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METHOD FOR DIFFERENTIATION OF
BRAIN MURAL CELLS FROM HUMAN
PLURIPOTENT STEM CELLS

CROSS REFERENCED TO RELATED
APPLICATIONS

[0001] This patent application claims the benefit of prior-
ity of United States Provisional Patent Application No.
63/246,238 filed on Sep. 20, 2021, which is incorporated
herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under NS103844 awarded by the National Institutes of
Health. The government has certain rights in the invention.

REFERENCE TO AN ELECTRONIC SEQUENCE
LISTING

[0003] The contents of the electronic sequence listing
(960296.04319.xml; Size: 48,340 bytes; and Date of Cre-
ation: Sep. 14, 2022) is herein incorporated by reference in
its entirety.

BACKGROUND

[0004] Vascular mural cells, which encompass microves-
sel-associated pericytes and large vessel-associated vascular
smooth muscle cells (VSMCs), regulate blood vessel devel-
opment, stability, and vascular tone. In the brain, mural cells
regulate resting cerebral blood flow, neurovascular coupling,
blood-brain barrier development and maintenance, and neu-
ron survival. Brain mural cells are also implicated in the
pathogenesis of neurological disorders including Alzheim-
er’s disease and cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy (CADA-
SIL).

[0005] In contrast to the mesodermal origin of most mural
cells, those in the face and forebrain are derived from the
neural crest. During embryogenesis, cranial neural crest-
derived mesenchyme (mesectoderm) surrounds the anterior
neural tube, and mural cells are specified and invade the
developing prosencephalon alongside mesoderm-derived
endothelial cells from the perineural vascular plexus. This
neural crest-derived mesenchyme also forms the meninges,
facial bone, cartilage, and connective tissue, and portions of
the skull. Molecular signals controlling specification of
neural crest-derived mesenchyme to these diverse fates are
poorly understood; however, endothelium-derived signals
likely direct mural cell differentiation. In vivo loss of
function experiments have suggested roles for TGF-f3,
PDGF, and Notch signaling in this process. Notably,
NOTCH3 mutations form the genetic basis of CADASIL,
and studies in Zebrafish have implicated Notch signaling in
brain pericyte proliferation and specification of pericytes
from naive neural crest-derived mesenchyme. It is difficult,
however, to discriminate between deficits in specification/
differentiation and recruitment of mural cells to nascent
vessels in most in vivo studies. Thus, in vitro models are
complementary and can provide mechanistic insight into the
effects of molecular factors on neural crest differentiation.
[0006] Human pluripotent stem cells (hPSCs) are a prom-
ising in vitro model system for such studies, as they can
generate naive, multipotent neural crest cells, potentially
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account for species differences in mural cell phenotype, and
the resulting cells could be employed in diverse in vitro
modeling applications. We recently demonstrated that brain
pericyte-like cells could be differentiated from hPSC-de-
rived neural crest via treatment with serum-supplemented
E6 medium. Other protocols for generating hPSC-derived
brain pericyte-like cells via a neural crest intermediate use
PDGF-BB and/or FGF2 but each protocol adds these factors
to serum-containing media. The sufliciency of serum to
cause differentiation of neural crest cells makes interroga-
tion of specific molecular factors difficult, motivating devel-
opment of a serum-free differentiation scheme. Furthermore,
while existing hPSC-derived pericyte-like cells have many
molecular and functional attributes of pericytes in vivo, they
lack expression of some key brain mural cell genes and have
aberrant expression of some fibroblast-associated genes,
features also observed in cultured primary brain pericytes.
This further motivates development of a new protocol for
hPSC differentiation to brain mural cells with an improved
molecular phenotype.

[0007] Needed in the art is an improved method of creat-
ing hPSC-derived mural cells that can be used in models and
for drug discovery and testing purposes.

SUMMARY OF INVENTION

[0008] In one aspect, the present disclosure provides a
method of producing a population of mural cells comprising
the steps of: a) increasing Notch expression and/or signaling
in a population of p75-NGFR*HNK-1* neural crest (NC)
cells; and b) culturing the Notch-activated NC cells in
serum-free medium for a sufficient time to differentiate the
NC cells into NOTCH3*PDGFRB*RGSS5* brain mural cells.

[0009] In another aspect, the present disclosure provides a
method of creating a population of NOTCH3*PDGFRf*
RGSS5* brain mural cells comprising: a) culturing hPSCs in
E6-CSFD medium for about 15 days to produce p75-NGFR*
HNK-1* NCSCs, b) sorting p75-NGFR™* cells and re-plating
the p75-NGFR™ cells of step (a) to produce a population of
p75-NGFR* NCSCs; c) activating notch signaling in the
sorted p75-NGFR*HNK-1* NCSCs of step b), and d) cul-
turing the cells of step (¢) in serum free medium for a
sufficient time to differentiate NOTCH3*PDGFRB*RGS5*
brain mural cells.

[0010] In another aspect, the disclosure provides a popu-
lation of NOTCH3"PDGFRB*RGS5™ brain mural cells pro-
duced by the methods described herein.

[0011] In a further aspect, the disclosure provides a BBB
model, wherein the model comprises the population of
NOTCH3"PDGFRB*RGS5* brain mural cells described
herein and brain microvascular endothelial cells (BMECs),
wherein the BBB model is capable of forming tight junc-
tions. The BBB model may be an isogenic BBB model. The
BBB model may also include a permeable membrane.

[0012] In a still further aspect, methods of using the
NOTCH3*"PDGFRB*RGS5* brain mural cells in in vitro
assays are also provided. The cells may be used for drug
screening and tissue development or assays.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent

Page 37 of 66



US 2023/0089966 Al

application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the
necessary fee.

[0014] FIG. 1. Overview of differentiation strategy. (A)
Timeline of the differentiation protocol. (B) Schematic of
lentiviral overexpression constructs. A fragment of the
human NOTCH3 coding sequence (CDS) encoding the
intracellular domain of Notch3, and the human TBX2 CDS,
were cloned into the bicistronic lentiviral vector pWPI. The
parental pWPI vector was used as a GFP-only control. IRES:
internal ribosome entry site; AA: amino acids. (C) Flow
cytometry analysis of p75 and HNK-1 expression in D15
neural crest cells before and after p75 MACS. (D) RT-qPCR
analysis of mural cell gene expression 6 days after trans-
duction with GFP, N3ICD-GFP, or TBX2-GFP lentiviruses.
Expression of each gene is shown relative to ACTB expres-
sion and normalized to expression in GFP-transduced cells.
Points represent replicate wells from a differentiation of the
H9 hPSC line and bars indicate mean values. P-values:
ANOVA followed by Dunnett’s test versus GFP-transduced
cells.

[0015] FIG. 2. Results of Notch3 intracellular domain
overexpression in neural crest cells. (A) Western blots of
cells 6 days after transduction with GFP or N3ICD-GFP
lentiviruses. Membranes were probed with Notch3,
PDGFRp, Tbx2, fibronectin, GFP, and p-actin antibodies.
On the Notch3 Western blot, arrows indicate the full-length
(FL) and Notch transmembrane/intracellular domain (NTM/
ICD) bands. (B) Quantification of Western blots. Band
intensities were normalized to (-actin band intensities.
Points represent replicate wells from two independent dif-
ferentiations, one in the H9 hPSC line (squares) and one in
the WTCI11 hPSC line (circles). Bars indicate mean
values=SD, with values normalized within each differentia-
tion such that the mean of the GFP condition equals 1.
P-values: two-way ANOVA on unnormalized data. (C)
Immunocytochemistry analysis of Notch3, PDGFR, Tbx2,
and fibronectin expression in cells 6 days after transduction
with GFP or N3ICD-GFP lentiviruses. Hoechst nuclear
counterstain overlaid in all images. Scale bars: 50 (D) Flow
cytometry analysis of GFP expression 6 days after trans-
duction of neural crest cells with N3ICD-GFP lentivirus.
GFP* and GFP~ gates are representative of those used to
isolate populations via FACS. (E) Immunocytochemistry
analysis of GFP and Tbx2 expression in cells expanded in E6
medium for 4 days after FACS. Hoechst nuclear counterstain
is overlaid in the GFP images. Scale bars: 100 um.

[0016] FIG. 3. RNA-seq of neural crest, GFP~, and GFP*
cells. (A) Principal component analysis of whole-transcrip-
tome data after the DESeq?2 variance stabilizing transforma-
tion. Points are colored by cell type: neural crest (magenta),
GFP~ cells (gray), GFP* cells (green). Data are from four
independent differentiations, one each from the DF19-9-11T
(squares), H9 (circles), IMR90-4 (triangles), and WTC11
(diamonds) hPSC lines. (B) Representative genome browser
plots (from DF19-9-11T-derived neural crest, GFP~, and
GFP™ cells) of RNA-seq read alignment to the NOTCH3
gene. The line at bottom indicates the region of NOTCH3
encoding the intracellular domain. (C, D) Differential
expression analysis of GFP* cells compared to neural crest
(C) and GFP* cells compared to GFP~ cells (D). Data are
displayed in volcano plots; MA plots are shown in FIG.
13A-B. Differentially expressed genes (adjusted P-values
<0.05, DESeq2 Wald test with Benjamini-Hochberg correc-
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tion) are highlighted, and the numbers of upregulated and
downregulated genes are shown in the legends. (E) Tran-
script abundance (TPM) of selected transcripts. The top row
displays expression of transgene (eGFP), total NOTCH3
(encompassing endogenous and transgene-derived tran-
scripts), neural crest markers, the non-mural transcript PDG-
FRA, and the VSMC-enriched transcript (ACTA2). The
second row displays mesenchymal and mural cell transcrip-
tion factors; the third row displays mural and pericyte
markers; the fourth row displays genes encoding compo-
nents of extracellular matrix. Additional genes are shown in
FIG. 13D. (F) Results of Gene Set Enrichment Analysis
(GSEA). Gene sets from the KEGG and GO-BP databases
enriched in GFP* cells compared to neural crest (FDR
<0.05) are shown. NES: normalized enrichment score. Addi-
tional results of GSEA are shown in FIG. 13. (G) Compari-
son of protein-coding transcript abundances in GFP* cells
versus in vivo human brain pericytes. Data for hPSC-
derived brain pericyte like cells were generated by averaging
transcripts per million (TPM) across 11 bulk RNA-seq
datasets: 5 datasets from (38), 3 datasets from (40), and 4
datasets from (41) (Table 3). Data for in vivo human brain
pericytes were obtained from a previous meta-analysis of 5
single cell RNA-seq datasets (36). The Pearson correlation
coeflicient r is shown. Genes of interest are annotated in red
(transcription factors) or blue (others). Orange lines repre-
sent fold changes of +2.

[0017] FIG. 4. Functional properties of mural cells. (A)
Number of resulting cells 6 days after transduction of neural
crest with GFP or N3ICD-GFP lentiviruses. Points represent
replicate wells from three differentiations of the H9 hPSC
line, each differentiation indicated with a different color.
Bars indicate mean values+SD. P-value: two-way ANOVA.
(B) Total extracellular matrix production 6 days after trans-
duction of neural crest with GFP or N3ICD-GFP lentivi-
ruses. Each point represents the average ECM quantity from
three wells of a differentiation of the H9 hPSC line, nor-
malized to average cell number from three parallel wells
within the differentiation. P-value: paired Student’s t test.
(C) HUVEC cord formation assay on decellularized ECM
from GFP- or N3ICD-GFP-transduced cultures, and from no
ECM and Matrigel controls. Phase contrast and VE-cadherin
immunocytochemistry images are shown. Hoechst nuclear
counterstain overlaid in immunocytochemistry images.
Scale bars: 200 um. (D) Quantification of HUVEC cord
formation for the conditions described in (C). Blinded
images were scored from 0 (no cords) to 3 (virtually all cells
associated with cords); see Methods. Data from the GFP
ECM and N3ICD-GFP ECM conditions are derived from
three independent differentiations, two in the H9 hPSC line
and one in the IMR90-4 hPSC line; data from no ECM and
Matrigel controls are derived from two independent experi-
ments. P-values: Kruskal-Wallis test followed by Steel-
Dwass test. (E) Coculture cord formation assay with
HUVECs, HUVECs and neural crest cells (+NC), HUVECs
and GFP~ cells from a N3ICD-GFP-transduced culture (5
days post-FACS; +GFP~), and HUVECs and GFP* cells
from a N3ICD-GFP-transduced culture (+GFP*). Images
(overlays of phase contrast and GFP fluorescence) are shown
from 24 h and 72 h after initiating assay. Scale bars: 200 um.
(F) Calcium response of cells in a N3ICD-GFP-transduced
culture to KC1 application. 40 mM KCI was added at t=50
s. (G) Phase contrast images of GFP™* cells from a N3ICD-
GFP-transduced culture (2 days post-FACS) at t=0 min and
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t=15 min after treatment with 40 mM KCIl. Scale bars: 50
um. (H) Change in area of GFP* cells (2 days post-FACS)
15 min after treatment with water (vehicle) or 40 mM KCl.
Points represent replicate wells from three differentiations of
the H9 hPSC line, each differentiation indicated with a
different color. Bars indicate mean values+SD. P-value:
two-way ANOVA. (I) Intracellular calcium 30 s after addi-
tion of 40 mM KCl to GFP-transduced or N3ICD-GFP-
transduced cultures pretreated with pinacidil or DMSO
(vehicle). Points represent replicate wells from three differ-
entiations of the H9 hPSC line, each differentiation indicated
with a different color. Bars indicate mean values+SD. P-val-
ues: Tukey’s HSD test following ANOVA, P=0.0011 for
interaction (DMSO v. pinacidil)x(GFP v. N3ICD-GFP).

[0018] FIG. 5. Notch3 ChIP-seq of N3ICD-GFP- and
GFP-transduced cells. (A) Principal component analysis
based on all peaks. Points are colored by cell type: GFP-
transduced cells (gray), N3ICD-GFP-transduced cells
(green). Data are from three independent differentiations of
the H9 hPSC line. (B) Profile plots for the 139 N3ICD-
enriched peaks. Lines represent the average peak profile
from each sample. (C) Motif logo for the overrepresented
motif in N3ICD-enriched peaks. P-value as reported by
MEME-ChIP (101). (D) Representative genome browser
plots for genes of interest. From top, tracks are: Notch3
ChlIP-seq signal from GFP-transduced cells, Notch ChIP-seq
signal from N3ICD-GFP-transduced cells, N3ICD-enriched
peaks as identified by DiffBind, ATAC-seq signal from a
human cortex endothelial/mural cell cluster (61), endothe-
lial/mural ATAC-seq peaks as identified by MACS (61),
ENCODE cCREs (red: promoter-like signature, orange:
proximal enhancer-like signature, yellow: distal enhancer-
like signature) (62), and putative RBPJ binding sites from
the JASPAR database (63). Additional genome browser
plots are shown in FIG. 16. (E) RNA-seq log 2 (fold change)
data from comparison of GFP* (mural) and neural crest cells
for genes associated with N3ICD-enriched Notch3 ChIP-seq
peaks (Up, n=134) and genes associated with non-enriched
peaks (ns, n=75). P-value: Student’s t test. (F) Comparison
of RNA-seq log 2 (fold change) data (GFP* (mural) versus
neural crest cells) and ChIP-seq log 2 (fold change) data
(N3ICD-GFP-transduced versus GFP-transduced cells) for
genes associated with N3ICD-enriched Notch3 ChIP-seq
peaks. Points are colored by differential expression in RNA-
seq data and the numbers of upregulated, downregulated,
and non-significant genes are shown in the legend.

[0019] FIG. 6. Comparison of human brain pericytes in
vivo and hPSC-derived brain pericyte-like cells. (A) Com-
parison of protein-coding transcript abundances in hPSC-
derived brain pericyte-like cells versus in vivo human brain
pericytes. Data for hPSC-derived brain pericyte like cells
were generated by averaging transcripts per million (TPM)
across 11 bulk RNA-seq datasets: 5 datasets from (38), 3
datasets from (40), and 4 datasets from (41) (Table 3). Data
for in vivo human brain pericytes were obtained from a
previous meta-analysis of 5 single cell RNA-seq datasets
(36). The Pearson correlation coefficient r is shown. Genes
of interest are annotated in red (transcription factors) or blue
(others). Orange lines represent fold changes of +2. (B)
Transcript abundance of selected genes. Abundances for
each of the five in vivo human brain pericyte datasets are
indicated with black circles. Abundances for each of the
hPSC-derived brain pericyte-like cell datasets are indicated
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with blue squares (38), green triangles (40), and red dia-
monds (41). Bars indicate mean values. TPM: transcripts per
million.

[0020] FIG. 7. Markers of murine neural crest, mural cells,
and other mesenchymal derivatives. (A) UMAP plots of all
single cells colored by authors’ ClusterName, Subclass,
Age, and PseudoAge annotations. (B) Dot plot of gene
expression in cell Subclasses. Neural crest, pan-mesenchy-
mal, fibroblast, pan-mural, pericyte, and VSMC marker
genes are shown. Color indicates expression level and dot
size indicates the percent of cells in the indicated Subclass
that express a given gene. Data from ref. (93).

[0021] FIG. 8. Notch-dependence of observed transcrip-
tional changes. (A) Western blots of isotype control IgG and
Notch3 immunoprecipitates (top) and input controls (bot-
tom) from cells 6 days after transduction with GFP or
N3ICD-GFP lentiviruses. Membranes were probed with the
RBPIJ antibody. (B) Quantification of Western blots from
coimmunoprecipitation assay described in (A). Band inten-
sities from immunoprecipitates were normalized to respec-
tive input control band intensities. Points represent replicate
wells from two differentiations of the H9 hPSC line, each
differentiation indicated with a different color. Bars indicate
mean values+SD, with values normalized within each dif-
ferentiation such that the mean of the GFP, IP: 1gG condition
equals 1. P-values: two-way ANOVA on unnormalized data
followed by Tukey’s HSD test. (C) Schematic of the mecha-
nism of action of CB-103, a small molecule inhibitor of the
Notch transcriptional activation complex (43). NICD: Notch
intracellular domain. (D) RT-qPCR analysis of mural cell
gene expression 6 days after transduction of neural crest
cells with GFP or N3ICD-GFP lentiviruses. Expression of
each gene is shown relative to ACTB expression and nor-
malized to expression in GFP-transduced cells. Points rep-
resent replicate wells from a differentiation of the H9 hPSC
line and bars indicate mean+SD. P-values: ANOVA fol-
lowed by Tukey’s HSD test.

[0022] FIG. 9. Transcriptional effects of N1ICD overex-
pression. RT-qPCR analysis of mural cell gene expression 6
days after transduction of neural crest cells with GFP or
NI1ICD-GFP lentiviruses. Expression of each gene is shown
relative to ACTB expression. Points represent replicate
wells from three independent differentiations, two in the H9
hPSC line (circles, triangles) and one in the IMR90-4 hPSC
line (squares). Bars indicate mean values+SD, with values
normalized within each differentiation such that the mean of
the GFP condition equals 1. P-values: two-way ANOVA on
unnormalized data.

