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METHOD OF CREATING HUMAN 
PLURIPOTENT STEM CELL DERIVED 

BRAIN PERICYTE-LIKE CELLS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to U.S. Provisional Appli
cation No. 62/696,230 filed on Jul. 10, 2018, the contents of 
which are incorporated by reference in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

This invention was made with govermnent support under 
HDTRAl-15-1-0012 awarded by the DOD/DTRA and 
NS083688 awarded by the National Institutes of Health. The 
govermnent has certain rights in the invention. 

BACKGROUND 

The blood-brain barrier (BBB) is comprised of special
ized brain microvascular endothelial cells (BMECs) that line 
the vasculature of the central nervous system (CNS). 
BMECs allow for the selective passage of essential nutrients 
and metabolites into the brain and help prevent the entry of 
damaging substances. While the BBB plays an important 
role in CNS homeostasis, it also creates a bottleneck for the 
delivery of therapeutics1-3. In addition, BBB dysfunction 
has been observed in many CNS pathologies including 
Alzheimer's disease, multiple sclerosis, and stroke, and 
increasing evidence demonstrates treating BBB contribution 
to CNS disorders may improve disease outcomes4-12. Impor
tantly, BMECs gain their unique properties as a result of 
coordinated signaling cues from other brain cells surround
ing CNS microvessels, including CNS pericytes, astrocytes, 
and neurons that together with BMECs form the neurovas
cular unit (NVU) 13-18. Recently, brain pericyte contributions 

2 
the inclusion of pericytes, to date, has largely been limited 
to primary human sources30·35 . Unfortunately, primary 
sources do not scale with high fidelity37·38, and unlike iPSC 
sources, do not reflect the genetic contributions that can be 

5 important to modeling human disease. Thus, for patient
specific modeling of the healthy and diseased BBB, it is 
paramount to generate brain pericyte-like cells from human 
iPSCs. 

Vascular mural cells include both smooth muscle cells, 
10 which line arterioles and venules, and pericytes, which are 

associated with smaller microvessels and capillaries. Until 
very recently, it has been difficult to distinguish smooth 
muscle cells from pericytes based on marker expression39. 

15 
Moreover, hPSC-derived mural cells from different embry
onic origins display functionally distinct phenotypes and 
respond differentially to disease pathways40·41 . While most 
mural cells originate from mesoderm, CNS forebrain mural 
cells arise from neural crest stem cells (NCSCs )42•43 , a 

20 multipotent stem cell population capable of forming periph
eral neurons and mesenchymal derivatives including adipo
cytes, osteocytes, and chondrocytes44

•
45, among other cell 

types. Previous studies have described processes to differ
entiate hPSCs to NCSCs and demonstrated their potential to 

25 form vascular smooth muscle cells41 ·45 ·46· However, it is 
unknown whether NCSCs can generate pericyte-like cells 
that enhance BBB phenotypes in BMECs. Here, we describe 
a facile protocol for generating multipotent NCSCs from 
hPSCs by canonical WNT signaling activation with simul-

30 taneous inhibition of BMP and activin/nodal signaling as 
previously described45·47 . These hPSC-derived NCSCs can 
be further differentiated to mural cells that express pericyte 
markers by 9 days of culture in serum-containing medium. 

35 
These pericyte-like cells associated with vascular cord net
works and induced key pericyte-driven phenotypes in 
BMECs including the enhancement of barrier properties and 
reduction of transcytosis. Finally, an isogenic model of the 
NVU comprised of iPSC-derived pericytes, BMECs, astro-to BBB development and function have begun to be eluci

dated, and potential pericyte roles in CNS disease have been 
suggested. CNS pericytes associate with BMECs early in 
embryonic development as nascent blood vessels invade the 
developing neural tube. The emergence of pericytes corre
sponds to BBB formation through reduction oftranscytosis, 
decreased immune cell adhesion molecule expression, and 45 

reduced ultrastructural tight junction abnormalities13. In the 
adult, pericytes regulate vascular stability and 
diameter5•19-21 , contribute to the BMEC basement mem
brane20·22-24• regulate BMEC molecular phenotype14•25 and 
reduce non-specific molecular transcytosis14. 

40 cytes, and neurons, exhibited elevated barrier properties 
compared to a model lacking pericytes, suggesting future 
applications of iPSC-derived pericytes in CNS drug screen
ing, BBB development studies and disease modeling appli-

50 

cations. 
Needed in the art is an improved method of creating 

iPSC-derived pericytes. 

SUMMARAY OF THE INVENTION 

In one aspect, the present invention provides a population 
of brain pericyte-like cells, wherein the cells express peri
cyte markers but do not express ACTA2 and wherein the 
cells are generated from hPSCs. Further aspects provide 
methods of producing such cells. In one aspect, the suitable 
pericyte markers include CNN!, NG2, and PDGFRB. Fur
ther aspects comprise blood brain barrier models comprising 
the brain pericyte-like cells. 

As a result of the emerging importance of brain pericytes 
in brain health and disease, they have been increasingly 
incorporated into in vitro models of the BBB. For example, 
co-culture with pericytes can improve BMEC phenotype in 
co-culture systems, stabilize endothelial cell cord formation 55 

in vitro26, and induce BMEC properties in primary and 
hematopoietic stem cell-derived endothelial cells27-29. We 
also reported that primary brain pericytes could be combined 
with human pluripotent stem cell derived BMECs (hPSC
derived BMECs) and enhance their functionality30 . Such 60 

hPSC-derived BBB models offer the capability for screening 
of CNS-penetrant therapeutics31 and can be used to inves
tigate BBB contributions to human disease using patient
derived induced pluripotent stem cells (iPSCs )32·33 . While 
we and others have recently demonstrated the combination 65 

of iPSC-derived BMECs with iPSC-derived astrocytes and 
neurons to form high fidelity multicellular BBB models34-36, 

In another aspect, the disclosure provides a method of 
creating a population of brain pericyte-like cells, wherein the 
cells express pericyte markers but do not express ACTA2 
and wherein the cells are generated from human pluripotent 
stem cells (hPSC), comprising the steps of a. culturing hPSC 
in E6-CSFD medium for about 15 days to produced p75-
NGFR+HNK+NCSC cells, b. sorting p75-NGFR+ cells and 
re-plating the p75-NGFR+ cells to produce an enriched 
population ofp75-NGFR+ NCSCs, and c. culturing the cells 
of step (b) in E6 media with an addition of serum for about 
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11 days, wherein a brain pericyte-like population of cells 
that express pericyte markers but do not express ACTA2 is 
produced. 

4 
means±SEM of at least two independent differentiations at 
each time point, *P<0.05 vs. D15 NCSC using ANOVA 
followed by Dunnett's test. D) Representative PDGFR~ and 
NG2 flow cytometry plots for H9-derived NCSC treated 9 
days with E6+ 10% FBS medium. Quantitative data can be 
found in FIG. lJ. E) Temporal PCR analysis of mural and 
pericyte transcripts for the differentiating H9 hESCs. F) 
PDGFR~ and NG2 immunocytochemistry of H9-derived 
NCSCs (D16), mural cells (D22), and primary pericytes. 

In another aspect, the disclosure provides a method of 
creating a population of p75-NGFR+HNK+NSCs from 5 

human pluripotent stem cells, the method comprising: a. 
culturing hPSC in E6-CSFD medium for about 15 days to 
produced p75-NGFR+HNK+NCSC cells, and b. sorting 
p75-NGFR+ cells and re-plating the p75-NGFR+ cells of 
step (a) to produce a population of p75-NGFR+ NCSCs. 10 Hoechst nuclear counter stain (blue) is also included. Scale 

bar: 200 µm. G) Calponin and SM22a immunocytochem
istry of H9-derived NCSCs (D16), mural cells (D22) and 
primary pericytes. Hoechst nuclear counter stain (blue) is 
also included. Scale bar: 200 µm. H) a-SMA immunocyto-

BRIEF DESCRIPTION OF DRAWINGS 

The patent or patent application file contains at least one 
drawing in color. Copies of this patent or patent application 
publication with color drawings will be provided by the 
Office upon request and payment of the necessary fee. 

FIGS. lA-lJ. Generation of multipotent NCSC popula
tions. A) NCSC differentiation timeline. Small molecule 
activation of canonical Wnt signaling and small molecule 
inhibition of Activin/Nodal/TGF~/BMP signaling in mini
mal medium produces H9-derived NCSCs over a 15 day 
treatment window. NCSCs are then magnetically sorted and 
replated for subsequent mural cell differentiation. B) Immu
nocytochemistry images of H9 hESCs differentiated in 
E6-CSFD probed for the presence of HNKl and p75-NGFR 
at D15. NCSCs are HNKl +/p75-NGFR+ cells. Hoechst 
nuclear counter stain (blue) is also included. Scale bar: 100 
µm. C) AP-2 immunocytochemistry images for H9-derived 
NCSCs at D15. Hoechst nuclear counter stain (blue) is also 
included. Scale bar: 100 µm. D) Temporal PCR analysis of 
pluripotency (NANOG, POU5Fl) and NCSC (TFAP2A, 
B3GAT1, NGFR, SOX9, SOXl0) transcripts. E) Quantifi
cation ofNCSC expansion in population doublings over the 
15 days of NCSC differentiation. Plotted are the mean±SD 
of three technical replicates of a representative differentia
tion. F) Flow cytometry analysis of H9-derived NCSCs. 
Panels include isotype controls (panel i), NCSC (HNKl +; 
p75-NGFR+) purity prior to MACS (panel ii), and NCSC 
purity following MACS (panel iii). Inset percentages are 
included in each quadrant. Quantitation is shown in FIG. lJ. 
G) Immunocytochemistry analysis ofD16 NCSCs following 
MACS and replating. NCSCs maintained HNKl and p75-
NGFR expression. Hoechst nuclear counter stain (blue) is 
also included. Scale bar: 100 µm. H) Immunocytochemistry 
analysis of H9-derived NCSCs subsequently differentiated 

15 chemistry of H9-derived NCSCs (D16), mural cells (D22) 
and primary pericytes. Hoechst nuclear counter stain (blue) 
is also included. Scale bar: 200 µm. CD13 immunocyto
chemistry ofH9-derived mural cells (D22). Hoechst nuclear 
counter stain (blue) is also included. Scale bar: 200 µm. J) 

20 Desmin immunocytochemistry of H9-derived mural cells 
(D22). Hoechst nuclear counter stain (blue) is also included. 
Scale bar: 200 µm. 

FIGS. 3A-3D. RNA-sequencing ofpericyte-like cells and 
related cell types. A) Hierarchical clustering based on all 

25 transcripts of undifferentiated H9 hESCs, H9-derived 
NCSCs at D15 and after an additional 40 days in E6-CSFD 
(D55), H9-derived pericyte-like cells at D19, D22, and D25 
(three independent differentiations at the D25 time point, 
indicated as "H9-A", "H9-B", and "H9-C"), H9-derived 

30 pericyte-like cells maintained for an additional 20 days in 
E6+10% FBS (D45), CS03n2- and IMR90C4-derived peri
cyte-like cells at D25, and primary brain pericytes (from two 
distinct cultures of the same cell source, indicated as "Pri
mary-A" and "Primary-B''). B) Expression (FPKM) of 

35 selected transcripts in H9 hPSCs (day "0"), NCSCs ("15"), 
and during the differentiation of pericyte-like cells ("19", 
"22", "25", and "45"). Also shown is the mean transcript 
expression in all D25 hPSC-derived pericyte-like cells (H9 
A-C, CS03n2 and IMR90C4, "H") and in primary brain 

40 pericytes ("P"). Error bars represent SEM of five indepen
dent differentiations ("H'') or of two primary pericyte 
samples ("P"). C) Top 10 gene ontology (GO) terms, sorted 
by enrichment score (ES=-log10(FDR)), for hPSC-derived 
pericyte-like cells. Genes included in the dataset were 

45 enriched in pericyte-like cells ( average of all D25 samples) 
compared to NCSCs (average of D15 and D55 samples) 
(FPKMpericyte-like ceu)FPKMNcsc 2:10), and were expressed 
at 2:l FPKM in pericyte-like cells. D) Expression (2:l 
FPKM) of murine pericyte-enriched transcripts (46 tran-

in peripheral neuron medium. Resultant cells were positive 
for ~III-tubulin and peripherin expression. Hoechst nuclear 
counter stain (blue) is also included. Scale bar: 200 µm. I) 
H9-derived NCSCs could be differentiated into mesenchy
mal derivatives, including Oil Red O stained adipocytes 
(panel i, red), Alizarin red stained osteocytes (panel ii, red), 
and Alcian blue stained chondrocytes (panel ii, blue). Scale 
bar: 200 µm. J) NCSC and pericyte-like cell differentiation 
efficiencies. J) NCSC and pericyte-like cell differentiation 55 

efficiencies for three hPSC lines. 

50 scripts ( 40)) in hPSC-derived pericyte-like cells (29 tran
scripts) and primary brain pericytes (26 transcripts). A 
detailed listing of genes and FPKM values can be found in 
Table 4. 

FIGS. 4A-4F. hPSC-derived pericyte-like cell assembly 
with endothelial cells. A) Self-assembly schematic. hPSC
derived pericyte-like cells self-assemble with HUVECs to 
form vascular cords. B) Confocal immunocytochemistry 
images of primary pericytes and H9-derived pericyte-like 
cells (NG2) aligning with and extending processes along 

FIGS. 2A-2J. Serum treatment directs H9-derived NCSCs 
towards mural cells. A) Differentiation timeline for mural 
cell differentiation. Replated NCSCs are differentiated to 
mural cells in E6 medium plus 10% FBS for 9 days. B) 
PDGFR~ and NG2 immunocytochemistry of cells obtained 
after treating replated H9-derived NCSCs for 6 days in E6, 
E6+TGF~l+PDGF-BB, or E6+10% FBS on uncoated tissue 
culture polystyrene, or E6+ 10% FBS on gelatin-coated 
tissue culture polystyrene. C) Temporal flow cytometry 
analysis for PDGFR~ and NG2 positive cells in H9-derived 
NCSCs treated with E6+ 10% FBS. Depicted are the 

60 HUVEC cords (CD31 ). Hoechst nuclear counter stain (blue) 
is also included. Scale bars: 50 µm. C) Immunocytochem
istry images of HUVECs alone or cultured with HEK293 
fibroblasts ( +HEK293), primary human brain 
pericytes ( +Primary Pericytes ), CS03n2-derived pericyte-

65 like cells ( +CS03n2), H9-derived pericyte-like cells ( + H9), 
or IMR90C4-derived pericyte-like cells ( +IMR90C4). 
Hoechst nuclear counter stain (blue) is also included. Scale 
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bars: 100 µm. D) Representative bright field images of 
HUVECs alone or cultured with the various cell types. Scale 
bars: 300 µm. E) Quantification of the average segment 
lengths from bright field images in panel D. Plotted are 
means±SEM of three independent pericyte-like cell differ- 5 

entiations. *P<0.05 vs. HUVEC monoculture; ANOVA fol
lowed by Dunnett's test. F) Quantification of the number of 
segments per field normalized to HUVEC monoculture from 
bright field images in panel D. Plotted are means±SEM of 
three independent pericyte-like cell differentiations. 10 

*P<0.05 vs. HUVEC monoculture; ANOVA followed by 
Dunnett's test. 

representative of3 independent differentiations. *P<0.05 vs. 
monoculture; ANOVA followed by Tukey's HSD test. 

