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SUMMARY
There is a profound need for functional, biomimetic in vitro tissue constructs of the human blood-brain barrier and neurovascular unit

(NVU) tomodel diseases and identify therapeutic interventions. Here, we show that induced pluripotent stem cell (iPSC)-derived human

brain microvascular endothelial cells (BMECs) exhibit robust barrier functionality when cultured in 3D channels within gelatin hydro-

gels. We determined that BMECs cultured in 3D under perfusion conditions were 10–100 times less permeable to sodium fluorescein,

3 kDa dextran, and albumin relative to humanumbilical vein endothelial cell and humandermalmicrovascular endothelial cell controls,

and the BMECsmaintained barrier function for up to 21 days. Analysis of cell-cell junctions revealed expression patterns supporting bar-

rier formation. Finally, efflux transporter activity was maintained over 3 weeks of perfused culture. Taken together, this work lays the

foundation for development of a representative 3D in vitro model of the human NVU constructed from iPSCs.
INTRODUCTION

The neurovascular unit (NVU), composed of brain micro-

vascular endothelial cells (BMECs) that form the blood-

brain barrier (BBB), pericytes, neurons, and glial cells,

tightly regulates transport of substances between the

bloodstream and the brain. Abnormal BBB and NVU func-

tion is associated with a broad spectrum of neurological

pathologies (Sweeney et al., 2018), and increasing evidence

suggests that a number of non-neural disorders, such as dia-

betes (Prasad et al., 2014), are associatedwith compromised

BBB integrity and/or functionality, often giving rise to sec-

ondary complications and cumulative neurological insults

that increase the risk of additional neurodegenerative and

cerebrovascular disease. Animalmodels (in vitro and in vivo)

have historically been the gold-standard platform for

investigating the complexities of human neurovascular

disease. However, the difficulties in translating informa-

tion gleaned from animal models to successful clinical

intervention, which are exemplified by the lack of thera-

peutics that can effectively treat neurodegenerative dis-

eases, highlight the need to develop a functional in vitro

tissue model of the human NVU that will improve mecha-

nistic understanding of disease progression and accelerate

the development of new treatment strategies.

Recent advances in biomaterials patterning and micro-

fluidic device fabrication have enabled a shift from stan-

dard 2D monolayer cell culture to 3D approaches that
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either seed cells on the surface of porous scaffolds or embed

cells within hydrogel matrices. This shift has highlighted

the fact that 3D culture techniques generally result in cell

behavior that more closely mimics in vivo phenotypes

(Huh et al., 2011; Ravi et al., 2015; Wikswo, 2014).

Approaches that rely on cell-laden hydrogels are particu-

larly attractive, as hydrogels mimic many aspects of the

natural extracellular matrix (ECM) including stiffness,

enzymatic degradability, and (with appropriate material

choice or RGD modification) binding sites (Tibbitt and

Anseth, 2009). Cell-laden hydrogels cast with thicknesses

in the few hundred-micron range have allowed researchers

to observe cell behavior in amore biomimetic, 3D environ-

ment. Additionally, cell-laden hydrogels can be patterned

so that channels supporting fluid flow exist within the

gel. Initial work in this area leveraged photolithographic

and soft templating techniques (Cabodi et al., 2005;

Golden and Tien, 2007; Zheng et al., 2012), and more

recently many researchers have moved toward using 3D

printing approaches to pattern either the gel itself or a sacri-

ficial template that is first embedded within the gel and

subsequently removed to form a channel (Bertassoni

et al., 2014; Kolesky et al., 2014; Miller et al., 2012). While

these approaches are still generally limited to forming

channels with diameters on the 100-mm or larger scale,

this advance enables new investigations into phenomena

occurring within and around arteriole and larger-sized ves-

sels. These platforms allow variation of multiple critical
hor(s).
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parameters, such as flow, shear, pressure, and soluble

biochemical concentration, in a 3D geometry that mimics

a natural vessel.

Accordingly, several reports have implemented advanced

fabrication methods to develop more complex in vitro BBB

and NVUmodels. Thin-film, synthetic polyethylene glycol

hydrogels supporting self-assembled NVU constructs have

been used for high-throughput toxicity screening (Barry

et al., 2017; Pellett et al., 2015). Meanwhile, microfluidic

approaches have enabled the observation and measure-

ment of NVU function in a highly controlled, perfused

environment; these range from the commercially available

sym-bbb (Prabhakarpandian et al., 2013) to highly com-

plex, organ-on-a-chip platforms that provide powerful

methods for gaining critical insights into population-spe-

cific responses to environmental perturbations with multi-

ple readout mechanisms (Brown et al., 2015; Markov et al.,

2012). While there are some recent reports that have incor-

porated hydrogel matrices into microfluidic devices (Kim

et al., 2013; Phan et al., 2017), most of these models rely

on the use of solid substrates such as polydimethylsiloxane

(PDMS) or glass (Cho et al., 2015). Such BBB models are

well suited to high-throughput, massively parallel drug

screening efforts. However, scaffolds should ideally be

more biomimetic, such that the scale, biological matrix,

cellular components, and organization better approximate

physiological processes, including both direct and indirect

cellular interactions. Of late there have only been a few

studies involving tissue-scale biological scaffolds with 3D

cultures of endothelial cells (Ingram et al., 2016; Jiménez-

Torres et al., 2016).