[0023] FIG. 10. Comparison of N1ICD and N3ICD over-
expression. (A) Schematic of lentiviral overexpression con-
structs. The parental pWPI vector and N3ICD-GFP are as
described in FIG. 1. To generate N1ICD-GFP, a fragment of
the human NOTCHI1 coding sequence (CDS) encoding the
intracellular domain of Notchl was cloned into pWPIL
IRES: internal ribosome entry site; AA: amino acids. (B)
Western blots of cells 6 days after transduction with GFP,
N3ICD-GFP, or N1ICD-GFP lentiviruses. Membranes were
probed with Notch3, Notchl, PDGFRf, Tbx2, fibronectin,
GFP, and B-actin antibodies. On the Notch3 and Notchl
Western blots, arrows indicate the full-length (FL) and
Notch transmembrane/intracellular domain (NTM/ICD)
bands. (C) Quantification of Western blots. Band intensities
were normalized to (3-actin band intensities. Points represent
replicate wells from a differentiation of the H9 hPSC line.
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Bars indicate mean values+SD, with values normalized such
that the mean of the DMSO condition equals 1. P-values:
ANOVA followed by Tukey’s HSD test.

[0024] FIG. 11. Cell-autonomous and time-dependent
effects of N3ICD overexpression. (A) RT-qPCR analysis of
GFP~™ and GFP* cells isolated via FACS 6 days after
transduction of neural crest cultures with N3ICD-GFP len-
tivirus. Expression of each gene is shown relative to ACTB
expression and normalized to expression in GFP~ cells.
NOTCH3 primers target the 3'UTR and thus amplify only
endogenous NOTCH3 transcripts. Points represent replicate
wells from two independent differentiations, one in the H9
hPSC line (circles) and one in the WTCI11 hPSC line
(squares). Bars indicate mean values+=SD. P-values: Two-
way ANOVA. (B) RT-qPCR analysis of GFP* and GFP~
cells 2, 5, and 10 days after isolation via FACS as described
above. Points represent replicate wells from a differentiation
of the H9 hPSC line. (C) Immunocytochemistry analysis of
GFP, Notch3, Tbx2, PDGFRp, calponin, SM22c, and
a-SMA expression in GFP™ and GFP* cells 4 days after
isolation via FACS as described above. Hoechst nuclear
counterstain overlaid in all images. Scale bars: 50 um.
[0025] FIG. 12. FACS gating strategy for RNA-seq
samples. Examples of initial gating strategies for single cells
based on forward and side scatter, followed by gating
strategy for live (DAPI) cells, are shown at top. Gates for
GFP* and GFP~ cells are shown below for each of the four
hPSC lines evaluated (IMR90-4, H9, WTC11, and DF19-
9-11T). An example of a non-transduced culture from the
IMR90-4 hPSC line is also shown.

[0026] FIG. 13. RNA-seq differential expression analysis
and clustering. (A, B) Differential expression analysis of
GFP* cells compared to neural crest (A) and GFP* cells
compared to GFP~ cells (B). Data are displayed in MA plots;
volcano plots are shown in FIG. 3C-D. Differentially
expressed genes (adjusted P-values <0.05, DESeq2 Wald
test with Benjamini-Hochberg correction) are highlighted,
and the numbers of upregulated and downregulated genes
are shown in the legends. (C) Hierarchical clustering of
samples and genes. The red-colored portion of the dendro-
gram at left indicates a 1110-gene module exhibiting selec-
tive expression in GFP* cells compared to both GFP~ cells
and neural crest. Selected genes from this module are
displayed at right. (D) Transcript abundance (TPM) of
selected mural cell-enriched transcripts.

[0027] FIG. 14. Gene sets enriched in GFP* cells com-
pared to neural crest. GSEA enrichment plots for 6 gene sets
of interest are shown. For each gene set, plots at left display
normalized expression of up to 20 genes listed as core
enrichments for each gene set, in order of GSEA rank. NES:
normalized enrichment score.

[0028] FIG. 15. Mural cell-HUVEC aggregates. (A)
Coculture cord formation assay with HUVECs only, GFP*
cells from a N3ICD-GFP-transduced culture only, and
HUVECs and GFP* cells from a N3ICD-GFP-transduced
culture (HUVEC+GFP*). HUVECs were prelabeled with
VivoTrack680 dye (VT680). Images (overlays of phase
contrast, GFP fluorescence, and VT680 fluorescence) are
shown from 24 h after initiating assay. Scale bars: 500 (B)
High-magnification images of aggregates from the
HUVEC+GFP* condition as described above. Scale bars:
100 um.

[0029] FIG. 16. N3ICD-enriched peaks from Notch3
ChIP-seq. (A) Peak enrichment analysis of N3ICD-GFP-
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transduced cells compared to GFP-transduced cells. Data are
displayed in a MA plot. N3ICD-enriched peaks (adjusted
P-values <0.05, DiffBind/DESeq2 Wald test with Benja-
mini-Hochberg correction) are highlighted in green, and the
numbers of enriched (Up) and non-significant (ns) peaks are
shown in the legend. Selected points are annotated with
putative target gene names. (B) Genome browser plots for
genes of interest. From top, tracks are: Notch3 ChIP-seq
signal from GFP-transduced cells (data from three differen-
tiations), Notch ChIP-seq signal from N3ICD-GFP-trans-
duced cells (data from three differentiations), N3ICD-en-
riched peaks as identified by DiffBind, ATAC-seq signal
from a human cortex endothelial/mural cell cluster (61),
endothelial/mural ATAC-seq peaks as identified by MACS
(61), ENCODE cCREs (red: promoter-like signature,
orange: proximal enhancer-like signature, yellow: distal
enhancer-like signature) (62), and putative RBPJ binding
sites from the JASPAR database (63).

DETAILED DESCRIPTION

[0030] The present invention is based in part on the
surprising finding that activation of Notch3 or Notchl
signaling directed the differentiation of hPSC-derived neural
crest to brain mural cells. Further, overexpression of Tbx2
(SEQ ID NO:5 and 6), another mural cell-enriched tran-
scription factor similar to Notch3 and Notchl, did not
similarly induce brain mural cells. Because ligand-induced
activation of Notch signaling requires complex cell-cell
interactions and ligand endocytosis, the inventors activated
Notch signaling by lentiviral overexpression of the human
Notch3 or Notchl intracellular domain in neural crest cells
maintained in serum-free medium. The resulting cells were
PDGFRf* and displayed robust upregulation of the mural
cell genes HEYL, RGSS5, TBX2, and FOXS1. Supplemen-
tation of additional molecular factors did not substantially
improve the transcriptional profile of the resulting cells.
Thus, Notch3 or Notchl signaling is sufficient to direct
differentiation of neural crest to brain mural cells under
serum-free conditions, and thus establishes a new, serum-
free protocol for generation of brain mural cells from hPSCs.
These in vitro derived brain mural cells can be used in CNS
drug screening, BBB models and development studies and
disease modeling applications.

[0031] Abbreviations used in the present disclosure
include, blood-brain barrier, BBB; brain microvascular
endothelial cells, BMECs; central nervous system, CNS; E6
medium supplemented with CHIR99021, SB431542, FGF2,
and dorsomorphin, E6-CSFD; endothelial cells, ECs;
endothelial growth factor medium 2, EGM-2; green fluo-
rescent protein, GFP; human embryonic stem cells, hESCs;
human pluripotent stem cells, hPSCs; human umbilical vein
endothelial cells, HUVECs; induced pluripotent stem cells,
iPSCs; Notchl intracellular domain, N1ICD; Notch3 intra-
cellular domain, N3ICD; neural crest stem cells, NCSC;
neurovascular unit, NVU; vascular smooth muscle cells,
VSMCs.

[0032] Brain pericytes and vascular smooth muscle cells
(VSMCs), collectively termed mural cells, regulate devel-
opment and function of the blood-brain barrier (BBB) and
control brain blood flow. Unlike the mesoderm-derived
mural cells of other organs, forebrain mural cells (also called
brain mural cells or vascular mural cells) are derived from
the neural crest. Molecular signals controlling mural cell
differentiation are poorly understood, with loss of function
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experiments suggesting roles for TGF-f, PDGF, and Notch
signaling. Existing in vitro models of human brain mural
cells derived both from primary cultures and human pluripo-
tent stem cells (hPSCs) have markedly reduced expression
of key mural cell genes, including NOTCH3, compared to in
vivo samples, and require serum-supplemented culture
media. The present invention fulfills a need for in vitro
derived mural cells that have key aspects of the mural cells
and proper gene expression that can be used in vitro for
creating BBB models and development and drug discovery
applications.

[0033] The present invention provides populations of in
vitro derived brain mural cells and methods of producing
brain mural cells under serum free conditions, allowing for
their use in studies allowing for standardization of condi-
tions and reproducibility of the components in the culture
media, which is ideal for analysis. These brain mural cells
can be used for in vitro BBB models, 3D models of blood
brain barrier and other tissue and chip technology that can be
used to study blood brain barrier properties, development
and therapeutics. As demonstrated in the Examples, the
overexpression of the human Notch3 intracellular domain
(N3ICD) or human Notchl (N1ICD) in neural crest cells
directed mural cell differentiation under serum free condi-
tions. Unexpectedly, while other factors are thought to play
arole (e.g., TGFp, TBX2), these factors did not result in the
differentiation of mural cells from neural crest stem cells as
described in the Examples. Thus, the present invention
provides a novel serum-free method of in vitro deriving
brain mural cells for study and down-stream applications.
[0034] The in vitro derived brain mural cells of the present
invention are NOTCH3*PDGFRB*RGS5" brain mural cells.
These mural cells of the present invention can form both
smooth muscle cells, which line arterioles and venules, and
pericytes, which are associated with smaller microvessels
and capillaries. Preferably, the methods produce a cell
population that is at least 90% NOTCH3*PDGFR*RGS5*
brain mural cells, preferably at least 95% NOTCH3"
PDGFRB*RGS5* brain mural cells. The NOTCH3*
PDGFRB*RGSS5™ brain mural cells may also express one or
more additional marker associated with mural cells, e.g.,
FOXS1, TBX2, and HEYL. Additionally, the mural cells
express pericyte-specific markers (e.g., KCNIS8) at certain
timepoints, but additional factors may need to be used for
maintenance of this phenotype or further differentiation.
[0035] In one aspect, the present disclosure provides a
method of producing a population of mural cells. The
method comprises (a) increasing Notch expression and/or
activation in a population of p75-NGFR*HNK-1" neural
crest (NC) cells; and (b) culturing the Notch-activated NC
cells in serum-free medium for a sufficient time to differ-
entiate the NC cells into NOTCH3*PDGFRB*RGS5" brain
mural cells. Suitably, in some embodiments, the culturing
step of Notch-activated NC cells in serum free medium to
obtain NOTCH3*PDGFR*RGS5* brain mural cells is at
least 6 days. The brain mural cells may be cultured and split
for additional passages for up to 60 days.

[0036] It is contemplated that a number of different meth-
ods and strategies may be used for increasing the Notch
expression and/or signaling within the NC cells to promote
differentiation into mural cells. For example, Notch expres-
sion or Notch signaling within the NC cell may be accom-
plished by methods known in the art to activate the Notch
signaling pathway. Some examples, include, for example, (i)
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introducing a exogenous construct encoding at least an
intracellular domain of Notch receptor and capable of
expressing at least the intracellular domain within the NC
cell, although additional Notch receptor and/or ligand
sequences may also be included; (ii) culturing the NC cells
in serum free medium in the presence of Notch ligands (e.g.,
DLLA4, JAG2, etc.); (iii) co-culturing the NC cells with cells
overexpressing Notch ligands (e.g., feeder cell line, etc.) or
(iv) activating Notch pathway using a Notch activation
factor. Suitable methods of activating the Notch pathway are
known and understood in the art. In one aspect, an exog-
enous construct comprises a Notch receptor, Notch ligand,
or a Notch activating factor or active fragments thereof. In
one example, the Notch receptor comprises at least a Notch
intracellular domain (e.g., Notch 3 or Notch 1 intracellular
domain) and capable of expressing the Notch intracellular
domain.

[0037] In some embodiments, the construct encoding a
Notch receptor, Notch ligand, or fragment thereof or Notch
activating factor may suitably be a vector. In a preferred
embodiment, the construct may be a viral vector, for
example, a lentiviral vector that allows for integration and
stable expression of the Notch intracellular domain encoded
within the cell. In other embodiments, expression vectors
may be used that allow for transient expression of the Notch
intracellular domain within the cell. In other aspects, other
methods may be used to overexpress Notch within the NC
cells, for example, either the NC cells or the hPSCs used to
derive the NC can be genetically modified with a construct
(e.g. by viral, transposon, CRISPR-based strategies) that has
a inducible construct for notch intracellular domain expres-
sion (e.g., doxycycline-inducible). Suitable doxycycline
vectors and constructs are known in the art, and expression
is then inducible by the addition of doxycycline or other
suitable inductor into the culture medium.

[0038] In some embodiments the vector may comprise a
polynucleotide encoding the intracellular domain of Notch3,
for example, SEQ ID NO:1 or another polynucleotide
capable of encoding SEQ ID NO: 2. Alternatively, the vector
may comprise a polynucleotide encoding the intracellular
domain of Notchl, for example SEQ ID NO: 3 or another
polynucleotide capable of encoding SEQ ID NO: 4. Due to
the degeneracy of the genetic code those of skill in the art
will appreciate that the polypeptides of SEQ ID NO: 2 and
4 may be encoded for by many distinct polynucleotides. In
addition, the polypeptides can also maintain function with a
small number of amino acid changes. Thus also encom-
passed herein are polynucleotides and polypeptides having
at least 90%, 92%, 94%., 95%, 97% 98% or 99% identity to
the sequences provided in SEQ ID NO: 1-4. The vector may
comprise additional sequences, including promoter
sequences. Heterologous promoters useful in the practice of
the present invention include, but are not limited to, consti-
tutive, inducible, temporally-regulated, developmentally
regulated, chemically regulated, tissue-preferred, tissue-spe-
cific promoters and cell-type specific. The heterologous
promoter may be a plant, animal, bacterial, fungal, or
synthetic promoter. Suitable promoters are known and
described in the art. Promoters may include the EF-1alpha,
SV40, CMV, UBC, PGK or CAGG. The vector may addi-
tionally comprise one or more IRES element, enhancer
element, translation initiation sequence, ribosomal binding
site, start codon, termination codon, transcriptional termi-
nation sequence, targeting sequence and/or tag.

Page 41 of 66



US 2023/0089966 Al

[0039] In another aspect, the NC cells may be cultured in
the presence of excess Notch ligands. Suitable means of
culturing cells with notch ligands include, for example,
culturing the NC cells in the presence of beads coated with
Notch ligands (e.g. DLL4 or JAG2). Other suitable notch
ligands may also be used (e.g., DSL ligands, Delta and
Serrate, three of which belong to the Delta-like family
(DLL1, DLL3 and DLIL4) and two belong to the Jagged
family of Serrate homologs, Jagged 1 and 2 (also known as
JAG1 and JAG2, respectively) and their use can be deter-
mined by one skilled in the art). Suitable beads are known
in the art and comprise, for example, agarose, polymer or
magnetic beads. Suitable methods of deriving beads coated
with notch ligands are known in the art, for example,
surfaces of microbeads are coated with Streptavidin which
then binds the biotin attached to the anti-HIS antibody in
which recombinant DLL4 with a HIS tag can be attached to
the antibody. This method allows for the DLL4 to be
immobilized and presented in a highly directional manner on
the surface of the beads. Alternatively, for example, recom-
binant DLLL4-Fc or JAG2-Fc fusion proteins can be attached
to agarose beads coated with Protein A or Protein G, in
which the Fc domain binds to Protein A or Protein G.
[0040] In another aspect, the NC cells may be cultured on
culture plates coated with Notch ligands (e.g., DLL4 or
JAG2). In some embodiments, the plates may be coated with
collagen or Matrigel prior to incubation with Notch ligand.
Methods of coating plates with proteins including notch are
readily understood and known in the art.

[0041] In another aspect, the NC cells can be co-cultured
with a second cell type that has been genetically altered to
overexpress Notch ligands. Suitable co-culture cells are
readily known and available in the art.

[0042] As used herein, the term “construct”, “nucleic acid
construct” or “DNA construct” refers to an artificially con-
structed (i.e., not naturally occurring) DNA molecule that is
capable of expressing the polypeptide. Nucleic acid con-
structs may be part of a vector that is used, for example, to
transform a cell. The term “vector” refers to a nucleic acid
molecule capable of propagating another nucleic acid to
which it is linked. The term includes the vector as a
self-replicating nucleic acid structure as well as the vector
incorporated into the genome of a host cell into which it has
been introduced. Certain vectors are capable of directing the
expression of nucleic acids to which they are operatively
linked. Such vectors are referred to herein as “expression
vectors”. Vectors suitable for use with the present invention
comprise the constructs described herein and heterogeneous
sequence necessary for proper propagation of the vector and
expression of the encoded polypeptide. Preferably, the con-
structs are packaged in a vector suitable for delivery into a
mammalian cell including but not limited to, an adeno-
associated viral (AAV) vector, a lentiviral vector, or a vector
suitable for transient transfection. As used herein, the term
“vector,” ““virus vector,” “delivery vector” (and similar
terms) generally refers to a virus particle that functions as a
nucleic acid delivery vehicle, and which comprises the viral
nucleic acid (i.e., the vector genome) packaged within the
virion. Suitable vectors are known and commercially avail-
able in the art. A skilled artisan will be familiar with the
elements and configurations necessary for vector construc-
tion to encode the constructs described herein.

[0043] The term “neural crest (NC) cells” or “neural crest
stem cells (NCSC)” are used herein interchangeably to refer
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to a multipotent stem cell or progenitor population capable
of forming peripheral neurons and mesenchymal derivatives
including adipocytes, osteocytes, and chondrocytes, among
other cell types. NCSCs are the embryonic precursor to
forebrain pericytes. As described in the Examples, the neural
crest cells used in the methods described herein are differ-
entiated from human pluripotent stem cells, including
induced pluripotent stem cells. Suitable methods of deriving
neural crest cells are described in US Patent Publication No.
US2020/0017827 and Stebbins et al., 2019, both of which
are incorporated by reference in their entirety. Neural crest
cells are identified by expression of key neural crest mark-
ers, including, for example, at least p75-NGFR and HNK-1
(B3GAT1), and can express one or more additional neural
crest markers. Cells can be sorted during differentiation as
p75-NGFR* to obtain a homogenous population of p75-
NGFR* neural crest stem cells (NCSC). Such NCSCs can be
expanded in culture before use as the starting population for
deriving the mural cells of the present invention. The neural
crest cells can be denoted as p75-NGFR*HNK-1* neural
crest (NC) cells, and the starting population of p75-NGFR*
HNK-1* NC cells can be at least 90% pure, alternatively at
least 95% pure, alternatively at least 98% p75-NGFR*HNK-
1" NC cells.

