Stem Cell Reports

Report

ISSCR

Induction of Mesoderm and Neural Crest-Derived Pericytes from Human
Pluripotent Stem Cells to Study Blood-Brain Barrier Interactions

Tannaz Faal,'-? Duc T.T. Phan,? Hayk Davtyan,!-* Vanessa M. Scarfone,! Erika Varady,?

Mathew Blurton-Jones,!:? Christopher C.W. Hughes,? and Matthew A. Inlay'->*
1Sue and Bill Gross Stem Cell Research Center, University of California Irvine, Irvine CA 92697, USA
2Department of Molecular Biology and Biochemistry, University of California Irvine, Irvine CA 92697, USA
3Department of Neurobiology and Behavior, University of California Irvine, Irvine CA 92697, USA

*Correspondence: minlay@uci.edu
https://doi.org/10.1016/j.stemcr.2019.01.005

SUMMARY

In the CNS, perivascular cells (“pericytes”) associate with endothelial cells to mediate the formation of tight junctions essential to the
function of the blood-brain barrier (BBB). The BBB protects the CNS by regulating the flow of nutrients and toxins into and out of the
brain. BBB dysfunction has been implicated in the progression of Alzheimer’s disease (AD), but the role of pericytes in BBB dysfunction
in AD is not well understood. In the developing embryo, CNS pericytes originate from two sources: mesoderm and neural crest. In this
study, we report two protocols using mesoderm or neural crest intermediates, to generate brain-specific pericyte-like cells from induced
pluripotent stem cell (iPSC) lines created from healthy and AD patients. iPSC-derived pericytes display stable expression of pericyte
surface markers and brain-specific genes and are functionally capable of increasing vascular tube formation and endothelial barrier

properties.

INTRODUCTION

Pericytes are a mural cell type defined by their “perivascu-
lar” association with endothelial cells (ECs) (Armulik
et al., 2011). Found in microvessels throughout the body,
pericytes play a vital role in the remodeling and stabiliza-
tion of developing blood vessels during angiogenesis (Strat-
man et al., 2010; Zhao et al., 2015). Pericytes are also an
essential component of the blood-brain barrier (BBB),
which is a selectively permeable collection of blood vessels
that is also comprised primarily of ECs and astrocytes
(Obermeier et al., 2013; Winkler et al., 2011). The BBB
protects the CNS from circulating insults such as pathogens
and immune cells, and mediates the transportation of sub-
stances into and out of the brain. A healthy BBB is
comprised of ECs that form continuous tight junctions,
imparting barrier properties to this structure. Pericytes
wrap around the vasculature formed by ECs and secrete
extracellular matrix proteins into the shared basement
membrane, which provides structural stability to the BBB
(Armulik et al., 2010; Daneman et al., 2010). The abun-
dance of pericytes in the BBB at a pericyte-to-endothelial
ratio between 1:1 and 1:3, compared with peripheral blood
vessels, underscores their importance in maintaining the
health of the CNS. Indeed, pericyte dysfunction has been
implicated in a number of neurodegenerative disorders
including Alzheimer’s disease (AD) (Zhao et al., 2015).
Degeneration of pericytes has been observed in human
postmortem tissue as well as mouse models of AD (Halliday
et al., 2016; Sagare et al., 2013). Specifically, loss of peri-
cyte coverage and resulting BBB breakdown was observed

in the cortex and hippocampus of AD mouse models (Niko-
lakopoulou et al., 2017; Winkler et al., 2012). Accumula-
tion of perivascular beta-amyloid (Af), a hallmark of AD,
has been shown to be toxic to pericytes (Winkler et al.,
2014). In addition, the presence of APOE4, the single great-
est genetic risk factor in late-onset AD, plays a role in peri-
cyte degradation, accumulation of AB in the CNS, and
breakdown of the BBB (Halliday et al., 2016; Tai et al.,
2016).

Since their identification almost 150 years ago, pericytes
have remained an elusive cell type to characterize due to
their heterogeneous ontogeny. Quail-chick chimeras and
lineage-tracing studies revealed a neural crest (NC) origin
of pericytes destined for the forebrain, while mesoderm
hasbeen shown to giverise to pericytes of the brainstem, spi-
nal cord, and mid-brain (Etchevers et al., 2001; Korn et al.,
2002; Reyahi et al., 2015). While many cell types can be
identified by expression of unique surface molecules (also
known as “markers”), pericytes share expression of multiple
markers with other closely related mural cell types such
as smooth muscle cells (Obermeier et al., 2013). Despite
this, a combination of PDGFRB, CD13, CD146, and NG2
surface expression is commonly accepted to be suitable for
distinguishing pericytes from other cell types (Armulik
et al.,, 2011). Recently, markers to distinguish brain-
resident pericytes from those of the periphery have been
identified. These include FOXF2, VTN, and FOXCI,
although none are entirely unique to pericytes (He et al.,
2016; Reyahi et al., 2015; Siegenthaler et al., 2013).

