two-step protocol. Initially, we derived

EPCs from human iPSCs, after which they were specified

into a BCLEC phenotype by exposure to both soluble and

insoluble cues. After screening several soluble and insol-

uble factors, we showed that EPCs cultured on fibronectin

for four passages (ca. 15–20 days) in BM supplemented

with Wnt3a, VEGF, and RA had a high expression of endo-

thelial markers (CD31, VE-CADHERIN, vWF), organized

tight junctions at cell-cell junctions (ZO-1, CLAUDIN-5,

OCCLUDIN), expressed nutrient transporters (GLUT-1)

and some of them (ca. 40% of the cells) expressed efflux

pumps (PGP), had a TEER similar to other human BCECs

(TEER of ca. 60 U cm2) (Cecchelli et al., 2014), displayed a

paracellular permeability of 1 3 10�3 cm/min to LY and,

upon exposure to TNF-a, they upregulated adhesion mole-

cules such as ICAM-1 and downregulated ICAM-2. Overall,

the ECs obtained showed a BCLEC phenotype. The current

approach to generate BCLECs under fully chemically

defined medium and ECM is desirable since (1) it will be

more reproducible than existing protocols based on the

use of KnockOut serum replacement orMatrigel-based sub-

strates and (2) it can contribute to unravel the mecha-

nism(s) governing the specification into BCLEC. Indeed,

here we show that the addition of Wnt3a at later stages

improved the barrier properties of the cells in monolayer

(Figure S4B), while the use of a coculture with pericytes in

the presence of soluble factors identified in the current

study did not improve the barrier properties (Figure S4C).

Moreover, the current approach recapitulates the develop-

mental stages of rodent embryonic BBB formation, i.e., for-

mation of EPCs that respond to VEGF signaling, followed
(B) Expression of BCEC markers on BCLECs by immunofluorescence afte
to 50 mm.
(C) Relative gene expression on cells plated on Matrigel-coated Tran
Wnt3a + RA. Genes were normalized against the control gene ACTB. V
replicates per experimental condition). *p < 0.05 and ***p < 0.001 u
(D) Expression of adhesion molecules (ICAM-1 and ICAM-2) on BCLEC
Percentage of positive cells was calculated based in the gates defined
(E) Expression of PGP on BCLECs cultured alone or in coculture with
centage of positive cells was calculated based on the gates defined for
SEM (n = 3 independent experiments). No statistical difference was o
(F) Accumulation of Rhodamine 123 after inhibition of BCLECs culture
Transwell inserts with elacridar. Values are means ± SEM (n = 3 indepe
and experimental condition). **p < 0.01 using unpaired t test.
See also Figures S3 and S4.
by the specification of these cells into BCECs by the modu-

lation of WNT signaling among other signaling pathways

(Engelhardt and Liebner, 2014). Further studies are neces-

sary to investigate whether this developmental recapitula-

tion is extensive to human BBB development.

Recent studies have shown the derivationof BCLECs from

iPSCs using a heterogeneous population of cells during dif-

ferentiation and in non-defined media (Appelt-Menzel

et al., 2017; Katt et al., 2016, 2018; Lim et al., 2017; Lipp-

mann et al., 2012, 2014; Ribecco-Lutkiewicz et al., 2018).

Thedifferentiationprotocol yieldedonaverage11.6BCLECs

per input iPSC, characterized by the co-expression of CD31

and GLUT-1 markers. These cells co-expressed CLAUDIN-5

(�100%), OCCLUDIN (�100%), GLUT-1 (�70%), and PGP

(�70%) (Lippmann et al., 2012, 2014). Our differentiation

protocol yielded on average 10 BCLECs per input iPSC

and the cells obtained co-expressed CLAUDIN-5 (�90%),

OCCLUDIN (�100%), GLUT-1 (�100%), and PGP (�40%).