[0044] The present methods provide advantages of deriv-
ing mural cells from those in the art in that the mural cells
are derived from NCSCs in serum free medium wherein the
medium is defined. The term “defined culture medium” is
used herein to indicate that the identity and quantity of each
medium ingredient is known. As used herein, the terms
“chemically-defined culture conditions,” “fully defined,
growth factor free culture conditions,” and “fully-defined
conditions” indicate that the identity and quantity of each
medium ingredient is known and the identity and quantity of
supportive surface is known. As used herein the term “xeno-
gen-free” refers to medium that does not contain any prod-
ucts obtained from a non-human animal source. As used
herein, the term “serum albumin-free” indicates that the
culture medium used contains no added serum albumin in
any form, including without limitation bovine serum albu-
min (BSA) or any form of recombinant albumin. Standard-
izing culture conditions by using a chemically defined
culture medium minimizes the potential for lot-to-lot or
batch-to-batch variations in materials to which the cells are
exposed during cell culture. Accordingly, the effects of
various differentiation factors are more predictable when
added to cells and tissues cultured under chemically defined
conditions. As used herein, the term “serum-free” refers to
cell culture materials that do not contain serum or serum
replacement, or that contain essentially no serum or serum
replacement. For example, an essentially serum-free
medium can contain less than about 1%, 0.9%, 0.8%, 0.7%,
0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% serum. “Serum
free” also refers to culture components free of serum
obtained from animal blood and of animal-derived materi-
als, which reduces or eliminates the potential for cross-
species viral or prion transmission. Further, serum-contain-
ing medium is not chemically defined, producing a degree of
variability in the culture conditions. Suitable defined media
include, but are not limited to, E8 medium and E6 medium.

[0045] Any appropriate method can be used to detect
expression 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
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example, RNA sequencing, immunohistochemistry, poly-
merase chain reaction, 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 expression at the RNA level. Quantitative
methods for evaluating expression of markers at the protein
level in cell 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., NOTCH3,
GFP, PDGFR}). In some cases, cell populations obtained by
the differentiation methods of this disclosure comprise at
least 80%, 85%, 90%, 95% and preferably at least 98%
NOTCH3*PDGFRB*RGS5" brain mural cells.

[0046] As discussed above, in some embodiments, the
p75-NGFR*HNK-1" neural crest (NC) cells are derived
from pluripotent stem cells, for example, induced pluripo-
tent stem cells. In one embodiment, the method further
comprises culturing human pluripotent cells in E6-CSFD
medium for about 15 days to produced p75-NGFR*HNK-1*
NCSCs. NCSCs maintained in E6-CSFD retained neural
crest marker expression and did not develop expression of
pericyte or mural cell markers.

[0047] In general, the method comprises the steps
described below in the Examples. Typically, the method
begins with culturing or maintaining hPSCs in E8 medium.
In some embodiments, this culture step is on coated plates,
for example, Matrigel™ coated plates. The Examples below
disclose a preferred method of singularizing the cells using
Accutase and preferred seeding densities. As used herein,
the terms “E8 culture medium” and “E8” are used inter-
changeably and refer to a chemically defined culture
medium comprising or consisting essentially of DF3S
supplemented by the addition of insulin (20 pg/mL), trans-
ferrin (10.67 ng/mL), human FGF2 (100 ng/mL), and human
TGFB1 (Transforming Growth Factor Beta 1) (1.75 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-
able from ThermoFisher/Life Technologies Inc. as Essential
8, or from Stem Cell Technologies as TeSR-E8.

[0048] Further differentiation steps include using E6
medium that is described herein and in U.S. Patent Publi-
cation No. 2014/0134732. Preferably, the chemically
defined medium comprises DMEM/F-12. E6 medium con-
tains DMEM/F12; L-ascorbic acid-2-phosphate magnesium
(64 mg/1); sodium selenium (14 pg/1); insulin (20 mg/1);
NaHCO,; (543 mg/1); and transferrin (10.7 mg/1). E6-CSFD
is E6 medium supplemented with CHIR99021, SB431542,
FGF2, dorsomorphin, and heparin. Suitable ranges of the
factors for inclusion in E6 medium to produce E6-CSFD
media includes, for example, about 0.5-5 ptM CHIR99021
(preferably 1 uM), a GSK3I3 inhibitor to promote WNT
signaling; 5-20 uM SB431543 (preferably 10 uM), an ALKS
antagonist to inhibit Activin/Nodal/TGFp signaling; 5-100
ng/ml FGF2 (preferably 10 ng/mL); about 0.5-2 uM dorso-
morphin (preferable 1 pM), a BMP type I receptor inhibitor;
and about 2-200 pug/ml heparin (preferably 22.5 pg/ml). One
exemplary formulation of E6-CSFD is 1 uM CHIR99021;
10 uM SB431543; 10 ng/mL. FGF2 (E6-CSF); and 1 pM
CHIR99021, 1 uM dorsomorphin, and 22.5 pg/ml heparin.
[0049] One would then culture the in vitro hPSCs
described above in E6-CSFD medium for about 15 days to
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produce a 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 HNK-1 and
p75-NGFR (e.g., p75-NGFR*HNK-1* NCSCs).

[0050] In one embodiment, the method further comprises
differentiating the p75-NGFR*HNK-1"NSCs from human
pluripotent stem cells. The method comprises culturing
hPSC in E6-CSFD medium for about 15 days to produced
p75-NGFR*HNK-1* NCSC cells, subsequently sorting p75-
NGFR™* cells from the population and re-plating the p75-
NGFR™ cells of step to produce a population of p75-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
method of sorting the cells is MACS.

[0051] The population of cells produced from hPSCs is a
p75-NGFR*HNK-1*AP-2* NCSCs 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-1*, and AP-2* within the cells. These NCSCs
are able to be maintained in culture for at least five passages
and maintain p75-NGFR*HNK-1*AP-2* marker expression
and do not express pericyte or mural cell markers (e.g.,
NG2~, PDGFRf™, etc). These NCSCs produced by the
method described herein are able to maintain the potential to
differentiate into neurons and mesenchymal cells, as dem-
onstrated in the Examples below.

[0052] The p75-NGFR*HNK-1* NCSCs may be further
cultured and passaged for at least 60 days. The Examples
below describe suitable hPSC lines. The human pluripotent
stem cells may be embryonic stem cells or induced pluripo-
tent stem cells (iPSCs). The present invention is also meant
to employ iPSC lines developed from individual patients or
disease models.

[0053] As used herein, “pluripotent stem cells” appropri-
ate 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-
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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 multipotent cell or terminally differentiated cell, such as
somatic cells obtained from a post-natal individual.

[0054] In one embodiment, the disclosure provides a
method of creating a population of NOTCH3*PDGFRf™*
RGSS5* brain mural cells comprising: a) culturing hPSCs in
E6-CSFD medium for about 15 days to produce p75-NGFR*
HNK-1* NCSCs, b) sorting p75-NGFR™ cells and re-plating
the p75-NGFR™ cells of step (a) to produce a population of
p75-NGFR* NCSCs; ¢) activating Notch signaling in the
sorted p75-NGFR*HNK-1* NCSCs of step (b), and d)
culturing the Notch-activated NC cells in serum free
medium for a sufficient time to differentiate NOTCH3™*
PDGFRB*RGS5* brain mural cells. A sufficient amount of
time is about six days, and optionally between two and ten
days

[0055] The present invention also provides an in vitro
derived population of NOTCH3*"PDGFR*RGS5* brain
mural cells. The NOTCH3"PDGFRB*RGS5™ brain mural
cells may be derived from any of the methods described
herein. The mural cells may be capable of doubling at least
5 times in culture. The population of cells produced may also
express one or more additional mural cell markers, for
example, TBX2, endogenous Notch3, FOXS1 and HEYL. In
some aspects, the NOTCH3*PDGFRB*RGSS5* brain mural
cells population also may be capable of differentiating
further into brain pericytes and vascular smooth muscle
cells. Such cells may express additional mural and/or peri-
cyte gene markers including by way of example and not
limitation HEYL, HES4, TBX2, FOXS1, FOXF2, and
FOXC1, PDGFRB, RGSS5, NDUFA4L2, KCNJ8, ABCC9,
HIGDIB, IGFBP7, PLXDCI1, CSPG4, ADAMTSI,
FOXD1, GJA4, PTGIR, and MCAM (CD146).

[0056] In some aspects, the NOTCH3*PDGFRB*RGS5*
brain mural cells population also may be capable of forming
functional K, channels and expressing subunits of the
K,7» channel including, but not limited to KCNJ8 and
ABCC9.

[0057] In some aspects, the NOTCH3*PDGFRB*RGS5*
brain mural cells population also may be capable of forming
producing extracellular matrix and expressing extracellular
matrix genes, including, but not limited to FN1, COL4A1,
COL4A2, COL1A1, and LAMAA4.

[0058] In some aspects, the NOTCH3*PDGFRB*RGS5*
brain mural cells population also may express human spe-
cies-specific genes, including but not limited to SLC6A12;
and lack expression of mouse species-specific genes, includ-
ing but not limited to VIN.

[0059] The present disclosure also provides a blood brain
barrier model comprising the population of NOTCH3*
PDGFRB*RGS5" brain mural cells, a permeable membrane
and brain microvascular endothelial cells (BMECs) (derived
from hPSCs, or primary cultures or cell lines), wherein the
BBB model is capable of forming tight junctions.

[0060] The NOTCH3*PDGFRB*RGS5* brain mural cells
can be used for making in vitro models of the BBB. For
example, co-culture of BMECs with brain mural cells may
improve the BMEC phenotype in co-culture systems, stabi-
lize endothelial cell cord formation in vitro, and induce
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BMEC properties in primary and hematopoietic stem cell-
derived endothelial cells. Thus, the mural cells described
herein can be used for producing hPSC-derived BBB mod-
els. These BBB models offer the capability for screening of
CNS-penetrant therapeutics and can be used to investigate
BBB contributions to human disease using patient-derived
induced pluripotent stem cells (iPSCs) to derive the cells.
Further, for patient-specific modeling of the healthy and
diseased BBB, it is paramount to generate mural cells from
human iPSCs. The brain mural cells may be used to induce
blood-brain barrier (BBB) properties in BMECs in a BBB
model, including barrier enhancement and reduction of
transcytosis. Incorporating these mural cells with iPSC-
derived BMECs, astrocytes, and neurons, one can form an
isogenic human NVU model useful for the study of the BBB
in CNS health, disease, and therapy.

[0061] Use of the mural cells derived herein can be used
in blood brain barrier models, for example, those that are
described in the art, including, for example, 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. 16/092,450
(Publication US2019/0093084) are drawn to related tech-
nology 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), which comprises
BMECs, neurons, and astrocytes, with the use of pericytes
in the methods described being able to result in functional
improvements to the models. U.S. Ser. No. 13/793,466
discloses an improved BBB model that incorporates retinoic
acid (RA). Both of these disclosures provide context for the
use of the mural cells of the present invention. Brain mural
cells can thus be used to enhance BBB phenotypes in
BMEC:s in these modeling systems.

[0062] Mural cells may be co-cultured in a Transwell
system (e.g., polystyrene transwell filters with a 0.4 um pore
size) with iPSC-derived BMECs in endothelial cell (EC)
medium without FGF2. The transwell coculture system has
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 compart-
ment (e.g., the mural 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).

[0063] Alternatively, mural cells may be co-cultured in
direct contact with other cell types, including, for example,
endothelial cells, BMECs, astrocytes, and/or neurons. The
resulting co-culture models may take the form of cords,
networks, aggregates, or “spheroids”. For example, mural
cells may be co-cultured with HUVECs to form self-orga-
nized aggregates.

[0064] All references, patents and patent applications dis-
closed herein are incorporated by reference with respect to
the subject matter for which each is cited, which in some
cases may encompass the entirety of the document.

[0065] It should be apparent to those skilled in the art that
many additional modifications beside those already
described are possible without departing from the inventive
concepts. In interpreting this disclosure, all terms should be
interpreted in the broadest possible manner consistent with
the context. Variations of the term “comprising” should be
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interpreted as referring to elements, components, or steps in
a non-exclusive manner, so the referenced elements, com-
ponents, or steps may be combined with other elements,
components, or steps that are not expressly referenced.
Embodiments referenced as “comprising” certain elements
are also contemplated as “consisting essentially of” and
“consisting of” those elements. The term “consisting essen-
tially of” and “consisting of” should be interpreted in line
with the MPEP and relevant Federal Circuit’s interpretation.
The transitional phrase “consisting essentially of” limits the
scope of a claim to the specified materials or steps “and
those that do not materially affect the basic and novel
characteristic(s)” of the claimed invention. “Consisting of”
is a closed term that excludes any element, step or ingredient
not specified in the claim.

[0066] The indefinite articles “a” and “an,” as used herein
in the specification and in the claims, unless clearly indi-
cated to the contrary, should be understood to mean “at least
one.”

[0067] The phrase “and/or,” as used herein in the speci-
fication and in the claims, should be understood to mean
“either or both” of the elements so conjoined, i.e., elements
that are conjunctively present in some cases and disjunc-
tively present in other cases. Multiple elements listed with
“and/or” should be construed in the same fashion, i.e., “one
or more” of the elements so conjoined. Other elements may
optionally be present other than the elements specifically
identified by the “and/or” clause, whether related or unre-
lated to those elements specifically identified. Thus, as a
non-limiting example, a reference to “A and/or B”, when
used in conjunction with open-ended language such as
“comprising” can refer, in one embodiment, to A only
(optionally including elements other than B); in another
embodiment, to B only (optionally including elements other
than A); in yet another embodiment, to both A and B
(optionally including other elements); etc.

[0068] As used herein in the specification and in the
claims, “or” should be understood to have the same meaning
as “and/or” as defined above. For example, when separating
items in a list, “or” or “and/or” shall be interpreted as being
inclusive, i.e., the inclusion of at least one, but also including
more than one of a number or list of elements, and, option-
ally, additional unlisted items. Only terms clearly indicated
to the contrary, such as “only one of” or “exactly one of,” or,
when used in the claims, “consisting of,” will refer to the
inclusion of exactly one element of a number or list of
elements. In general, the term “or” as used herein shall only
be interpreted as indicating exclusive alternatives (i.e. “one
or the other but not both”) when preceded by terms of
exclusivity, such as “either,” “one of,” “only one of,” or
“exactly one of” “Consisting essentially of,” when used in
the claims, shall have its ordinary meaning as used in the
field of patent law.

[0069] The term “about” or “approximately” means within
an acceptable error range for the particular value as deter-
mined by one of ordinary skill in the art, which will depend
in part on how the value is measured or determined, i.e., the
limitations of the measurement system. For example,
“about” can mean within 1 or more than 1 standard devia-
tions, per practice in the art. Alternatively, “about” with
respect to the compositions can mean plus or minus a range
of up to 20%, preferably up to 10%, more preferably up to
5%.
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[0070] The present invention has been described in terms
of one or more preferred embodiments, and it should be
appreciated that many equivalents, alternatives, variations,
and modifications, aside from those expressly stated, are
possible and within the scope of the invention.

EXAMPLES

[0071] Notch3 Directs Differentiation of Brain Mural
Cells from Human Pluripotent Stem Cell-Derived Neural
Crest

[0072] Brain pericytes and vascular smooth muscle cells,
collectively termed mural cells, regulate development and
function of the blood-brain barrier (BBB) and control brain
blood flow. Unlike the mesoderm-derived mural cells of
other organs, forebrain mural cells are derived from the
neural crest. Molecular signals controlling this differentia-
tion process are poorly understood, with loss of function
experiments suggesting roles for TGF-f, PDGF, and Notch
signaling. Furthermore, existing in vitro models of human
brain mural cells derived both from primary cultures and
human pluripotent stem cells (hPSCs) have markedly
reduced expression of key mural cell genes, including
NOTCH3, compared to in vivo samples, and require serum-
supplemented culture media. Thus, we sought to determine
whether activation of Notch3 or Notchl in hPSC-derived
neural crest could direct the differentiation of brain mural
cells with an improved transcriptional profile.

[0073] We generated a bicistronic lentiviral vector encod-
ing the human Notch3 and Notchl intracellular domain and
green fluorescent protein (N3ICD-GFP and N1ICD-GFP
respectively). We transduced p75-NGFR*HNK-1" neural
crest cells derived from hPSCs with N3ICD-GFP lentivirus
or GFP-only lentivirus in serum-free E6 medium. Compared
to GFP-transduced neural crest, N3ICD-GFP-transduced
cells exhibited upregulated expression of the mural cell
transcripts PDGFRB, RGS5, FOXS1, TBX2, and HEYL.
Similar results were obtained with N1ICD-GFP. In contrast,
transduction of TBX2-GFP did not produce such an effect.
In N3ICD-GFP-transduced cells, we observed increased
protein-level expression of PDGFRp and both full-length
and cleaved Notch3. We additionally evaluated the ability of
the resulting cells to self-assemble with endothelial cells
(ECs) in a cord-formation assay and to induce BBB prop-
erties in ECs.

[0074] In this Example, the inventors found that expres-
sion levels of NOTCH3 and canonical transcriptional targets
of Notch signaling were very low in existing hPSC-derived
brain pericyte-like cells compared to human brain pericytes
in vivo. The inventors found that activation of Notch3
signaling directed the differentiation of hPSC-derived neural
crest to brain mural cells under serum-free conditions.
Because ligand-induced activation of Notch signaling
requires complex cell-cell interactions and ligand endocy-
tosis, the inventors activated Notch signaling by lentiviral
overexpression of the human Notch3 intracellular domain in
neural crest cells maintained in serum-free medium. The
resulting cells were PDGFR* and displayed robust upregu-
lation of the mural cell genes HEYL, RGSS, TBX2, and
FOXSI1. Supplementation of additional molecular factors
did not substantially improve the transcriptional profile of
the resulting cells. Thus, this work suggests that Notch3
signaling is sufficient to direct differentiation of neural crest
to brain mural cells, and establishes a new, serum-free
protocol for generation of brain mural cells from hPSCs.
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[0075] This data suggests that activation of Notch3 sig-
naling is sufficient to direct differentiation of neural crest to
brain mural cells, and that multiple brain mural cell-associ-
ated transcription factors are downstream of Notch3 signal-
ing. Established herein is a new, serum-free differentiation
protocol for generation of hPSC-derived brain mural cells
for downstream in vitro modeling applications.