FIGS. 7A-7J: Generation of multipotent NCSC popula
tions from multiple hPSC lines. A) Immunocytochemistry 
images of small molecule screen (n=l) on HNKl and 
p75-NGFR expression in cells differentiated from H9 
hESCs. Cells were cultured fifteen days in E6+10 ng/mL 
FGF2+22.5 µg/mL heparin+l0 µM SB431542+ 
CHIR99012±dorsomorphin at the indicated concentrations. 
Hoechst nuclear counter stain (blue) is also included. Scale 
bars: 100 µm. B) Immunocytochemistry images of 
IMR90C4 iPSCs differentiated in E6-CSFD probed for the 
presence ofHNKl and p75-NGFR at D15. Hoechst nuclear 
counter stain (blue) is also included. Scale bars: 100 µm. C) FIGS. SA-SI. Measurement of the effects ofhPSC-derived 

pericyte-like cells on BBB phenotypes. A) Schematic of 
Transwell setup for co-culture assays. B) Maximum TEER 
achieved by IMR90C4-derived BMEC monoculture or co
culture with 3T3 mouse fibroblasts, primary human brain 
pericytes, H9-derived pericyte-like cells, CS03n2-derived 
pericyte-like cells, or IMR90C4-derived pericyte-like cells. 
Plotted are the means±SEM of at least 3 independent dif
ferentiations per condition. *P<0.05 vs. monoculture; 
ANOVA followed by Dunnett's test. C) Sodium fluorescein 
permeability for IMR90C4-derived BMECs in monoculture 
or co-culture with cell types as described in B. Plotted are 
the means±SEM of at least 3 independent differentiations 
per condition, *P<0.05 vs. monoculture; ANOVA followed 
by Dunnett's test. D) Representative images of occludin 
immunocytochemistry of BMECs cultured for 48 h in EC 
medium (Mono) or EC medium conditioned by the cell 
types described in B. Enlarged example of a frayed junction 
is inset in the monoculture panel. Scale bar: 25 E) Quanti
fication of occludin area fraction index for the samples 
described in D. Plotted are the means±SEM of 3 indepen
dent differentiations. No significant difference by ANOVA. 
F) Quantification of frayed junctions visualized by occludin 
immunocytochemistry for the samples described in D. Plot
ted are the means±SEM of 3 independent differentiations. 
*P<0.05 vs. monoculture; ANOVA followed by Dunnett's 
test. G) Accumulation of Alexa-488-tagged 10 kDa dextran 
in IMR90C4-derived BMECs following 48 hours of co
culture with cell types as described in B. All results are 
normalized to BMEC monoculture control. Plotted are the 

15 Immunocytochemistry images of CS03n2 iPSCs differenti
ated in E6-CSFD probed for the presence of HNKl and 
p75-NGFR at D15. Hoechst nuclear counter stain (blue) is 
also included. Scale bars: 100 µm. D) AP-2 immunocyto
chemistry images for IMR90C4-derived NCSCs at D 15. 

20 Hoechst nuclear counter stain (blue) is also included. Scale 
bar: 100 µm. E) AP-2 immunocytochemistry images for 
CS03n2-derived NCSCs at D 15. Hoechst DNA nuclear stain 
(blue) is also included. Scale bar: 100 µm. F) Temporal PCR 
analysis of pluripotency (NANOG, POU5Fl) and NCSC 

25 (TFAP2A, B3GAT1, NGFR, SOX9, SOXl0) transcripts in 
IMR90C4 and CS03n2 iPSCs and NCSC progeny. G) Flow 
cytometry analysis of IMR90C4-derived NCSCs. Panels 
include NCSC (HNKl +/p75-NGFR+) purity prior to MACS 
(panel i), and NCSC purity following MACS (panel ii). Inset 

30 percentages are included in each quadrant. Quantitation is 
shown in Table 1. H) Flow cytometry analysis of CS03n2-
derived NCSCs. Panels include NCSC (HNKl +/p75-
NGFR+) purity prior to MACS (panel i), and NCSC purity 
following MACS (panel ii). Inset percentages are included 

35 in each quadrant. Quantitation is shown in Table 1. I) 
Immunocytochemistry analysis of IMR90C4-derived 
NCSCs subsequently differentiated in peripheral neuron 
medium. Resultant cells were positive for ~III-tubulin and 
peripherin expression. Hoechst nuclear counter stain (blue) 

40 is also included. Scale bar: 100 µm. J) IMR90C4-derived 
NCSCs could be differentiated into mesenchymal deriva
tives, including Oil Red O stained adipocytes (panel i, red), 
Alizarin red stained osteocytes (panel ii, red), and Alcian 

means ±SD of 3 Transwells. Results are representative of 3 
independent differentiations. *P<0.05 vs. monoculture; 45 

ANOVA followed by Dunnett's test. H,I) Transcytosis of 
Alexa-488-tagged 10 kDa dextran at 37° C. (H) or 4° C. (I) 
across IMR90C4-derived BMECs following 48 hours co
culture with the cell types as described in B. All results are 
normalized to BMEC monoculture control. Plotted are the 50 

blue stained chondrocytes (panel ii, blue). 
FIGS. SA-SR: Serum treatment directs C-derived NCSCs 

towards mural cells. A, B) Representative PDGFR~ and 
NG2 flow cytometry plots for IMR90C4-derived NCSCs 
treated for 9 days with E6+10% FBS medium. C, D) 
Representative PDGFR~ and NG2 flow cytometry plots for 
CS03n2-derived NCSCs treated for 9 days with E6+ 10% 
FBS medium. Quantitative results can be found in FIG. lJ. means ±SD from 3 Transwells. Results are representative of 

3 independent differentiations. *P<0.05 vs. monoculture; 
ANOVA followed by Dunnett's test. No significant differ
ences at 4° C. by ANOVA. 

FIGS. 6A-6C. FIG. 6: IMR90C4-derived pericyte-like 
cells integrate into a complete isogenic NVU model. A) 
Schematic of IMR90C4-derived BMEC co-culture set up 
with IMR90C4-derived NVU cell types. B) Maximum 
TEER achieved in IMR90C4-derived BMECs following 
monoculture or co-culture. Plotted are the means ±SD from 
3 Transwells. Results are representative of 3 independent 
differentiations. *P<0.05 vs. monoculture; # P<0.05 vs. 
pericyte-like cell co-culture; % P<0.05 vs. astrocyte/neuron 
co-culture; ANOVA followed by Tukey's HSD test. C) 
Sodium fluorescein permeability in IMR90C4-derived 
BMECs following 48-hours of monoculture or co-culture. 
Plotted are the means ±SD from 3 Transwells. Results are 

E) PDGFR~ and NG2 immunocytochemistry of IMR90C4-
derived NCSCs (D16) and mural cells (D22). Hoechst 
nuclear counter stain (blue) is also included. Scale bar: 200 

55 µm. F) Calponin and SM22a immunocytochemistry of 
IMR90C4-derived NCSCs (D16) and mural cells (D22). 
Hoechst nuclear counter stain (blue) is also included. Scale 
bar: 200 µm. G) a-SMA immunocytochemistry of 
IMR90C4-derived NCSCs (D16) and mural cells (D22). 

60 Hoechst nuclear counter stain (blue) is also included. Scale 
bars: 200 µm. H,I) CD13 and desmin immunocytochemistry 
of IMR90C4-derived mural cells (D22). Hoechst nuclear 
counter stain (blue) is also included. Scale bars: 200 µm. J) 
PDGFR~ and NG2 immunocytochemistry of CS03n2-de-

65 rived mural cells (D22). Hoechst nuclear counter stain (blue) 
is also included. Scale bar: 200 µm. K) Calponin and SM22a 
immunocytochemistry of CS03n2-derived mural cells 
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(D22). Hoechst nuclear counter stain (blue) is also included. 
Scale bar: 200 µm. L) a-SMA immunocytochemistry of 
CS03n2-derived mural cells (D22). Hoechst DNA nuclear 
stain (blue) is also included. Scale bars: 200 µm. M,N) CD13 
and desmin immunocytochemistry of CS03n2-derived peri- 5 

cyte-like cells (D22). Hoechst nuclear counter stain (blue) is 
also included. Scale bars: 200 µm. O,P) CD13 and desmin 
immunocytochemistry of H9-derived NCSCs (D16). 
Hoechst nuclear counter stain (blue) is also included. Scale 
bars: 200 µm. Q,R) CD13 and desmin immunocytochemis- 10 

try of primary brain pericytes. Hoechst nuclear counter stain 
(blue) is also included. Scale bars: 200 µm. 

FIGS. 9A-9F: Supplemental analysis of hPSC-derived 
pericyte-like cells. A,B) Analysis of cells obtained by cul
turing NCSCs in E6, E6+TGF~l+PDGF-BB, or E6+10% 15 

FBS for 6 days. Calponin, SM22a, and a-SMA immuno
cytochemistry. Hoechst nuclear counter stain (blue) is also 
included. Scale bars: 200 µm. C,D,E) Long-term mainte
nance ofhPSC-derived pericyte-like cells. PDGFR~, NG2, 
calponin, SM22a, and a-SMA immunocytochemistry of 20 

H9-derived pericyte-like cells maintained in E6+10% FBS 

8 
normalized to BMEC monoculture control. Plotted are the 
means ±SD of 3 Transwells from a single rat BMEC 
isolation. *P<0.05 vs. monoculture; ANOVA followed by 
Dunnett' s test. 

FIG. 12A-12D. NCSCs maintained in E6-CSFD retain 
neural crest marker expression and do not develop pericyte 
marker expression. A) Expression (FPKM) of selected tran
scripts in D15 NCSCs, D55 NCSCs (maintained in 
E6-CSFD for an additional 40 days), and all D25 pericyte
like cell samples ("H''). B) p75-NGFR immunocytochem
istry analysis of NCSCs maintained in E6-CSFD for 3 
months. Hoechst nuclear counter stain (blue) is also 
included. Scale bar: 200 µm. C) NG2 immunocytochemistry 
analysis of NCSCs maintained in E6-CSFD for 3 months. 
Hoechst nuclear counter stain (blue) is also included. Scale 
bar: 200 µm. D) NG2 immunocytochemistry analysis of 
H9-derived D22 pericyte-like cells, processed alongside and 
identically to the NCSC sample above. Hoechst nuclear 
counter stain (blue) is also included. Scale bar: 200 µm. 

FIGS. 13A-13E: hPSC-derived pericyte-like cell assem
bly with brain endothelial cells. A) Self-assembly schematic. 
hPSC-derived pericyte-like cells self-assemble with 
hBMECs to form vascular cords. B) Confocal immunocy-

to D45. Hoechst nuclear counter stain (blue) is also 
included. Scale bars: 200 µm. F) Temporal PCR analysis of 
mural and pericyte transcripts for the differentiating 
IMR90C4 and CS03n2 iPSC lines. 25 tochemistry images of primary pericytes and H9-derived 

pericyte-like cells (NG2) aligning with and extending pro
cesses along hBMEC cords (CD31). Hoechst nuclear coun
ter stain (blue) is also included. Scale bars: 50 µm. C) 

FIGS. lOA-lOD. Supplemental analysis ofBMEC/hPSC
derived pericyte-like cell co-cultures. A) PDGFR~ and NG2 
immunocytochemistry of hPSC-derived pericyte-like cells 
following 48 hours of co-culture with iPSC-derived 
BMECs. Hoechst nuclear counter stain (blue) is also 30 

included. Images are representative of two independent 
differentiations. Scale bars: 100 µm. B) Western blot analy-
sis of occludin and claudin-5 expression in iPSC-derived 
BMECs cultured alone or co-cultured with primary brain 
pericytes, MR90C4-derived pericyte-like cells, or 3T3s. 35 

Quantification of occludin and claudin-5 expression after 
normalized to ~-actin signal and to monoculture expression 
levels. Plotted are the means ±SD from 3 Transwells from a 
single differentiation. No significant differences by ANOVA. 
C) Representative images of claudin-5 immunocytochemis- 40 

try ofBMECs cultured for 48 h in EC medium (Mono) or EC 
medium conditioned by primary brain pericytes or 
IMR90C4-derived pericyte-like cells. Scale bar: 25 µm. 
Quantification of claudin-5 area fraction index and frayed 
junctions. Plotted are the means ±SEM of 3 independent 45 

differentiations. No significant difference by ANOVA. D) 
Confocal microscopy of monocultured iPSC-derived 
BMECs incubated with Alexa 488-tagged 10 kDa dextran 
(green) with EC medium (Mono) or conditioned medium 
from primary brain pericytes, IMR90C4-derived pericyte- 50 

like cells, or 3T3s. Total dextran is depicted in green. 
Surface dextran was labeled with Alexa 647 (red), with little 
observed signal. Thus, the observed green signal is a result 

Immunocytochemistry images ofhBMECs alone or cultured 
with HEK293 fibroblasts ( +HEK293), primary human brain 
pericytes ( +Primary Pericytes ), CS03n2-derived pericyte-
like cells ( +CS03n2), H9-derived pericyte-like cells ( + H9), 
or IMR90C4-derived pericyte-like cells ( +IMR90C4). 
Hoechst nuclear counter stain (blue) is also included. Scale 
bars: 200 µm. D) Representative bright field images of 
HUVECs alone or cultured with the various cell types. Scale 
bars: 200 µm. E) Quantification of the average segment 
lengths from bright field images in panel D. Plotted are 
means ±SD of three imaging fields from one well. *P<0.05 
vs. hBMEC monoculture; ANOVA followed by D=ett's 
test. F) Quantification of the number of segments per field 
normalized to hBMEC monoculture from bright field images 
in panel D. Plotted are means ±SD of three imaging fields 
from one well. *P<0.05 vs. HUVEC monoculture; ANOVA 
followed by Dunnett's test. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Abbreviations: blood-brain barrier, BBB; brain microvas-
cular endothelial cells, BMECs; central nervous system, 
CNS; E6 medium supplemented with CHIR99021, 
SB431542, FGF2, and dorsomorphin, E6-CSFD; endothe
lial growth factor medium 2, EGM-2; human embryonic of internalized dextran. Hoechst nuclear counter stain (blue) 

is also included. Scale bar: 10 µm. 55 stem cells, hESCs; human pluripotent stem cells, hPSCs; 
induced pluripotent stem cells, iPSCs; neural crest stem 
cells, NCSC; neurovascular unit, NVU; vascular smooth 
muscle cells, vSMCs 

FIGS. llA-llC. Measurement of the effects of hPSC
derived pericyte-like cells on primary rat BMEC pheno
types. A) TEER profile of primary rat BMECs either in 
monoculture or co-culture with primary brain pericytes, 
IMR90C4-derived pericyte-like cells, or 3T3s. Plotted are 60 

means ±SD of three Transwells from a single rat BMEC 
isolation. *P<0.05 IMR90C4-derived pericyte-like cell co
culture vs. monoculture; # P<0.05 primary pericyte co
culture vs. monoculture; ANOVA followed by D=ett's 
test. B,C) Accumulation (B) or transcytosis (C) of Alexa 65 

488-tagged 10 kDa dextran in primary rat BMECs following 
co-culture with cell types as described in A. All results 

In General 
As discussed above, brain pericytes play an important role 

in the formation and maintenance of the neurovascular unit 
(NVU), and their dysfunction has been implicated in central 
nervous system (CNS) disorders. While human pluripotent 
stem cells (hPSCs) have been used to model other compo
nents of the NVU including brain microvascular endothelial 
cells (BMECs ), astrocytes, and neurons, cells having brain 
pericyte-like phenotypes have not been described. 
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In the work supporting the present application, we gen
erated neural crest stem cells (NCSCs ), the embryonic 
precursor to forebrain pericytes, from human pluripotent 
stem cells (hPSCs) and subsequently differentiated NCSCs 
into brain pericyte-like cells. The brain pericyte-like cells 5 

expressed marker profiles that closely resembled primary 
human brain pericytes but lack the ACTA2 marker, which is 
found in primary pericytes. As disclosed below in the 
Examples, the brain pericyte-like cells self-assembled with 
endothelial cells to support vascular tube formation. Impor- 10 

tantly, the brain pericyte-like cells also induced blood-brain 
barrier (BBB) properties in BMECs by at least 20%, pref
erably at least 30% or 50%, including barrier enhancement 
and reduction of transcytosis. Finally, brain pericyte-like 
cells were incorporated with iPSC-derived BMECs, astro- 15 

cytes, and neurons to form an isogenic human NVU model 
that should prove useful for the study of the BBB in CNS 
health, disease, and therapy. 