Indeed, cell fidelity has often been a limiting factor for

recreating the BBB portion of NVU models. Historically,

BMECs have been isolated from primary animal sources

(Helms et al., 2016) but, as described above, species differ-

ences can limit the predictive power of such non-human

models (Deo et al., 2013). However, BMECs from primary

human sources are tedious to isolate, genetically heteroge-

neous between donors, can only be obtained in low yield,

and often come fromunhealthy tissue (e.g., brain tumor re-

sections). Conversely, immortalized human BMECs can be

obtained in high yields from a clonal source but suffer from

poor passive barrier properties that do not appropriately

mimic the in vivo BBB (Weksler et al., 2005). In recent years,

the development of protocols to differentiate human

induced pluripotent stem cells (iPSCs) into BMECs has cir-

cumventedmany of these issues. iPSC-derived BMECswere

initially characterized by expression of representative BBB

markers, active efflux transporter activity, permeability to

a panel of smallmolecules that correlate with in vivo uptake

in rodents, and modest barrier properties as determined by

transendothelial electrical resistance (TEER) measurements

of �800 Ucm2 (Lippmann et al., 2012). Subsequently, reti-
noic acid (RA) was shown to boost the passive barrier

properties of iPSC-derived BMECs above 3,000Ucm2 (Lipp-

mann et al., 2014). Since these initial publications, others

have validated the fidelity of these cells and advancements

have been made toward improving the differentiation pro-

cedure (Appelt-Menzel et al., 2017; Hollmann et al., 2017;

Katt et al., 2016; Wilson et al., 2015). In addition, these

iPSC-derived BMECs, co-cultured with astrocytes on oppo-

site sides of a Transwell filter, have been incorporated into a

microfluidic device that maintained BBB properties over

10 days (Wang et al., 2017). However, studies of iPSC-

derived BMEC performance in biomimetic 3D hydrogel

scaffolds, which are a crucial step toward building represen-

tative in vivo-like NVU models that can be used for disease

modeling and pre-clinical validation of drug efficacies,

have been limited.

Ideally, a 3D NVU model constructed from iPSCs would

be fully isogenic from a single pluripotent source, exhibit

robust BBB function (including passive and active barrier

properties), possess long-term stability, and be relatively

simple to fabricate and implement. Herein, we describe

a process to fabricate such a model, with a focus on estab-

lishing a functional iPSC-derived BMEC layer within a

continuously perfused channel. Using easily accessible

materials (unmodified, enzymatically crosslinked porcine

gelatin) and a straightforward fabrication approach to

assemble a platform that recirculates liquid through a sin-

gle channel (Figures 1A–1C), we demonstrate that iPSC-

derived BMECs assembled in 3D establish a robust barrier

that remains stable for up to 3 weeks under continuous

perfusion. Furthermore, we found that BMECs in perfused

channels retain efflux transporter activity, a key func-

tional characteristic of BBB endothelium, for over 2 weeks

in culture. Together, these results validate the perfor-

mance of a 3D, continuously perfused biomimetic model

of brain microvasculature with long-term functional bar-

rier properties.
RESULTS

Optimization of the Hydrogel Scaffold for Endothelial

Adhesion

We first optimized scaffold composition and determined

that iPSC-derived BMECs performed best when seeded on

gelatin hydrogels coated with collagen IV and fibronectin

(Figure S1), an approach determined to be effective in pre-

viously published protocols (Hollmann et al., 2017; Lipp-

mann et al., 2014). With our intention to incorporate glial

and neural cells in future NVU models, we initially

explored fabricating the scaffolds using alginate/gelatin

composite hydrogels based upon previous reports in the

literature characterizing 3D culture of neural and glial cells
Stem Cell Reports j Vol. 12 j 474–487 j March 5, 2019 475



Figure 1. Cell-Laden Scaffold Assembly
and Perfusion
(A and B) Fabrication of gelatin channel
within supportive PDMS rig (A) and fully
assembled perfusion platform (B).
(C) Schematic for cell seeding and initiation
of experiments.
(D) BMECs stained with Calcein AM Ester
following 7 days of culture on the channel
surface as shown by orthogonal confocal
image.
(E) Morphology comparison between Calcein
AM-stained BMECs cultured in 2D tissue-
culture plates (i and ii) and in gelatin
channels (iii and iv).
(Bozza et al., 2014). We evaluated the ability of IMR90-4-

derived BMECs to adhere to the surface of tissue-culture

plates coated with thin hydrogel films comprising 10%

gelatin or 10% gelatin/0.25% alginate composite hydrogels

both with and without subsequent adsorption of the

collagen/fibronectin solution commonly used in iPSC-

derived BMEC cultures (Lippmann et al., 2012). As shown

in Figure S1A, visual inspection of cells 24 h after seeding

revealed that iPSC-derived BMECs failed to attach and

grow on hydrogels containing alginate, even with addi-

tional treatment with collagen/fibronectin. Although visu-

ally indistinguishable in terms of cell morphology and

viability, TEER measurements of BMECs grown on gelatin

hydrogels with and without additional collagen/fibro-

nectin coating demonstrated that gelatin treated with

these additional ECM proteins yielded enhanced barrier

properties (Figure S1B). Thus, we elected to proceed with

all experiments using scaffolds composed of 10% gelatin

and channel surfaces coated with collagen/fibronectin

solution 24 h prior to cell seeding. Visual comparison of

IMR90-4-derived BMECs indicates that cell morphology
476 Stem Cell Reports j Vol. 12 j 474–487 j March 5, 2019
remains unchanged in the transition from 2D to 3D culture

formats (Figures 1D and 1E).