Pluripotent stem cells (PSCs) provide an alternative
approach to both model and treat diseases. AD patient
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induced PSCs (iPSCs) allow the development of in vitro
models of the BBB to improve our understanding of AD-
mediated breakdown of the BBB. While protocols exist to
generate the cell types of the BBB (ECs, astrocytes, and peri-
cytes) from iPSC lines, a method to generate brain-specific
pericytes from iPSCs does not currently exist (Green-
wood-Goodwin et al., 2016; Kumar et al., 2017; Orlova
et al.,, 2014). To address this, we have developed two
methods that rely on either mesoderm or NC induction
to generate pericytes from iPSCs.

RESULTS

Differentiation of hPSCs into Mesoderm and NC

We developed two differentiation protocols to generate
mesoderm- and NC-derived pericytes from human PSCs
(hPSCs) including human embryonic stem cells (hESCs;
H9) or human iPSCs (Figure 1A). Our iPSC lines are derived
from adult AD patients bearing APOE4 (“AD6") or APOE3
(“AD22") alleles and also healthy patients bearing the
APOES3 allele (“ADS”), collectively referred to as “AD” lines
(Table S1). To generate iPSC-derived pericytes, we first
differentiated these lines into either mesoderm or NC (Fig-
ure 1A). hPSCs were grown in mesodermal induction
medium (MIM) or a previously described NC induction
medium containing the GSK3 inhibitor, CHIR 99021, to
activate WNT signaling (Leung et al., 2016) (Figure 1A).
After 5 days in culture, MIM-treated hPSCs expressed the
mesodermal marker KDR and mesodermal genes MIXLI
and Brachyury (TBXT), but did not express NC marker
HNK-1 or genes PAX3, PAX7, or TFAP2A (Figures 1B and
1D). While MIM-treated H9 cells expressed the NC marker
CD271, this marker is also known to be expressed in meso-
derm-derived mesenchymal progenitors and, alone, is not
sufficient to identify NC populations (Figure 1B) (Cattoretti
et al., 1993; Kumar et al., 2017). Conversely, NC-derived
cells expressed NC markers HNK-1 and CD271 with mild
upregulation of KDR (Figure 1C). All NC-treated hPSC lines
expressed NC genes PAX3, PAX7, and TFAP2A, and did not
express mesodermal genes MIXL1 and TBXT (Figure 1D).
While NC-treated H9 hESCs only mildly upregulated

PAX7, they expressed high levels of PAX3 and TFAP2A (Fig-
ure 1D). These data indicate that mesoderm and NC cells
can be generated using MIM and NC media, respectively.

Pericyte Induction of hPSC-Derived Mesoderm and NC
Cells

Following mesoderm and NC induction, cells were
passaged and maintained in pericyte medium, which is a
proprietary medium that supports pericyte growth, to
initiate pericyte differentiation. After 5 days in pericyte me-
dium, mesoderm-derived pericytes (mPCs) and NC-derived
PCs (ncPCs) exhibited high expression of pericyte cell-sur-
face markers PDGFRB, NG2, CD13, and CD146 at levels
comparable with primary human brain vascular pericytes
(HBVPs) (Figure 2A). All three pericyte populations were
negative for expression of the hemato-endothelial marker
CD34 (Figure 2A), and expressed only low levels of the
smooth muscle marker, a-smooth muscle actin (Fig-
ure S1A), further confirming the pericyte-like identity of
the iPSC-PCs. Both mPCs and ncPCs maintained consis-
tent growth rates (Figure S1B) and stable expression of
pericyte markers throughout early to late passages (Figures
S1C and S1D).