Results

[0076] Transcriptome Analysis of hPSC-Derived Brain
Pericyte-Like Cells

[0077] We analyzed RNA-sequencing (RNA-seq) gene
expression profiles of brain pericyte-like cells differentiated
from hPSCs from three independent studies (38, 40, 41).
While methodologies differ slightly, all three protocols pro-
ceed through a neural crest intermediate and yield cells with
molecular and functional characteristics similar to mural
cells. We compared these cells to human brain pericytes in
vivo, using single cell RNA-seq data from a previous
meta-analysis (36). There was moderate correlation between
the transcriptome of hPSC-derived pericyte-like cells and in
vivo pericytes, and similar expression of some canonical
markers such as PDGFRB, ANPEP, CSPG4, COL4Al,
IGFBP7, and MYL9 (FIG. 6A). Compared to in vivo
pericytes, however, hPSC-derived pericyte-like cells had
markedly lower expression of several key mural cell signal-
ing mediators and transcription factors, including RGSS,
NOTCH3, HEYL, HEY2, HES4, TBX2, FOXS1, and
FOXF2 (FIG. 6A-B). We previously demonstrated down-
regulation of many of these same genes in cultured primary
human brain pericytes (36), and a murine developmental
single cell RNA-seq study supports selective expression of
many of these genes in mural cells compared to both neural
crest and other mesenchymal derivatives (FIG. 7). These
results therefore suggest that key molecular factors for
induction and maintenance of the brain mural cell phenotype
are absent under traditional culture conditions, and that
augmentation of these factors during hPSC differentiation
might yield mural cells with improved phenotype.

Overexpression of Notch3 Intracellular Domain as a
Strategy to Derive Mural Cells

[0078] Given low expression of NOTCH3 and Notch
target genes (e.g., HEYL, HEY2, HES4) in existing hPSC-
derived pericyte-like cells and the known roles of Notch
signaling in mural cell development (29), we asked whether
overexpression of the human Notch3 intracellular domain
(N3ICD) in neural crest cells could direct mural cell differ-
entiation. We also evaluated overexpression of Tbx2, a
mural cell-enriched transcription factor with similarly low
expression in existing hPSC models. We cloned the portion
of the NOTCH3 coding sequence (CDS) corresponding to
the intracellular domain, and the TBX2 CDS, into bicis-
tronic lentiviral vectors for GFP coexpression (see Methods)
(FIG. 1A-B). As a starting cell type, we used neural crest
cells differentiated from hPSCs according to a previously-
established protocol (38). After 15 days of differentiation in
E6-CSFD medium, we selected p75* cells via magnetic-
activated cell sorting (MACS), resulting in a homogenous
population of p75"HNK-1" neural crest cells that were
briefly expanded prior to transduction (FIG. 1A, C). We
transduced neural crest cells with GFP-only, N3ICD-GFP, or
TBX2-GFP lentiviruses, and after 6 days, either analyzed the
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resulting populations or performed fluorescence-activated
cell sorting (FACS) to isolate GFP* cells.

[0079] 6 days after lentiviral transduction, N3ICD-GFP-
transduced cells had significantly elevated expression of
HEYL and endogenous NOTCH3 (using primers targeting
the 3' untranslated region, which is not present in transgene-
derived transcripts) compared to GFP controls (FIG. 1D).
Notably, these cells also had increased expression of other
mural cell transcription factors (TBX2, FOXS1) and canoni-
cal markers (PDGFRB, RGS5, KCNI8), suggesting that
Notch3 signaling may be sufficient activate a genetic pro-
gram for mural cell differentiation (FIG. 1D). In contrast,
while TBX2-GFP-transduced cells had elevated expression
of TBX2, suggesting successful overexpression, and a slight
increase in PDGFRB expression, all other mural cell genes
evaluated were unchanged versus GFP controls (FIG. 1D).
We confirmed that N3ICD-GFP-mediated transcriptional
changes occurred via a canonical Notch transactivation
mechanism using Notch3-RBPJ coimmunoprecipitation and
a loss-of-function experiment with CB-103, a small mol-
ecule inhibitor of Notch intracellular domain-RBPJ assem-
bly (43) (FIG. 8). We also asked whether overexpression of
an alternative Notch would achieve a similar effect; indeed,
N1ICD-GFP-transduced neural crest cells underwent similar
transcriptional changes to N3ICD-GFP-transduced cells
(FIG. 9). We elected, however, to conduct further experi-
ments using cells derived via N3ICD overexpression, given
enrichment of Notch3 compared to other Notch receptors in
brain mural cells, and existing loss-of-function studies
establishing the necessity of Notch3 for mural cell devel-
opment (29, 30).

[0080] We wvalidated protein-level overexpression of
N3ICD via Western blotting with a Notch3 antibody detect-
ing a C-terminal (intracellular domain) epitope. As expected,
we observed a significant increase in the intensity of a low
molecular weight band corresponding to the Notch trans-
membrane fragment and intracellular domain in N3ICD-
GFP-transduced cultures compared to GFP-transduced cul-
tures (FIG. 2A-B). A high molecular weight band
corresponding to full-length Notch3 also had increased
abundance in N3ICD-GFP-transduced cultures, suggestive
of positive feedback and consistent with enrichment of
Notch3 in brain mural cells compared to neural crest in vivo
(44-46). The canonical mural cell marker PDGFRf and
transcription factor Tbx2 were also upregulated in N3ICD-
GFP-transduced cultures, despite lower GFP abundance,
reflective of slightly lower transduction efficiency by
N3ICD-GFP lentivirus compared to GFP lentivirus (FIG.
2A-B). We also observed a marked increase in fibronectin
abundance in N3ICD-GFP-transduced cultures (FIG. 2A-B),
consistent with human brain mural cell expression of FN1 in
vivo (36). Immunocytochemistry corroborated these find-
ings and revealed clear nuclear localization of Notch3 and
Tbx2 in N3ICD-GFP-transduced cells (FIG. 2C). Consistent
with transcript-level observations, N1ICD overexpression
also achieved similar effects to N3ICD on the protein level
(FIG. 10). Together, these results suggest that activation of
Notch signaling in neural crest cells is sufficient to drive
mural cell differentiation.

of Cells

Molecular Properties Derived Via N3ICD

Overexpression

[0081] We used FACS to isolate GFP* and GFP~ cells
from cultures 6 days after N3ICD-GFP lentiviral transduc-
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tion (FIG. 2D). We compared acutely isolated GFP* and
GFP~ cells by RT-qPCR; GFP* cells had significantly
reduced expression of NGFR, consistent with loss of neural
crest identity, and significantly higher expression of markers
of mesenchyme (e.g., TBX18), mural cells (e.g., NOTCH3,
TBX2, HEYL, FOXS1), and pericytes (e.g., KCNI8), while
the VSMC-enriched gene ACTA2 was not differentially
expressed (FIG. 11A). Immunostaining conducted 4 days
after FACS confirmed that Tbx2 was selectively expressed
GFP* cells (FIG. 2D). Importantly, these results suggest that
N3ICD-GFP functions cell-autonomously to direct neural
crest-to-mural cell differentiation, and that the resulting cells
have molecular hallmarks of pericytes. After briefly expand-
ing the resulting cells in minimal E6 medium, however, we
observed marked downregulation of KCNJ8 and upregula-
tion of ACTA2 despite maintained expression of the N3ICD-
GFP transgene; at 4 days post-FACS, cells expressed the
VSMC-enriched proteins a-SMA, calponin, and SM22a
(FIG. 11B-C). Loss of KCNI8 and induction of these
contractile proteins is a phenomenon also observed upon in
vitro culture of primary brain pericytes, and suggests that
while Notch3 is sufficient to direct initial specification and
differentiation of mural cells with pericyte-like marker
expression, additional yet-unidentified factors are required
for maintenance of pericyte phenotype. Therefore, to further
characterize the initial Notch-mediated specification and
differentiation process, we focused on acutely isolated GFP*
cells.

[0082] We used RNA-seq to obtain transcriptomic profiles
of neural crest cells and FACS-isolated GFP~ and GFP* cells
from N3ICD-GFP-transduced cultures from four hPSC lines
(FIG. 12). In principal component analysis, the three cell
types segregated along principal component 1, which
explained 66% of the variance (FIG. 3A). Visualization of
RNA-seq reads confirmed that in addition to transgene-
derived NOTCH3 transcripts, endogenous NOTCH3 was
also upregulated in GFP* cells (FIG. 3B). We identified
differentially expressed genes in GFP* cells compared to
neural crest (FIG. 3C; FIG. 13A) and in GFP™* cells com-
pared to GFP~ cells (FIG. 3D; FIG. 13B). In both compari-
sons, GFP* cells were enriched for mural cell and pericyte
marker genes, including the key transcription factors HEYL,
HES4, TBX2, FOXS1, FOXF2, and FOXC1, some of which
have established functional roles in brain pericyte develop-
ment and function (47, 48) (FIG. 3C-E; FIG. 13). PDGFRB,
RGSS, NDUFA4L2, KCNIJ8, ABCC9, HIGDI1B, IGFBP7,
PLXDCI1, CSPG4, and ADAMTS1 were similarly enriched
in GFP™" cells (FIG. 3C-E; FIG. 13). Consistent with results
of RT-qPCR, ACTA2 was expressed at moderate levels
(~40-60 TPM) in all cell types and was not differentially
expressed (FIG. 3C-E).

[0083] The canonical neural crest marker NGFR was
downregulated in GFP* cells compared to both neural crest
and GFP~ cells, as was LIN28A, which plays a role in neural
crest multipotency (49). PDGFRA, which is enriched in
fibroblasts compared to mural cells in vivo (45, 50), was
nearly absent in GFP* cells, but expressed by GFP~ cells
(FIG. 3E). Although GFP~ cells also expressed PDGFRB,
they lacked several other mural cell markers and retained
some expression of neural crest genes (FIG. 3E), suggesting
that interactions with N3ICD-overexpressing GFP* cells
cause partial differentiation of these cells to a non-mural
fate. Hierarchical clustering revealed a gene module with
highly enriched expression in GFP* cells compared to both
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GFP~ cells and neural crest; this module contained known
mural/pericyte transcripts, including FOXDI1, GJA4,
PTGIR, and MCAM (CD146) in addition to many of those
mentioned above (FIG. 13C-D), further supporting the
mural/pericyte identity of cells derived via Notch3 activa-
tion. Genes with known enrichment in brain mural cells
compared to those of other organs, including PTN, GPERI1,
and SLC6A17 (36, 45), were also enriched in GFP* cells
(FIG. 13C-D), supporting the notion that brain-enriched
expression is at least partially attributable to the neural crest
origin Furthermore, the GABA transporter gene SLC6A12,
which we and others recently identified as enriched in
human compared to mouse brain pericytes (35, 36, 50), was
robustly upregulated in GFP* cells compared to neural crest
and GFP~ cells (FIG. 3C-E). SLC6A1, another human-
enriched pericyte gene (36, 50), however, was not expressed
(FIG. 13D), highlighting that while Notch signaling acti-
vates a mural cell transcriptional program, other factors are
likely required for complete acquisition of mural cell phe-
notype. We also observed minimal expression of VIN in all
cells (approximately 1 TPM), consistent with observations
that human brain pericytes lack VIN despite robust expres-
sion in mouse brain pericytes (35, 36, 51), while other
ECM-related genes (FN1, COL4A1, COL4A2, COL1AL,
and LAMAA4) were indeed upregulated in GFP* cells (FIG.
3C-E). Together, these results suggest that cells derived from
hPSCs via this strategy (i) are mural cells, (ii) have molecu-
lar hallmarks that distinguish brain and non-brain mural
cells, and (iii) can at least partially capture species-specific
differences in mural cell gene expression observed in vivo.
[0084] We next identified gene sets enriched in GFP™ cells
compared to neural crest, using the KEGG and gene ontol-
ogy-biological process (GO-BP) databases (FIG. 3F; FIG.
14). As expected, the Notch Signaling Pathway gene sets
from both KEGG and GO-BP databases were enriched (FIG.
14). Additional enriched gene sets included GO-BP Vascu-
logenesis, GO-BP Nitric Oxide-Mediated Signal Transduc-
tion, and KEGG Vascular Smooth Muscle Contraction,
which was driven by enrichment of genes encoding gua-
nylate and adenylate cyclases (e.g., GUCY1B1, GUCY1A2,
ADCYS) and regulators of actomyosin contraction and
cytoskeleton (e.g., PPP1R14A, MYLK, ROCK1), consistent
with vascular mural cell identity (FIG. 3F; FIG. 14). Con-
sistent with previously noted upregulation of ECM-related
genes, the KEGG gene set ECM-Receptor Interaction was
enriched (FIG. 3F; FIG. 14). Notably, we observed enrich-
ment of the KEGG gene set Neuroactive Ligand-Receptor
Interaction, which we previously reported as depleted in
cultured primary brain pericytes compared to in vivo peri-
cytes (36) (FIG. 3F). Highly enriched genes in this set
included PTGIR, PTHIR, EDNRA, and GIPR (FIG. 14), but
some genes encoding key mural cell receptors such as
P2RY 14, were not expressed (FIG. 13D), suggesting that
other factors would be required to obtain cells with the
complete mural cell receptor repertoire. Finally, we directly
compared the average transcriptome profile of GFP™ cells to
that of in vivo human brain pericytes (FIG. 3G). While the
overall correlation was similar to that of existing hPSC-
derived brain pericyte-like cells (FIG. 6A), GFP* cells
exhibited a notable improvement in the expression of key
mural cell transcription factors and other markers (FIG. 3G).

Functional Attributes of Resulting Mural Cells

[0085] Production of vascular basement membrane is a
key function of mural cells. We visually observed an appar-
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ent enrichment in the amount of ECM produced by cultures
transduced with N3ICD-GFP compared to GFP, which we
confirmed by decellularization followed by quantification of
remaining total protein (see Methods). Compared to GFP-
transduced cultures, N3ICD-overexpressing cultures gener-
ated approximately 20 times more extracellular matrix per
cell despite a slight reduction in total cell number (FIG.
4A-B), consistent with the marked upregulation of ECM-
encoding genes in RNA-seq data and protein-level enrich-
ment of fibronectin. We next evaluated the ability of these
decellularized matrices to support formation of endothelial
cords, a widely used in vitro proxy for angiogenic potential
(38, 41, 52, 53). While human umbilical vein endothelial
cells (HUVECs) cultured on ECM from GFP-transduced
cultures adopted the same cobblestone morphology as
HUVECsS cultured on no ECM, HUVECs cultured on ECM
from N3ICD-GFP-transduced cultures formed cords, albeit
more variably than on the positive control Matrigel substrate
(FIG. 4C-D). We also directly cocultured neural crest cells,
and GFP* and GFP~ cells 5 days after FACS with HUVECs
on the Matrigel substrate. 24 h after cell seeding, cords
formed from HUVECs alone and those formed in neural
crest cocultures were similar, while cords in GFP~ cell
cocultures were longer, consistent with the ability of many
mesenchymal cell types to associate with endothelial cords
and modulate cord formation (53, 54). In GFP* cell cocul-
tures, however, we observed highly reproducible formation
of mural-endothelial aggregates, a phenomenon previously
observed in primary pericyte cocultures at later timepoints
(41) and in cocultures with immature smooth muscle cells
derived from hPSCs (53) (FIG. 4E). Importantly, aggregates
contained both GFP+ cells and HUVECs, and GFP+ cells
did not form such large aggregates in the absence of
HUVECs (FIG. 15). Thus, while GFP* cells undergo
molecular changes after FACS and replating (FIG. 11), these
results support a persistent, striking difference in functional
phenotype between GFP* and GFP~ cells.

[0086] Mural cells regulate vascular tone, and while the
relative contributions of different mural cell subtypes to
neurovascular coupling remain the subject of debate, virtu-
ally all mural cells appear capable of contraction, at least
under artificial stimuli (55). Potassium (at concentrations
causing depolarization) is widely used to assess contractility
of pericytes and smooth muscle cells in vitro and in vivo (40,
56). We first used calcium imaging of a N3ICD-GFP-
transduced culture to confirm that application of 40 mM KCl
led to depolarization and calcium influx (FIG. 4F). Because
the cell density at this time point precludes assessment of
cell size, we asked whether KCl application would cause
contraction of GFP* cells isolated via FACS and replated at
low cell density (FIG. 4G). Two days after FACS, cells
underwent an average reduction in area of approximately
7% 15 min after KC1 addition, compared to an average 0%
change after addition of water, with cells in both conditions
extending and withdrawing cellular processes (FIG. 4G,H).
These results support the contractile ability of mural cells
derived from neural crest via N3ICD overexpression. Our
RNA-seq data demonstrated upregulation of KCNJ8 and
ABCC9 in GFP* mural cells (FIG. 3E). These genes encode
subunits of the ATP-sensitive potassium channel (K-Alp),
which has been implicated in mural cell propagation of
hyperpolarizing signals during neurovascular coupling (57).
We therefore used the K ,;» channel inhibitor pinacidil to
assess the functionality of this channel in our cells. N3ICD-
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GFP-transduced cultures pretreated with pinacidil exhibited
reduced intracellular calcium after KCl-induced depolariza-
tion compared to control (DMSO)-treated cells; such a
difference was not observed in GFP-transduced cultures
(FIG. 41). These results suggest that K,;»» channels are
functional in mural cells derived via N3ICD overexpression.

Cis-Regulatory Elements Underlying Notch3 Function in
Mural Cell Differentiation

[0087] In the canonical model of Notch signaling, Notch
intracellular domains (NICDs) activate transcription of a
small number of transcription factors (i.e., HES and HEY
family members); however, the genome contains tens of
thousands of putative RBPJ binding sites, and NICDs regu-
late a diverse array of genes in a cell type/tissue-specific
context (58). Thus, as a first step toward defining the gene
regulatory network underlying neural crest-to-mural cell
differentiation, we used Notch3 ChIP-seq to identify cis-
regulatory elements (CREs) directly bound by N3ICD in
N3ICD-GFP-transduced cultures. In principal component
analysis based on all Notch3 peaks (called by comparison of
Notch3 IP and matched input controls), N3ICD-GFP-trans-
duced cells clustered distinctly from control GFP-trans-
duced cells along principal component 1, which explained
71% of the variance (FIG. 5A). Peak enrichment analysis
using the DiffBind package (59) revealed 139 peaks
enriched in N3ICD-GFP-transduced cells (“N3ICD-en-
riched peaks”), 90 non-enriched peaks, and no Notch3 peaks
enriched in GFP-transduced cells (FIG. 5B; FIG. 16A),
consistent with the lack of Notch3-RBPJ coimmunoprecipi-
tation in GFP-transduced cells (FIG. 8B). Importantly, the
RBPJ consensus motif GTGGGAA (60) was overrepre-
sented in N3ICD-enriched peaks (FIG. 5C), and N3ICD-
enriched peaks were located proximal to canonical transcrip-
tional targets of Notch3 signaling, including HEYL, HES4,
HEY2, and NRARP (FIG. 5D; FIG. 16A, B). We also
identified a putative enhancer peak within the first intron of
the NOTCH3 gene (FIG. 5D), consistent with the positive
feedback observed on the transcript and protein levels.
Additional N3ICD-enriched peaks were proximal to genes
including MCAM, GUCY1Al, GUCYIB1, CIRBP,
ZNF335, RNF180, and TAF6L, in addition to a small
number of distal intergenic peaks (FIG. 16A, B). N3ICD-
enriched peaks aligned with single cell ATAC-seq peaks
from a human cortex mural cell/endothelial cell cluster (61),
putative promoter and enhancer signatures from the
ENCODE candidate CRE database (62), and putative RBPJ
binding sites from the JASPAR database (63) (FIG. 5D; FIG.
16B).