Although the focus of the current work was to investigate

the involvement of soluble and non-soluble factors, as well

as the dynamics, in the generation of a BCLEC phenotype

fromEPCs,muchmore effort iswarranted to create amature

and functional BBBmodel characterized by cell polarization

(not investigated in the currentwork), a highTEER, and PGP

expression as observed in primary BCECs (Hartmann et al.,

2007) and other iPSC-derived BBB models (Qian et al.,

2017). One of the major differences between our model

and the ones previously described is related to the TEER

values. It is important to note that TEER measurements are

influenced by several parameters, including the equipment,

temperature, medium composition and the area of the well,

thus comparisonofTEERvaluesbetweenmodels and labora-

tories is difficult (Deli et al., 2005; Srinivasan et al., 2015).

Although the in vivo TEER is estimated to be between 1,000

and 2,000U cm2 in rat or frog brains (Butt et al., 1990; Crone

andOlesen, 1982), the in vivoTEER inhumans remains to be

determined. Moreover, the high TEER observed by some

iPSC-derived BCLECs (Lippmann et al., 2012; Qian et al.,
r 6 days on Matrigel-coated Transwell inserts. Scale bar corresponds

swell inserts for 6 days after specification on BM or BM + VEGF +
alues are means ± SEM (n = 3 independent experiment, 3 technical
sing unpaired t test.
s at basal level and after exposure to TNF-a (10 ng/mL) for 24 hr.
for the basal expression of the marker (1%; light blue scatter plot).
pericytes for 6 days on Matrigel-coated Transwell inserts. The per-
the isotype control (1%; dark blue scatter plot). Values are means ±
bserved between means as evaluated by an unpaired t test.
d alone or in coculture with pericytes for 6 days on Matrigel-coated
ndent experiments; 3 Transwell inserts per independent experiment
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2017) has been questioned recently by single-cell RNA ana-

lyses, which have demonstrated that the cells presenting

high TEER might have a neuroectodermal epithelial cell

phenotype and not a BCLEC phenotype (Lu et al., 2019).

Future studies should investigate the effect of the initial den-

sityofEPCs in the functionaloutcomeofBCLECs, as thisvar-

iable might play an important role in differentiation/matu-

ration of BCLECs (Qian et al., 2017; Wilson et al., 2015). In

addition, to achieve a physiological barrier model, the effect

of decellularized matrices fromNVU at the end of the speci-

fication process as well as the use of cocultures with cells

from NVU should be investigated. Indeed, our results indi-

cate that the coculture of BCLECs with pericytes further

mature the cells as confirmed by a higher activity of PGP

and low expression of transcripts of transcytosis genes

(PVLAP and CAV1) (Ben-Zvi et al., 2014; Daneman et al.,

2010) (Figure S4D) compared with a monoculture of

BCLECs.

The control of Wnt3a, VEGF, and RA signaling pathways

seems important for the specification of EPCs into BCLECs.

Previous studies using iPSCs have shown that canonical

Wnt-b-catenin (Lippmann et al., 2012) and RA (Katt

et al., 2016; Lippmann et al., 2014) signaling was necessary

for the specification of BBB properties in ECs. Our results

further showed that the use of VEGF was important to

maintain the endothelial phenotype during the specifica-

tion of the cells.

ECM provides physical support and presents biomole-

cules that may be important for the BBB specification pro-

cess (Daneman et al., 2010; Katt et al., 2016). Previous

studies have demonstrated that ECM produced by cells

forming the NVU (glial and pericytes) improved the barrier

function of BCECs cultured in vitro (Hartmann et al., 2007).

Others have evaluated the effect of artificial ECMs such as

Matrigel in the differentiation of iPSCs into BCECs (Patel

and Alahmad, 2016). The current study evaluates the effect

of decellularized ECM from the NVU in the specification of

iPSCs into BCLECs. Our results showed that EPCs were un-

able to adhere to pericyte decellularized ECM, but they

could attach to the decellularized matrix of bBCECs and

glial cells. Cells differentiated on top of decellularized glial

ECM showed the highest BCLEC phenotype after four

passages, the highest TEER, and the lowest paracellular

permeability to LY. However, the results obtained were

not significantly different from the ones obtained on fibro-

nectin-coated dishes. We cannot discard the possibility

that the decellularized ECM might play a role in the polar-

ization of BCLECs, a topic that deserves further investiga-

tion in the near future. Moreover, the decellularized

matrices from NVU were obtained from animal sources

(bovine pericytes, bBCECs, and rat glial cells) due to avail-

ability reasons. Future studies should explore the impact of

decellularized ECMs of human origin.
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The work presented here may contribute to a better