To determine the brain specificity of mPCs and ncPCs, we
examined the expression of three recently identified brain
pericyte genes: vitronectin (VTN), and forkhead transcrip-
tion factors FOXF2 and FOXCI. Pericytes secrete VTN,
which upregulates vascular endothelial growth factor A
signaling in ECs, and both FOXC1 and FOXFZ are required
for proper brain pericyte differentiation and angiogenesis
during embryonic development (Reyahi et al., 2015; Sie-
genthaler et al., 2013; Sweeney et al., 2016). qRT-PCR anal-
ysis of these candidate brain-specific pericyte genes
revealed that all three pericyte populations expressed
VTN and FOXC1, although only ncPCs weakly expressed
FOXF2 (Figure 2B). By western blot, VIN and FOXF2 pro-
tein were both expressed across all mPC and ncPC lines
(Figure 2C). Together this indicates that cells bearing
expression of pericyte and brain-specific pericyte genes
can be generated from iPSCs through both mesodermal
and NC routes.

Figure 1. Differentiation and Characterization of hPSCs into Mesoderm and NC-Derived Pericytes
(A) Schematic diagram of mesoderm (MIM) and NC differentiation protocols. Five days following MIM and NC induction, cells were
passaged and maintained in pericyte medium (PM) to produce mesoderm-derived pericytes (mPC) and neural crest-derived pericytes

(ncPC).

(B and C) Representative flow cytometry analyses for surface expression of mesodermal marker KDR, and NC markers HNK-1 and CD271 in
hPSCs after 5 days in MIM (B) or NC media (C) compared with fluorescence minus one (FMO) control stain.

(D) qRT-PCR analysis of mesodermal genes 7TBXT and MIXL1 (left panel) and NC genes PAX3, PAX7, and TFAP2A expression (right panel) in
hPSCs after 5 days in MIM (red) or NC media (blue). Gene expression was calculated relative to undifferentiated H9 hPSCs. Undifferentiated

AD5 iPSCs showed similar expression as H9 hPSCs (data not shown).

Mean + SD was calculated from triplicate reactions of three to six biological replicates. Statistical significance in was determined using the

Student’s unpaired t test (**p < 0.05, ***p < 0.01, ****p < 0.001).
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Functional Validation of Pericyte Interaction with ECs
During embryonic development, brain ECs recruit peri-
cytes to the developing BBB, resulting in their tight associ-
ation which drives maturation of the developing vessel
(Obermeier et al., 2013). Thus, a key functional property
of pericytes is their ability to physically associate with
ECs to support formation of lumenized vascular structures
(Sweeney et al.,, 2016). To test this capability in hPSC-
derived PCs, we cultured HBVPs, ncPCs, or mPCs in a
semi-solid fibrin gel matrix in a 3D culturing system with
human endothelial colony-forming cell-ECs (ECFC-ECs)
(Figure 3A). ECFC-ECs were chosen as the source of ECs
because these cells are plastic and robust in adapting to a
tissue-specific EC phenotype in the proper native environ-
ment (Sobrino et al., 2016; Wang et al., 2016). ECFC-ECs
cultured alone were unable to form extensive, lumenized
vascular structures. However, when co-cultured with
HBVPs, mPCs, or ncPCs, ECs formed elongated tube-like
structures in close association with the PCs (Figure 3A).
Quantification of EC tube length confirmed observations
that mPCs and ncPCs contribute to vasculogenic tube as-
sembly over ECFC-ECs alone (Figure 3B). These data
demonstrate that both mesoderm- and NC-derived PCs
support vessel growth and maturation.

Effects of Pericytes on Barrier Properties of ECs

Electrical resistance across an endothelial layer is a crucial
physiological property that can be used to examine the
strength of various barrier systems (Srinivasan et al,,
2015). Specifically, the blood-brain barrier exhibits
elevated transendothelial electrical resistance (TEER)
values due to the tight junctions that form between ECs
in the BBB. Multiple groups have shown that TEER values
are significantly elevated in brain ECs cultured with
HBVPs, suggesting that pericytes are essential to the
integrity of an in vitro BBB system (Lippmann et al.,
2014). To test whether ncPCs and mPCs improve TEER
values in a brain vascular context, brain microvessel
endothelial cells (BMECs) were differentiated from ADS5
iPSCs according to a previously described protocol (Lipp-
mann et al., 2014). We focused on the healthy patient