[0088] In RNA-seq differential expression analysis of
GFP* mural cells and neural crest, the average fold change
of genes associated with N3ICD-enriched peaks exceeded
that of non-enriched peaks (FIG. SE). Many genes associ-
ated with N3ICD-enriched peaks were upregulated in RNA-
seq data, including HEYL, HES4, HEY2, NRARP,
NOTCH3, GUCY1A1, GUCYIBI, EGR1, and FOS (FIG.
5F). Other peak-associated genes, including the transcrip-
tional regulators ZNF335 and TAF6L, were not differen-
tially expressed and thus likely do not regulate downstream
differentiation processes (FIG. 5F). Notably, non-HES/HEY
family mesenchymal and mural cell transcription factors
such as FOXF2, FOXC1, FOXS1, TBX18, and TBX2,
which were upregulated on the transcript level, were not
associated with Notch3 ChIP-seq peaks, suggesting tran-
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scriptional regulation downstream of HEYL., HES4, HEY2,
and potentially other upstream factors. In summary, these
data suggest that Notch3 regulates mural cell differentiation
by serving as an input to a relatively small number of
transcriptional targets.

Methods

[0089] hPSC Maintenance

[0090] Matrigel-coated plates were prepared by resus-
pending a frozen 2.5 mg aliquot of Matrigel, Growth Factor
Reduced (Corning, Glendale, Ariz.) in 1 mL. of DMEM/F12
(Life Technologies, Carlsbad, Calif.) and diluting the result-
ing solution in 29 mL of DMEM/F12. 1 mL of this solution
was used to coat each well of five 6-well plates. Plates were
stored at 37° C. for at least 1 h prior to use, and up to 1 week.
The following hPSC lines were used: H9 hESCs (77)
(WiCell, Madison, Wis.); IMR90-4 iPSCs (78) (WiCell);
DF19-9-11T iPSCs (79) (WiCell); WTC11 iPSCs (80)
(Gladstone Institutes, San Francisco, Calif.). hPSCs were
maintained at 37° C., 5% CO, on Matrigel-coated plates in
E8 medium (STEMCELL Technologies, Vancouver,
Canada) with daily medium changes. When hPSCs colonies
began to touch, cells were dissociated as colonies using ~7
min of Versene (Life Technologies) treatment and trans-
ferred to a new Matrigel-coated plate at a split ratio of 1:12.

Neural Crest Differentiation

[0091] Neural crest was differentiated according to a pre-
viously established protocol (38, 39). When hPSC colonies
began to touch, 3-4 wells of cells were dissociated using ~7
min of Accutase (Innovative Cell Technologies, San Diego,
Calif.) treatment, 1 mL per well. The Accutase/single cell
suspension was transferred to 4x volume of DMEM/F12
medium and cells were counted using a hemocytometer.
Cells were centrifuged for 5 min at 200xg. The cell pellet
was resuspended in 1 m[. of E8 medium and a volume of the
resulting suspension containing 2.84x10° cells transferred to
a tube containing 6.5 mL. E8 medium supplemented with 10
uM ROCK inhibitor Y-27632 (Tocris, Bristol, United King-
dom). The resulting cell suspension was distributed to 3
wells of a Matrigel-coated 6-well plate, 2 mL per well. Cells
were incubated at 37° C., 5% CO,. The following day,
differentiation was initiated by changing medium to
E6-CSFD medium. E6-CSFD medium is E6 medium pre-
pared according to ref. (81) supplemented with 1 pM CHIR
99021 (Tocris), 10 pM SB431542 (Tocris), 10 ng/mL FGF2
(Waisman Biomanufacturing, Madison, Wis.), 1 uM dorso-
morphin dihydrochloride (Tocris), and 22.5 pg/ml. heparin
sodium salt from porcine intestinal mucosa (Sigma-Aldrich,
St. Louis, Mo.). E6-CSFD medium was replaced daily for 15
days. Cells were passaged when confluent: one well of cells
was dissociated with 1 ml of Accutase for ~5 min. The
Accutase/single cell suspension was transferred to 4x vol-
ume of DMEM/F12 medium and centrifuged for 5 min at
200xg. The cell pellet was resuspended in 600 pl of
E6-CSFD medium and 100 pl. of the resulting suspension
transferred to each of 3-6 wells of a 6-well plate each
containing 2 ml, E6-CSFD medium (for a split ratio of 1:6).

Magnetic-Activated Cell Sorting of Neural Crest

[0092] On day 15, 3-6 wells of neural crest cells were
dissociated using ~5 min of Accutase treatment, 1 mL per
well. The Accutase/single cell suspension was transferred to
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4x volume of DMEM/F12 medium and cells were counted
using a hemocytometer. Cells were centrifuged for 5 min at
180xg, 4° C. MACS buffer was prepared by supplementing
Dulbecco’s phosphate-butfered saline, no calcium, no mag-
nesium (Life Technologies) with 0.5% bovine serum albu-
min (Sigma-Aldrich) and 2 mM ethylenediaminetetraacetic
acid (Sigma-Aldrich). The cell pellet was resuspended in 60
ul. MACS buffer per 107 cells. FcR Blocking Reagent,
human (Miltenyi Biotec, Auburn, Calif.) and Neural Crest
Stem Cell Microbeads, human (Miltenyi Biotec) were added
to the cell suspension at 20 pL each per 107 cells. Cells were
incubated for 15 min at 4° C. Cells were sorted through an
LS Column in a MidiMACS Separator (Miltenyi Biotec)
according to manufacturer protocols. Briefly, the column
was primed with 3 mI. MACS buffer, cells were loaded onto
the column, the column was washed 3 times with 3 mL
MACS buffer, the column was removed from the Midi-
MACS Separator, and the cells were eluted with 5 mL
MACS buffer. The eluate was centrifuged for 5 min at
180xg, 4° C. and sorted through another LS Column. Cells
in the eluate were counted using a hemocytometer. The
eluate was centrifuged for 5 min at 180xg, 4° C. The
resulting cell pellet was resuspended in a volume of
E6-CSFD medium required to achieve a concentration of
10° cells/mL. The resulting cell suspension was distributed
to Matrigel-coated 6-well plates, 2 mL per well. For some
experiments, Matrigel-coated 12-well plates (1 mL cell
suspension per well), 24-well plates (500 uL cell suspension
per well), or 48-well plates (250 uL cell suspension per well)
were used. Cells were incubated at 37° C., 5% CO,.

Flow Cytometry

[0093] On D15 of the neural crest differentiation, two
aliquots of 10° cells were transferred to conical tubes prior
to MACS and kept on ice until MACS was complete. 10°
cells from the final MACS eluate were also transferred to a
conical tube. These three cell suspensions were centrifuged
for 5 min at 180xg, 4° C. One pre-MACS cell pellet and the
post-MACS cell pellet were each resuspended in 100 pL
DPBS containing 0.2 pL. p75 antibody and 0.2 pl, HNK-1
antibody (Table 1). The other pre-MACS cell pellet was
resuspended in 100 pL DPBS containing the mouse 1gG1
isotype control antibody and the mouse IgM isotype control
antibody (Table 1) at concentrations matched to the corre-
sponding p75 and HNK-1 antibodies. Samples were incu-
bated for 30 min on ice, washed by adding 2 mL. DPBS, and
centrifuged for 5 min at 180xg, 4° C. Each cell pellet was
resuspended in 100 pl. DPBS containing 1:500 goat anti-
mouse IgGl Alexa Fluor 647 antibody and 1:500 goat
anti-mouse IgM Alexa Fluor 488 antibody. Samples were
incubated for 30 min on ice protected from light, washed by
adding 2 mL. DPBS, and centrifuged for 5 min at 180xg, 4°
C. Cell pellets were fixed in 500 pl. 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, Pa.) for 15 min at
room temperature protected from light. Samples were cen-
trifuged for 5 min at 180xg, resuspended in 300 pl. DPBS,
transferred to 5 mL flow cytometry tubes, and analyzed on
a FACSCalibur flow cytometer (BD Biosciences, San Jose,
Calif.) with excitation at 488 nm and 635 nm, Alexa Fluor
488 emission detected with a 530/30 filter and Alexa Fluor
647 emission detected with a 661/16 filter. FlowJo software
(BD Biosciences) was used for analysis.
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TABLE 1
Antibodies
Species/ Manufacturer, clone (product
Target isotype number), RRID Fluorophore App.  Dilution
p75-NGFR Mouse IgGl Advanced Targeting Systems, Unconjugated FC 0.2 pL/
ME20.4 (AB-N07) 10° cells
RRID:AB_171797
HNK-1 Mouse IgM Sigma-Aldrich, VC1.1 Unconjugated FC 0.2 L/
(C6680) 10° cells
RRID:AB_1078474
PDGFRp Rabbit IgG Cell Signaling Technology, Unconjugated Icc 1:100
28E1 (3169) WB 1:500
RRID :AB_2162497
Notch3 Rabbit IgG Cell Signaling Technology, Unconjugated Icc 1:100
DI11B8 (5276) WB 1:1000
RRID: AB_10560515 IP 1:200
ChIP 1:200
Isotype control Rabbit IgG Cell Signaling Technology, Unconjugated 1P 1:688
DAIE (3900)
RRID:AB_1550038
Notchl Rabbit IgG Cell Signaling Technology, Unconjugated WB 1:1000
DIE11 (3608)
RRID:AB_2153354
VE-cadherin Mouse IgG2a Santa Cruz, BV9 (sc-52751) Unconjugated ICC 1:100
RRID:AB_628919
Tbx2 Rabbit Prestige Antibodies, Unconjugated Icc 1:100
polyclonal (HPA008586) WB 1:500
RRID:AB_1080222
Fibronectin Mouse IgG1l Santa Cruz, EP5 (sc-8422) Unconjugated ICC 1:50
RRID:AB_627598 WB 1:250
Calponin Mouse IgG1 Sigma-Aldrich, hCP (C2687) Unconjugated Icc 1:15,000
RRID:AB_476840
SM22a Rabbit Abeam, (abl4106) Unconjugated ICC 1:1000
polyclonal RRID:AB_443021
a-SMA Mouse IgG2a Lab Vision, 1A4 (MS-113-P) Unconjugated Icc 1:100
RRID:AB_64000
GFP Mouse IgG2a Santa Cruz, B-2 (sc-9996) Unconjugated ICC 1:50
RRID:AB_627695 WB 1:250
RBPJ Rabbit IgG Cell Signaling Technology, Unconjugated WB 1:1000
D10A4 (5313)
RRID:AB_2665555
B-actin Rabbit IgG Cell Signaling Technology, Unconjugated WB 1:1000
13E5 (4970)
RRID:AB_2223172
Rabbit IgG Mouse IgG Cell Signaling Technology, Unconjugated WB 1:2000
(conformation- L27A9 (3678)
specific) RRID: RRID:AB_1549606
Rabbit IgG Goat polyclonal  LI-COR, (925-68071) IRDye 680RD WB 1:5000
RRID :AB_10956166
Mouse IgG Goat polyclonal ~ LI-COR, (926-68070) IRDye 680RD WB 1:5000
RRID:AB_10956588
Rabbit IgG Goat polyclonal  LI-COR, (926-32211) IRDye 800CW WB 1:5000
RRID :AB_621843
Mouse IgG Goat polyclonal ~ LI-COR, (926-32210) IRDye 800CW WB 1:5000
RRID :AB_621842
Mouse IgGl Goat polyclonal  Invitrogen, (A-21240) Alexa Fluor 647 FC 1:500
RRID:AB_2535809
Mouse IgM Goat polyclonal  Invitrogen, (A-21042) Alexa Fluor 488 FC 1:500
RRID:AB_2535711
Rabbit IgG Goat polyclonal  Invitrogen, (A-21245) Alexa Fluor 647 Icc 1:200
RRID:AB_2535813
Mouse IgG Goat polyclonal — Invitrogen, (A-21235) Alexa Fluor 647 ICC 1:200
RRID:AB_2535804
Mouse IgG Goat polyclonal — Invitrogen, (A-11001) Alexa Fluor 488 Icc 1:200
RRID:AB_2534069
Mouse IgG Goat polyclonal — Invitrogen, (A-21424) Alexa Fluor 555 ICC 1:200

RRID:AB_141780

“Application: FC, Flow cytometry, ICC, immunocytochemistry; WB, Western blotting, [P, immunoprecipitation; ChIP: chromatin immuno-

precipitation

Lentivirus Production

[0094]
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The lentiviral plasmids pWPI (Addgene plasmid
#12254), psPAX2 (Addgene plasmid #12260), and pMD2.G
(Addgene plasmid #12259) were obtained from Addgene

(Watertown, Mass.) as gifts from Didier Trono. To generate
pWPI-N3ICD, we amplified a cDNA fragment encoding the
intracellular domain of Notch3 from a ¢cDNA library gen-
erated from hPSC-derived neural crest. This fragment spans
nucleotides 5,074-7056 of NCBI Reference Sequence
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NM_000435.3, corresponding to amino acids 1,662-2,321
of NP_00426.2. To generate pWPI-N1ICD, we amplified a
cDNA fragment encoding the intracellular domain of
Notchl from the neural crest cDNA library. This fragment
spans nucleotides 5,522-7,930 of NM_017617.5, corre-
sponding to amino acids 1,754-2,556 of NP060087.3. For
N3ICD and N1ICD, the forward primers (Table 2) contained
a Kozak consensus sequence and start codon; forward and
reverse primers (Table 2) included Pacl restriction enzyme
sites. To generate pWPI-TBX2, we amplified the TBX2
coding sequence from pcDNA3.1-TBX2 (NCBI Reference
Sequence NM_005994.4) (GenScript, Piscataway, N.I.).
The forward primer (Table 2) contained a Kozak consensus
sequence; forward and reverse primers (Table 2) included
Pacl restriction enzyme sites. pWPI and the resulting PCR
fragments were digested with Pacl. Ligation was performed
with Instant Sticky-end Ligase Master Mix (New England
Biolabs, Ipswich, Mass.), and resulting products trans-
formed into NEB Stable Competent E. coli (New England
Biolabs). Single ampicillin-resistant colonies were picked

Mar. 23, 2023

and PCR screened for presence of insert using primers
annealing to the EF-1a promoter and IRES (Table 2). Sanger
sequencing was used to identify clones with forward-ori-
ented inserts. pWPI, pWPI-N3ICD, pWPI-N1ICD, and
pWPI-TBX2 plasmids were expanded and purified using the
EndoFree Plasmid Maxi Kit (Qiagen, Germantown, Md.).
[0095] 293TN cells (System Biosciences, Palo Alto,
Calif.) were maintained on uncoated 6-well plates in DMEM
(Life Technologies) supplemented with 10% fetal bovine
serum (Peak Serum, Wellington, Colo.), 1 mM sodium
pyruvate (Life Technologies), and 0.5x GlutaMAX Supple-
ment (Life Technologies). When 293TN cells reached 90%
confluence, psPAX2 (1 pg/well), pMD2.G (0.5 pg/well), and
pWPI or pWPI-N3ICD or pWPI-N1ICD or pWPI-TBX2
(1.5 pg/well) were cotransfected using FuGENE HD Trans-
fection Reagent (9 pL/well) (Promega, Madison, Wis.).
Medium was replaced 16 hours after transfection, and virus-
containing supernatants collected 24, 48, and 72 hours later.
Supernatants were filtered through a 0.45 pm filter and
concentrated 100x using Lenti-X Concentrator (Takara Bio,
Mountain View, Calif.).

TABLE 2

Primer sequences

Gene Forward primer sequence SEQ ID NO:
Primers for cloning

NOTCH3 forward TAA GCA TTA ATT AAG CCA CCA TGG TCA 7
TGG TGG CCC GG

NOTCH3 reverse TGC TTA TTA ATT AAT CAG 8
GCC AAC ACT TGC C

NOTCH1 TAA GCA TTA ATT AAG CCA CCA TGG 9

forward TGC TGC TGT CCC GCA AGC G

NOTCHL TGC TTA TTA ATT AAT TAC TTG 10

reverse AAG GCC TCC GGA A

TBX2 forward TAA GCA TTA ATT AAG CCA CCA TGA 11
GAG AGC CGG CGC

TBX2 reverse TGC TTA TTA ATT AAT CAC TTG 12
GGC GAC TCC C

EF-1a promoter TCA AGC CTC AGA CAG TGG TTC 13

forward

IRES reverse CCT CAC ATT GCC AAA AGA CG 14

Primers for RT-gPCR

eGFP forward GAA CCG CAT CGA GCT GAA 15

eGFP reverse TGC TTG TCG GCC ATG ATA TAG 16

NGFR forward GTG GGA CAG AGT CTG GGT GT 17

NGFR reverse AAG GAG GGG AGG TGA TAG GA 18

PDGFRB forward GCT CAC CAT CAT CTC CCT TAT C 19

PDGFRB reverse CTC ACA GAC TCA ATC ACC TTC C 20

RGS5 forward GGA GGC TCC TAA AGA GGT GAA TA 21

RGS5 reverse CCA TCA GGG CAT GGA TTC TTT 22

KCNJ8 forward AAC CTG GCG CAT AAG AAC ATC 23

KCNJ8 reverse CCA CAT GAT AGC GAA GAG CAG 24

3/30/2023 09:42:35

Page 51 of 66



US 2023/0089966 Al

TABLE 2-continued

16

Mar. 23, 2023

Primer sequences

Gene Forward primer sequence

SEQ ID NO:

NOTCH3 forward® GAG ACG CTC GTC AGT TCT TAG
NOTCH3 reverse® GGT GGA AAG AGA AGA GGA TGA A
TBX2 forward ACA TCC TGA AGC TGC CTT AC
TBX2 reverse AGC TGT GTG ATC TTG TCA TTC T
HEYL forward CAG ATG CAA GCC AGG AAG AA
HEYL reverse GGA AGA GCC CTG TTT CTC AAA
FOXS1 forward CCA AGG ACA ACC ACA CAG AA
FOXS1 reverse GCC ACA GAG TAA ATC CCA AGA G
TBX18 forward CCC AGG ACT CCC TCC TAT GT
TBX18 reverse TAG GAA CCC TGA TGG GTC TG
FOXF2 forward® ACC AGA GCG TCT GTC AGG ATA TT
FOXF2 reverse? GTG ACT TGA ATC CGT CCC AGT TTC
MYL9 forward GTC CCA GAT CCA GGA GTT TAA G
MYL9 reverse CAT CAT GCC CTC CAG GTA TT
NDUFA4L2 AGA GGA CCA GAC TGG GAA A
forward

NDUFA4L2 CAG GCA GAT TAA GCC GAT CA
reverse

HIGD1B forward CGA AGA CTG TGT GTC TGA GAA G
HIGD1B reverse CTC AGC CGG TAA ATC CTG TAT G
ACTA2 forward TGT TCC AGC CAT CCT TCA TC
ACTA2 reverse GCA ATG CCA GGG TAC ATA GT

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

“Primers target 3‘UTR and thus do
(103)

not
bFrom ref.