iPSC-Derived BMECs Exhibit Robust, Long-Term

Passive Barrier Function in 3D Culture

To evaluate the ability of iPSC-derived BMECs to recapitu-

late passive barrier function in 3D culture over the course

of at least 2weeks, wemeasured and compared the diffusive

permeability of sodium fluorescein (molecular weight

[MW] = 330 Da), 3 kDa MW dextran, and albumin

(MW = 66 kDa) with human umbilical vein endothelial

cells (HUVECs) and human dermalmicrovascular endothe-

lial cells (mVas). The use of these tracers was intended to

assess permeability to relatively small-, medium-, and

large-sizedmolecules. In each cellular cohort, we compared

samples cultured under static conditions versus contin-

uous perfusion (100 mL/min). Results from these experi-

ments are summarized in Figures 2 and 3, with all raw

data located in Figure S2. Videos of select experiments are

also provided to illustrate real-time differences in com-

pound extravasation (Videos S1, S2, S3, and S4).



Figure 2. Quantitative Comparison of Cell Monolayer Permeability in Perfused and Non-perfused Channels
(A) Confocal images of 3 kDa dextran (Red) diffusion in gelatin channels lined with either iPSC-derived BMECs or HUVECs. Images show
samples cultured for 7 days under static conditions. Scale bars, 100 mm.
(B) Intensity profiles across channels lined with BMECs (top) or HUVECs (bottom) at 0 and 60 min of perfusion with 3 kDa dextran.
(C and D) Graphical depiction of permeability to 3 kDa dextran on days 1, 7, and 14 of culture under either static culture or continuous
perfusion at 100 mL/min (C). Average permeability coefficients are listed in (D). Data are compiled from at least eight separate channel
seedings, composed of cells obtained from five independent differentiations. NR 3 independent biological replicates for all data points.
Error bars indicate ±1 SD. *p < 0.05, **p < 0.01 based on one-way ANOVA. Individual values from each replicate (e.g., measurements from
individual devices) are listed in Figure S2.
We initially examined the permeability of 3 kDa dextran

in static versus perfused channels on days 1, 7, and 14 of

culture (Figures 2A–2D). The permeability coefficients for

3 kDa dextran in IMR90-4-derived BMECs were measured

at nearly 2 orders of magnitude lower than HUVECs on

day 1 static (KBMEC = 1.2 3 10�7 cm/s, KHUVEC = 1.2 3

10�5 cm/s) and perfused (KBMEC = 1.9 3 10�7 cm/s,

KHUVEC = 1.2 3 10�5 cm/s) samples and roughly 5-fold

lower than mVas (KmVas = 5 3 10�7 cm/s) (e.g., the BMECs

exhibit a >100-fold and 5-fold stronger passive barrier

compared with HUVECs and mVas, respectively). These

data indicate that the BMECs not only attach to the gelatin
matrix, but also immediately form a robust barrier that is

tighter than the non-BBB endothelial cells. In static cul-

ture, BMEC barrier function declined on day 7 (KBMEC =

4.6 3 10�7 cm/s) and day 14 (KBMEC = 2.2 3 10�6 cm/s),

although it remained �10-fold better than HUVEC

(KHUVEC = 7 3 10�6 cm/s and 2 3 10�5 cm/s on days 7

and 14, respectively) and mVas controls (KmVas = 1.3 3

10�6 cm/s and 1.2 3 10�6 cm/s on days 7 and 14, respec-

tively). In contrast, the barrier against 3 kDa dextran in

BMECs that were continuously perfused for 2 weeks was

comparable with initial values (KBMEC = 4.3 3 10�8 cm/s

on day 14), suggesting that exposure to shearmight further
Stem Cell Reports j Vol. 12 j 474–487 j March 5, 2019 477



Figure 3. Permeability Coefficients for Molecules of Varying
Molecular Weights
Comparison of permeability for (A) sodium fluorescein, (B) 3 kDa
dextran, and (C) albumin between mVas, IMR90-4-derived BMECs,
and CC3-derived BMECs that were maintained under either static
conditions or continual perfusion for 14 days. Diamonds indicate
actual values of individual replicates. N R 3 independent biolog-
ical replicates for all data points. Error bars indicate ±1 SD. *p <
0.05 based on one-way ANOVA.
stabilize, and perhaps enhance, BMEC barrier integrity

over time. A similar trend was observed in mVas (KmVas =

1.5 3 10�6 cm/s on day 14), although the permeability

coefficient for these cells remained more than ten times
478 Stem Cell Reports j Vol. 12 j 474–487 j March 5, 2019
greater than BMECs. We also separated data compiled

from different IMR90-4 BMECs differentiations to show

biological reproducibility (all data from Figures 2 and 3

are compiled frommore than five independent differentia-

tions). The permeability to 3 kDa dextran from two sepa-

rate IMR90-4 BMEC differentiations (indicated as either

D1 or D2) were measured at day 14 under both static and

perfused conditions. All BMEC cohorts exhibit perme-

ability coefficients over 10-fold smaller than those for

HUVEC/mVas controls. Furthermore, all BMECs under

perfusion are significantly less permeable than their non-

perfused counterparts, further highlighting the reproduc-

ibility of the system.