ADS iPSC line to have a consistent and healthy source
of BMECs across all PC lines. AD5S BMECs, which express
endothelial markers CD144 and GLUT1 (Figure 3C), were
then monocultured or co-cultured with mPCs, ncPCs, or
HBVPs in a transwell system and TEER was measured over
the course of several days (Figure 3D). All PC lines ap-
peared healthy and morphologically normal during the
co-culture in EC medium (EGM2, data not shown).
BMECs cultured alone displayed lower TEER values and,
therefore, weaker barrier properties compared with
BMECs co-cultured with mPCs or ncPCs (Figure 3E).
Peak TEER values were observed 2 days following initia-
tion of co-culture (Figure 3F). These observations were
consistent across BMECs derived from different hPSC
lines including AD22 iPSCs and H9 hESCs (Figure S2).
While BMEC quality, as measured by BMEC-only TEER
values, varied across different experiments, the trends re-
mained the same; maximal TEER is achieved when co-
cultured with pericytes. Furthermore, maximal BMEC
TEER was observed at day 2 of co-culture with pericytes,
which supports the findings of previous studies (Appelt-
Menzel et al., 2017; Lippmann et al., 2014).

Effect of WNT Inhibition on NC-Derived Pericytes

Our results suggest that brain pericytes can be generated
through two distinct pathways. To further investigate the
differences in these two routes, we focused on WNT
signaling, which is required for NC induction but not
mesoderm. Given the important role of WNTs in both
NC induction, brain-specification of ECs, and BBB develop-
ment, we reasoned that inhibition of WNT signaling would
also have an impact on NC-derived pericyte induction. The
WNT inhibitor DKK1 was added during mesoderm (Fig-
ure S3) and NC induction of hPSCs (Figure 4). We found
that while WNT inhibition had no effect on mesoderm
induction (Figure S2B), expression of PAX7 appeared
dramatically reduced in NC differentiation when WNT
was inhibited (Figure 4B). However, after 5 days in pericyte
medium, pericyte-like cells with expression of the pericyte
markers PDGFRB and CD146 were observed regardless of
whether WNT was inhibited (DKK1) or activated (CHIR)

Figure 2. Gene Expression Analysis of Pericyte Genes in ncPCs and mPCs

(A) Representative flow cytometry analysis of pericyte (PDGFRB, NG2, CD13, and CD146) and hemato-endothelial (CD34) markers in human
brain vascular pericytes (HBVPs) (green, top row), mPC (red, middle row), and ncPC (blue, bottom row). The percentage of differentiated
cells positive for each marker is shown for the stained cell (colored histograms) compared with the FMO controls (gray histograms). mPCs
and ncPCs shown were derived from AD5 iPSCs and are representative of all hPSC lines.

(B) gRT-PCR of pericyte genes PDGFRB, ANGPT1, VTN, FOXC1, and FOXF2 in undifferentiated hPSCs (white), HBVPs (green), mPCs (red), and
ncPCs (blue). Gene expression was normalized to RPLPO and calculated relative to HBVPs. Mean + SD was calculated from triplicate re-

actions of three to six biological replicates.

(C) Western blot of FOXF2 (top row) and VTN (middle row) protein in undifferentiated iPSCs, HBVPs, mPCs, and ncPCs. GAPDH protein

(bottom row) was used as a loading control.
See also Figure S1.
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Figure 4. Effect of WNT Inhibition on NC-Derived Pericyte Induction

(A) Schematic diagram of NC differentiation protocol supplemented with the WNT activator CHIR99021 (top row) or with the WNT inhibitor
DKK1 (bottom row) for 5 days, then passaged and maintained in pericyte medium (PM).

(B) gRT-PCR analysis of NC gene PAX7 expression in undifferentiated hPSCs (gray) or hPSCs after 5 days in NC supplemented with
CHIR99021 or DKK1. Mean + SD was calculated from triplicate reactions of two biological replicates.

(C) Representative flow cytometry analysis of pericyte marker expression in pericytes derived from NC supplemented with CHIR99021
(blue) or DKK1 (orange) after passage into PM for 3-7 days. The FMO control (gray histogram) was used to define the gate (dashed line)
used to calculate the percentage of cells positive for each marker, which is shown.

(D) gRT-PCR of pericyte genes VTN, FOXC1, and FOXF2 in cells derived from NC supplemented with CHIR99021 (blue) or DKK1 (orange) after
passage into PM. Gene expression was normalized to RPLPO and calculated relative to undifferentiated hPSCs (gray). Mean + SD was
calculated from triplicate reactions of two biological replicates.

See also Figure S3.

during NC induction, although other pericyte markers lower expression of the brain-specific pericyte genes VIN
CD13 and NG2 were downregulated after WNT inhibition and FOXF2, but higher expression of FOXC1 compared
(Figure 4C). DKK1-treated cells also appeared to exhibit with CHIR-treated cells (Figure 4D). This suggests that

(D) Schematic diagram of transwell system used to co-culture BMECs with pericytes to determine transendothelial electrical resistance
(TEER).