U.S. Ser. No. 13/793,466 (Publication US2017/025935), 
Ser. No. 13/218,123 (U.S. Pat. No. 8,293,495) and Ser. No. 20 

16/092,450 (Publication US2019/0093084) are drawn to 
related technology and should be incorporated by reference 
herein. U.S. Ser. No. 13/218,123 discloses a preferred 
method of creating an isogenic BBB model (i.e., all of the 
cell types present are derived for a single patient iPSC line), 25 

which comprises BMECs, neurons, and astrocytes. At the 
time Ser. No. 13/218,123 was filed, the inventors had not 
finalized their pericyte differentiation protocol, nor had they 
shown that the addition of pericytes to the BBB resulted in 
a functional improvement. U.S. Ser. No. 13/793,466 dis- 30 

closes an improved BBB model that incorporates retinoic 
acid (RA). Both of these disclosures provide context for the 
use of the pericyte-like cells of the present invention. 

The present invention also provides methods for obtaining 
a brain pericyte-like cell population and populations of the 35 

cells, including progenitor cells. The disclosure also include 
isogenic BBB models. 

Cell Populations 
In one embodiment, the present invention is a population 

of brain pericyte-like cells, wherein the cells expresses 40 

pericyte markers but do not express ACTA2 and wherein the 
cells are generated from hPSC. 

By "pericyte markers," we mean the markers listed in the 
Examples below, including FIG. 2 (e.g., 2E and 2B). Note 
that the brain pericyte-like cells of the present invention do 45 

not express detectable ACTA2 (see FIG. 2B). Exemplary 
pericyte markers include CNN!, NG2, and PDGFRB. For 
example, the brain pericyte-like cells of the present inven
tion are NG2+ PDGFRB+ ACTA2- cells. Exemplary peri
cyte markers that are expressed on the brain pericyte-like 50 

cells of the invention demonstrated in FIG. 2E and FIG. 9A 

10 
populations are also known in the art. For example, flow 
cytometry is typically used to determine the fraction of cells 
in a given cell population that express (or do not express) a 
protein marker of interest (e.g., NG2, PDGFRB). In some 
cases, cell populations obtained by the differentiation meth
ods of this disclosure comprise at least 80%, 85%, 90%, 
95% and preferably at least 98% NG2+PDGFRB+ACTA2-
brain pericyte-like cells. 

The Examples below describe suitable hPSC lines. The 
human pluripotent stem cells may be embryonic stem cells 
or induced pluripotent stem cells (iPSCs ). The present 
invention is also meant to employ iPSC lines are that 
developed from individual patients or disease models. 

As used herein, "pluripotent stem cells" appropriate for 
use according to a method of the invention are cells having 
the capacity to differentiate into cells of all three germ 
layers. Suitable pluripotent cells for use herein include 
human embryonic stem cells (hESCs) and human induced 
pluripotent stem cells (iPSCs). As used herein, "embryonic 
stem cells" or "ESCs" mean a pluripotent cell or population 
of pluripotent cells derived from an inner cell mass of a 
blastocyst. See Thomson et al., Science 282:1145-1147 
(1998). These cells express Oct-4, SSEA-3, SSEA-4, TRA-
1-60 and TRA-1-81, and appear as compact colonies having 
a high nucleus to cytoplasm ratio and prominent nucleolus. 
ESCs are commercially available from sources such as 
WiCell Research Institute (Madison, Wis.). As used herein, 
"induced pluripotent stem cells" or "iPSCs" mean a pluripo
tent cell or population of pluripotent cells that may vary with 
respect to their differentiated somatic cell of origin, that may 
vary with respect to a specific set of potency-determining 
factors and that may vary with respect to culture conditions 
used to isolate them, but nonetheless are substantially 
genetically identical to their respective differentiated 
somatic cell of origin and display characteristics similar to 
higher potency cells, such as ESCs. See, e.g., Yu et al., 
Science 318:1917-1920 (2007), incorporated by reference in 
its entirety. Induced pluripotent stem cells exhibit morpho
logical properties ( e.g., round shape, large nucleoli and scant 
cytoplasm) and growth properties (e.g., doubling time of 
about seventeen to eighteen hours) akin to ESCs. In addi-
tion, iPSCs express pluripotent cell-specific markers (e.g., 
Oct-4, SSEA-3, SSEA-4, Tra-1-60 or Tra-1-81, but not 
SSEA-1). Induced pluripotent stem cells, however, are not 
immediately derived from embryos. As used herein, "not 
immediately derived from embryos" means that the starting 
cell type for producing iPSCs is a non-pluripotent cell, such 
as a multi potent cell or terminally differentiated cell, such as 
somatic cells obtained from a post-natal individual. 

The present invention provides an in vitro population of 
brain pericyte-like cells derived from human pluripotent 
stem cells, wherein the brain pericyte-like express pericyte 
markers but do not express ACTA2. In one embodiment, the 
pericyte markers include one or more of the following 

include expression of one or more transcripts of pericyte 
markers selected from the group consisting of CSPG4, 
PDGFRB, CNN!, TAGLN, ANPEP, TBX18, ABCC9 and 
KCNJS. In one suitable example, the brain pericyte-like 
cells express the transcripts of at least ABCC9 and KCNJ8. 

Any appropriate method can be used to detect expression 

55 markers CNN!, NG2, and PDGFRB. In a preferred 
example, the in vitro derived population is NG2+PDGFRB+ 
brain pericyte-like cells. Alternatively, the in vitro derived 
population is NGYPDGFRB+ ACTA2- population of cells. 
The methods described below for generating the brain 

of biological markers characteristic of cell types described 
herein. For example, the presence or absence of one or more 
biological markers can be detected using, for example, RNA 
sequencing, immunohistochemistry, polymerase chain reac
tion, qRT-PCR, or other technique that detects or measures 
gene expression. Suitable methods for evaluating the above
markers are well known in the art and include, e.g., qRT
PCR, RNA-sequencing, and the like for evaluating gene 65 

expression at the RNA level. Quantitative methods for 
evaluating expression of markers at the protein level in cell 

60 pericyte-like cells provide a substantially pure population of 
cells, for example, the methods provides a population that is 
at least 90% NGYPDGFRB+. 

As described more in the examples below, the brain 
pericyte-like cells further express calponin and SM22a but 
do not express a-SMA, distinguishing the cells from smooth 
muscle and other cell types. The hPSC-derived brain peri-
cyte-like cells generated by the methods described herein 
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express one or more transcripts of pericyte markers selected 
from the group consisting of CSPG4, PDGFRB, CNN!, 
TAGLN, ANPEP, TBX18, ABCC9 and KCNJS. These 

12 
Methods 

hPSC-derived brain pericyte-like cells are capable of induc
ing pericyte-driven phenomena in BMEC, including the 5 

enhancement of barrier properties (e.g., increased TEER for 
the BMECs) and reduction of transcytosis ( e.g., reduction in 
the ability to transport molecules across the in vitro made 
BMEC barrier). 

The brain pericyte-like cells of the present invention 10 

typically are capable of associating with vascular networks. 

In another embodiment, the present invention is a method 
of creating a population of brain pericyte-like cells, wherein 
the cells express pericyte markers but do not express ACTA2 
and wherein the cells are generated from hPSC. In general, 
the method comprises the steps described below in the 
Examples. Typically, the method begins with culturing or 
maintaining hPSC in ES medium. In some embodiments, 
this culture step is on coated plates, for example, Matrigel™ 
coated plates. The Examples below contain a description of 
ES medium and a typical method of media preparation. The 
Examples below disclose a preferred method of singulariz-

In the Example and as demonstrated in FIG. 4, the brain 
pericyte-like cells can self-assemble with HUVECs to form 
vascular cords and a method of measuring this phenomenon. 

15 
This is an important component of pericyte function. In one 
embodiment, the present disclosure provides in vitro vascu-

ing the cells using Accutase and preferred seeding densities. 
As used herein, the terms "ES culture medium" and "ES" are 
used interchangeably and refer to a chemically defined 
culture medium comprising or consisting essentially of 
DF3S supplemented by the addition of insulin (20 µg/mL), 
transferrin (10.67 ng/mL), human FGF2 (100 ng/mL), and 
human TGF~l (Transforming Growth Factor Beta 1) (1.75 lar tubes comprising NG2+PDGFRB+ACTA2- brain peri

cyte-like cells derived from PSCs and human umbilical vein 
endothelial cells (HUVECs) or immortalized human 20 

BMECs (hBMECs ). 

ng/mL). The medium can be prepared based on the formula 
in previous publication (Chen et al., (2011) Nature Methods. 
8(4), 424-429). As an alternative, the medium is also avail-

The present invention provides methods of in vitro pro
ducing vascular cords for study. The hPSC-derived brain 
pericyte-like cells are plated on coated plates (e.g., MATRI
GEL™, vitronectin, a vitronectin fragment, or a vitronectin 
peptide, or Synthemax® coated plates, preferably MATRI
GEL™) with human umbilical vein endothelial cells (HU
VECs, e.g., CD31+HUVECs) or immortalized human 
BMECs (hBMECs) self-associated with HUVECs and 
hBMECs much like primary human brain pericytes (FIG. 
4B-C; FIG. 13B-C). After 24 hours in co-culture, hPSC
derived pericyte-like cells exhibited high NG2 expression 
and aligned along the CD31 + endothelial cell cord perimeter 
and developed pericyte-like morphology with stellate
shaped bodies and extended cell processes (FIG. 4B-C). The 
hPSC-derived brain pericyte-like cells cocultured with 
which HUVECs or hBMECs yielded fewer yet longer and 
more developed cord networks (FIG. 4C-F, 13C-F) when 
compared to HUVECs or hBMECs alone and HUVECs or 
hBMECs in co-culture with control HEK293 cells (which 
yielded many small branching cords). Culture conditions 
include plating the hPSC-derived brain pericyte-like cells at 
a ratio of3:1 (suitable ratios range from 4:1 to 2.5:1), in 
EGM-2 medium for at least 24 hours. 

Additionally, the brain pericyte-like cells of the present 
invention typically are capable of inducing pericyte-driven 
phenomenon in BMEC. Most importantly, this would 
include the enhancement of barrier properties and reduction 
oftranscytosis. For example, FIG. 5 shows the measurement 
of the effects of the brain pericyte-like cells of the present 
invention on BBB phenotypes. Briefly, hPSC-derived brain 
pericyte-like cells are co-cultured in a transwell system ( e.g., 
polystyrene transwell filters with a 0.4 µm pore size) with 
iPSC-derived BMECs in endothelial cell (EC) medium 
without FGF2. The transwell coculture system is depicted in 
FIG. SA, showing an upper compartment separated by a 
transwell insert containing a microporous semi-permeable 
membrane that separates the cells in the upper compartment 
(e.g., CD31+iPSC-derived BMECs) from the cells in the 
lower compartment (e.g., the NG2+PDGFRB+hPSC-de
rived brain pericyte-like cells of the present invention). 
Suitable EC medium are known in the art and commercially 
available (e.g., available from Promocell, R&D Systems, 
Sigma-Aldrich, ScienCell Research Laboratories, Lonza, 
among others), 
In one embodiment, the present invention is a population of 
NCSC cells prepared by the method described below. 

able from ThermoFisher/Life Technologies Inc. as Essential 
8, or from Stem Cell Technologies as TeSR-ES. 

Further differentiation steps include using E6 medium that 
25 is described herein and in U.S. Patent Publication No. 

2014/0134732. Preferably, the chemically defined medium 
comprises DMEM/F-12. E6 medium contains DMEM/F12; 
L-ascorbic acid-2-phosphate magnesium (64 mg/1); sodium 
selenium (14 µg/1); insulin (20 mg/1); NaHCO3 (543 mg/1); 

30 and transferrin (10.7 mg/1). E6-CSFD is E6 medium supple
mented with CHIR99021, SB431542, FGF2, and dorsomor
phin. Suitable ranges of the factors are for inclusion in E6 
medium to produce E6-CSFD media includes, for example, 
about 0.5-5 µM CHIR99021 (preferably 1 µM), a GSK3~ 

35 inhibitor to promote WNT signaling; 5-20 µM SB431543 
(preferably 10 µM), an ALK5 antagonist to inhibit Activin/ 
Nodal/TGF~ signaling; 5-100 ng/ml FGF2 (preferably 10 
ng/mL); and about 0.5-2 µM dorsomorphin (preferable 1 
µM), a BMP type I receptor inhibitor. One exemplary 

40 formulation of E6-CSFD is 1 µM CHIR99021; 10 µM 
SB431543; 10 ng/mL FGF2 (E6-CSF); and 1 µM 
CHIR99021, and 1 µM dorsomorphin. 

One would then culture the in vitro hPSCs described 
above in E6-CSFD medium for about 15 days to produce a 

45 population comprising NCSCs. Suitable, the cells can be 
cultured for at least 15 days, and can be maintained in 
culture to about 60 days. 

One would then typically sort and re-plate the NCSC 
cells, which express HNKl and p75-NGFR (e.g., p75-

50 NGFR +HNKl + NCSCs) and can be differentiated to various 
mesenchymal derivatives such as osteocytes, adipocytes and 
chondrocytes under different culturing conditions as 
described in the Examples below. 