To further explore the influence of perfusion upon

barrier strength in BMECs, we measured the diffusion coef-

ficients of sodium fluorescein and albumin in addition to

3 kDa dextran after 14 days of perfused or static culture (Fig-

ure 3). To validate these results in a different iPSC line, we

also measured permeability in CC3-derived BMECs (Holl-

mann et al., 2017) (Figures 2 and 3). Both IMR90-4- and

CC3-derived BMECs subjected to perfusion for 14 days ex-

hibited permeability to all compounds that was an order of

magnitude lower than mVas controls. Additionally, IMR90-

4-derived BMECs subjected to perfusion exhibited perme-

ability that was significantly lower compared with non-

perfused counterparts, confirming permeability trends

across a spectrum of molecular weights. Exclusion of albu-

min suggests reduced vesicular transport, which is a hall-

mark of the BBB. To further probe this finding, we used

qPCR to quantify MFSD2A and CAV1 (caveolin-1) expres-

sion.MFSD2A, which is highly expressed in brain endothe-

lium relative to lung and liver endothelium and known to

suppress endocytosis/transcytosis (Ben-Zvi et al., 2014),

was not expressed at significantly different levels between

BMECs and mVas (Figure S3). However,CAV1, an important

component of vesicular transport that is suppressed in

BMECs and activated under pathogenic conditions such

as ischemia/reperfusion (Knowland et al., 2014), exhibited

�8-fold higher expression in mVas relative to BMECs.

Coupled with the permeability data demonstrating

reduced albumin extravasation, these data suggest the

BMECs suppress vesicular transport, although not neces-

sarily through MFSD2A upregulation. Since these BMECs

are maintained in isolation, it is possible that regulatory

cues for MFSD2A provided by other cell types (e.g.,

pericytes) are not present. In futuremodel iterations, inclu-

sion of these cell types could further suppress vesicular

transport.

To further examine gene expression patterns, we used

qPCR to quantify OCLN (occludin) and SLC2A1 (GLUT-1)

between IMR90-4-derived BMECs and mVas at day 14

under perfusion. OCLN and SLC2A1 are recognized as be-

ing relatively specific to BBB compared with peripheral



endothelium (Daneman and Prat, 2015), and these genes

were expressed at �5-fold and �11-fold higher levels,

respectively, in BMECs (Figure S3). Next, we used RNA

sequencing to compare global gene expression patterns in

BMECs cultured for 1 day under static conditions and

14 days under constant perfusion (Table S1). The Pearson

correlation coefficient between these samples was 0.91,

which indicates a strong positive association and provides

evidence that the BMEC gene expression signatures are

maintained under longitudinal perfusion.

Finally, to establish appropriate correlations between 2D

and 3D barrier function, we performed a similar dextran

diffusion assay using CC3-derived BMECs and HUVECs

cultured in Transwell filters (Figure S4A). Permeability

values obtained from cells cultured in 2D were on the

same order of magnitude as those obtained in 3D channels

(10�7 cm/s for BMECs and 10�5 cm/s for HUVECs), thus

validating the measurements made within the tissue

construct. Interestingly, permeability values for both

BMECs and HUVECs remained stable over time in 2D, un-

like the steady increase in permeability observed in cells

lining non-perfused channels, indicating a possible role

for nutrient exchange in maintaining barrier integrity in

the 3D construct. To further explore this potential impact

of nutrient exchange, we examined the permeability in

BMECs and mVas in 3D culture under stop-flow conditions,

in which samples were subjected to perfusion from the

medium reservoir, but for only 10min per day; these exper-

iments permitted nutrient exchange with minimal expo-

sure to shear stress (we note that the scaffolds are designed

such that the upper surface of the hydrogel is in direct

contact with the medium reservoir, which likely provides

some additional material exchange to the cells). Results

from these stop-flow experiments revealed that perme-

ability was similar to, and in some cases worse than, static

conditions, suggesting that fluidic shear stress does main-

tain barrier integrity within the context of the 3D culture

platform (Figure S4B). We note the possibility that the

endothelial cells provide greater conditioning of the

medium in the Transwell system relative to the hydrogel

system due to volume differences (2 mL versus �40 mL),

and that shear stress-induced effects may compensate for

these trophic factors in the perfusion versus static condi-

tions. However, because the goal of this work is to solely

establish the performance of the 3D BBB culture platform,

these mechanisms were not explored further.

Assessment of Junctional Integrity

To validate that the observed permeability values corre-

sponded to proper cell-cell junction formation, we evalu-

ated cells for junctional and cytoskeletal markers including

occludin, claudin-5, VE-cadherin, and F-actin. CC3-derived

BMECs lining gelatin channels show robust expression of
both occludin and claudin-5 localized to intercellular junc-

tions (Figure 4A). F-actin expression (Figure 4B) similarly

indicated strong intercellular localization in BMEC-lined

channels. In addition, F-actin staining patterns demon-

strate the lack of cellular elongation in cells exposed to

fluidic shear, a property previously reported to be a unique

characteristic of BMECs (DeStefano et al., 2017; Reinitz

et al., 2015; Wang et al., 2017; Ye et al., 2014). This is

particularly evident when BMEC morphology is compared

withHUVECs and mVasmaintained under static (Figure 4C)

andperfused (Figure 4D) conditions.HUVECs andmVas also

strongly expressed VE-cadherin along cell boundaries, but

claudin-5 expression was generally absent at cell bound-

aries and instead diffusely distributed within the cells.