(E) Representative TEER values of BMECs that were cultured alone (gray) or with HBVPs (green), mPC (red, left graph), or ncPCs (blue, right
graph). Mean + SD was calculated from triplicate transwell reactions. mPCs and ncPCs were derived from AD5 iPSCs.

(F) Quantification of peak TEER values at 48 h post co-culture of BMEC monocultures compared with co-culture with pericyte lines derived
from multiple iPSC lines (H9, AD5, and AD22) and averaged across multiple experiments.

Mean + SD was calculated from three to six biological replicates in triplicate transwell reactions. Statistical significance in (B) and (F) was
determined using the Student’s unpaired t test (**p < 0.05, ***p < 0.01, ****p < 0.001). See also Figure S2.
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WNT signaling is not necessary for pericyte specification,
although WNT signaling appears to play a role in com-
pleting pericyte development through the NC pathway.

DISCUSSION

In this study, we developed two methods to generate brain
pericyte-like cells from hPSCs through mesodermal (mPC)
or neural crest (ncPC) routes. While both mPCs and ncPCs
exhibited similar pericyte gene expression and functional
properties, subtle differences between them were observed.
Both populations displayed robust marker expression of
PDGFRB, NG2, CD13, and CD146, but FOXF2 gene expres-
sion was higher in ncPCs. During development, FOXF2 is
expressed in the NC, which might explain its higher
expression in ncPCs as opposed to mPCs (Ormestad et al.,
2004). We find that, while mPCs and ncPCs display slight
differences in the expression of certain genes, they are
functionally similar. Surprisingly, despite the requirement
for WNT signaling in NC induction, pericytes could still
be generated via this route when WNT was inhibited.
This raised the possibility that the ncPCs may derive from
a rare population during NC differentiation that is inde-
pendent of WNT. We hypothesized this might be meso-
derm, but there was no TBXT expression in DKK1-treated
NC cells (data not shown). Future RNA sequencing studies
are necessary to determine precisely how similar these two
PC cell types are.

In summary, our study shows that human pericyte-like
cells can be generated from hESCs and iPSCs using two
distinct protocols. Both mesoderm and NC induction
routes are easy to perform, use fully defined serum-free
components, and produce pericytes with consistent
marker expression and functional properties through mul-
tiple passages and freeze-thaw cycles. Both PC types are
easy to transfect, and can be sorted by fluorescence-acti-
vated cell sorting (FACS) if necessary. We have multiple,
independently generated mPC and ncPC lines from a
variety of healthy and AD patient iPSC lines representing
APOE3/3 and APOE4/4 genotypes (Table S1). These peri-
cyte-like cells can be used as a tool to investigate the role
of pericytes in healthy and diseased BBB contexts. Future
studies will compare the impact of APOE polymorphism
on BBB function, which could identify new therapeutic tar-
gets to restore BBB function and mitigate AD pathology.

EXPERIMENTAL PROCEDURES
PSC Culture
hPSC lines were cultured in TeSR-E8 medium (STEMCELL Technol-

ogies) on Matrigel-coated plates (Corning). Human iPSC lines were
provided by the University of California Irvine Alzheimer’s Disease
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Research Center (UCI-ADRC). All procedures using pluripotent
stem cell lines were approved by UCI’s human stem cell research
oversight committee. See Supplemental Experimental Procedures
for more details.

Primary Cell Culture

Primary HBVPs (ScienCell) were grown in pericyte medium (1201,
ScienCell) according to the manufacturer’s instructions. ECFC-ECs
were a gift from Dr. Christopher Hughes’ laboratory, and are
cultured in EGM-2 medium (Lonza). See Supplemental Experi-
mental Procedures for more details.

Differentiation of hPSCs into Mesoderm and
NC-Derived Pericyte-like Cells

hPSCs were passaged as single cells onto Matrigel-coated plates in
either MIM (STEMCELL Technologies) or a previously described
NC induction medium (Leung et al., 2016) for 5 days to initiate
mesoderm and NC, respectively. Resulting cells were passaged
into pericyte medium (1201, ScienCell) for pericyte specification.
See Supplemental Experimental Procedures for more details.

Differentiation of hPSCs into BMECs

BMEC differentiation was performed according to a previously
established protocol (Lippmann et al., 2014). See Supplemental
Experimental Procedures for more details.