One would then culture the NCSC cells (e.g., p75-NGFR+ 
55 HNKl + NCSCs) in E6 medium with an addition of serum 

(preferably 1-10%) for about 11 days, wherein a population 
of PSC-derived brain pericyte-like cells that express pericyte 
markers but do not express ACTA2 can be isolated, this cell 
population is described in more detail above. These could be 

60 further cultured as brain pericyte-like cells for about 30 
additional days (e.g., from 11 to 41 days). 

In one embodiment, a method of creating a population of 
p75-NGFR+HNK+NSCs from human pluripotent stem cells 
is provided. The method comprises culturing hPSC in 

65 E6-CSFD medium for about 15 days to produced p75-
NGFR+HNK+NCSC cells, subsequently sorting p75-
NGFR+ cells from the population and re-plating the p75-
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NGFR+ cells of step to produce a population ofp75-NGFR+ 
NCSCs. Methods of sorting the p75-NGFR+ cells are known 
to one skilled in the art and include, but are not limited to, 
fluorescence activated cell sorting (FACS) and magnetic
activated cell sorting (MACS), among others. A preferred 5 

method of sorting the cells is MACS. 
The population of cells produced from PSCs is a p75-

NGFR+HNK+ AP-YNCSCs which are able to be maintained 
in culture, e.g., the cells are able to double at least 5 times 
in culture and still maintain expression p75-NGFR+·HNK+, 10 

and AP-Y within the cells. These NCSCs are able to be 
maintained in culture for at least five passages and maintain 
NGFRIINK+ AP-Y marker expression and do not express 
pericyte markers (e.g., NG2-, PDBGFR-, etc). These 
NCSCs produced by the method described herein are able to 15 

maintain the potential to differentiate into neurons and 
mesenchymal cells, as demonstrated in the Examples below. 

In vitro derived hPSC-derived brain pericyte-like cells 
can be produced from these NCSC cells. The method of 
producing hPSC-derived brain pericyte-like cells (e.g., 20 

NG2+PDGFRB+ hPSC-derived brain pericyte-like cells) 
comprises culturing the NCSC cells (e.g., p75-NGFR+ 
HNK+ AP-2+NCSCs) in E6 media with an addition of 1-10% 
serum for about 11 days, wherein the NCSCs produce a 
population of brain pericyte-like cells that express NG2, and 25 

PDGFRB but do not express ACTA2. 
In another embodiment, the disclosure provides a method 

of creating a population ofhPSC-derived brain pericyte-like 
cells comprising the steps of(a) culturing hPSC in E6-CSFD 
medium for about 15 days to produced p75-NGFR+HNK+ 30 

NCSC cells, (b) sorting p75-NGFR+ cells and re-plating the 
p75-NGFR+ cells to produce a population of p75-NGFR+ 
NCSCs, and ( c) culturing the cells of step (b) in E6 media 
with an addition of 1-10% serum for about 11 days to 
generate a population of brain pericyte-like cells that express 35 

pericyte markers but do not express ACTA2 is produced. 
The population of hPSC-derived brain pericyte-like cells 
express one or more marker selected from the group con
sisting ofCNNl, NG2, and PDGFRB, e.g., NGYPDGFRB+ 
hPSC-derived brain pericyte-like cells. The population of 40 

brain pericyte-like cells can be further characterized by the 
express one or more transcripts of pericyte markers selected 
from the group consisting of CSPG4, PDGFRB, CNN!, 
TAGLN, ANPEP, TBX18, ABCC9 and KCNJ8. This 
method produces an hPSC-derived brain pericyte-like cell 45 

population that is at least 90% NGYPDGFRB+. 

14 
human pluripotent stem cells could be differentiated into 
brain microvascular endothelial cells (BMECs ). In another 
previous U.S. patent application (Ser. No. 13/793,466, U.S. 
Patent Publication No. 2014/0127800, incorporated herein 
by reference). 

The BBB model contemplated herein would be entirely 
derived from in vitro hPSC-derived cells. The hPSC-derived 
brain pericyte-like cells described herein can be used in the 
BBB model using a transwell system to coculture BMECS 
and supporting cells (e.g., pericytes,) mimic a blood brain 
barrier using in vitro iPSC-derived BMECs (CD31 + 
BMECs ). This model is described in US that provide Ser. 
No. 13/793,466. BBB models can be used to help elucidate 
the role of the BBB in brain development, function, and 
disease, and to develop potential therapeutic approaches. 
However, BBB models using primary and transformed 
BMECs tend to de-differentiate and lose their barrier prop
erties once they are removed from the brain microenviron
ment and often exhibit sub-par BBB phenotypes (Weksler et 
al. 2005, Forster et al. 2008, Man et al. 2008, Calabria & 
Shusta 2008). The brain pericyte-cells of the present inven
tion would allow for the use of a fully in vitro derived BBB 
from hPSCs. 

Examples 

Directed Differentiation of hPSCs to NCSCs in Low 
Protein Medium 

We first assessed the capability of E6, a reduced factor 
medium, to support differentiation of H9 human embryonic 
stem cells (hESCs) and IMR90C4 and CS03n2 induced 
pluripotent stem cells (iPSCs) to NCSCs. H9 hESCs were 
cultured for 15 days in E6 medium supplemented with 
heparin and pathway modulators previously implicated in 
hPSC differentiation to NCSCs (48): 1 µM CHIR99021, a 
GSK3~ inhibitor to promote WNT signaling; 10 µM 
SB431543, an ALK5 antagonist to inhibit Activin/Nodal/ 
TGF~ signaling; and 10 ng/mL FGF2 (E6-CSF). However, 
E6-CSF failed to produce p75-NGFR+/HNK1 + NCSCs, and 
increasing CHIR99021 concentration (2 µM) did not aid in 
inducing p75-NGFR expression (FIG. 7A). 

BMP signaling during hPSC differentiation to NCSC can 
inhibit NCSC formation, and WNT signaling activation can 
induce downstream BMP signaling in hPSCs ( 46); however, 
the requirement of BMP inhibition in NCSC differentiation 
has been variable ( 42, 46). To examine the effects of BMP 
inhibition on hPSC differentiation to NCSCs in minimal 
medium, E6-CSF medium was supplemented with 1 µM 

As discussed above, these hPSC-derived brain pericyte
like cells can be used in a variety of assays and models, 
including an isogenic human NVU model and an isogenic 
BBB model. 

An Isogenic BBB Model 
In another embodiment, the present invention is a BBB 

model created by the method disclosed in U.S. Ser. No. 
13/793,466 (US2017/025935) or any other method of using 
pericytes in the creation of a BBB model (multicellular BBB 
model). Most preferably, the model is an isogenic model. 
The term "isogenic" as used herein, refers to cells originat
ing or differentiated from the same subject or same line of 
human pluripotent stem cells (hPSCs). The cells are not 
exposed to cells of an alternate genetic origin as the model 
is being prepared. In the present invention, hPSC derived 
brain pericyte-like cells are co-cultured with BMECs 
derived from the same hPSC source to create an isogenic 
blood brain barrier model. 

50 dorsomorphin, a BMP type I receptor inhibitor, to generate 
E6-CSFD. With BMP inhibition, H9 hESCs progressed to 
p75-NGFR+/HNK1 + NCSCs that also expressed AP-2 after 
15 days of E6-CSFD treatment (FIG. lA-C,J; FIG. 7D,E). 
E6-CSFD also drove NCSC formation in IMR90C4 and 

55 CS03n2 iPSC lines (FIG. lJ; FIG. 7B-E). H9 and CS03n2 
hPSCs yielded cultures comprising -90% NCSCs, while 
purity of IMR90C4-derived NCSCs was frequently lower 
(FIG. 11). Temporal mRNA analysis confirmed loss of 
pluripotency by D15 ofE6-CSFD treatment, as indicated by 

60 loss ofNANOG and POU5Fl pluripotency transcripts (FIG. 
lD; FIG. 7F). In addition, after 15 days of E6-CSFD 
treatment, the differentiation mixture expressed NCSC-as
sociated transcripts, including TFAP2A, SOX9, SOXl0, 

In a previous U.S. patent application (Ser. No. 13/155, 65 

435, U.S. Patent Publication No. 2012/0015395, incorpo
rated herein by reference), Applicants demonstrated that 

B3GAT1 (HNKl) and NGFR (FIG. lD; FIG. 7F). At D15 of 
E6-CSFD treatment, cells had undergone approximately 7 
population doublings (FIG. lE), corresponding to over 100 
NCSCs per input hPSC. 
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To purify NCSCs from the differentiation cultures, day 15 
NCSCs were positively selected using anti-p75-NGFR mag
netic activated cell sorting (MACS). MACS enriched p'75-
NGFR+HNK1 + NCSC populations above 95% for all three 
hPSC lines tested (FIG. lF,J; FIG. 7G,H). Sorted NCSCs 5 

retained p75-NGFR and HNKl expression following replat
ing (FIG. lG). In addition, treating NCSCs with N2 medium 
supplemented with BDNF, GDNF, NT-3, and NGF-~ 
yielded ~III-tubulin+/peripherin+ peripheral neurons (FIG. 
lH; FIG. 71). We additionally expanded sorted NCSCs for 10 

11 days and then differentiated these cells to mesenchymal 
derivatives: Oil Redo+ adipocytes were obtained by treating 
NCSCs with insulin, IBMX, and dexamethasone, Alcian 
blue+ chondrocytes using pellet culture and TGF~ I-contain-

15 
ing chondrogenic medium, and Alizarin red+ osteocytes 
using dexamethasone, glycerophosphate, and ascorbic acid 
(FIG. 11; FIG. 7J). Taken together, these data demonstrate 
that reduced factor, low protein E6-CSFD medium directs 
hPSCs to NCSCs over a 15-day differentiation period, and 20 

that MACS-purified NCSCs retain the potential to form 
NCSC derivatives. 

Serum Treatment Directs hPSC-Derived NCSCs to Mural 
Cell Lineages 

16 
this procedure yielded a roughly ten-fold expansion in mural 
cells (9.5±1.3 mural cells per sorted NCSC for six indepen
dent differentiations). 

To further probe the transition ofhPSC-derived NCSCs to 
pericyte-like cells, we examined the temporal evolution of 
transcripts that have been associated with pericytes and 
other mural cells. H9 hESCs expressed CNN! (calponin) 
and TAGLN (SM22a), which encode contractile proteins 
implicated in early mural cell differentiation ( 41 ), as did 
NCSCs and mural cells (FIG. 2E). At D16, replated hPSC
derived NCSCs expressed SM22a but calponin expression 
was not observed (FIG. 2G; FIG. SF,K). By D22, differen
tiating hPSC-derived NCSCs exhibited calponin/SM22a 
coexpression with cellular localization to contractile fibers 
(FIG. 2G; FIG. SF,K). Interestingly, smooth muscle actin 
(a-SMA) was not detected in D22 cells treated with 
E6+10% FBS, although serum transiently increased abun
dance of the transcript (ACTA2) before downregulation 
(FIG. 2E,H; FIG. SG,L; FIG. 9F). In contrast, NCSCs 
treated with E6 alone or E6 plus PDGF-BB and TGF~l 
expressed a-SMA in addition to calponin and SM22a (FIG. 
9A,B). In addition, these cells exhibited a morphology 
similar to smooth muscle cells, with large cell bodies and 
distinct cell borders, whereas the cells differentiated in 

We subsequently identified differentiation conditions 
capable of driving NCSCs to mural cell lineages (FIG. 2A), 
as defined by coexpression of PDGFR~ and NG2 (40, 49). 
PDGFR~ was expressed in D15 NC SCs (FIG. 2C) and in 
replated cells one day following MACS (D16), but NG2 
expression was absent in both of these cell populations (FIG. 
2C,F). Given the importance of platelet-derived growth 
factor-BB (PDGF-BB) and TGF~l in mural cell develop
ment ( 50, 51 ), we first tested if these factors could induce 
NG2 expression in NCSCs while also maintaining PDGFR~ 
expression. Culture of NCSCs for six days in E6 medium 
generated cells that were PDGFR~ positive but NG2 expres
sion was not observed (FIG. 2B). Supplementation of E6 
medium with PDGF-BB and TGF~l did not induce NG2 
expression. However, when E6 medium was supplemented 
with 10% FBS, resultant cells expressed both PDGFR~ and 
NG2 (FIG. 2B). Comparing differentiation in E6+10% FBS 
on uncoated tissue culture polystyrene (TCPS) to gelatin
coated TCPS, which has previously been reported as con
ducive to mural cell differentiation (52), the uncoated sub
strate yielded a qualitatively larger fraction of cells that 
expressed PDGFR~ and NG2 (FIG. 2B). Given the capacity 
for E6+ 10% FBS on uncoated substrate to direct hPSC
derived NCSCs to PDGFR~+/NGY mural cells, we further 
evaluated these cells. 

25 E6+ 10% FBS were smaller with numerous projections remi
niscent of cultured primary brain pericytes (FIG. 2G,H). 
After extended culture in E6+ 10% FBS (D45), the resultant 
cells continued to be PDGFR~+/NG2+ and expressed cal
ponin and SM22a while a-SMA was still absent (FIG. 

30 9C-E). Primary human brain pericytes expressed all three 
contractile proteins, and had a morphology similar to the 
serum treated NCSC-derived mural cells (FIG. 2F -H). CD 13 
and desmin were expressed both in D16 NCSCs and D22 
mural cells, while primary brain pericytes expressed desmin 

35 but CD13 expression was weak (FIG. 2I,J; FIG. SH,I,M-R). 
Additional transcript analysis was used to further charac

terize the differentiation process. The mural cell marker, 
ANPEP (CD13), was expressed throughout the differentia
tion process. While PDGFRB, CSPG4 (NG2), CNN!, 

40 TAGLN, ANPEP, and TBX18 are mural cell markers 
expressed throughout the body, FOXF2 and ZIC! have been 
suggested as being selectively expressed in brain mural cells 
(53-55). Accordingly, given the NCSC origin of the mural 
cells, FOXF2 and ZIC! were induced during the differen-

45 tiation (FIG. 2E; FIG. 9F). Until recently, it has been difficult 
to use markers to distinguish pericytes from smooth muscle 
cells in brain; however, it has been suggested that ABCC9 
and KCNJS are two transcripts having selective expression 
in brain pericytes as compared to smooth muscle (40, 49). 