Claudin-5 is essential for tight junction formation and

regulation of BBB permeability, particularly to small com-

pounds (Nitta et al., 2003). In contrast, claudin-5 is func-

tionally insignificant in establishment of an umbilical

vein (HUVEC) barrier (Kluger et al., 2013).When compared

with thefluoresceinpermeabilitydata (Figure3), theseover-

all data strongly suggest the formation of robust cell-cell

junctions in BMECs in 3D culture.

Influence of Increased Shear Stress on Barrier Function

Based on the comparisons between perfusion, static, and

stop-flow permeability experiments, we sought to further

probe theeffectsof shear stress onbarrier integrity.We found

that permeability in channels perfused at 100 mL/min

heterogeneously declined between two samples by day 21

(Figure 5A). One sample exhibited substantially worse

permeability of 2.4 3 10�6 cm/s, while the other sample

remained extremely tight at 5.8 3 10�8 cm/s. At this time,

we observed signs of angiogenic sprouting at 21 days of

perfusion (Figure 5C), which was not evident in previous

time points in either static or perfused samples and could

explain the decline in barrier function between samples.

Perfusion of the �800-mm diameter channel at a rate

of 100 mL/min generates a wall shear of approximately

32 mPa (0.3 dyne/cm2), well below the physiological range

of�1–3 Pa (10–30 dyne/cm2) estimated for brainmicrovas-

culature (Cheng et al., 2007; Cucullo et al., 2008; Garcia-

Polite et al., 2017; Koutsiaris et al., 2013). Compared

with the permeability of BMECs perfused at 100 mL/min,

perfusion at 300 mL/min and 1,000 mL/min (wall shear

of approximately 100 mPa [1 dyne/cm2] and 320 mPa

[3.2 dyne/cm2], respectively) for 14 days yielded an overall

reduction in passive barrier function. As shown in Fig-

ure 5B, the permeability coefficient to 3 kDa dextran for

BMECs perfused at 300 mL/min and 1,000 mL/min was

2.9 3 10�7 cm/s and 4.8 3 10�7 cm/s, respectively, which

is approximately ten times more permeable than BMECs

perfused at 100 mL/min. This increase in permeability also

corresponded to an increase in observed incidence of
Stem Cell Reports j Vol. 12 j 474–487 j March 5, 2019 479



Figure 4. Immunofluorescent Staining
(A) IMR90-4-derived BMECs labeled for occludin and clau-
din-5 at day 1 under static conditions. Nuclei are counter-
stained with Hoechst.
(B) IMR90-4-derived BMECs labeled for F-actin at day 1
under static conditions and day 14 under perfused condi-
tions.
(C and D) HUVECs, mVas, and IMR90-4-derived BMECs
labeled for VE-cadherin and claudin-5 at day 7 under static
(C) and perfused (D) conditions. Each individual image
reflects a summative z projection of individual confocal
images without additional processing to flatten images. For
each fluorescence channel, the intensity scale is held
constant across all samples. As a result, in some images
there is a perceived decrease in fluorescence signal for
points farthest from the objective that is reflective of
channel curvature and slight variations in gelatin topology
rather than inherent signal.
Scale bars, 50 mm.
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Figure 5. Relative Impact of Shear on
BMEC Permeability
(A) Permeability to 3 kDa dextran in IMR90-
4-derived BMECs perfused at 100 mL/min
over 21 days. N R 3 independent biological
replicates for all datasets, except N = 2 in-
dependent biological replicates for the day-
21 time point. Diamonds indicate actual
values of individual replicates. Error bars
indicate ±1 SD.
(B) Permeability coefficients to 3 kDadextran
in BMECs perfused for 14 days at 100, 300,
and 1,000 mL/min, compared with the static
control. Diamonds indicate actual values of
individual replicates. N = 2 independent
biological replicates for 1,000 mL/min data-
set, NR 3 independent biological replicates
for all other cohorts. Error bars indicates ±1
SD. **p < 0.01 compared with static based
upon one-way ANOVA.
(C) Images showing cell sprouting in chan-
nels perfused for 14 days (left) at 100
and 1,000 mL/min, and 21 days (right) at
100 mL/min. Top image is bright-field,
bottom image shows cells stained by
rhodamine 123.
angiogenic sprouting observed on day 14 in channels

perfused at higher flow rates and day 21 in channels

perfused at 100 mL/min (Figure 5C). Importantly, these

values are still 10-fold lower than BMECs maintained

under static conditions, providing additional evidence

that perfusion, even at subphysiological levels of shear,

stabilizes barrier function over time despite minor vascular

sprouting.