3D Tube Formation Assay

ECFC-ECs were combined with or without HBVPs, mPCs, or ncPCs
in a semi-solid fibrin matrix at a cell ratio of 50:1. Cells were imaged
everyday using an Olympus FV3000 Laser-Scanning Confocal and
tube length was quantified using Angiotool software. See Supple-
mental Experimental Procedures for more details.

Transwell TEER Assay

iPSC-derived BMECs were seeded onto transwell filters (Corning)
that were placed into 12-well plates containing HBVPs, ncPCs, or
mPCs. TEER measurements were made every 24 h. See Supple-
mental Experimental Procedures for more details.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, three figures, and three tables and can be found
with this article online at https://doi.org/10.1016/j.stemcr.2019.
01.005.

AUTHOR CONTRIBUTIONS

Experiments were designed by T.E, advised by M.A.I. and M.B.-].,
and performed by T.F, D.T.T.P,, H.D., VM.S., and E.V. T.E. wrote
the manuscript, and M.A.L edited it. Initiation of 3D tube forma-
tion culture was performed by D.T.T.P. in the laboratory of
C.C.W.H. All other experiments were performed in the laboratory
of M.A.L. C.C.W.H. is founder of Kino Biosciences.


https://doi.org/10.1016/j.stemcr.2019.01.005
https://doi.org/10.1016/j.stemcr.2019.01.005

ACKNOWLEDGMENTS

The authors wish to thank Andrea Reyes-Ortiz, Leslie Thompson,
Olga Razorenova, and Peter Donovan for technical assistance
and helpful discussion, Alborz Karimzadeh, Yasamine Ghorba-
nian, and Ankita Shukla of the Inlay lab for helpful comments
and discussion, and Anne Grey, Alex Zeroski, and Emily Hilker of
the Alzheimer’s Association Orange County Chapter for support.
This study was supported by Alzheimer’s Association Research
Grant AARG-17-504812 (to M.A.L.), UCI MIND iPS Cell Pilot Grant
(to M.A.L), and California Institute for Regenerative Medicine
grants RT3-07893 (to M.B.-].) and CL1-00520-1.2 (to UCI Stem
Cell Research Center FACS Core). The UCI-ADRC is funded by
NIH/NIA grant P50-AG16573. T.F. was supported by NIH T32
training grant (T32-NS082174) and in part from NIH grant RO1-
AGO055524 (to M.B.-J.). D.T.T.P receives support from NIH grants
(RO1/PQDS-CA180122 and UG3-HL141799). C.C.W.H. receives
support from the Chao Family Comprehensive Cancer Center
through an NIH center grant (P30-CA062203).

Received: June 29, 2018
Revised: January 8, 2019
Accepted: January 9, 2019
Published: February 7, 2019

REFERENCES

Appelt-Menzel, A., Cubukova, A., Giinther, K., Edenhofer, F., Pion-
tek, J., Krause, G., Stiiber, T., Walles, H., Neuhaus, W., and Metzger,
M. (2017). Establishment of a human blood-brain barrier co-cul-
ture model mimicking the neurovascular unit using induced pluri-
and multipotent stem cells. Stem Cell Reports 8, 894-906.
Armulik, A., Genové, G., Mde, M., Nisancioglu, M.H., Wallgard, E.,
Niaudet, C., He, L., Norlin, J., Lindblom, P., Strittmatter, K., et al.
(2010). Pericytes regulate the blood-brain barrier. Nature 468,
557-561.

Armulik, A., Genové, G., and Betsholtz, C. (2011). Pericytes: devel-
opmental, physiological, and pathological perspectives, problems,
and promises. Dev. Cell 21, 193-215.

Cattoretti, G., Schir6, R., Orazi, A., Soligo, D., and Colombo, M.P.
(1993). Bone marrow stroma in humans: anti-nerve growth factor
receptor antibodies selectively stain reticular cells in vivo and
in vitro. Blood 81, 1726-1738.

Daneman, R., Zhou, L., Kebede, A.A., and Barres, B.A. (2010). Peri-
cytes are required for blood brain barrier integrity during embryo-
genesis. Nature 468, 562-566.

Etchevers, H.C., Vincent, C., Le Douarin, N.M., and Couly, G.E.
(2001). The cephalic neural crest provides pericytes and smooth
muscle cells to all blood vessels of the face and forebrain. Develop-
ment 128, 1059-1068.