Lentiviral Transduction

[0096] When neural crest cells reached ~40-50% conflu-
ence (~2-3 days post-MACS), lentiviral transduction was
performed by replacing medium in each well E6-CSFD
medium containing 30-50 plL N3ICD-GFP, N1ICD-GFP, or
TBX2-GFP lentivirus per mL, or 5-8 pul. GFP (control)
lentivirus per mL, which achieved transduction efficiencies
of 50-80%. E6-CSFD medium was replaced every other day
for 6 days. In some experiments, culture medium was
supplemented with 10 uM CB-103 (MedChemExpress,
Monmouth Junction, N.J.). The resulting cultures were
either used directly for analysis or sorted to isolate GFP* and
GFP~ cells as described below.

RT-qgPCR

[0097] RNA extraction was performed using the RNeasy
Plus Micro Kit (Qiagen). Cells were lysed with 350 ul
Buffer RLT supplemented with 1% [(-mercaptoethanol
(Sigma) and transferred to gDNA Eliminator spin columns.
350 uLL 70% ethanol was added to each lysate, and lysates
were loaded onto RNeasy MinElute spin columns. Columns

3/30/2023 09:42:35

amplify transgene-derived transcripts

were washed with Buffer RW1, Buffer RPE, and 80%
ethanol according to manufacturer protocols. RNA was
eluted with RNase-free water and concentration quantified
using a NanoDrop 2000 spectrophotometer (Thermo Scien-
tific, Waltham, Mass.). 250-1000 ng of RNA was reverse-
transcribed for 1 h at 37° C. using the OmniScript RT Kit
(Qiagen) and 1 uM Oligo(dT),,_,5 primers (Life Technolo-
gies). 1 U/ul, RNaseOUT (Life Technologies) was included
in the reverse-transcription reactions. Reaction products
were diluted to 10 ng/ulL. 20 ulL gPCR reactions were carried
out with 10 ng cDNA and 500 nM each forward and reverse
primers (Table 2) using PowerUp SYBR Green Master Mix
(Life Technologies) and an AriaMx Real-Time PCR System
(Agilent Technologies, Santa Clara, Calif.). An annealing
temperature of 60° C. was used for all reactions.

Immunoprecipitation

[0098] Cells were washed once with DPBS and lysed with
Cell Lysis Buffer (Cell Signaling Technology, Danvers,
Mass.) supplemented with 1x Halt Protease Inhibitor Cock-
tail (Thermo Scientific). Lysates were sonicated with three 5
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s pulses at 40% power with a Ys-inch probe and centrifuged
at 4° C. for 5 min, 14,000xg. Supernatants were transferred
to new tubes and protein concentrations quantified using the
Pierce BCA Protein Assay Kit (Thermo Scientific). Lysates
were diluted with lysis buffer to 1 mg/ml.. 420 pl of each
lysate was precleared by adding 40 pl of prewashed Protein
A Magnetic Beads (Cell Signaling Technology) and incu-
bating with rotation for 20 min at room temperature. Beads
were removed using a magnetic separation rack. To reduce
nonspecific adsorption of DNA to magnetic beads, DNA was
fragmented by adding 2 pl (2000 U) micrococcal nuclease to
each lysate and incubating for 30 min at 37° C. Digestion
was stopped by adding 10 ul of 0.5 M EDTA to each lysate.
A 20 Wl aliquot of each lysate was removed and stored at
-80° C. to serve as a 10% input control. The remaining 400
ul of each lysate was split between two new tubes, and
Notch3 or isotype control antibody (at matched concentra-
tion, Table 1) added. Lysates were incubated with rotation
overnight at 4° C. 20 ul of prewashed Protein A Magnetic
Beads were added to each lysate and incubated with rotation
for 20 min at room temperature. Beads were pelleted using
a magnetic separation rack, supernatant removed, and beads
washed with 500 pl of lysis buffer. This step was repeated for
a total of 5 washes. After the final wash, beads were pelleted,
supernatant removed, and beads resuspended in 20 pl of
Western blot sample buffer. 20 pl Western blot sample buffer
was also added to each 10% input sample. All samples were
heated at 95° C. for 5 min. Beads were pelleted via cen-
trifugation and resulting supernatants and 10% input
samples processed for anti-RBP] Western blotting as
described below, except a mouse anti-rabbit IgG conforma-
tion-specific secondary antibody (Table 1) was used for
detection.

Western Blotting

[0099] Cells were lysed with radioimmunoprecipitation
assay (RIPA) buffer (Rockland Immunochemicals, Potts-
town, Pa.) supplemented with 1x Halt Protease Inhibitor
Cocktail and centrifuged at 4° C. for 5 min, 14,000x g.
Supernatants were collected, transferred to new tubes, and
protein concentrations quantified using the Pierce BCA
Protein Assay Kit. For each sample, ~20 pg of protein was
diluted to equal volume with water, mixed with sample
buffer, and heated at 95° C. for 5 min. Samples were
resolved on 4-12% Tris-Glycine gels and transferred to
nitrocellulose membranes. Membranes were blocked for 1 h
in tris-buffered saline plus 0.1% Tween-20 (TBST) supple-
mented with 5% non-fat dry milk. Primary antibodies (Table
1) were diluted in TBST supplemented with 5% non-fat dry
milk and were added to membranes and incubated overnight
at 4° C. on a rocking platform. Membranes were washed five
times with TB ST. Secondary antibodies (Table 1) were
diluted in TBST supplemented with 5% non-fat dry milk and
were added to membranes and incubated for 1 h at room
temperature on a rocking platform, protected from light.
Membranes were washed five times with TBST and imaged
using an Odyssey 9120 (LI-COR, Lincoln, Nebr.). Band
intensities were quantified using Image Studio software
(LI-COR).

Fluorescence-Activated Cell Sorting (FACS) and Post-
FACS Culture 6 days after lentiviral transduction, cells were
dissociated using ~30 min of Accutase treatment, 1 mL per
well. The Accutase/single cell suspension was transferred to
4x volume of DMEM/F12 medium and centrifuged for 5

3/30/2023 09:42:35
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min at 200xg. The cell pellet was resuspended in MACS
buffer supplemented with 2 pg/ml. 4',6-diamidino-2-phe-
nylindole (DAPI; Life Technologies). A FACSAria III Cell
Sorter (BD Biosciences) was used to isolate DAPI~ GFP*
cells (live, N3ICD-overexpressing cells) and DAPI"GFP~
cells (live, non-overexpressing cells). Excitation was at 405
nm and 488 nm, with DAPI emission detected with a 450/50
filter and GFP emission detected with a 502LP dichroic and
530/30 filter. Cells from a non-transduced well were used as
a gating control. The resulting cell suspensions were cen-
trifuged for 5 min at 200xg, 4° C. Cell pellets were resus-
pended in E6 medium and seeded on Matrigel-coated plates
at 2x10* cells/cm?®. Medium was replaced daily.

Immunocytochemistry

[0100] Cells were washed once with DPBS and fixed with
4% paraformaldehyde for 15 min. Cells were washed three
times with DPBS and blocked/permeabilized with DPBS
supplemented with 10% goat serum (Life Technologies) and
0.1% Triton-X100 (Sigma-Aldrich) for 1 h at room tem-
perature. Primary antibodies (Table 1) diluted in DPBS
supplemented with 10% goat serum were added to cells and
incubated overnight at 4° C. on a rocking platform. Cells
were washed three times with DPBS. Secondary antibodies
(Table 1) diluted in DPBS supplemented with 10% goat
serum were added to cells and incubated for 1 h at room
temperature on a rocking platform, protected from light.
Cells were washed three times with DPBS. Cells were
incubated for 5 min in DPBS supplemented with 4 uM
Hoechst 33342 (Life Technologies). Images were acquired
using an Eclipse Ti2-E epifluorescence microscope (Nikon,
Tokyo, Japan) with a 20x objective.

RNA-Seq

[0101] RNA-seq was performed on cells from the H9,
IMR90-4, DF19-9-11T, and WTC11 hPSC lines. For each
line, differentiation-matched samples of neural crest cells,
and GFP~ and GFP* cells isolated via FACS 6 days after
transduction of neural crest with N3ICD-GFP lentivirus,
were analyzed. Neural crest cells were dissociated with
Accutase for ~5 min. The Accutase/single cell suspension
was transferred to 4x volume of DMEM/F12 medium and
centrifuged for 5 min at 200xg, 4° C. FACS was performed
as described above; resulting GFP™ and GFP* populations
were centrifuged for 5 min at 200xg, 4° C. Supernatants
were aspirated and the resulting cell pellets immediately
lysed with Buffer RLT Plus (Qiagen) supplemented with 1%
p-mercaptoethanol and frozen at -80° C. RNA extraction
was performed using the RNeasy Plus Micro Kit (Qiagen).
Lysates were thawed on ice, processed through gDNA
Eliminator spin columns, processed through RNeasy Min-
Elute spin columns per manufacturer instructions, and eluted
into RNase-free water.

[0102] RNA quality control, library preparation, and
sequencing were performed by Novogene (Sacramento,
Calif.). RNA quantity was assessed using a NanoDrop
spectrophotometer; RNA quality was assessed using an
Agilent 2100 Bioanalyzer. Poly(A) mRNA enrichment was
performed using poly(T) oligo-conjugated magnetic beads,
first-strand ¢cDNA synthesis performed using random hex-
amer primers, second-strand cDNA synthesis performed,
and libraries prepared using the NEBNext Ultra II RNA
Library Prep Kit for Illumina (New England Biolabs).
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Libraries were sequenced on a NovaSeq 6000 (Illumina, San
Diego, Calif.) with approximately 20 million 150 bp paired-
end reads obtained for each sample.

RNA-Seq Data Analysis

[0103] A DNA sequence from lentiviral transfer plasmid
pWPI extending from the Pacl site to the 3' end of the WPRE
(containing the IRES and eGFP CDS) was added to the
reference genome (hg38) to permit quantification of trans-
gene-derived transcripts. RNA-seq FASTQ files from the
experiment described above and from the literature (ob-
tained from the Gene Expression Omnibus, Table 3) were
aligned to the resulting reference genome using STAR
(version 2.5.3a) (82). Gene-level counts were generated
using the featureCounts function from Subread (version
2.0.3) (83). Transcripts per million (TPM) were calculated
using gene lengths derived from featureCounts as previously
described (35).
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work) were similarly re-normalized to 10° after obtaining
the subset of protein-coding genes. To generate the scatter-
plots FIG. 6A and FIG. 8G, resulting TPM values for each
gene across the 11 hPSC-derived brain pericyte-like cell
datasets or 4 GFP* cell datasets were averaged, and TPM
values for each gene across the 5 in vivo human brain
pericyte datasets were averaged, followed by log-transfor-
mation as log 2 (TPM+1). The Pearson correlation coeffi-
cients were calculated based on the log-transformed average
TPM values.

[0105] Raw counts from featureCounts were input to
DESeq2 (version 1.32.0) (89) for differential expression and
principal component analyses. The DESeq2 variance stabi-
lizing transformation was used to generate counts data for
input to principal component analysis and hierarchical clus-
tering. Hierarchical clustering on genes and samples (one
minus Pearson correlation with average linkage) was per-
formed using Morpheus (software.broadinstitute.org/mor-

TABLE 3

Published RNA-seq datasets used

Reference Description Source

Accession Numbers/Identifiers

(38) hPSC-derived brain
pericyte-like cells

(40) hPSC-derived brain
pericyte-like cells

(41) hPSC-derived brain
pericyte-like cells

93) Mouse developing
brain scRNA-seq
(36) Meta-analysis of
human brain scRNA-
seq datasets
(enumerated below)
(84) Adult human
neocortex SCRNA-seq multiple-cortical-areas-smart-seq
(85)  GW17-18 human
neocortex SCRNA-seq

(87) Adult human temporal https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE134355

lobe and cerebellum
scRNA-seq

(86) GW6-11 human
ventral midbrain
scRNA-seq

(88)  GW16-27 human
hippocampus scRNA-
seq

https://www.nebi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE124579

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE104141

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE132857

http://mousebrain.org/development/downloads.html

http://solo.bmap.ucla.edu/shiny/webapp/

GSM3537065 (SRR8385490, SRR8385491)
GSM3537067 (SRR8385494, SRR8385495)
GSM3537068 (SRR8385496, SRR8385497)
GSM3537069 (SRR8385498, SRR8385499)
GSM3537070 (SRR8385500, SRR8385501)
GSM2790557 (SRR6059668)
GSM2790558 (SRR6059669)
GSM2790559 (SRR6059670)
GSM3895132 (SRR9312712)
GSM3895133 (SRR9312713)
GSM3895134 (SRR9312714)
GSM3895135 (SRR9312715)

dev_all.loom

https://portal.bram-map.org/atlases-and-data/maseq/human-

GSM3980129, GSM4008656,
GSM4008657, GSM4008658

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE76381

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE119212

[0104] Transcriptome comparison between hPSC-derived
brain pericyte-like cells, GFP* cells from this work, and in
vivo human brain pericytes was performed for protein-
coding genes (based on the list at genenames.org/download/
statistics-and-files). Data for in vivo brain pericytes were
obtained from a previous meta-analysis of single cell RNA-
seq studies (36). In this meta-analysis, a mock bulk RNA-
seq dataset was constructed from each source dataset (84-
88) by (i) averaging gene counts across the pericyte cluster,
(i) obtaining the subset of protein-coding genes, and (iii)
generating mock TPM values by normalizing total counts to
10°. Bulk RNA-seq TPM values from hPSC-derived brain
pericyte-like cells (from the literature) and GFP* cells (this
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pheus/). Differential expression analysis was performed
using the DESeq2 Wald test with Benjamini-Hochberg cor-
rection. The DESeq2 design included differentiation (hPSC
line) matching as described above. Genes with adjusted
P-values <0.05 were considered differentially expressed.
Gene Set Enrichment Analysis (version 4.2.3) (90) was
performed using DESeq2-normalized counts for neural crest
and GFP™ cell samples. GSEA was performed with gene set
permutation and otherwise default settings. Genes enriched
in GFP™ cells compared to neural crest were tested against
the KEGG (91) and gene ontology-biological processes
(GO-BP, (92)) databases (version 7.5.1). Gene sets with
false discovery rates (FDR)<0.05 were considered enriched.
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Visualization of reads aligned to the human genome was
performed using Integrative Genomics Viewer (version 2.5.
0).

[0106] Analysis of single cell RNA-seq data from devel-
oping mouse brain (93) was performed in Scanpy (94)
(version 1.9.1). The loom file containing expression data and
metadata was obtained from the authors’ website (Table 3).
Clusters annotated as neural crest and mesenchymal cell
types by the authors were selected for analysis. A complete
list of the authors’ ClusterName identifiers is shown in FIG.
7A, along with the authors’ Subclass, Age, and PseudoAge
annotations. For visualization, we selected of highly variable
genes, regressed out total counts and percent of counts
derived from mitochondrial genes, and performed principal
component analysis, neighbor finding, and UMAP embed-
ding (40 principal components) using Scanpy default param-
eters. A dot plot was used to visualize expression of neural
crest, pan-mesenchymal, fibroblast, pan-mural, pericyte, and
VSMC markers.

Decellularization and Quantification of Extracellular Matrix

[0107] Decellularization was performed 6 days after trans-
duction of neural crest cultures in 12-well plates with GFP
or N3ICD-GFP lentiviruses as described above. The decel-
lularization protocol was adapted from ref (95). The follow-
ing buffers were pre-warmed to 37° C.: DPBS, Wash Buffer
1 (100 mM disodium phosphate, 2 mM magnesium chloride,
2 mM EDTA, pH 9.6), Lysis Buffer (8 mM disodium
phosphate, 1% Triton X-100, pH 9.6), Wash Buffer 2 (10
mM disodium phosphate, 300 mM potassium iodide, pH
7.5). Cells were washed twice with 1 mL. DPBS and three
times with 1 mL. Wash Buffer 1. Cells were incubated with
1 mL Lysis Buffer for 15 min at 37° C. Lysis Buffer was
replaced with 1 mL fresh Lysis Buffer; cells were incubated
for 1 h at 37° C. Lysis Buffer was replaced with 1 mL fresh
Lysis Buffer; cells were incubated for an additional 1 h at
37° C. Lysis Buffer was removed and the resulting extra-
cellular matrix washed 3 times with 1 m[L Wash Buffer 2 and
4 times with 1 ml water. Water was removed and 250 pl
RIPA buffer added. Extracellular matrix was scraped from
the bottom of the well. The resulting solution was trans-
ferred to a microcentrifuge tube and sonicated with two 10
s pulses at 40% power with a Ys-inch probe. Protein con-
centration in the resulting solution was quantified using the
BCA assay. For normalization of total protein to cell num-
ber, cells from a parallel well of the 12-well plate were
dissociated using Accutase and counted using a hemocy-
tometer.

Cord Formation Assays

[0108] The coculture cord formation assay was performed
5 days after isolation of GFP* and GFP~ cells via FACS
from a N3ICD-GFP-transduced culture as described above.
8-well chamber slides were coated with Matrigel, growth
factor reduced, at 250 pL. per well. Matrigel was allowed to
gel at 37° C. for 1 h. HUVECs (American Type Culture
Collection, Manassas, Va.) maintained in EGM-2 medium
(Lonza, Walkersville, Md.), were dissociated using a ~15
min treatment with 0.25% trypsin-EDTA (Gibco). The
resulting cell suspension was transferred to a 4x volume of
DMEM supplemented with 10% FBS. Neural crest cells,
GFP™ cells, and GFP~ cells were dissociated using 5-15 min
of Accutase treatment and the resulting cell suspensions

3/30/2023 09:42:35

Mar. 23, 2023

were transferred to 4x volumes of DMEM/F12 medium.
Cells were counted using a hemocytometer and centrifuged
for 5 min at 200xg. Supernatants were removed and cell
pellets resuspended in 1 ml. EGM-2 medium. For the
HUVEC-only control, HUVEC cell suspension and EGM-2
medium were combined to yield a suspension containing
2.2x10* HUVECsS per 500 uL. For the coculture conditions,
HUVEC cell suspension, coculture cell suspension (neural
crest, GFP*, or GFP~ cell suspension), and EGM-2 medium
were combined to yield suspensions containing 2.2x10*
HUVECs and 6.6x10* coculture cells per 500 L. 500 pL of
the resulting cell suspensions were added to the prepared
wells of the 8-well chamber slides. Phase contrast and GFP
images were acquired after 24 h and 72 h using an Eclipse
Ti2-E microscope with a 4x objective.

[0109] To assess the ability of extracellular matrix from
GFP- and N3ICD-GFP-transduced cells to support endothe-
lial cord formation, neural crest cultures in 48-well plates 6
days post-transduction with GFP or N3ICD-GFP lentivi-
ruses were decellularized. The decellularization protocol
was as described above, except all wash and incubation steps
performed using 200 pl. of solution, and the protocol ter-
minated after the final wash with water. This procedure was
also performed on parallel cell-free wells to serve as a
no-extracellular matrix control. Additional parallel wells
were coated with 200 pL. Matrigel, Growth Factor Reduced,
which was allowed to gel at 37° C. for 1 h. 2.75x10*
HUVECs in 250 pl. EGM-2 medium were added to each
well. Phase contrast images were acquired 16 h after addi-
tion of HUVECs using an Eclipse Ti2-E microscope with a
4x objective. Cells were subsequently fixed and processed
for VE-cadherin immunocytochemistry as described above.
To quantify the extent of cord formation, blinded phase
contrast images were scored on the following 4-point scale.
0: No cords apparent. 1: Few cords apparent, most cells not
associated with cords. 2: Many cords apparent, most cells
associated with cords. 3: Virtually all cells associated with
cords.