50 ABCC9 levels were biphasic with strong expression in D15 
NCSC and then a re-induction in D25 mural cells. KCNJS 

The temporal evolution of hPSC-derived NCSCs to 
PDGFR~+/NGY mural cells using E6+10% FBS was exam
ined over a 9 day period (D16-D25). At D15 of differentia
tion, 92.4±1.1 % ofH9-derived NCSCs expressed PDGFR~, 
and after 9 days of serum treatment, nearly all cells were 
PDGFRI3+ (99.6±0.2%) (FIG. 2C-D), with expression of 55 

PDGFRB transcript present in D15 NCSCs and throughout 
the differentiation in serum (FIG. 2E). In contrast, despite 
the fact that the NG2-encoding CSPG4 transcript was 
expressed in D15 NCSCs (FIG. 2E), NG2 protein was not 
detected at this time point by flow cytometry (FIG. 2C). 60 

However, the percentage of cells expressing NG2 increased 
over the 9 day differentiation period, with nearly all cells 
becoming NG2+ (99.4±0.3% at D25, P<0.05 vs. D15) (FIG. 
2C-D). The E6+10% FBS differentiation scheme also gen
erated at least -90% PDGFRI+ and NGY cells in IMR90C4- 65 

and CS03n2-derived NCSCs following nine days of 
E6+10% FBS treatment (D25; FIG. lJ; FIG. SA-D). At D22, 

was expressed fairly uniformly throughout the differentia
tion process (FIG. 2E). Similar results were observed for 
mural cells derived from IMR90C4- and CS03n2-derived 
NCSCs, although the IMR90C4 mural cells had weaker 
ZIC! and ABCC9 signatures (FIG. 9F). Overall, the tran
script profile of mural and pericyte-associated genes in the 
NCSC-derived mural cells was qualitatively very similar to 
that of primary human brain pericytes (FIG. 2E). 

We next used RNA-sequencing (RNA-seq) to quantify 
global gene expression in NCSC-derived mural cells and to 
evaluate the temporal emergence of a pericyte-like popula
tion. As expected, unbiased hierarchical clustering based on 
expression (fragments per kilobase of transcript per million 
mapped reads, FPKM) of all transcripts revealed the highest 
similarity between NCSC-derived mural cells generated 
from three independent differentiations from H9 hESCs as 
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well as the two differentiations from IMR90C4 and CS03n2 
iPSCs (FIG. 3A, D25 sample cluster). The Pearson corre
lation coefficients comparing transcript expression in H9-de
rived mural cells at D25 to the two replicate H9 differen
tiations were 0.99 and 0.98 (D25 H9-A versus D25 H9-B or 
H9-C, P<0.0001). Moreover, the Pearson correlation coef
ficients comparing the mural cells derived from the H9 
hESC line to those derived from IMR90C4 and CS03n2 
iPSCs were both 0.97 (D25 H9-A versus D25 IMR90 or 10 
CS03, P<0.0001). Collectively, these data indicate a highly 
reproducible differentiation procedure amongst replicated 
differentiations and hPSC lines. Furthermore, NCSC-de
rived mural cells at D25 clustered more closely with primary 
brain pericytes than with D15 NCSCs, D55 NCSCs that had 15 

been maintained in E6-CSFD following MACS, or hPSCs 
(FIG. 3A). The Pearson correlation coefficient between the 
average transcript expression of all D25 NCSC-derived 
mural cell samples and the average of the primary pericyte 20 
samples was 0.89 (P<0.0001), suggesting strong positive 
association between NCSC-derived mural cells and primary 
human pericytes. Consistent with RT-PCR experiments 
(FIG. lD; FIG. 2E), temporal analysis of transcript expres
sion demonstrated downregulation of pluripotency markers 25 

NANOG and POU5F 1, and transient upregulation ofNGFR, 
B3GAT1, SOX9, and SOX/0, as well as the cranial neural 
crest marker ETSI, in D15 NCSCs (FIG. 3B). We also 
observed gradual induction of CSPG4, PDGFRB, CNN!, 

30 
TAGLN, ANPEP, TBX18, ABCC9, and KCNJ8 over the 
time course of E6+ 10% FBS treatment, and transient 
upregulation of ACTA2, DES, ADGRA2 (GPR124), and 
FOXF2 (FIG. 3B). Expression levels of CSPG4, PDGFRB, 
CNN!, TAGLN, FOXF2, ABCC9, KCNJ8, DES, and 35 

ADGRA2 were similar in NCSC-derived mural cells and 

18 
TABLE 4 

Pericyte-enriched genes identified by single cell RNA-sequencing 
in mouse39 with human homologs 

FPKM 

hPSC-
Gene Primary derived* 

ABCC9 0.3 0.1 
AGAP2 0.0 0.0 
ANK2 9.6 2.3 
ANO4 0.2 2.5 
APOD 0.2 0.6 
APOE 42.9 25.6 
ARHGAP31 3.4 7.6 
COROlB 68.4 56.1 
ECEl 58.7 31.0 
EMCN 3.3 1.7 
FAM118B 0.0 0.0 
FBLNl 24.7 112.0 
FLT! 4.7 7.6 
FOXF2 4.4 0.9 
GGTl 104.8 181.9 
GPR4 5.4 4.6 
IFI30 18.4 17.2 
IGF2 0.3 14.0 
ITIH5 2.6 0.2 
ITM2A 0.3 3.9 
JUP 6.4 20.8 
KCNJ8 0.8 0.3 
LGALS9 5.1 3.4 
NODAL 0.1 0.1 
NRXN2 2.5 0.8 
NXPH4 30.3 0.4 
PCDHGC3 0.0 0.0 
PDE2A 0.6 0.1 
PDE8A 6.5 6.0 
PHCl 0.0 10.8 
PHLDBl 28.5 28.8 
PLOD! 189.1 145.8 
POR 33.4 28.4 
PPPlCC 40.7 82.8 
PREX2 0.0 0.0 
SEPPI (SELENOP) 19.8 1.4 
SFRP2 0.0 16.7 
SLC22A8 0.0 0.0 
SLC6A13 0.4 0.1 
SPPl 0.96 11.6 
ST8SIA4 0.0 0.3 
SYNEl.2 (SYNEl) 16.9 6.0 
TNFRSF19 0.4 13.6 
TRPC3 0.2 0.1 
TTLL3 160.3 210.9 
UCHLl 739.1 415.9 
Number with FPKM " 1 26 29 

* Average of all D25 hPSC-derived pericyte-like cell differentiations (H9 A-C, CS03n2 and 
IMR90C4) 

primary brain pericytes; however, consistent with the lack of 
a-SMA expression (FIG. 2H; FIG. SG,L), NCSC-derived 
mural cells expressed nearly 100-fold less ACTA2 transcript 

40 
than primary pericytes (FIG. 3B). By D45, NCSC-derived 
mural cells retained expression of most markers at levels 
similar to D25 cells, while ANPEP, ABCC9, and KCNJ8 
expression further increased, suggesting these cells may 
continue to mature during extended culture in E6+ 10% FBS 45 

(FIG. 3B). Comparison of transcripts upregulated in NCSC
derived mural cells compared to their NCSC precursors 
revealed several enriched Gene Ontology (GO) terms 
including vascular development, blood vessel morphogen
esis, and extracellular matrix organization (FIG. 3C), indi
cating that differentiation is driving the progression from 
NCSCs to mural cells with vascular-associated transcript 
signatures. Of the 46 genes with human homologs identified 

50 
Brain Pericyte-Like Cells Assemble with Vascular Cord 

Networks 

as pericyte-enriched by single cell RNA-seq in mice ( 40), 29 55 

were expressed at or above 1 FPKM by NCSC-derived 
mural cells and 26 by primary pericytes (FIG. 3D; Table 4). 
Finally, NCSCs maintained in E6-CSFD retained neural 
crest marker expression and did not develop expression of 
pericyte markers (FIG. 12). Collectively, these data demon- 60 

strate that differentiation ofNCSCs in E6+10% FBS yielded 
a mural cell population that expressed pericyte-associated 
markers while closely mimicking primary brain pericytes at 
a transcriptome level. Thus, we refer to the NCSC-derived 65 
mural cells as brain pericyte-like cells throughout the 
remainder of the Example. 

Pericytes associate with endothelial cells and stabilize 
nascent vascular networks ( 51 ). To assess the ability of brain 
pericyte-like cells to self-assemble with endothelial cells, an 
in vitro endothelial cord forming assay was performed. A 3: 1 
mixture of primary pericytes or hPSC-derived brain peri
cyte-like cells (D22) and human umbilical vein endothelial 
cells (HUVECs) or immortalized human BMECs 
(hBMECs) was plated on Matrigel (FIG. 4A; FIG. 13A). H9, 
CS03n2 and IMR90C4-derived brain pericyte-like cells self
associated with HUVECs and hBMECs much like primary 
human brain pericytes (FIG. 4B-C; FIG. 13B-C). After 24 
hours, hPSC-derived pericyte-like cells exhibited high NG2 
expression and aligned along the CD31 + endothelial cell 
cord perimeter and developed pericyte-like morphology 
with stellate-shaped bodies and extended cell processes 
(FIG. 4B-C). Whereas HUVECs or hBMECs alone and 
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HUVECs or hBMECs in co-culture with control HEK293 
cells yielded many small branching cords, co-culture with 
the hPSC-derived brain pericyte-like cells or primary human 
brain pericytes yielded fewer, appreciably longer cords 
(FIG. 4C-F; FIG. 13C-F). These data demonstrate that 5 

hPSC-derived NCSC lineage mural cells exhibit pericyte
like association with endothelial cells leading to the forma
tion of more well developed cord networks. 

20 
Finally, to confirm that the effects ofhPSC-derived brain 

pericyte-like cells are not specific to BMECs derived from 
hPSCs, the induction of BBB barrier and transcytosis attri
butes was also evaluated in primary rat BMECs. Co-culture 
with IMR90C4-derived brain pericyte-like cells elevated the 
TEER in primary rat BMECs to the same level as observed 
with primary human brain pericytes (FIG. llA). In addition, 
co-culture with brain pericyte-like cells also reduced accu
mulation and transcytosis of 10 kDa dextran in primary rat Brain Pericyte-Like Cells Induce Blood-Brain Barrier 

Properties 10 BMECs (FIG. llB,C). In summary, these data indicate that 
hPSC-derived brain pericyte-like cells can induce BBB 
phenotypes including elevation of BMEC barrier tightness 
and reduction in transcytosis. 

To investigate if hPSC-derived brain pericyte-like cells 
can recapitulate key BBB inducing properties that have been 
observed in vivo, such as reduction in tight junction abnor
malities and transcytosis, we next co-cultured the pericyte
like cells with hPSC-derived BMECs generated as we 15 

previously described (56). When D22 brain pericyte-like 
cells were co-cultured with hPSC-derived BMECs, the 
BMEC barrier properties as measured by TEER were sub
stantially elevated, while co-culture with a non-inducing cell 
type (3T3) yielded no barrier enhancement (FIG. SA-B). 20 

TEER elevation by hPSC-derived brain-pericyte like cells 
was indistinguishable from that induced by primary human 
brain pericytes (FIG. SB). The TEER increases were accom
panied by a corresponding decrease in permeability to 
fluorescein, a hydrophilic, small molecule tracer (FIG. SC). 25 

After BMEC co-culture, the brain pericyte-like cells 
remained NGY/PDGFRI3+ (FIG. lOA), indicating their 
continued maintenance of mural identity. To determine tight 
junction changes that may drive the induction in BMEC 
barrier properties, the expression level and localization of 30 

tight junction proteins occludin and claudin-5 were evalu
ated in the BMECs. Expression levels of occludin and 
claudin-5 were unchanged by co-culture (FIG. lOB). In 
addition, quantitative immunocytochemical evaluation of 
occludin and claudin-5 indicated that the number of cells 35 

iPSC-Derived Brain Pericyte-Like Cells can be Integrated 
into an Isogenic NVU Model 

Previously, we demonstrated that sequential co-culture of 
iPSC-derived BMECs with primary pericytes and primary 
neural progenitor-derived astrocytes and neurons enhanced 
BMEC barrier tightness (30). Subsequently, iPSC-derived 
astrocytes and neurons were shown to induce barrier for
mation in iPSC-derived BMECs (34). Here, iPSC-derived 
brain pericyte-like cells were combined with iPSC-derived 
BMECs, astrocytes, and neurons to model the NVU. 
IMR90C4-derived BMECs were sequentially co-cultured 
with IMR90C4-derived brain pericyte-like cells and 
IMR90C4-derived astrocyte/neuron cultures (PNA) and 
compared to IMR90C4-derived BMEC monocultures or 
IMR90C4-derived BMECs co-cultured with pericytes (P) or 
astrocytes/neurons (NA) alone (FIG. 6A). All three co
culture conditions (P, NA, and PNA) significantly elevated 
TEER above monoculture (FIG. 6B). While neuron/astro-
cyte co-culture slightly elevated TEER above pericyte co
culture (720±84 Q·cm2 NA co-culture vs. 503±63 Q·cm2 P 
co-culture), the combination of pericyte and neuron/astro
cyte co-culture treatments further elevated BMEC TEER 
(1156±94 Q·cm2 vs. NA and P co-culture) (FIG. 6B). All 
three co-culture conditions yielded a five-fold reduction in 
sodium fluorescein permeability compared to monoculture 
conditions but no appreciable differences were observed 

possessing continuous tight junctions was unchanged upon 
treatment with pericyte-conditioned medium (FIG. SD-E; 
FIG. lOC). However, the percentage of cells with occludin 
tight junction abnormalities or fraying was substantially 
reduced by treatment with pericyte-conditioned medium 
(FIG. SF), correlating with the reduced permeability, while 
claudin-5 fraying remained unchanged (FIG. lOC). 

40 between separate co-culture treatment conditions (FIG. 6C), 
as has been reported previously for BMEC monolayers with 
TEER values exceeding 

500-600 Q·cm2 (30, 34, 57). These data demonstrate that 
iPSC-derived brain pericyte-like cells can be readily 
combined with iPSC-derived BMECs, astrocytes and 
neurons to form an isogenic model of the human NVU. 

Brain pericytes play essential roles in BBB formation and 
maintenance by regulating BMEC transcytosis, barrier fidel
ity, vascular structure and stability (5, 13, 14, 19-21). Here 

50 we report that mural cells can be differentiated from hPSC
derived NCSCs, and that these cells develop brain pericyte
like attributes. The brain pericyte-like cells can self-as
semble with endothelial cells in vitro and impact their 
vascular network structure. Moreover, the brain pericyte-

Next, the effects of brain pericyte-like cell co-culture on 
BMEC transcytosis properties were evaluated. To test non
specific molecular uptake and transcytosis in BMECs, a 10 45 

kDa Alexa 488-tagged dextran was dosed into the apical 
Transwell chamber and accumulation into and transcytosis 
across the BMEC monolayer were quantified. After BMEC 
culture with medium conditioned by hPSC-derived brain 
pericyte-like cells, confocal imaging indicated a qualitative 
decrease in intracellular dextran uptake in punctate vesicular 
structures, similar to that observed with primary human 
brain pericytes; whereas, medium conditioned by 3T3 con
trol cells had no effect (FIG. lOD). Indeed, quantification of 
dextran accumulation in BMECs co-cultured with brain 
pericyte-like cells or primary brain pericytes indicated that 
BMEC accumulation was reduced by about 30% (FIG. SG). 
These differences in accumulation translated to a corre
sponding 30% decrease in 10 kDa dextran transcytosis upon 
pericyte co-culture (FIG. SH). In contrast, when 10 kDa 60 

dextran transport was measured at 4 ° C., conditions that 
significantly inhibit vesicular transcytosis processes, peri
cyte co-culture did not affect dextran transport compared to 
3T3s or hPSC-derived BMEC monoculture (FIG. SI), indi
cating that the observed decreases in dextran transport could 
not be ascribed to differences in paracellular transport result
ing from improved tight junction fidelity. 