Assessment of Active Barrier Function

As discussed previously, a hallmark of brain endothelium

is the expression of active efflux transporter such as

P-glycoprotein (Pgp), breast cancer resistance protein,

and multidrug resistance proteins (MRPs). Accordingly,

numerous reports have demonstrated that iPSC-derived

BMECs possess active efflux activity determined by sub-

strate inhibition assays (Hollmann et al., 2017; Lippmann

et al., 2012, 2014). Here, we sought to characterize this

efflux activity in IMR90-4-derived BMECs under 3D perfu-

sion culture. Intracellular accumulation of rhodamine 123

(a Pgp substrate) was evaluated in the presence or absence

of cyclosporin A (a Pgp inhibitor) in BMECs after 14 days
of perfusion. Similarly, MRP-associated efflux activity was

assessed by measuring intracellular accumulation of

H2DCFDA in the presence or absence of inhibitor MK-

571. As shown in Figures 6A and 6B, BMECs possess robust

Pgp activity after 14 days in culture as determined by an

increase in intracellular fluorescence of inhibited samples

exceeding 80%, providing supporting evidence of the

long-term functionality of iPSC-derived BMECs in this

3D culture format. Pgp activity was not influenced by

perfusion rate (100, 300, or 1,000 mL/min) and remained

stable at 21 days of perfusion at 100 mL/min. Compara-

tively, mVas also exhibited increased uptake of rhodamine

123 and H2DCFDA in the presence of inhibitors (Fig-

ure 6C). However, uptake was significantly lower than

for BMECs, likely indicating that BMECs have a higher

efflux activity and/or expression of efflux transporters.

Although peripheral endothelial cells are not commonly

known for possessing efflux activity, Pgp expression has

historically been observed in skin endothelial cells from

papillary but not reticular dermis (Cordon-Cardo et al.,

1989). Thus, some baseline efflux activity may reflect the

source of these control cells.
Stem Cell Reports j Vol. 12 j 474–487 j March 5, 2019 481



Figure 6. Assessment of Efflux Trans-
porter Activity Reflects Long-Term BMEC
Functionality in Perfused Channels
(A) Confocal images (z projections) of
IMR90-4-derived BMECs after 14 and 21 days
of perfusion at various flow rates that were
imaged over the course of 1 h of perfusion
with medium containing rhodamine 123
alone (control; top row) or following a 1-h
pre-incubation with cyclosporin A (bottom
row). Each pair of control versus cyclosporin
A comparisons were conducted using sepa-
rate channel devices from the same seeding
and perfusion cohort. Images reflect sum-
mative z projections of confocal z stacks
without any further processing to flatten
images, and all images are presented using
the same intensity scale.
(B) The increase in cellular rhodamine 123
accumulation resulting from Pgp inhibition
is quantified in terms of cellular fluorescence
intensity relative to non-inhibited controls.
NR 2 independent biological replicates for
each dataset. Diamonds indicate actual
values of individual replicates.
(C) Comparison of Pgp and MRP activity in
channels lined with either mVas or BMECs
after 14 days of culture. NR 3 independent
biological replicates for each dataset. Error
bars indicate ±1 SD. *p < 0.05 based on one-
way ANOVA.
DISCUSSION

In this study,we demonstrate the capability of iPSC-derived

BMECs to form confluent 3D monolayers that sustain

barrier integrity for up to 3 weeks under continuous

perfusion, as measured by low passive diffusion to a cohort

of molecular tracers, tight junction localization, and efflux

transporter activity. Overall, two of the most significant

findings in this work are the longevity of BMEC barrier

function and relative barrier properties compared with

the non-BBB controls, particularly with respect to perme-

ability of low molecular weight compounds. We note

that relative to mVas, iPSC-derived BMECs were signifi-
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cantly less permeable to fluorescein, which is an important

small-molecule tracer for qualifying BBB integrity. The

absolute permeability of fluorescein is similar to results

obtained from measurements in 2D Transwell platforms

(10�6–10�7 cm/s) (Hollmann et al., 2017), indicating

consistency in BMEC performance and robustness of the

paracellular barrier in 3D culture.Meanwhile, the exclusion

of albumin and decreasedCAV1 expression suggest reduced

vesicular transport in BMECs relative to non-BBB controls.

We further note that perfusion of BMEC-lined channels

under low shear conditions has a stabilizing effect on

barrier integrity over time compared with non-perfused

controls, with similar performance in barrier function in



BMECs derived from two separate iPSC lines. Our data

indicate that perfusion helps maintain long-term barrier

function through a combined effect of shear-induced me-

chanical cues and continual medium circulation providing

improved nutrient/waste exchange. Recently, iPSC-derived

BMECs co-culturedwith astrocytes in perfusedmicrofluidic

channels were reported tomaintain in vivo-like TEER values

for 12 days, whereby the authors concluded that shear

forces were not essential for the establishment of strong

intercellular junctions but did provide a clear stabilizing

effect upon barrier integrity over time (Wang et al., 2017),

which is consistent with our findings. Another group has

reported that shear forces are non-requisite for tight junc-

tion formation in iPSC-derived BMEC monolayers, but

that shear positively contributes to barrier health by

providing necessary mechanical cues as well as reducing

reactive oxygen species-mediated degradation (DeStefano

et al., 2017; Rochfort et al., 2015). In our 3D system,

increased shear forces above our initially tested values did

not strengthen or stabilize barrier function. However, these

measurements are complicated by the observation of

increased angiogenic sprouting at earlier time points asso-

ciated with higher flow rates, and the cytoskeletal restruc-

turing of angiogenic sprouting is known to increase the

permeability of brain endothelium (Kutys and Chen,

2016). It is likely that the increase in interstitial flow asso-

ciated with higher perfusion rates resulted in increased

sprouting in BMEC monolayers, a process normally in-

hibited by interactions with surrounding smooth muscle

cells and astrocytes (Galie et al., 2014; Partyka et al.,

2017). Thus, we hypothesize that incorporation of addi-

tional NVU cell types will further stabilize barrier function

by preventing angiogenic sprouting, which will be exam-

ined in future studies.