Greenwood-Goodwin, M., Yang, J., Hassanipour, M., and Larocca,
D. (2016). A novel lineage restricted, pericyte-like cell line isolated
from human embryonic stem cells. Sci. Rep. 6, 1-10.

Halliday, M.R., Rege, S.V., Ma, Q., Zhao, Z., Miller, C.A., Winkler,
E.A., and Zlokovic, B.V. (2016). Accelerated pericyte degeneration
and blood-brain barrier breakdown in apolipoprotein E4 carriers
with Alzheimer’s disease. J. Cereb. Blood Flow Metab. 36, 216-227.

He, L., Vanlandewijck, M., Raschperger, E., Andaloussi Maé, M.,
Jung, B., Lebouvier, T., Ando, K., Hofmann, J., Keller, A., and Bet-
sholtz, C. (2016). Analysis of the brain mural cell transcriptome.
Sci. Rep. 6, 1-13.

Korn, J., Christ, B., and Kurz, H. (2002). Neuroectodermal origin of
brain pericytes and vascular smooth muscle cells. J. Comp. Neurol.
442, 78-88.

Kumar, A., D’Souza, S.S., Moskvin, O.V., Toh, H., Wang, B., Zhang,
J., Swanson, S., Guo, L.W., Thomson, J.A., and Slukvin, L.I. (2017).
Specification and diversification of pericytes and smooth muscle
cells from mesenchymoangioblasts. Cell Rep. 19, 1902-1916.

Leung, A.W., Murdoch, B., Salem, A.F, Prasad, M.S., Gomez, G.A.,
and Garcia-Castro, M.I. (2016). WNT/-catenin signaling mediates
human neural crest induction via a pre-neural border intermedi-
ate. Development 143, 398-410.

Lippmann, E.S., Al-Ahmad, A., Azarin, S.M., Palecek, S.P.,, and
Shusta, E.V. (2014). A retinoic acid-enhanced, multicellular human
blood-brain barrier model derived from stem cell sources. Sci. Rep.
4, 1-10.

Nikolakopoulou, A.M., Zhao, Z., Montagne, A., and Zlokovic, B.V.
(2017). Regional early and progressive loss of brain pericytes but
not vascular smooth muscle cells in adult mice with disrupted
platelet-derived growth factor receptor-p signaling. PLoS One 12,
e0176225.

Obermeier, B., Daneman, R., and Ransohoff, R.M. (2013). Develop-
ment, maintenance and disruption of the blood-brain barrier. Nat.
Med. 19, 1584-1596.

Orlova, V.V., Van Den Hil, EE., Petrus-Reurer, S., Drabsch, Y., Ten
Dijke, P., and Mummery, C.L. (2014). Generation, expansion and
functional analysis of endothelial cells and pericytes derived
from human pluripotent stem cells. Nat. Protoc. 9, 1514-1531.

Ormestad, M., Astorga, J., and Carlsson, P. (2004). Differences in
the embryonic expression patterns of mouse Foxfl and -2 match
their distinct-mutant phenotypes. Dev. Dyn. 229, 328-333.
Reyahi, A., Nik, A.M., Ghiami, M., Gritli-Linde, A., Pontén, F,, Jo-
hansson, B.R., and Carlsson, P. (2015). Foxf2 is required for brain
pericyte differentiation and development and maintenance of
the blood-brain barrier. Dev. Cell 34, 19-32.

Sagare, A.P., Bell, R.D., Zhao, Z., Ma, Q., Winkler, E.A., Ramana-
than, A., and Zlokovic, B.V. (2013). Pericyte loss influences Alz-
heimer-like neurodegeneration in mice. Nat. Commun. 4, 1-14.
Siegenthaler, J.A., Choe, Y., Patterson, K.P., Hsieh, 1., Li, D., Jami-
net, S.-C., Daneman, R., Kume, T., Huang, E.J., and Pleasure, S.J.
(2013). Foxcl is required by pericytes during fetal brain angiogen-
esis. Biol. Open 2, 647-659.

Sobrino, A., Phan, D.T.T., Datta, R., Wang, X., Hachey, S.]J., Romero-
Lépez, M., Gratton, E., Lee, A.P., George, S.C., and Hughes, C.C.W.
(2016). 3D microtumors in vitro supported by perfused vascular
networks. Sci. Rep. 6, 315809.

Srinivasan, B., Kolli, A.R., Esch, M.B., Abaci, H.E., Shuler, M.L., and
Hickman, J.J. (2015). TEER measurement techniques for in vitro
barrier model systems. J. Lab. Autom. 20, 107-126.