55 like cells induce BBB properties, including barrier tighten
ing and reduction of transcytosis in BMECs. Finally, these 
cells can be incorporated into an isogenic iPSC-derived 
NVU model, with potential applications in patient-specific 
NVU modeling. 

During embryonic development, NCSCs are first speci-
fied at the interface between the neural plate and non-neural 
ectoderm, and subsequently reside in the dorsal neural tube 
before migrating throughout the embryo and differentiating 
to diverse cell types (58). Previous NCSC differentiation 

65 protocols have relied on differentiating hPSCs to neuroec
toderm and subsequently isolating NCSC subpopulations 
(41, 47), or have used a directed WNT activation and 
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activin/nodal inhibition approach to obtain NCSCs (46, 59, 
60). We chose to utilize the latter approach given its sim
plicity and potential for highly enriched NCSC populations. 
BMP signaling activation was previously shown to inhibit 
NCSC formation ( 46); however, the need to inhibit BMP 5 

signaling during NCSC differentiation has been variable ( 42, 
46). Here, when the differentiation strategy was adapted to 
minimal E6 medium, inhibition of BMP signaling was 
necessary to efficiently direct hPSCs to p75-NGFR+/HNK1 + 
NCSCs. The NCSCs differentiated in E6-CSFD medium 10 

were a highly enriched population of multipotent cells 
having the capacity to form mesenchymal derivatives and 
peripheral neurons using multiple hPSC lines. 

22 
extended culture times. RNA-sequencing also indicated a 
transcriptome-wide similarity to primary human brain peri
cytes and expression of many genes identified as pericyte-
enriched by single cell RNA-sequencing in mouse ( 40). 
Taken together, the hPSC-derived brain-pericyte like cells 
had marker profiles that suggested the generation of cells 
similar to brain pericytes. 

While the marker expression suggested that the differen
tiation process generated brain pericyte-like cells, it is most 
important that the cells recapitulate key functional attributes 
of brain pericytes. When cultured with HUVECs or 
hBMECs, brain pericyte-like cells aligned along vascular 
cords and extended cell processes. Primary pericytes can 
stabilize endothelial cell cord formation in vitro (26). This 

15 phenotype was also observed with both primary human 
brain pericytes and hPSC-derived brain pericyte-like cell 
co-culture as indicated by reduced numbers of longer cords 
as has also been reported using hPSC-derived pericytes of 
mesenchymal origins (64). In addition to this more general 

A common approach to differentiate mural cells from 
NCSCs is to supplement basal medium with PDGF-BB and 
TGF~l (41, 42, 47). Resultant cells have been shown to 
express calponin, SM22a, and a-SMA (41, 42, 47), but two 
key mural cell markers, PDGFR~ and NG2 were not pre
viously examined. While differentiation of NCSCs in E6 
medium yielded PDGFR~+ cells, neither E6 medium nor E6 
medium supplemented with PDGF-BB and TGF~ 1 gener
ated cells expressing NG2. However, both calponin and 
SM22a were expressed even in the absence of growth factor 
supplementation. Instead, when E6 was supplemented with 
10% FBS, the differentiating cells acquired NG2 and 
PDGFR~ expression, and thus were classified as forebrain 
lineage mural cells ( 40, 49). Recent work demonstrated 
pericyte differentiation from hPSC-derived cranial neural 
crest cells using PDGF-BB, however 2-5% FBS was 
included in the differentiation medium (37). Thus, it is 
possible that the observed pericyte differentiation is medi
ated at least partially by FBS, consistent with our observa
tions. Alternatively, the requirement of PDGF-BB may 
reflect differences in initial neural crest phenotypes or basal 
media. While others have suggested the use of serum to 
drive mural cell differentiation from NCSC ( 46, 4 7), these 
studies generated cells that were smooth muscle actin posi
tive. In contrast, we did not observe substantial a-SMA 
expression in the differentiated mural cells, even after 
extended culture. Brain pericytes lining higher order capil
laries generally do not express a-SMA in vivo ( 40, 61, 62), 
although very recent evidence suggests that higher order 
pericytes may actually express low levels of a-SMA that are 
lost upon sample preparation (63). In addition, it is well 
known that upon fresh isolation, primary brain pericytes 45 

express a-SMA in 5-10% of cells, whereas after a few days 
in culture they become nearly uniformly a-SMA + (38, 39), 

20 pericyte phenotype, it was expected that a brain pericyte-like 
cell would impact the barrier and non-specific transcytosis 
properties of brain endothelial cells (13, 14). Indeed, BBB 
properties of both hPSC-derived BMECs and primary rat 
BMECs were substantially induced by co-culture with 

25 hPSC-derived brain pericyte-like cells, and these effects 
mimicked those induced by primary human brain pericytes. 
TEER was increased substantially as expected (13, 30). 
Correlating with this increased barrier function, pericyte 
co-culture decreased the number of frayed occludin tight 

30 junctions as seen previously for a variety of barrier inductive 
stimuli (29, 34, 66), but did not alter the expression levels of 
tight junction proteins occludin or claudin-5. These results 
mirror those in vivo where tight junction structure was 
altered by pericytes although the expression levels of tight 

35 junction proteins were not affected (13). We also demon
strated that non-specific cellular accumulation and transcy
tosis were downregulated in BMECs after co-culture with 
brain-pericyte like cells, and the effects were indistinguish
able from those elicited by primary human brain pericytes. 

40 These phenotypes combined with the developmental origins 
and marker expression profile, along with the similarities to 
primary human brain pericytes, suggest that we have gen
erated a novel hPSC-derived cell that can model human 
brain pericytes. 

as also observed here with primary human brain pericytes, 
which expressed a-SMA. Thus, the lack of a-SMA expres
sion in the differentiated brain pericyte-like cells better 50 

reflects the lack of a-SMA in brain pericytes in vivo. 
However, much like primary brain pericytes and previous 
reports with NCSC derived mural cells, we observed sus
tained expression of the contractile-related proteins calponin 
and SM22a. In addition, differentiation of mesenchymoan- 55 

gioblasts towards pericyte lineages yielded cells that 
expressed differential levels of calponin (64). Although 
SM22a is an early developmental marker of mural cells 
(65), a recent single cell transcriptomics study strongly 
suggests that murine brain capillary pericytes in vivo do not 60 

express calponin-encoding Cnnl or SM22a-encoding Tagln 

While many studies have utilized primary brain pericytes 
to enhance BMEC barrier properties, primary brain peri
cytes offer limited scalability, especially for human in vitro 
BBB models (28, 30, 67). In addition, limited primary cell 
availability essentially eliminates the possibility of using 
patient matched brain pericytes and BMECs that could be 
used for disease modeling applications. Here, we demon-
strate the capability to differentiate brain like pericytes in a 
scalable fashion (-1000 brain pericyte-like cells per input 
stem cell). Moreover, the differentiation is reproducible 
amongst differentiations and across hPSC lines. Thus, the 
ability to derive brain pericyte-like cells from patient-de-
rived iPSCs provides a unique tool for the study of patient
specific pericyte contributions to CNS disorders that have 
been suggested to have pericyte involvement such as stroke, 
epilepsy, demyelinating disease, and Alzheimer's disease (7, 
10, 68-71). In addition, lineage-specific differences have 

( 40). Additional transcript evaluation confirmed the brain 
signature of the pericyte-like cells (ZIC!, FOXF2) (54, 55). 
The brain pericyte-like cells also expressed transcripts for 
ABCC9 and KCNJ8, two additional markers that differen- 65 

tiate brain capillary pericytes from other mural cell types 
( 40, 49), and these markers were further elevated over 

been noted in hPSC-derived pericytes, motivating the use of 
pericytes from appropriate developmental origins for dis
ease modeling applications (41). The brain pericyte-like 
cells can also be used in multicellular NVU models to 
capture the cellular crosstalk that is likely responsible for 
many disease processes at the BBB. To this end, we have 
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demonstrated that it is possible to generate BMECs, neu
rons, astrocytes, and brain pericyte-like cells from a single 
iPSC cell line and combine them to form an isogenic NVU 
model having optimal TEER. These findings followed simi-

24 

lar trends to our earlier reports where iPSC-derived BMEC 5 

properties were enhanced by co-culture with brain pericytes 
and neural progenitor cell-derived astrocytes and neurons 
from primary sources. We note, however, that this Tran
swell-based model lacks the potentially important contribu
tions of cell-cell contact and fluid shear stress, motivating 10 

future efforts to integrate hPSC-derived NVU cell types into 
microfluidic or cell aggregate-based in vitro models (72, 73). 

EDTA in sterile PBS without Ca2+/Mg2+) at 4° C. for 15 
minutes. Cells were washed in MACS buffer and resus
pended in 500 µL MACS buffer/2xl07 cells. Cells were 
sorted through two LS colunms (Miltenyi) according to 
manufacturer instructions and resuspended in E6-CSFD+ 10 
µM Y27632 to appropriate density for specific NCSC lin
eage differentiations as described below. 

NCSC Lineage Differentiations 
For differentiation of peripheral neurons, after MACS 

sorting, hPSC-derived NCSCs were replated on Matrigel
coated plates and expanded for 14 days in E6-CSFD. These 
cells were replated on Matrigel-coated 12-well plates at 
5xl04 cells/cm2 in E6-CSFD. The following day, the 
medium was switched to peripheral neuron medium com
posed of DMEM/F12, lxN2 supplement, 10 ng/ml BDNF, 

It is likely that these multicellular NVU models will be used 
to uncover new mechanisms of BBB regulation in health and 

15 
disease and assist in the therapeutic development process for 
CNS disorders. 

Materials and Methods 
hPSC Maintenance 
IMR90C4 and CS03n2 iPSCs and H9 hESCs were main- 20 

10 ng/ml GDNF, 10 ng/ml NT-3, 10 ng/ml NGF-~, 200 µM 
ascorbic acid (AA), and 0.5 mM cAMP, and replaced every 
2 days for 2 weeks. 

tained on Matrigel coated plates in ES medium, which is 
DMEM/F12 basal medium supplemented with L-ascorbic 
acid-2-phosphate magnesium (64 mg/L), sodium selenium 
(14 µg/L), FGF2 (100 µg/L), insulin (19.4 mg/L), NaHCO3 

(543 mg/L), transferrin (10.7 mg/L), and TGF~l (2 µg/L) 
and prepared according to Chen et al. (74). When cells 
reached - 70% confluence, cells were passaged using 
Versene to new Matrigel coated plates. For hPSCs used in 
BMEC differentiations, cells were maintained in mTeSRl 
on Matrigel plates and passaged as previously described 
(75). 

NCSC Differentiation 
One day prior to initiating NCSC differentiation, hPSCs 

maintained in ES medium were singularized using Accutase 
and seeded at 9.lxl04 cells/cm2 onto Matrigel coated plates 
with ES+l0 µMY27632. NCSC differentiation was initiated 
the next day by switching medium to E6, which is DMEM/ 
F12 basal medium supplemented with L-ascorbic acid-2-
phosphate magnesium (64 mg/L), sodium selenium (14 
µg/L), insulin (19.4 mg/L), NaHCO3 (543 mg/L), and trans
ferrin (10.7 mg/L). E6 was supplemented with 22.5 mg/L 
heparin sodium salt from porcine mucosa to stabilize FGF2, 

For differentiation of mesenchymal derivatives, after 
MACS sorting, hPSC-derived NCSCs were replated on 
noncoated polystyrene plates and expanded for 11 days in 
E6-CSFD. For adipogenesis, expanded hPSC-derived 

25 NCSCs were seeded at a density of 10,000 cells/cm2 and 
treated with adipogenic medium composed of high-glucose 
DMEM, 10% FBS, 1 % antibiotics, 1 µg/ml insulin, 0.5 mM 
3-isobutyl-1-methylxanthine (IBMX), and 1 µM dexametha-

30 sone (Sigma-Aldrich). For osteogenesis, the seeding density 
was 5,000 cells/cm2 and the cells were treated with osteo
genic medium consisting oflow-glucose DMEM, 10% FBS, 
1 % antibiotics, 50 µg/ml AA, 10 mM ~-glycerophosphate, 
and 0.1 µM dexamethasone. For chondrogenesis, 250,000 

35 NCSC were collected to form a high cell density pellet by 
centrifuged at 600 g for 5 minutes and treated with chon
drogenic medium containing high-glucose DMEM, 1 % anti
biotics and ITS Premix (BD Bioscience), 40 µg/ml L-pro-

40 line, 50 µg/ml AA, 0.9 mM sodium pyruvate (Sigma
Aldrich), 0.1 µM dexamethasone, and 10 ng/ml of freshly 
added transforming growth factor ~1 (TGF~l) (Peprotech). 
Medium was changed every 3 days for all three differentia-
tion procedures. 

To analyze adipogenic differentiation, cells were fixed in 1 µM CHIR99021, 10 µM SB431542 (Tocris), 10 µg/L 45 

FGF2, and 1 µM dorsomorphin, hereafter labeled E6-CSFD. 
Cells were expanded by replacing E6-CSFD daily and 
passaging cells every time cells reached 100% confluence to 
fresh Matrigel coated plates. During passaging, cells were 
singularized using Accutase and replated at a splitting den
sity of one 6-well to 6 new 6-wells in E6-CSFD medium. 
Cells were generally passaged without 10 µM Y27632. 
However, to increase IMR90C4 cell line survival during first 
passaging following NCSC differentiation initiation, 
IMR90C4 cells were replated in E6-CSFD+10 µMY27632. 
Subsequent IMR90C4 NCSC expansion passages were 
replated without Y27632. Cells were typically passaged 2-3 

4% of formaldehyde and stained with Oil Red O (Sigma
Aldrich) for lipid droplet formation. To analyze osteogenic 
differentiation, cells were fixed in 60% isopropanol and 
stained with Alizarin Red (Rowley Biochemical, Danvers, 

50 
Mass., USA) to evaluate mineral deposition. Chondrogenic 
potential was assessed by Alcian blue staining. Cell pellets 
were first fixed in 4% formaldehyde for 2 hours. Next, the 
cell pellet was dehydrated by a series of increasing concen-

55 tration of ethanol, infiltrated with xylene, and then embed
ded with paraffin. Embedded cell pellets were cut into S µm 
sections using a microtome and stained with Alcian blue 
(Polysciences, Warrington, Pa., USA) to determine the gly-

days following NCSC differentiation initiation and subse
quently passaged every 3-6 days depending on cell growth 60 

cosaminoglycan (GAG) content. 
Pericyte Differentiation Factor Identification 

kinetics. 
Magnetic Activated Cell Sorting of NCSCs 
At D15 of E6-CSFD treatment, cells were dissociated 

using Accutase and labeled with 20 µL/10 7 cells NCSC 
microbeads (Miltenyi), 20 µL/10 7 cells FcR blocking 
reagent, and 60 µL/10 7 MACS buffer (0.5% BSA+2 mM 

Following MACS sorting, NCSC were replated onto 
4S-well plates in E6-CSFD medium+l0 µM Y27632. Cells 
were switched to mural cell differentiation medium the next 

65 day, expanded for six days, and stained for NG2/PDGFR~ 
expression. Cells were expanded on uncoated plates in E6 
medium, E6 medium supplemented with 2 ng/mL TGF~l+ 
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20 ng/mL PDGF-BB, or E6 medium supplemented with 
10% fetal bovine serum (FBS). Cells were also expanded in 
E6 supplemented with 10% FBS on gelatin-coated plates 
prepared by coating plates for at least 1 h at 37° C. with a 
0.1 % gelatin A solution dissolved in water. 