Interestingly, despite robust barrier function and expres-

sion of junction-associated VE-cadherin, claudin-5, and

occludin protein, our global expression data indicate low

mRNA transcript abundance for both endothelial and

BBB-associated genes. Transcript levels in iPSC-derived

BMECs cultured for 1 day under static conditions were

similar to iPSC-derived BMECs cultured in 2D well plates

(Qian et al., 2017), suggesting consistency with other

models.Wenote that transcriptional profilinghas beenper-

formed on both mouse and human brain endothelial cells,

and for canonical BBB/endothelial genes (e.g., OCLN,

CLDN5, CDH5, PECAM1, SLC2A1, MFSD2A, ABCB1),

expression levels in mouse are consistently �10- to �100-

fold higher than in human (Zhang et al., 2016). At present,

it is unclear whether low transcript abundance in iPSC-

derived BMEC models reflects in vitro culture conditions

or a species difference, andmore investigations are required

in this area. We also note that despite overall similarity

betweenday-1 static cultures andday-14perfusioncultures,
endothelial-specific genes become noticeably downregu-

lated at the later time point. Thus, although perfusion and

shear stress may help stabilize barrier function through

upregulation of currently unknown signaling pathways,

these factors potentially have a lower influence on mainte-

nanceof vascular identity.Wehypothesize that inclusionof

pericytes and future optimization of media composition

will help promote maintenance of endothelial gene signa-

tures at these later time points. These investigations and

more in-depth analyses of transcript data are expected to

identify more explicit differences between 2D and 3D cul-

tures of iPSC-derived BMECs, similar to other studies

(Zhang et al., 2017), as well as possible human-specific

BBB gene expression signatures.

Overall, we highlight the utility of our 3D model for

exploring interactions between NVU cell types, modeling

neurovascular disease, and assessing treatment strategies.

Since we have used gelatin with a benign enzymatic cross-

linking approach compatible with cell encapsulation (Lee

et al., 2016), we expect to be able to establish co-cultures

that represent endogenous organization of NVU cell types.

Given advancements in the production of neurovascular

cells from iPSCs, including diverse subtypes of neurons,

astrocytes, oligodendrocytes, microglia, pericytes, and

smooth muscle, a fully isogenic 3D model is a realistic

possibility in the near future. Also, given prominent

vascular contributions to neurodegenerative diseases

(Sweeney et al., 2018), future iterations of this biomimetic

3D NVU model could provide a useful platform for

modeling disease phenotypes. Lastly, although this model

is not expected to replace standard Transwell setups for

screening prospective therapeutic compounds for BBB

permeation, the performance of lead candidates could be

further tested in these 3D NVU systems, where a more

physiological microenvironment is expected to improve

predictions of therapeutic efficacy.
EXPERIMENTAL PROCEDURES

Cell Culture
IMR90-4 (Yu et al., 2007) and CC3 (Kumar et al., 2014) iPSCs were

maintained on growth factor-reduced Matrigel (VWR) in E8

medium (produced in-house as previously described) (Hollmann

et al., 2017). iPSCs were passaged every 3–4 days with Versene

(Thermo Fisher) as previously described. Differentiation to BMECs

was conducted as previously described. In brief, iPSCs were

passaged to single cells with Accutase (Thermo Fisher)

and seeded overnight on Matrigel at a density of 12,500–15,800

cells/cm2 in E8 medium containing 10 mM Y27632 (Tocris). The

following day, cells were fed with E6 medium (produced in-house

as previously described) (Hollmann et al., 2017), and medium was

changed every day thereafter. On day 4, cells were switched to

human endothelial serum-free medium (hESFM; Thermo Fisher)
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containing 1% platelet-poor plasma-derived serum (PDS; Alfa

Aesar), 20 ng/mL basic fibroblast growth factor (bFGF; Peprotech),

collectively referred to as EC culture medium, and 10 mM all-

trans RA (Sigma). On day 6, cultures were collected with Accutase

and either frozen in 60% EC culture medium, 10%DMSO (Sigma),

30% fetal bovine serum (FBS; Thermo Fisher), and 10 mM Y27632

as previously described (Wilson et al., 2016), or seeded directly

into scaffolds. HUVECs and mVas (Angioproteomie) were cultured

in DMEM/F12 medium (Thermo Fisher) supplemented with

5% FBS (Gibco), 10 mM L-glutamine (Corning), 50 mg/mL

ascorbic acid (Thermo Fisher), 0.75 U/mLheparin (Thermo Fisher),

15 ng/mL insulin growth factor 1, 5 ng/mL vascular endothelial

growth factor, 5 ng/mL bFGF, and 5 ng/mL epidermal growth

factor (all from Peprotech).