understanding of the processes underlying BBB develop-

ment and maintenance. BBB formation is initiated at

embryonic day 12 in the rat cerebral cortex by ECs that

invade the neural tissue from the surrounding vascular

plexus (Daneman et al., 2010). BBB-forming ECs are char-

acterized by the expression of tight junctions, including

OCCLUDIN, CLAUDIN-5 and ZO-1, and the influx trans-

porter GLUT-1. Interestingly, these cells express low levels

of PGP that only increase during postnatal development

(Daneman et al., 2010). Our in vitro results recapitulate

this process since moderate levels of PGP were observed

in BCLECs. Previous studies have derived BCLECs with

high expression of PGP, which may indicate a high level

of maturation (Katt et al., 2016; Lippmann et al., 2012).

In addition, our results showed that the specification of

EPCs into BCLECs is a slow process given that the expres-

sion of ZO-1, CLAUDIN-5, and PGP increased in CD31+

cells over four passages. Because CD31- cells also

expressed BCEC markers, future studies should further

characterize these cells as well as their importance in the

formation of a BBB.

Overall, themethodology reported in this work opens an

opportunity to study the effect of soluble and non-soluble

factors in the specification of EPCs into BCLECs, the dy-

namics of BCEC markers expression, and the functionality

of the derived cells.
EXPERIMENTAL PROCEDURES

Details are provided in Supplemental Experimental Procedures.
Derivation of BCLECs
iPSCs cell lines generated from human cord blood (passages,

30–40; K2-iPSC line) (Haase et al., 2009) or from HGPS fibroblasts

(passages, 43–51) (Nissan et al., 2012) were used in the present

study and were provided by the laboratories in which they were

derived. For some experiments, the human embryonic stem cell

line NKX2-5eGFP/W (passages, 40–45) (Elliott et al., 2011) was

used. To initiate the differentiation, iPSCs (273 103–453 103 cells

per cm2) were treated for 45–60minwith collagenase IVand plated

on fibronectin-coated dishes (1 mg/cm2; Calbiochem) in a chemi-

cally defined medium (CDM) (see Supplemental Information).

During the 10 days of the differentiation, several factors were

added to CDM in order to induce the formation of EPCs (CD31+

cells) (Rosa et al., 2019). CD31+ cells were isolated by MACS

(Miltenyi Biotec), plated on fibronectin-coated dishes (1 mg/cm2),

and cultured in EGM-2 (Lonza) supplemented with SB 431542

(10 mM; Tocris Biosciences), basic fibroblast growth factor (bFGF;

1 ng/mL; Sigma), and VEGF165 (50 ng/mL; PeproTech) for one pas-

sage. Cells were then cultured in BM (EGM-2 supplemented with

10 mM SB 431542 and 1 ng/mL bFGF) or BM supplemented with

VEGF165 (25 ng/mL), Wnt3a (10 ng/mL; R&D Systems), or RA

(10 mM; Sigma), alone or in combination, for three passages



(approximately 15–20 days; Figure 2A). In a separate set of experi-

ments, CD31+ cells were plated on fibronectin-coated dishes or in

decellularized native ECMs from pericytes, glial cells, and bBCECs

in the presence of BM or BM supplemented with VEGF165, Wnt3a,

and RA (Figure 3A). During the differentiation procedure, cells

were passed systematically every 4 days, in a split ratio of 1:3. Cells

plated in the Transwell inserts were cultured in EGM-2 supple-

mented with bFGF (1 ng/mL).

Statistical Analyses
For analyses involving three or more groups, an ANOVA test was

used followed by Dunnett’s or Tukey’s post test. For analysis of

two groups, an unpaired t test was used. Statistical analysis was per-

formed using GraphPad Prism software. Results were considered

significant when p % 0.05. In the case of results with three inde-

pendent runs and three technical replicates per independent

run, the statistics were performed based on the nine values (not

by the means of each experiment).
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