Immunocytochemistry 

26 

Cells were fixed fifteen minutes at room temperature with 
either4% paraformaldehyde (PFA) or 100% ice-cold metha
nol depending on antibody staining conditions. Cells were 10 
rinsed three times in PBS without Ca2+/Mg2+ and stored at 

were subsequently incubated in 100 µL primary antibody 
staining buffer with 1:500 Alexa-tagged isotype-specific 
goat secondary antibodies. Cells were washed as previously 
described and resuspended in 4% PFA for 15 minutes at 
room temperature. Cells were subsequently stored in wash 
buffer for up to 24 hours at 4° C. prior to running samples 
on cytometer. 

Temporal RNA Analysis 
Cells were harvested using Accutase, quenched in 

DMEM/F12, and spun down 5 minutes at 200 g. After 
removing the supernatant, cell pellets were snap frozen at 
-80° C. until ready for mRNA extraction. The RN easy Mini 

4 ° C. in PBS until ready to stain. After aspirating PBS, cells 
were blocked one hour in blocking buffer at room tempera
ture and incubated overnight at 4° C. on a rocking platform 
with primary antibodies diluted in primary antibody staining 15 

buffer. 

Kit (Qiagen) was used to extract mRNA, including a cell 
lysate homogenization step on QIAshredder Columns (Qia
gen), according to manufacturer instructions. DNA was 
removed on colunm using the RNase-free DNase Set (Qia
gen). Extracted RNA was stored in nuclease-free water at 

Antibodies and staining conditions are listed in Table 2. 
The following day, cells were washed three times with PBS 
and incubated with secondary antibodies diluted 1 :200 in 
primary antibody staining buffer. Cells were probed one 
hour in the dark at room temperature on a rocking platform. 
Afterwards, secondary antibody staining buffer was aspi
rated, and cells were incubated five minutes with 4 µM 
Hoechst 33342 diluted in PBS. Cells were washed three 
times with PBS and stored at 4 ° C. in PBS in the dark until 
ready to image. Images were taken on Olympus epifluores
cence and Nikon AIR-Si+ confocal microscopes. 

20 
-20° C. until ready to reverse transcribe to cDNA. RNA was 
reverse transcribed at a concentration of 250 ng/mL into 
cDNA using Omniscript reverse transcriptase kit (Qiagen) 
and Oligo(dT)20 Primers (Life Technologies). Temporal 

25 gene expression analysis was conducted using 25 µL PCR 
reactions containing GoTaq Green Master Mix (Promega), 
10 ng/reaction cDNA template, and 100 nM forward/reverse 
primers. PCR was run according to manufacturer protocols, 

TABLE 2 

Antibody Staining Conditions 
Table 2: Antibod Stainin Conditions 

Vendor 
Marker Fixative App. (Clone/Catalog#, Species) Dilution Blocking Buffer Staining Buffer 

p75-NGFR 4% PFA ICC Advanced Targeting Systems (ME20.4, 1:1000 !%BSA !%BSA 
Mouse IgG1) 

Flow Advanced Targeting Systems (ME20.4, 0.2 µL/10 6 cells NIA PBS 
Mouse IgG1) 

HNKl 4% PFA ICC Sigma (C6608, Mouse IgM) 1:300 !%BSA !%BSA 
Flow Sigma (C6608, Mouse IgM) 0.2 µL/10 6 cells NIA PBS 

AP2 4% PFA ICC DSHB (3B5, Mouse IgG2B) 1:50 1% BSA+ 0.1% TX-100 !%BSA 
Peripherin 4% PFA ICC Millipore (AB1530, Rabbit Polyclonal) 1:200 1% BSA+ 0.1% TX-100 !%BSA 
i3III-Tubulin 4% PFA ICC Sigma (T8860, Mouse IgG2 b) 1:500 1% BSA+ 0.1% TX-100 !%BSA 
NG2 4% PFA ICC Millipore (MAB2029, Mouse IgG2a) 1:100 5% goat serum + 0.4% PBS+ 0.4% TX-100 

TX-100 
Flow Millipore (MAB2029, Mouse IgG2a) 2 µL/10 6 cells NIA MACS Buffer 

PDGFRPl3 4% PFA ICC Cell Signaling Technology (28El, 1:100 5% goat serum + 0.4% PBS+ 0.4% TX-100 
Rabbit Monoclonal) TX-100 

Flow BD Biosciences (28D4, Mouse IgG2al 1.25 µL/10 6 cells NIA MACS Buffer 
CNN! 4% PFA ICC Sigma (C2687, Mouse IgG1) 1:15000 3% BSA+ 0.1% TX-100 3% BSA 
SM22a 4% PFA ICC Abeam (ab14106) 1:1000 3% BSA+ 0.1% TX-100 3% BSA 
CD31 4% PFA ICC Thermo Fisher (RB-10333, Rabbit 1:25 5% goat serum + 0.4% PBS+ 0.4% TX-

Polyclonal) TX-100 100 
aSMA 4% PFA ICC Lab Vision (MS-113-P) 1:100 5% milk+ 0.1% TX-100 5%milk 
13-actin NIA WB Cell Signaling Technology (13E5, 1:1000 TBST + 5% milk TBST + 5% milk 

Rabbit Monoclonal) 
Occludin MeOH ICC Invitrogen (OC-3F10, Mouse IgG1) 1:200 10% goat serum 10% goat serum 

NIA WB Invitrogen (OC-3F10, Mouse IgG1) 1:500 TBST + 5% milk TBST + 5% milk 
Claudin-5 NIA WB Invitrogen (4C3C2, Mouse IgG1) 1:250 TBST + 5% milk TBST + 5% milk 
CD13 4% PFA ICC R&D Systems (MAB3815, Mouse IgG2a) 1:50 10% goat serum 10% goat serum 
Desmin MeOH ICC Thermo Fisher (RB-9014, Rabbit 

Polyclonal) 

Flow Cytometry 
Cells were incubated 30 minutes on ice with primary 

antibody diluted in 100 µL/sample primary antibody stain
ing buffer as indicated in Table 2. Cells were washed one 
time with cold PBS (p75-NGFR/HNK1 flow cytometry) or 
MACS buffer (NG2 and PDGFR~ flow cytometry). Cells 

60 

1:50 10% goat serum 10% goat serum 

and all reactions included a no template and mRNA control 
to verify no genomic DNA contamination or amplification. 
PCR primer sequences, annealing temperatures, and cycle 

65 times are listed in Table 3. PCR products were resolved on 
a 2% agarose gel, stained using ethidium bromide, and 
imaged on a ChemiDoc XRS+ System (Bio-Rad). 
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TABLE 3 

DNA Probe Sequences and Running Conditions 

Ta 
Gene ( 0 C.) Cycles Fwd Sequence Rev Sequence 

ABCC9 60 40 5' -TCA ACC TGG TCC CTC ATG TCT-3' 5' -CAG GAG AGC GAA TGT AAG AAT CC-3' 
(SEQ ID NO, 1) (SEQ ID NO, 2) 

ACTA2 60 30 5' -TGT TCC AGC CAT CCT TCA TC-3' 5' -GCA ATG CCA GGG TACATA GT-3' 
(SEQ ID NO, 3) (SEQ ID NO, 4) 

ANPEP 49 40 5' -GAA GAG AAC TGG AGG AAG ATT CAG- 5' -CCA GGT TGA AGG CGT CAT TA-3' 
3' (SEQ ID NO, 5) (SEQ ID NO, 6) 

B3GAT1 58 35 5' -TCG CCT GGA CTG GAC TGG GG-3' 5'-TGG CCT TGG CCT CCC TCC TC-3' 
(SEQ ID NO, 7) (SEQ ID NO, 8) 

CNNl 53 40 5' -GTC CAC CCT GGC TTT-3' 5' -AAA CTT GTT GGT GCC CAT CT-3' 
(SEQ ID NO, 9) (SEQ ID NO, 10) 

CSPG4 54 35 IDT DNA Hs.PT.58 .39417158 Predesigned Probe 

FOXF2 52 40 5' -ACC AGA GCG TCT GTC AGG ATA TT-3' 5' -GTG ACT TGA ATC CGT CCC AGT TTC-3' 
(SEQ ID NO, 11) (SEQ ID NO, 12) 

GAPDH 60 30 5-GAA GGT GAA GGT CGG AGT CAA CG-3' 5'-TCC TGG AAG ATG GTG ATG GGA T-3' 
(SEQ ID NO, 13) (SEQ ID NO, 14) 

KCNJ8 60 40 5' -GTG ATT GCC GTC CGA AAT GG-3' 5' -AGT TGG TGA ATA GGA ACC ACC T-3' 
(SEQ ID NO, 15) (SEQ ID NO, 16) 

NANOG 58 30 5'-CGA AGA ATA GCA ATG GTG TGA CG-3' 5'-TTC CAA AGC AGC CTC CAA GT-3' 
(SEQ ID NO, 17) (SEQ ID NO, 18) 

NGFR 60 30 5' -GTG GGA CAG AGT CTG GGT GT-3' 5' -AAG GAG GGG AGG TGA TAG GA-3' 
(SEQ ID NO, 19) (SEQ ID NO, 20) 

PDGFRB 53 40 5' -GCT CAC CAT CAT CTC CCT TAT C-3' 5' -CTC ACA GAC TCA ATC ACC TTC C-3' 
(SEQ ID NO, 21) (SEQ ID NO, 22) 

POU5Fl 58 30 5' -CAG TGC CCG AAA CCC ACA C-3' 5' -GGA GAC CCA GCA GCC TCA AA-3' 
(SEQ ID NO, 23) (SEQ ID NO, 24) 

SOXl0 61 40 5' -ATA CGA CAC TGT CCC GGC CCT AAA- 5' -TTC TCC TCT GTC CAG CCT GTT CTC-3' 
3' (SEQ ID NO, 25) (SEQ ID NO, 26) 

SOX9 60 40 5' -AGC GAA CGC AACA TCA AGA C-3' 5' -CTG TAG GCG ATC TGT TGG GG-3' 
(SEQ ID NO, 27) (SEQ ID NO, 28) 

TAGLN 51 40 5' -TCT TTG AAG GCA AAG ACA TGG-3' 5' -TTA TGC TCC TGC GCT TTC TT-3' 
(SEQ ID NO, 29) (SEQ ID NO, 30) 

TBX18 60 40 5' -CCC AGG ACT CCC TCC TAT GT-3' 5' -TAG GAA CCC TGA TGG GTC TG-3' 
(SEQ ID NO, 31) (SEQ ID NO, 32) 

TFAP2A 50 30 5' -TCC CTG TCC AAG TCC AAC AGC AAT- 5' -AAA TTC GGT TTC GCA CAC GTA CCC-3' 
3' (SEQ ID NO, 33) (SEQ ID NO, 34) 

ZICl 59 40 5' -TGG CCC GGA GCA GAG TAA T-3 5' -CCC TGT GTG CGT CCT TTT G-3' 
(SEQ ID NO, 35) (SEQ ID NO, 36) 

RNA-Sequencing 
RNA was extracted from H9 hESCs, H9-derived NCSCs 

HISAT2 (v2.l.0) and transcript abundances (fragments per 
kilobase of transcript per million mapped reads, FPKM) 

at Dl5, H9-derived NCSCs maintained for 40 additional 
days in E6-CSFD (D55), H9-derived pericyte-like cells at 

55 quantified with Cufllinks (v2.l .l ). FPKM values from the 
two sequencing lanes for each sample were averaged. Hier
archical clustering was performed with Morpheus 
(software.broadinstute.ore/morpheus) using the one minus 
Pearson correlation with average linkage. Gene ontology 

D 19, D22, and D25 (three independent differentiations at the 
D25 time point), H9-derived pericyte-like cells maintained 
for 20 additional days in E6+10% FBS (D45), CS03n2-
derived pericyte-like cells at D25, IMR90C4-derived peri
cyte-like cells at D25, and primary brain pericytes using the 
RNeasy Mini Kit (Qiagen) as described above. TruSeq 
stranded mRNA libraries were prepared, cDNA synthesized, 
pooled, and distributed over two sequencing lanes, and 
samples sequenced on an Illumina HiSeq 2500 by the 65 

University of Wisconsin-Madison Biotechnology Center. 
Reads were mapped to the human genome (hg38) with 

60 (GO) analysis was performed using the PANTHER (76) 
online tool (pantherdb.org). 

Matrigel Cord Formation Assay and Quantification 
HEK293 fibroblasts and human umbilical vein endothe

lial cells (HUVECs) were maintained on tissue culture 
polystyrene flasks in DMEM+l0% FBS. Immortalized 
human BMECs (hBMECs (77), a gift of Kwang Sik Kim 
and Monique Stins, Johns Hopkins University, Baltimore, 
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Md.) were maintained in RPMil 640+ 10% FBS+ 10% NuSe
rum+ 1 xMEM non-essential amino acids on flasks that had 
been coated with a solution of 1 % rat tail collagen in 70% 
ethanol that was allowed to evaporate. 8-well glass chamber 
slides were coated with 200 µL/well concentrated growth 5 

factor reduced Matrigel and incubated at least one hour at 
3 7° C. to set the Matrigel. HUVECs or hBMECs were plated 
at 2.2xl04 cells/8-well chamber slide in 500 µL EGM-2 
medium (Lonza) alone, with 6.6xl04 HEK293 fibroblasts, 
primary brain pericytes, or hPSC-derived mural cells at D22 10 

of the differentiation. Cells were incubated 24 hours at 3 7° 
C. to allow cord formation and bright field images taken on 
live cells at 24 hours following plating. Cords were subse
quently fixed and stained according the immunocytochem
istry methods listed above. Matrigel-associated cords were 15 

mounted onto glass slips and imaged using Olympus epif
luorescence and Nikon AIR-Si+ confocal microscopes. 
Cord length and number of cords per field were quantified by 
hand using the ImageJ ROI Manager Tool and averaged over 
at least 3 independent fields per condition per differentiation. 20 

BMEC Differentiation 

30 
culture with EC medium without FGF2. Transendothelial 
electrical resistance (TEER) was measured every 24 hours 
after initiating co-culture. 48 hours following co-culture, 
BMEC Transwell filters were transferred to a fresh 12-well 
plate for sodium fluorescein assays. Cell medium was 
replaced with 1.5 mL of EC medium without FGF2 in the 
basolateral chamber and 0.5 mL of the same medium with 10 
µM sodium fluorescein in the apical chamber. Cells were 
incubated one hour on a rotating platform and basolateral 
chamber medium collected every 15 minutes during the hour 
incubation period. After 1 hour, cell culture medium for the 
apical chamber was collected to calculate sodium fluores
cein permeability across BMEC monolayers following 48 
hours of co-culture treatment. Fluorescence intensity was 
measured using a Tecan plate reader set to a 485 nm 
excitation and 530 nm emission settings. Permeability cal
culations were determined according to Stebbins et al. (75). 