Calcium Imaging and Contraction Assay

[0110] Calcium imaging was performed 6 days after trans-
duction of a neural crest cultures with N3ICD-GFP lentivi-
rus as described above. FLIPR Calcium 6 dye (Molecular
Devices, San Jose, Calif.) was prepared according to manu-
facturer instructions. 500 L. of prepared dye was added to
the existing 500 pl of culture medium and cells incubated
at 37° C., 5% CO, for 2 h. The plate was transferred to a
microscope environmental chamber at 37° C., 5% CO, and
equilibrated for 30 min. Images were acquired every 5 s for
300 s using an Eclipse Ti2-E microscope with a 4x objec-
tive. At t=50 s, a 1:114 dilution of saturated KCI solution
(4.56 M, for a final concentration of 40 mM) was added to
the well. Imagel] was used to quantify mean fluorescence
intensity F, at each time point and data are displayed as
AF/F=(F ~F)/F,.

[0111] To assess function of K, channels, cells 6 days
after transduction with GFP or N3ICD-GFP lentiviruses
were labeled with FLIPR Calcium 6 dye as above, and 20
uM pinacidil (Santa Cruz Biotechnology, Dallas, Tex.) or
DMSO added 1.5 h after addition of dye. After an additional
30 min incubation, the plate was transferred to the micro-
scope environmental chamber. Images were acquired every
5 s for 60 s and 40 mM KCl added at t=20 s. Mean
fluorescence intensity was quantified as above.
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[0112] The contraction assay was performed 2 days after
isolation of GFP* cells via FACS from a N3ICD-GFP-
transduced culture as described above. The plate was trans-
ferred to a microscope environmental chamber at 37° C., 5%
CO, and equilibrated for 30 min. At t=0 min, a 1:114
dilution of saturated potassium chloride solution, or an
equivalent volume of water, was added to the culture
medium and the plate briefly rocked to mix. Phase contrast
images were acquired immediately upon addition of potas-
sium chloride or water and 15 min thereafter using an
Eclipse Ti2-E microscope with a 20x objective. The Free-
hand Selection Tool in ImagelJ was used to trace the outlines
of 16 cells per 20x field at times 0 and 15 min, and the
Measure function used to obtain A, and A 5, the cell areas
attimes 0 and 15 min, respectively. For each cell, the percent
change in area was computed as (A s—A;)/ A;x100%. These
values were averaged across the 16 cells in each field to
generate the values shown in FIG. 4.

ChIP-Seq

[0113] ChIP-seq was performed on cells 6 days after
transduction of neural crest cultures with GFP and N3ICD-
GFP lentivirus as described above. Three independent dif-
ferentiations were performed, with average transduction
efficiency of GFP-transduced cultures 82+9% GFP* and
N3ICD-GFP-transduced cultures 87+3% GFP*. Cells were
dissociated with Accutase and transferred to DMEM/F-12.
Crosslinking was performed with 1% formaldehyde for 10
min and the reaction quenched with glycine. Cells were
centrifuged for 5 min at 2,000xg, 4° C. Supernatants were
removed and cell pellets stored at -80° C. Nuclei isolation
and chromatin digestion with micrococcal nuclease were
performed using the SimpleChIP Enzymatic Chromatin IP
Kit (Magnetic Beads) (Cell Signaling Technology) accord-
ing to manufacturer protocols. 50 ul of resulting chromatin
preparation from a GFP-transduced sample was subject to
crosslink reversal and DNA purification to confirm appro-
priate digestion and estimate chromatin concentration.
Approximately 60 pg of chromatin was used for each
immunoprecipitation. Samples were diluted to 500 plL and
Notch3 antibody (Table 1) added. Samples were incubated
overnight with rotation at 4° C. Antibody-bound fragments
were isolated using Protein G magnetic beads. Resulting
chromatin samples and matched 10% input control samples
were subject to crosslinks reversal and DNA purification
using the SimpleChIP Enzymatic Chromatin IP Kit, per
manufacturer protocols. DNA quality control, library prepa-
ration, and sequencing were performed by Novogene.
Libraries were sequenced on a NovaSeq 6000 with approxi-
mately 30 million 150 bp paired-end reads obtained for each
sample.

ChIP-Seq Data Analysis

[0114] Sequencing reads were aligned to the human
genome (hg38) using bowtie2 (version 2.2.1) (96). Sam-
bamba (version 0.8.2) and bedtools (version 2.30.0) were
used to remove unmapped reads, reads mapped to blacklist
regions (using the database available at https://github com/
Boyle-Lab/Blacklist) (97), and reads mapped to decoys and
nonchromosomal assemblies. Peakcalling was performed
with MACS (version 3.0.0a7) (98), using IP and matched
input control samples, paired-end mode, and a P-value cutoff
01'0.0005. DiffBind (version 3.2.7) (59) calling DESeq2 (89)
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was used to identify peaks enriched in N3ICD-GFP-trans-
duced samples compared to GFP-transduced samples (ad-
justed P-value <0.05, DESeq2 Wald test with Benjamini-
Hochberg correction). ChIPseeker (version 1.28.3) (99) was
used for peak annotation. DeepTools (version 3.5.1) (100)
was used to generate bigWig files and peak profile plots.
MEME-ChIP  (https://meme-suite.org/meme/tools/meme-
chip, version 5.4.1) (101) was used for motif enrichment
analysis. Genome browser visualizations were created using
the UCSC Genome Browser (102).

Statistics

[0115] Individual wells of cultured cells that underwent
identical experimental treatments are defined as replicates.
Details of replication strategy are provided in figure legends.
Student’s unpaired or paired t tests were used for compari-
son of means from two experimental groups. One-way
analysis of variance (ANOVA) was used for comparison of
means from three or more experimental groups. Two- or
three-way ANOVA was used for comparison of means and
blocking of differentiation-based variability if data from
multiple differentiations were combined (one/two factors
being the experimental treatment(s) and one factor being the
differentiation). Following ANOVA, Dunnett’s post-hoc test
was used for comparison of multiple treatments to a single
control, or Tukey’s honest significant difference (HSD) test
was used for multiple pairwise comparisons. For cord for-
mation score data, the nonparametric Kruskal-Wallis test
was used followed by the Steel-Dwass test for multiple
pairwise comparisons.
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SEQUENCE LISTING

Sequence total quantity: 44
SEQ ID NO: 1 moltype = DNA length = 1986

FEATURE Location/Qualifiers
source 1..1986
mol_ type = other DNA
organism = synthetic construct

SEQUENCE: 1

atggtcatgg tggcceggeg caagcegcegag cacagcacce tctggttece tgagggcette 60
tcactgcaca aggacgtggce ctctggtcac aagggecgge gggaaccegt gggecaggac 120
gcegetgggea tgaagaacat ggccaagggt gagagectga tgggggaggt ggecacagac 180

tggatggaca cagagtgccc agaggccaag cggctaaagg tagaggagece aggcatgggg 240
gctgaggagg ctgtggattyg ccgtcagtgg actcaacacce atctggttge tgctgacate 300

cgegtggecac cagecatgge actgacacca ccacagggceg acgcagatge tgatggcatg 360
gatgtcaatg tgegtggccc agatggette accccgetaa tgctggette cttetgtggg 420
ggggetetgg agecaatgec aactgaagag gatgaggcag atgacacatc agctageatce 480
atctccgace tgatctgcca gggggctcag cttggggcac ggactgaccg tactggcgag 540
actgctttge acctggetge ccgttatgec cgtgetgatg cagccaageg getgctggat 600
gctggggeag acaccaatgce ccaggaccac tcaggecgea ctceccectgeca cacagetgte 660
acagcegatg cccagggtgt cttecagatt cteatccgaa accgctctac agacttggat 720
gecceecgeatgg cagatggcetce aacggcactg atcctggegg cccegectgge agtagaggge 780
atggtggaag agctcatcge cagccatget gatgtcaatg ctgtggatga gettgggaaa 840
tcagccttac actgggetge ggctgtgaac aacgtggaag ccactttgge cctgctcaaa 900
aatggagcca ataaggacat gcaggatagce aaggaggaga cccccctatt cctggecgece 960

cgcgagggea gctatgagge tgccaagetg ctgttggacce actttgccaa cegtgagatce
accgaccacc tggacagget gecgegggac gtageccagg agagactgca ccaggacatce
gtgegettge tggatcaacce cagtgggcce cgcageccecee cceggtcccca cggectgggy
cectetgetet gtectecagg ggecttecte cetggectca aageggeaca gteggggtec
aagaagagca ggaggcccce cgggaaggceg gggetgggge cgcaggggec ccgggggcdy
ggcaagaagc tgacgctggce ctgeccggge ccectggetg acagceteggt cacgetgteg
ccegtggact cgetggacte ccegeggect tteggtggge cccctgette cectggtgge
ttceccecttyg aggggeccta tgcagctgece actgecactg cagtgtetet ggcacagett
ggtggeecag geegggeggy tetagggege cagecccectyg gaggatgtgt actcagectg
ggcctgetga accctgtgge tgtgecccte gattgggece ggctgeccee acctgecect
ccaggceeccect cgttectget gecactggeg cegggacccee agetgctcaa cccagggacce
ccegtetece cgcaggageg geccccgect tacctggcag tcccaggaca tggcegaggag
tacccggegg ctggggcaca cagcagcccce ccaaaggcece gettectgeg ggttcccagt

3/30/2023 09:42:35

1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
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gagcaccctt
cccteccetet
gccaccacca
gctcaggece
gectga

SEQ ID NO:
FEATURE
source

SEQUENCE :
MVMVARRKRE
WMDTECPEAK
DVNVRGPDGF
TALHLAARYA
ARMADGSTAL
NGANKDMQDS
VRLLDQPSGP
GKKLTLACPG
GGPGRAGLGR
PVSPQERPPP
PSLSDWSEST
A

SEQ ID NO:
FEATURE
source

SEQUENCE :

atggtgetge
ttcaaagtgt
ggcctcaage
tggggggacg
gacctggacyg
ctgegeatgt
gacgtcaatg
ggcggectgg
ttcatctacce
cacctggeeg
gatgccaaca
gcacaaggtg
catgatggca
gacctcatca
cactgggeeg
aacaaagata
agctacgaga
atggaccgece
ctggacgagt
cccaceetgt
gtgcagggca
gccaaggacce
agcteeggea
gtggcctege
cacctgectg
ccegagatgg
ctcteccace
geectgaatt
cggetgeaga
ggcccectga
agecttgetg
ctggecacece
cagcagcaga
ccaccaccac
ttecctgagtyg
gtgcacacta
gtcccaceeyg
cectgtggaca
tcecectgagt
tcegagggeg
gecttcaagt

SEQ ID NO:

FEATURE
source

3/30/2023 09:42:35

acctgaccce
cagactggtce

ctggggeact
agacccagcet

2

HSTLWFPEGF
RLKVEEPGMG
TPLMLASFCG
RADAAKRLLD
ILAARLAVEG
KEETPLFLAA
RSPPGPHGLG
PLADSSVTLS
QPPGGCVLSL
YLAVPGHGEE
PSPATATGAM

3

tgtccegeaa
ctgaggecag
ccctgaagaa
aggacctgga
accagacaga
ctgccatgge
tcegegggece
agacgggcaa
agggegecag
ccecgetacte
tccaggacaa
tcttecagat
cgacgecact
actcacacgce
cegeegtgaa
tgcagaacaa
ccgccaaggt
tgcecgegega
acaacctggt
cgceeeeget
agaaggtceg
tcaaggcacg
tgctctegee
cgccactget
ggatgcccga
cggcgetggy
tgcctgtgge
tcactgtggg
geggeatggt
gcacacaggc
ccagegeect
agccteaccet
acctgecagcece
agccgeacct
gagagccgag
ttctgececa
tgaccgecage
acaccccececag
ccecctgacca
tctecagece
aa

4

atccececgaa tceccectgage actgggecag
cgaatccacg cctageccag ccactgecac
gectgeccag ccactteect tgtetgttec
ggggccccag ccggaagtta cccccaagag

moltype = AA length = 661
Location/Qualifiers

1..661

mol_type = protein

organism = synthetic construct

SLHKDVASGH KGRREPVGQD ALGMKNMAKG
AEEAVDCRQW TQHHLVAADI RVAPAMALTP
GALEPMPTEE DEADDTSASI ISDLICQGAQ
AGADTNAQDH SGRTPLHTAV TADAQGVEFQI
MVEELIASHA DVNAVDELGK SALHWAAAVN
REGSYEAAKL LLDHFANREI TDHLDRLPRD
PLLCPPGAFL PGLKAAQSGS KKSRRPPGKA
PVDSLDSPRP FGGPPASPGG FPLEGPYAAA
GLLNPVAVPL DWARLPPPAP PGPSFLLPLA
YPAAGAHSSP PKARFLRVPS EHPYLTPSPE
ATTTGALPAQ PLPLSVPSSL AQAQTQLGPQ

moltype = DNA length = 2412
Location/Qualifiers

1..2412

mol_type = other DNA

organism = synthetic construct

gegecggegg cageatggec agetetggtt
caagaagaag cggcgggage cccteggega
cgectteagac ggtgcecteca tggacgacaa
gaccaagaag ttcecggtteg aggagcccegt
ccaccggeag tggactcage agcacctgga
ccccacaceg ccccagggtyg aggttgacge
tgatggette accccgetea tgategecte
cagcgaggaa gaggaggacg cgccggcecegt
cctgcacaac cagacagacce gcacgggcga
acgctetgat gecgccaage gectgetgga
catgggeege acccecgetge atgeggetgt
cctgatcegg aaccgagceca cagacctgga
gatcctgget gecegectgg cegtggaggg
cgacgtcaac geccgtagatg acctgggcaa
caatgtggat gccgcagttyg tgetcectgaa
cagggaggag acacccctgt ttcetggecgce
getgetggac cactttgcca accgggacat
catcgcacag gagcgcatge atcacgacat
gegecageceg cagetgeacyg gagccceget
ctgctegeee aacggctace tgggcagect
caagcccage agcaaaggcec tggectgtgg
gaggaagaag tcccaggacg gcaagggcetg
cgtggactee ctggagtcac cccatggeta
gecctecceg ttecageagt cteegtecgt
cacccacctg ggcatcggge acctgaacgt
tgggggegge cggetggect ttgagactgg
ctectggeace agcaccgtece tgggetccag
cgggtecace agtttgaatg gtcaatgega
gccgaaccaa tacaacccte tgcegggggag
ccecteectyg cagcatggeca tggtaggecce
gtcccagatg atgagetacce agggectgec
ggtgcagacce cagcaggtgc agccacaaaa
agcaaacatc cagcagcagce aaagcectgca
tggcgtgage tcagcagcca geggecacct
ccaggcagac gtgcagccac tgggecccag
ggagagccce geectgecca cgtegetgec
ccagttectg acgccccect cgeagecacag
ccaccagcta caggtgectg agcacccctt
gtggtccage tegtcccege attccaacgt
tcccaccage atgcagtcce agatcgecceg

moltype = AA length = 803
Location/Qualifiers
1..803

ccecteacet
tggggccatg
cagcteectt
gcaagtgttyg

ESLMGEVATD
PQGDADADGM
LGARTDRTGE
LIRNRSTDLD
NVEATLALLK
VAQERLHQDI
GLGPQGPRGR
TATAVSLAQL
PGPQLLNPGT
SPEHWASPSP
PEVTPKRQVL

cecctgaggge
ggactcegty
ccagaatgag
ggttectgect
tgcecgetgac
cgactgcatg
ctgcageggy
catctccgac
gaccgectty
ggccagegea
gtetgecgac
tgccegeatyg
catgctggag
gtcegeecty
gaacgggget
ccgggaggge
cacggatcat
cgtgaggetyg
ggggggcacyg
caagccegge
aagcaaggag
cctgetggac
cctgtcagac
gecectcaac
ggeggecaag
cccacctegt
cagcggaggy
gtggetgtee
tgtggcacca
getgcacagt
cagcacccgg
cttacagatg
gcecgecacca
gggecggage
cagcctggeyg
atcctegetyg
ctactecteg
cctcacceceyg
ctcegactgg
cattccggag

1800
1860
1920
1980
1986

60

120
180
240
300
360
420
480
540
600
660
661

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
2400
2412
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SEQUENCE: 4
MVLLSRKRRR
WGDEDLETKK
DVNVRGPDGF
HLAARYSRSD
HDGTTPLILA
NKDMQONNREE
LDEYNLVRSP
AKDLKARRKK
HLPGMPDTHL
ALNFTVGGST
SLAASALSQM
PPPQPHLGVS
VPPVTAAQFL
SEGVSSPPTS

SEQ ID NO:
FEATURE
source

SEQUENCE: 5
atgagagagce
ccegecgact
ctegegetge
geggecgegy
ggcccgeace
gtggaggacg
ctaggcacgg
cgagtcageg
gacgattgee
gagatgccca
gctaagcectyg
ttcaccatce
gacatcctga
atcgeegtea
tttgccaagyg
ctgeegtete
gacgcctegt
ccecagtecge
gacceggagce
gctccagaca
agtccegaga
agcctggaga
gagggcaagy
ggcgeeggac
gggcegetgg
ggcegecettet
ggcggaggtyg
gccagegeag
tctecagggaa
gcagcagcag
gecagcegecyg
ttcagecect
ctggectetg
gagctggete
gecaaggagy
cagcgagecce

SEQ ID NO:
FEATURE
source

SEQUENCE: 6
MREPALAASA
AAAAAAAAARA
LGTEMVITKS
EMPKRMYIHP
DILKLPYSTF
LPSLRLYEEH
DPEPERLSEE
SLEKERAEAR
GPLGAGQPLF

3/30/2023 09:42:35

QHGQLWEFPEG
FRFEEPVVLP
TPLMIASCSG
AAKRLLEASA
ARLAVEGMLE
TPLFLAAREG
QLHGAPLGGT
SQDGKGCLLD
GIGHLNVAAK
SLNGQCEWLS
MSYQGLPSTR
SAASGHLGRS
TPPSQHSYSS
MOSQIARIPE

5

cggegetgge
tccccatgte
cgceeggege
cggeggegge
cgcecegecge
accccaaggt
agatggtcat
gectggacaa
gctataagtt
aacgcatgta
tggcctteca
taaactccat
agctgectta
ctgcctacca
gcttecggga
tacgcttgta
cgtgcgacce
tgcgectgea
ctgageggtt
gegecagecec
ggggcaagga
aggagcgege
agcagggect
acctgeeegg
gagccggeca
cegecatggg
gcgggectgg
caagcaccgce
ttccaatgee
cecgcagecge
getecctete
atcagatccce
agggctccaa
tccgcaaagt
cggccaatga
tctecccagg