Scaffold Fabrication
External support frames for gelatin scaffolds were generated from

thin slabs of PDMS cast in small Peel-A-Way embedding molds

(Fisher Scientific) transected by two intersecting needles (gauge

23 and 16, BD Biosciences). After removing the central section

and bonding to a thin PDMS film base, a barbed luer fitting (Cole

Parmer) was attached to the inlet to facilitate easy integration

with the fluidic apparatus. Tubing (1/16th inch outer diameter,

VWR) threaded through the barbed inlet served as the channel

mold (Figure 1A). PDMS frames (5 3 5 3 2 mm) were washed

and sterilized in 70% ethanol with sonication. Sterile solution

of 10% (w/v) porcine gelatin (300 bloom, Sigma) combined 10:1

(v/v) with 10% (w/v) microbial transglutaminase (Modernist

Pantry) was poured into the assembled frames and allowed to

polymerize in a 37�C incubator for 4 h. The channel was formed

by removal of tubing and was coated with 0.4 mg/mL collagen

IV (Sigma) and 0.1 mg/mL fibronectin (Sigma) and conditioned

in complete medium overnight before seeding channels with

3 3 106 cells/mL of either iPSC-derived BMECs, RFP-expressing

HUVECs, or mVas. The approximate volume of the channel

(�800 mm 3 5 mm) is 2.5 mL.

Cell Seeding
IMR90-4-derived BMECs were reconstituted from frozen stock,

whereas CC3-derived BMECs, HUVECs, and mVas were seeded

from live cultures. For quality control, TEER was measured

across BMECs seeded concurrently in Transwell filters and was

consistent with previous publications. Cells were suspended at

3 3 106 cells/mL in their standard medium and pipetted through

the inlet fitting to coat the bottom half of a channel. Cells were

incubated for either 4 h or overnight at 37�C to facilitate attach-

ment. The process was then repeated to seed the top half of the

channel. Cells were stained with 2 mMCalcein AM (Life Technolo-

gies) and imaged by confocal microscopy (LSM 710, Zeiss) to

confirm a confluent cell layer throughout channel before connect-

ing to perfusion (Figure 1C).

Scaffold Culture and Perfusion
On experiment day 0, hydrogels were placed in a Petri dish and

either remained in static culture or were connected to a perfu-

sion system (Figure 1B). Under both conditions, the hydrogels

are submerged in �40–45 mL of medium. Based on the design
484 Stem Cell Reports j Vol. 12 j 474–487 j March 5, 2019
of the PDMS frame, the upper surface of each hydrogel is in

direct contact with the medium. For perfusion, a custom peri-

staltic pump (O’Grady et al., 2018) circulated culture medium

through the channel at 100 mL/min. For samples perfused at

rates greater than 100 mL/min, the flow rate was increased to

the indicated value following an initial 24-h perfusion at

100 mL/min. As seen in Figure 1B, medium is extracted through

the open tube not connected to the hydrogel, circulated

through the hydrogel, and expelled back into the bulk reservoir.

HUVECs were cultured in the same medium described above,

whereas BMECs and mVas were both cultured in hESFM contain-

ing 1% PDS, 10 mM RA, and 10 mM Y27632. The medium was

unchanged throughout the course of each experiment. Compo-

nents used to construct the perfusion system are described in

Figure S5.

Permeability Measurements
Permeability was measured by imaging diffusion of 2 mM sodium

fluorescein (Sigma), 12.5 mg/mL 3 kDa AF680-conjugated dextran

(Thermo Fisher), and 80 mg/mL Texas red-conjugated albumin

(Thermo Fisher) across cell monolayers. During the course of

the imaging experiment, channels were perfused at a rate of

30 mL/min for 2 h while obtaining fluorescence images every 30 s

using the LSM 710 confocal microscope with pinhole set to

1 Airy unit. The resulting image intensity profiles were processed

in FIJI (Schindelin et al., 2012) using a custom macro to automate

extraction of fluorescence intensity values of the channel region,

the diffusion region between channel and edge, and the edge of

the gel. These values were then imported into a MATLAB (Math-

works) script to calculate K (cm s�1), the permeability of gelatin

scaffold and cell layer combined, as detailed in Supplemental

Experimental Procedures and Figure S6.

Efflux Transporter Activity Assays
Pgp activity was assessed by measuring accumulation of fluores-

cent dye, rhodamine 123, in samples pre-incubated with and

without Pgp-specific inhibitor, cyclosporin A. MRP activity was

assessed by measuring fluorescence accumulation of fluorescent

dye H2DCFDA, in samples pre-incubated with and without MRP-

specific inhibitor, MK-571. Specifically, non-inhibited controls

were evaluated by perfusion (30 mL/min) with medium supple-

mented with 10 mM rhodamine 123 (Thermo Fisher) or 10 mM

H2DCFDA (Thermo Fisher) and 12.5 mg/mL 3 kDa dextran. In-

hibited samples were pre-incubated in medium containing

10 mM cyclosporin A (Tocris) or 10 mM MK-571 (Tocris) for 1 h,

then similarly perfused with the medium supplemented with

12.5 mg/mL 3 kDa dextran and appropriate inhibitor/dye cocktail

(Pgp: 10 mM cyclosporin A and 10 mM rhodamine 123; MRP:

10 mM MK-571 and 10 mM H2DCFDA). Confocal z stacks were

obtained at 0 and 60min of perfusion. For each sample, the change

in intracellular fluorescence intensity was determined using FIJI

by adding the cellular fluorescence from each z stack, then sub-

tracting the cumulative fluorescence intensity of the initial z stack

from the final z stack (DI = Ifinal � Iinitial). The percent increase in

fluorescence was calculated using the formula

DIinhibited � DInon�inhibited

DIinhibited
3100



where DIinhibited is the change in fluorescence calculated from

channels exposed to cyclosporin A and DInon-inhibited is the change

in fluorescence calculated from channels not exposed to inhibitor.
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