Transcytosis and Accumulation Assays 
Following 48 hours of co-culture, BMEC-seeded tran-

swells were transferred to an empty plate. We utilized a 10 
kDa dextran tagged with Alexa-488 to quantify the level of 
intracellular accumulation and transcytosis. 10 µM dextran 
was suspended in 0.5 mL of EC medium without FGF2 onto 

IMR90C4 iPSCs were maintained in mTesRl medium on 
Matrigel-coated plates and passaged as previously 
described. Three days prior to initiating a differentiation, 
cells were seeded at 9xl04 -l05 cells/cm2 onto Matrigel 
coated plates in mTeSRl+l0 µM Y27632. Medium was 
replaced daily until cells reached >2.6xl05 cells/cm2

. Cell 
medium was replaced with Unconditioned Medium (UM), 
containing 392.5 mL DMEM/F12, 100 mL KOSR (Gibco), 
5 mL 1 00xMEM non-essential amino acids (Gibco ), 2.5 mL 
l00x Glutamax (Gibco), and 3.5 µL ~-mercaptoethanol. 
Cells were replaced daily with UM for six days, and 
subsequently switched to EC medium, containing hESFM+ 

25 the apical side of the transwell. To determine the level of 
transcytosis, following two hours of incubation in a 37° C. 
incubator (20% 0 2 , 5% CO2 ) on a rotating platform, we 
collected 150 µL from the 1.5 mL of EC medium on the 
basolateral side of the transwell. Fluorescence intensity was 

1 % platelet-poor plasma derived serum (PDS), and 20 
ng/mL FGF2. Cells were incubated two days with EC 
medium without replacing medium. Cells were sub-cultured 

30 measured using a Tecan plate reader set to a 495 nm 
excitation and 519 nm emission settings. To determine the 
level of accumulation ( endocytosis) in the BMECs, we 
rinsed the transwells with cold PBS (2x) and lysed the cells 

35 
with radioimmunoprecipitation assay (RIPA) buffer. Lysates 
were collected and analyzed on the plate reader. Fluores
cence values were normalized to protein content/Transwell 
measured using the bicinchoninic acid (BCA) assay. 

at D8 onto 4: 1:5 collagen/fibronectin/water-coated Tran
swells or 5x diluted 4: 1:5 collagen/fibronectin/water-coated 
plates as detailed by Stebbins et al. (75). Cell culture 
medium was replaced with EC without FGF2 24 hours after 40 

subculturing hPSC-derived BMECs onto filters. 

Tight Junction Image Analysis 
BMECs were plated on 24-well plates in EC medium or 

EC medium conditioned by primary brain pericytes or 
hPSC-derived pericyte-like cells. After 48 h, BMECs were 
fixed and stained for occludin as described above. Images 
were acquired from 5 wells per experimental condition. To 

BMEC/Pericyte Co-Culture 

45 quantify tight junction continuity, images were blinded and 
the area fraction index determined using FIJI as previously 
described (78). Additionally, images were blinded and the 
number of frayed junctions (FIG. 4D) manually counted. 

Primary brain pericytes, hPSC-derived pericyte-like cells, 
and 3T3s were separately seeded onto poly-L-lysine coated 
12-well plates (primary brain pericytes) or uncoated plates 
(hPSC-derived early mural cells and 3 T3s) when early mural 
cells reached first reached 80-100% confluence, typically 
3-4 days after initiating serum treatment on hPSC-derived 
NCSC (D19-D20). Cells were plated on the same day at 
equivalent seeding densities of 5xl04 cells/12-well in either 50 

DMEM+10% FBS (primary brain pericytes and 3T3s) or 
E6+10% FBS (hPSC-derived pericyte-like cells). Cells were 
dissociated with either 0.25% Trypsin/EDTA (primary brain 
pericytes and 3T3s) or Accutase (hPSC-derived pericyte
like cells). hPSC-derived brain pericyte-like cell medium 
was replaced daily with E6+10% FBS until D22 of the 
differentiation. Pericytes and 3T3s were fed with DMEM+ 
10% FBS every two days until D22. At D22, cells were 
replaced with 1.5 mL EC medium above 12-well polysty
rene transwell filters with a 0.4 µm pore size. 

IMR90C4 iPSC-derived BMECs at D8 of the BMEC 
differentiation were sub-cultured onto Transwell filters at 
1.lxl06 cells/12-well filter as previously described (75). The 
high seeding density is intended to ensure a confluent 
monolayer suitable for TEER and permeability measure
ments. Cells were incubated two days in co-culture, with cell 
culture medium replaced at 24 hours after initiating co-

Isogenic Model of the Neurovascular Unit 
BMECs were differentiated from iPSCs as previously 

described. Singularized BMECs were seeded onto collagen 
IV/fibronectin coated transwells at day 8 of the differentia
tion. hPSC-derived pericytes were seeded onto the bottom of 
the co-culture plate (-50,000 cells/cm2

) in EC medium. We 
55 additionally investigated the cumulative effects of pericytes, 

neurons, and astrocytes. Neurons and astrocytes were dif
ferentiated from iPSCs as previously published (34). Ini
tially, BMECs were placed in co-culture with pericytes for 
24 hours in EC medium and then BMEC-Transwells were 

60 transferred to a co-culture plate with a mixture of neurons 
and astrocytes (1:3 ratio) for the duration of the experiment 
in EC medium without FGF2. We benchmarked our stem 
cell-derived BBB model (BMECs, pericyte-like cells (24 h), 
and neurons and astrocytes (24 h)) to a BBB co-culture 

65 model absent of pericyte-like cells (neurons and astrocytes 
only). TEER and sodium fluorescein permeability assays 
were conducted on BMEC-Transwells. 



US 11,643,636 B2 
31 

Statistics 
All experiments were conducted using at least three 

teclmical replicates (e.g. three 6-wells or Transwells) from 
the same differentiation. All experiments were replicated 
(independent differentiations) at least three times except 5 

where otherwise indicated. Data are presented as mean±SD 
of technical replicates from a representative differentiation 
or as mean±SEM of pooled data from several independent 
differentiations. Statistical significance was evaluated using 
one-way analysis of variance (ANOVA) followed by post- 10 

hoc tests controlling for multiple comparisons: D=ett's 
test for comparison of experimental groups to control, and 
Tukey's test for comparison between all experimental 
groups. P<0.05 was considered statistically significant. 

Western Blotting 15 

BMECs were cultured on Transwells alone or co-cultured 
with hPSC-derived pericyte-like cells, primary brain peri
cytes, or 3T3s as previously described. After 48 h of 
co-culture, BMECs were washed once with PBS and lysed 
with RIPA buffer+Halt protease inhibitor cocktail. The BCA 20 

assay was used to determine protein concentration. Proteins 
were resolved on 4-12% Tris-glycine gels and transferred to 
nitrocellulose membranes, which were blocked in Tris
buffered saline+0.1% Tween-20 (TBST)+5% nonfat dry 
milk for 1 h, and incubated with primary antibodies (Table 25 

2) overnight at 4° C. Membranes were washed with TBST 
(5x) and incubated with doukey anti-mouse or donkey 
anti-rabbit IRDye 800CW secondary antibodies (LI-COR) 
for 1 h. Membranes were washed with TBST (5x) and 
imaged using a LI-COR Odyssey. 30 

Visualization of Dextran Accumulation 
iPSC-derived BMECs were seeded onto glass bottom 

plates at a density of 105 cells/cm2 and cultured for 48 h in 
EC medium or EC medium conditioned by 3T3s, primary 
pericytes, or IMR90C4-derived pericyte-like cells. Medium 35 

was subsequently replaced with EC medium+l0 µM Alexa 
488-tagged 10 kDa dextran. Following 2 h of dextran 
incubation, cells were fixed in 4% PFA for fifteen minutes, 
followed by three washes in PBS. Cells were blocked in 
10% goat serum in PBS for 30 minutes at room temperature. 40 

Cells were incubated with Anti-Alexa 488 antibody (1:100 

32 
obtained by treating the cells with puromycin (4 µg/mL) for 
2 days following seeding. Four days following isolation, rat 
BMEC-seeded Transwells were transferred onto plates con
taining IMR90C4-derived pericyte-like cells, primary brain 
pericytes, or 3T3s (described previously) and co-cultured in 
EC medium containing 1% PDS. 
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<210> SEQ ID NO 3 
<211> LENGTH, 20 
<212> TYPE, DNA 

37 

<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 3 

tgttccagcc atccttcatc 

<210> SEQ ID NO 4 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 4 

gcaatgccag ggtacatagt 

<210> SEQ ID NO 5 
<211> LENGTH, 24 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 5 

gaagagaact ggaggaagat tcag 

<210> SEQ ID NO 6 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 

ccaggttgaa ggcgtcatta 

<210> SEQ ID NO 7 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 7 

tcgcctggac tggactgggg 

<210> SEQ ID NO 8 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 8 

tggccttggc ctccctcctc 

<210> SEQ ID NO 9 
<211> LENGTH, 18 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 
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<400> SEQUENCE: 9 

gtccaccctc ctggcttt 

<210> SEQ ID NO 10 
<211> LENGTH: 20 
<212> TYPE: DNA 
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<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 
<223> OTHER INFORMATION: synthetic 

<400> SEQUENCE: 10 

aaacttgttg gtgcccatct 

<210> SEQ ID NO 11 
<211> LENGTH: 23 
<212> TYPE: DNA 
<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 
<223> OTHER INFORMATION: synthetic 

<400> SEQUENCE: 11 

accagagcgt ctgtcaggat att 

<210> SEQ ID NO 12 
<211> LENGTH: 24 
<212> TYPE: DNA 
<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 
<223> OTHER INFORMATION: synthetic 

<400> SEQUENCE: 12 

gtgacttgaa tccgtcccag tttc 

<210> SEQ ID NO 13 
<211> LENGTH: 23 
<212> TYPE: DNA 
<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 
<223> OTHER INFORMATION: synthetic 

<400> SEQUENCE: 13 

gaaggtgaag gtcggagtca acg 

<210> SEQ ID NO 14 
<211> LENGTH: 22 
<212> TYPE: DNA 
<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 
<223> OTHER INFORMATION: synthetic 

<400> SEQUENCE: 14 

tcctggaaga tggtgatggg at 

<210> SEQ ID NO 15 
<211> LENGTH: 20 
<212> TYPE: DNA 
<213> ORGANISM: Artificial Sequence 
<220> FEATURE: 
<223> OTHER INFORMATION: synthetic 

<400> SEQUENCE: 15 

gtgattgccg tccgaaatgg 

<210> SEQ ID NO 16 
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<211> LENGTH, 22 
<212> TYPE, DNA 
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<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 16 

agttggtgaa taggaaccac ct 

<210> SEQ ID NO 17 
<211> LENGTH, 23 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 17 

cgaagaatag caatggtgtg acg 

<210> SEQ ID NO 18 
<211> LENGTH, 21 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 18 

ttccaaagca gcctccaagt c 

<210> SEQ ID NO 19 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 19 

gtgggacaga gtctgggtgt 

<210> SEQ ID NO 20 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 20 

aaggagggga ggtgatagga 

<210> SEQ ID NO 21 
<211> LENGTH, 22 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 21 

gctcaccatc atctccctta tc 

<210> SEQ ID NO 22 
<211> LENGTH, 22 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 22 
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ctcacagact caatcacctt cc 

<210> SEQ ID NO 23 
<211> LENGTH, 19 
<212> TYPE, DNA 
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<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 23 

cagtgcccga aacccacac 

<210> SEQ ID NO 24 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 24 

ggagacccag cagcctcaaa 

<210> SEQ ID NO 25 
<211> LENGTH, 24 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 25 

atacgacact gtcccggccc taaa 

<210> SEQ ID NO 26 
<211> LENGTH, 24 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 26 

ttctcctctg tccagcctgt tctc 

<210> SEQ ID NO 27 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 27 

agcgaacgca acatcaagac 

<210> SEQ ID NO 28 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 28 

ctgtaggcga tctgttgggg 

<210> SEQ ID NO 29 
<211> LENGTH, 21 
<212> TYPE, DNA 
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<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 29 

tctttgaagg caaagacatg g 

<210> SEQ ID NO 30 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 30 

ttatgctcct gcgctttctt 

<210> SEQ ID NO 31 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 31 

cccaggactc cctcctatgt 

<210> SEQ ID NO 32 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 32 

taggaaccct gatgggtctg 

<210> SEQ ID NO 33 
<211> LENGTH, 24 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 33 

tccctgtcca agtccaacag caat 

<210> SEQ ID NO 34 
<211> LENGTH, 24 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 34 

aaattcggtt tcgcacacgt accc 

<210> SEQ ID NO 35 
<211> LENGTH, 19 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 35 

tggcccggag cagagtaat 
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<210> SEQ ID NO 36 
<211> LENGTH, 19 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, synthetic 

<400> SEQUENCE, 36 

ccctgtgtgc gtccttttg 

We claim: 
1. A method of creating a population of brain pericyte-like 

cells wherein the cells express pericyte markers but do not 
expr~ss a-smooth muscle actin (a-SMA)and wherein the 
cells are generated from human pluripotent stem cells 
(hPSC), comprising the steps of . 

a. culturing hPSC in culture medium supplemented with 
CHIR99021, SB431542, fibroblast growth factor 2, and 
dorsomorphin for about 15 days to produce p75-nerve 
growth factor receptor (NGFR)+ human natural killer-I 
(HNK-1)+ neural crest stem cells (NCSCs), 

b. sorting p75-NGFR+ cells and re-plating the p75-
NGFR+ cells to produce an enriched population of 
p75-NGFR+NCSCs, 

c. culturing the cells of step (b) in medium with an 
addition of serum for about 11 days, and 

d. isolating cells that express pericyte markers calponin 1 
(CNN!), neuron-glial antigen 2 (NG2), and platelet-
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15 derived growth factor receptor beta (PDGFRB) but do 
not express a-SMA to produce population of brain 
pericyte-like cells. 

2. The method of claim 1, wherein the NCSCs of step (b) 
are p75-NGFR+HNK-l+AP-2+ NCCs. 

20 3. The method of claim 1, wherein the population of cells 
express one or more transcripts of pericyte markers selected 
from the group consisting of chondroitin sulfate proteogly
can 4 (CSPG4), PDGFRB, CNN!, transgelin (TAGLN), 
alanyl aminopeptidase (ANPEP), T-box transcription factor 

25 
18 (TBX18), ATP binding cassette subfamily C member 9 
(ABCC9) and potassium inwardly rectifying channel sub
family J member 8 (KCNJS). 

4. The method of claims 1, wherein the method produces 
the brain pericyte-like cell population that is at least 90% 

30 NG2+PDGFRB+. 

* * * * * 