Stratman, A.N., Schwindt, A.E., Malotte, K.M., and Davis, G.E.
(2010). Endothelial-derived PDGF-BB and HB-EGF coordinately

Stem Cell Reports | Vol. 12 | 451460 | March 5,2019 459



http://refhub.elsevier.com/S2213-6711(19)30006-2/sref1
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref1
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref1
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref1
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref1
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref2
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref2
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref2
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref2
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref3
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref3
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref3
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref4
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref4
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref4
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref4
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref5
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref5
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref5
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref6
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref6
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref6
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref6
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref7
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref7
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref7
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref8
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref8
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref8
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref8
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref9
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref9
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref9
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref9
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref10
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref10
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref10
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref11
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref11
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref11
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref11
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref12
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref12
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref12
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref12
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref13
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref13
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref13
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref13
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref14
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref14
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref14
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref14
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref14
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref15
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref15
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref15
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref16
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref16
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref16
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref16
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref17
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref17
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref17
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref18
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref18
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref18
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref18
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref19
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref19
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref19
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref20
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref20
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref20
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref20
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref21
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref21
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref21
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref21
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref22
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref22
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref22
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref23
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref23

regulate pericyte recruitment during vasculogenic tube assembly
and stabilization. Blood 116, 4720-4730.

Sweeney, M.D., Ayyadurai, S., and Zlokovic, B.V. (2016). Pericytes
of the neurovascular unit: key functions and signaling pathways.
Nat. Neurosci. 19, 771-783.

Tai, L.M., Thomas, R., Marottoli, EM., Koster, K.P., Kanekiyo, T.,
Morris, A.WJ., and Bu, G. (2016). The role of APOE in cerebrovas-
cular dysfunction. Acta Neuropathol. 131, 709-723.

Wang, X., Phan, D.T.T,, Sobrino, A., George, S.C., Hughes, C.C.W.,
and Lee, A.P. (2016). Engineering anastomosis between living
capillary networks and endothelial cell-lined microfluidic chan-
nels. Lab Chip 16, 282-290.

460 Stem Cell Reports | Vol. 12 | 451-460 | March 5, 2019

Winkler, E.A., Bell, R.D., and Zlokovic, B.V. (2011). Central nervous
system pericytes in health and disease. Nat. Neurosci. 14, 1398-
1405.

Winkler, E.A., Sengillo, J.D., Bell, R.D., Wang, J., and Zlokovic, B.V.
(2012). Blood-spinal cord barrier pericyte reductions contribute to
increased capillary permeability. J. Cereb. Blood Flow Metab. 32,
1841-1852.

Winkler, E.A., Sagare, A.P., and Zlokovic, B.V. (2014). The pericyte:
a forgotten cell type with important implications for Alzheimer’s
disease? Brain Pathol. 24, 371-386.

Zhao, Z., Nelson, A.R., Betsholtz, C., and Zlokovic, B.V. (2015).
Establishment and dysfunction of the blood-brain barrier. Cell
163, 1064-1078.


http://refhub.elsevier.com/S2213-6711(19)30006-2/sref23
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref23
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref24
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref24
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref24
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref25
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref25
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref25
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref26
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref26
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref26
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref26
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref27
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref27
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref27
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref28
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref28
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref28
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref28
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref29
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref29
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref29
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref30
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref30
http://refhub.elsevier.com/S2213-6711(19)30006-2/sref30

	Induction of Mesoderm and Neural Crest-Derived Pericytes from Human
Pluripotent Stem Cells to Study Blood-Brain Barrier Interactions

	Introduction
	Results
	Differentiation of hPSCs into Mesoderm and NC
	Pericyte Induction of hPSC-Derived Mesoderm and NC Cells
	Functional Validation of Pericyte Interaction with ECs
	Effects of Pericytes on Barrier Properties of ECs
	Effect of WNT Inhibition on NC-Derived Pericytes

	Discussion
	Experimental Procedures
	PSC Culture
	Primary Cell Culture
	Differentiation of hPSCs into Mesoderm and NC-Derived Pericyte-like Cells
	Differentiation of hPSCs into BMECs
	3D Tube Formation Assay
	Transwell TEER Assay

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