6

MAYHPFHAPR
AEAGLHVSAL
GRRMFPPFKV
DSPATGEQWM
RTYVFPETDF
CKPERDGAES
RAGAPLGRSP
RKDEGRKEAA
LHPGQFTMGP

-continued
mol type = protein
organism = synthetic construct

FKVSEASKKK RREPLGEDSV GLKPLKNASD
DLDDQTDHRQ WTQQHLDAAD LRMSAMAPTP
GGLETGNSEE EEDAPAVISD FIYQGASLHN
DANIQDNMGR TPLHAAVSAD AQGVFQILIR
DLINSHADVN AVDDLGKSAL HWAAAVNNVD
SYETAKVLLD HFANRDITDH MDRLPRDIAQ
PTLSPPLCSP NGYLGSLKPG VQGKKVRKPS
SSGMLSPVDS LESPHGYLSD VASPPLLPSP
PEMAALGGGG RLAFETGPPR LSHLPVASGT
RLQSGMVPNQ YNPLRGSVAP GPLSTQAPSL
LATQPHLVQT QQVQPQNLQOM QQONLQPANI
FLSGEPSQAD VQPLGPSSLA VHTILPQESP
PVDNTPSHQL QVPEHPFLTP SPESPDQWSS
AFK

moltype = DNA length = 2139
Location/Qualifiers

1..2139

mol type = other DNA

organism = synthetic construct

ggccagegee atggettace acccgtteca
cgectttetg geggeggege agecctectt
getggecaag ccgetgeceg acccgggect
ggcagcagcg gecgaggegg ggctgcacgt
gcatctgege tcectcaaga gectggagec
gacgctggag gecaaggage tgtgggacca
caccaagtcce gggaggcgga tgttceccccce
gaaggccaag tatatcctgce tgatggacat
ccacaacteg cgctggatgg tggegggcaa
catccaccea gacageccag ccacggggga
caagctgaag ctgaccaaca acatctctga
gcacaagtac cagccgeget tccacatagt
cagcacctte cgcacctacg tgttcccgga
gaatgacaag atcacacagc tgaagatcga
caccgggaac ggccggeggg agaaaaggaa
cgaggagcac tgcaaacceg agegegatgg
tcecececeegeg cgggaaccac ccacctecece
ccgggecega getgaggaga agtegtgege
gagcgaggag cgtgceggggyg cgccgctagy
cactcgettg accgaacceg agegegecceg
gecggecgag ageggegggg acggeccgtt
cgaagctegg aggaaggacg aggggegcaa
ggcgecgetyg gtggtgcaga cagacagtge
cctggecttt tccagccact tgcacgggca
geegetette ctgecaccetyg gacagttcac
catgggtcac ctactggect cggtggcagg
gaccgeegeg gggcetggacg caggeggget
cgegeectte cegttccace tcteccagca
cactttegga ggectcettee cctaccecta
cteggetttg cccgecacta gtgetgecage
ccggagecee ttectgggea gtgeceggece
ggtcaccatce ccgectageca ctagectect
ggcegetggt ggaaacagec gggagectag
aggggecceca tcecegeggtyg ceetgtegece
actgcagage atccagagac tggtgagtgg
ccgggagteg cccaagtga

moltype = AA length = 712
Location/Qualifiers

1..712

mol_type = protein

organism = synthetic construct

PADFPMSAFL AAAQPSFFPA LALPPGALAK
GPHPPAAHLR SLKSLEPEDE VEDDPKVTLE
RVSGLDKKAK YILLMDIVAA DDCRYKFHNS
AKPVAFHKLK LTNNISDKHG FTILNSMHKY
JAVTAYQNDK ITQLKIDNNP FAKGFRDTGN
DASSCDPPPA REPPTSPGAA PSPLRLHRAR
APDSASPTRL TEPERARERR SPERGKEPAE
EGKEQGLAPL VVQTDSASPL GAGHLPGLAF
GAFSAMGMGH LLASVAGGGN GGGGGPGTAA

GALMDDNQNE
PQGEVDADCM
QTDRTGETAL
NRATDLDARM
AAVVLLKNGA
ERMHHDIVRL
SKGLACGSKE
FQQSPSVPLN
STVLGSSSGG
QHGMVGPLHS
QOQOSLQPPP
ALPTSLPSSL
SSPHSNVSDW

cgcgecacgyg
cttecceggea
ggegggggey
ctcggeactyg
cgaggacgag
gttecacaag
cttcaaggtyg
tgtagceget
ggcegacect
gcagtggatg
caagcacggc
gegagcecaac
gaccgacttce
caacaacceg
gcagctgacyg
cgcggagtea
gggegeageg
cgcggacagce
ccgecageecyg
ggageggegt
cggcctgagg
ggaggeggece
gtcecceectyg
gcagttettt
catgggeect
cggcggeaac
gggteccgeg
catgctggea
cacctacatg
tgcecgeegec
ccgactgegt
caccaccggyg
ccecectgece
cagtggeteg
gctggagage

PLPDPGLAGA
AKELWDQFHK
RWMVAGKADP
QPRFHIVRAN
GRREKRKQLT
AEEKSCAADS
SGGDGPFGLR
SSHLHGQQFF
GLDAGGLGPA

60

120
180
240
300
360
420
480
540
600
660
720
780
803

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2139

60

120
180
240
300
360
420
480
540
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ASAASTAAPF PFHLSQHMLA
AAAGSLSRSP FLGSARPRLR
ELALRKVGAP SRGALSPSGS

SEQ ID NO: 7
FEATURE
source

SEQUENCE: 7
taagcattaa ttaagccacc

SEQ ID NO: 8
FEATURE
source

SEQUENCE: 8
tgcttattaa ttaatcagge

SEQ ID NO: 9
FEATURE
source

SEQUENCE: 9
taagcattaa ttaagccacc

SEQ ID NO: 10
FEATURE
source

SEQUENCE: 10
tgcttattaa ttaattactt

SEQ ID NO: 11
FEATURE
source

SEQUENCE: 11
taagcattaa ttaagccacc

SEQ ID NO: 12
FEATURE
source

SEQUENCE: 12
tgcttattaa ttaatcactt

SEQ ID NO: 13
FEATURE
source

SEQUENCE: 13
tcaageetea gacagtggtt

SEQ ID NO: 14
FEATURE
source

SEQUENCE: 14
cctecacattg ccaaaagacg

SEQ ID NO: 15
FEATURE
source

SEQUENCE: 15
gaaccgcate gagctgaa

3/30/2023 09:42:35

SQGIPMPTFG GLFPYPYTYM AAAAAAASAL PATSAAAAARA
FSPYQIPVTI PPSTSLLTTG LASEGSKAAG GNSREPSPLP
AKEAANELQS IQRLVSGLES QRALSPGRES PK

moltype = DNA length = 38
Location/Qualifiers

1..38

mol type = other DNA

organism = synthetic construct

atggtcatgg tggcccgg

moltype = DNA length = 31
Location/Qualifiers

1..31

mol type = other DNA

organism = synthetic construct

caacacttge ¢

moltype = DNA length = 43
Location/Qualifiers

1..43

mol_type = other DNA

organism = synthetic construct

atggtgctge tgtcccgcaa geg

moltype = DNA length = 34
Location/Qualifiers

1..34

mol_type = other DNA

organism = synthetic construct

gaaggcctcc ggaa

moltype = DNA length = 36
Location/Qualifiers

1..36

mol_type = other DNA

organism = synthetic construct

atgagagagc cggcgce

moltype = DNA length = 31
Location/Qualifiers

1..31

mol_type = other DNA

organism = synthetic construct

gggcgactee ¢

moltype = DNA length = 21
Location/Qualifiers

1..21

mol_type = other DNA

organism = synthetic construct
c

moltype = DNA length = 20
Location/Qualifiers

1..20

mol_type = other DNA

organism = synthetic construct

moltype = DNA length = 18
Location/Qualifiers

1..18
mol_type = other DNA
organism = synthetic construct

600
660
712

38

31

43

34

36

31

21

20

18
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-continued
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SEQ ID NO: 16
FEATURE
source

SEQUENCE: 16
tgcttgtegg ccatgatata

SEQ ID NO: 17
FEATURE
source

SEQUENCE: 17
gtgggacaga gtCtgggtgt

SEQ ID NO: 18
FEATURE
source

SEQUENCE: 18
aaggagggga ggtgatagga

SEQ ID NO: 19
FEATURE
source

SEQUENCE: 19
gctcaccate atctccctta

SEQ ID NO: 20
FEATURE
source

SEQUENCE: 20
ctcacagact caatcacctt

SEQ ID NO: 21
FEATURE
source

SEQUENCE: 21
ggaggctcect aaagaggtga

SEQ ID NO: 22
FEATURE
source

SEQUENCE: 22
ccatcaggge atggattett

SEQ ID NO: 23
FEATURE
source

SEQUENCE: 23
aacctggege ataagaacat
SEQ ID NO: 24

FEATURE
source

SEQUENCE: 24

moltype = DNA length = 21
Location/Qualifiers

1..21

mol_type = other DNA

organism = synthetic construct

g

moltype = DNA length = 20
Location/Qualifiers

1..20

mol type = other DNA

organism = synthetic construct

moltype = DNA length = 20
Location/Qualifiers

1..20

mol type = other DNA

organism = synthetic construct

moltype = DNA length = 22
Location/Qualifiers

1..22

mol_type = other DNA

organism = synthetic construct

tc

moltype = DNA length = 22
Location/Qualifiers

1..22

mol_type = other DNA

organism = synthetic construct

ccC

moltype = DNA length = 23
Location/Qualifiers

1..23

mol_type = other DNA

organism = synthetic construct

ata

moltype = DNA length = 21
Location/Qualifiers

1..21

mol_type = other DNA

organism = synthetic construct

t

moltype = DNA length = 21
Location/Qualifiers

1..21

mol_type = other DNA

organism = synthetic construct

]

moltype = DNA length = 21
Location/Qualifiers

1..21
mol_type = other DNA
organism = synthetic construct

ccacatgata gcgaagagca g

SEQ ID NO: 25
FEATURE
source

3/30/2023 09:42:35

moltype = DNA length = 21
Location/Qualifiers

1..21

mol_type = other DNA

21

20

20

22

22

23

21

21

21
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-continued
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organism =
SEQUENCE: 25
gagacgcteg tcagttcetta g

synthetic construct

SEQ ID NO: 26 moltype = DNA length = 22
FEATURE Location/Qualifiers
source 1..22

mol type = other DNA

organism = synthetic construct

SEQUENCE: 26
ggtggaaaga gaagaggatg aa

SEQ ID NO: 27 moltype = DNA length = 20
FEATURE Location/Qualifiers
source 1..20

mol type = other DNA

organism = synthetic construct

SEQUENCE: 27
acatcctgaa getgecttac

SEQ ID NO: 28 moltype = DNA length = 22
FEATURE Location/Qualifiers
source 1..22

mol_type = other DNA

organism = synthetic construct

SEQUENCE: 28
agctgtgtga tettgtcatt ct

SEQ ID NO: 29 moltype = DNA length = 20
FEATURE Location/Qualifiers
source 1..20

mol_type = other DNA

organism = synthetic construct

SEQUENCE: 29
cagatgcaag ccaggaagaa

SEQ ID NO: 30 moltype = DNA length = 21
FEATURE Location/Qualifiers
source 1..21

mol_type = other DNA

organism = synthetic construct

SEQUENCE: 30
ggaagagccc tgtttctcaa a

SEQ ID NO: 31 moltype = DNA length = 20
FEATURE Location/Qualifiers
source 1..20

mol_type = other DNA

organism = synthetic construct

SEQUENCE: 31
ccaaggacaa ccacacagaa

SEQ ID NO: 32 moltype = DNA length = 22
FEATURE Location/Qualifiers
source 1..22

mol_type = other DNA

organism = synthetic construct

SEQUENCE: 32
gccacagagt aaatcccaag ag

SEQ ID NO: 33 moltype = DNA length = 20
FEATURE Location/Qualifiers
source 1..20

mol_type = other DNA

organism = synthetic construct

SEQUENCE: 33
cccaggacte cctectatgt

SEQ ID NO: 34 moltype = DNA length = 20
FEATURE Location/Qualifiers
source 1..20

mol_type = other DNA

organism = synthetic construct

SEQUENCE: 34
taggaaccct gatgggtcetg
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22

20

22

20

21

20

22

20

20
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SEQ ID NO: 35

moltype = DNA length = 23

FEATURE Location/Qualifiers
source 1..23
mol_type = other DNA
organism = synthetic construct
SEQUENCE: 35
accagagcgt ctgtcaggat att

SEQ ID NO: 36 moltype = DNA length = 24
FEATURE Location/Qualifiers
source 1..24

mol type = other DNA

organism = synthetic construct
SEQUENCE: 36
gtgacttgaa tccgtcccag ttte

SEQ ID NO: 37 moltype = DNA length = 22
FEATURE Location/Qualifiers
source 1..22

mol type = other DNA

organism = synthetic construct
SEQUENCE: 37
gtceccagatce caggagttta ag

SEQ ID NO: 38 moltype = DNA length = 20
FEATURE Location/Qualifiers
source 1..20

mol_type = other DNA

organism = synthetic construct
SEQUENCE: 38
catcatgccce tccaggtatt

SEQ ID NO: 39 moltype = DNA length = 19
FEATURE Location/Qualifiers
source 1..19

mol_type = other DNA

organism = synthetic construct
SEQUENCE: 39
agaggaccag actgggaaa

SEQ ID NO: 40 moltype = DNA length = 20
FEATURE Location/Qualifiers
source 1..20

mol_type = other DNA

organism = synthetic construct
SEQUENCE: 40
caggcagatt aagccgatca

SEQ ID NO: 41 moltype = DNA length = 22
FEATURE Location/Qualifiers
source 1..22

mol_type = other DNA

organism = synthetic construct
SEQUENCE: 41
cgaagactgt gtgtctgaga ag

SEQ ID NO: 42 moltype = DNA length = 22
FEATURE Location/Qualifiers
source 1..22

mol_type = other DNA

organism = synthetic construct
SEQUENCE: 42
ctcagecggt aaatcctgta tg

SEQ ID NO: 43 moltype = DNA length = 20

FEATURE Location/Qualifiers
source 1..20
mol_type = other DNA
organism = synthetic construct

SEQUENCE: 43
tgttccagec atcctteate

SEQ ID NO: 44 moltype = DNA length = 20
FEATURE Location/Qualifiers
source 1..20

mol_type = other DNA

3/30/2023 09:42:35
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24

22

20

19

20
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-continued

organism = synthetic construct

SEQUENCE: 44
gcaatgccag ggtacatagt

20

We claim:

1. A method of producing a population of mural cells
comprising the steps of:

a) increasing Notch expression and/or signaling in a
population of p75-NGFR*HNK-1* neural crest (NC)
cells; and

b) culturing the Notch-activated NC cells in serum-free
medium for a sufficient time to differentiate the NC
cells into NOTCH3*PDGFRB*RGS5* brain mural
cells.

2. The method of claim 1, wherein step (a) comprises:

(1) introducing an exogenous construct encoding at least
an intracellular domain of a Notch receptor and capable
of expressing the intracellular domain within the NC
cell;

(ii) culturing the NC cells in serum free medium in the
presence of Notch ligands;

(iii) co-culturing the NC cells with cells overexpressing
Notch ligands or

(iv) activating the Notch pathway using a Notch activa-
tion factor.

3. The method of claim 2, wherein step (a) comprises step

(1) and wherein the exogenous construct is a viral vector.

4. The method of claim 2, wherein step (a) comprises step
(i) and wherein the intracellular domain is or comprises SEQ
1D NO:2.

5. The method of claim 2, wherein step (a) comprises step
(i) and wherein the intracellular domain is or comprises SEQ
1D NO:4.

6. The method of claim 2, wherein step (a) comprises (ii)
wherein the NC are contacted with beads coated with Notch
ligands or Notch stimulating factor or with Notch coated
plates.

7. The method of claim 1, wherein step (b) is culturing the
Notch activated NC cells for at least 6 days.

8. The method of claim 1, wherein the mural cells further
express one or more of the markers selected from Tbx2,
HEYL, RGSS, FOXS1, and endogenous Notch3.

9. The method of claim 1, wherein the mural cells further
express one or more of the markers selected from KCNI8,
ABCC9, and HIGDI1B.

10. The method of claim 1, wherein the method further
comprises obtaining the p75-NGFR*HNK-1* neural crest
(NC) cells from hPSCs by culturing human pluripotent cells
in E6-CSFD medium for about 15 days to produce p75-
NGFR*HNK-1* NCSC cells.

3/30/2023 09:42:35

11. The method of claim 10, further comprising sorting
the cells produced in claim 10 for positive expression of
p75-NGFR* and re-plating the p75-NGFR™ cells to produce
an enriched population of p75-NGFR* NCSCs.

12. The method of claim 1, wherein the method produces
a cell population that is at least 90% NOTCH3*PDGFRf*
RGSS* brain mural cells.

13. The method of claim 2, wherein the Notch receptor is
Notch 3.

14. A method of creating a population of NOTCH3*
PDGFRB*RGSS5* brain mural cells comprising:

a) culturing hPSCs in E6-CSFD medium for about 15

days to produce p75-NGFR*HNK-1* NCSCs,

b) sorting p75-NGFR* cells and re-plating the p75-
NGFR™ cells of step (a) to produce a population of
p75-NGFR™ NCSCs;

¢) activating Notch signaling in the sorted p75-NGFR™
HNK-1* NCSCs of step (b), and

d) culturing the cells of step (¢) in serum free medium for
a sufficient time to differentiate NOTCH3*PDGFRf*
RGS5* brain mural cells.

15. The method of claim 14, wherein the population of
cells produced is NOTCH3"PDGFRB*RGS5* brain mural
cells which are able to double at least 5 times in culture and
maintain expression of NOTCH3, PDGFRf, and RGSS5
within the cells.

16. The method of claim 15, wherein the cells further
express one or more markers selected from FOXS1, TBX2,
ABCCY9, KCNJ8 and HEYL while cultured.

17. A population of NOTCH3*PDGFRB*RGS5* brain
mural cells produced by the method of claim 1.

18. The NOTCH3*PDGFRB*RGS5" brain mural cells
population of claim 17, wherein the population is capable of
differentiating further into brain pericytes and vascular
smooth muscle cells.

19. The population of NOTCH3*PDGFR*RGS5* brain
mural cells of claim 17, wherein the population is at least
90% NOTCH3*PDGFRB*RGS5* brain mural cells.

20. A BBB model, wherein the model comprises the
population of NOTCH3*PDGFRB*RGS5* brain mural cells
of claim 14, wherein the BBB model is capable of forming
tight junctions.

21. A population of NOTCH3*PDGFRB*RGSS5* brain
mural cells produced by the method of claim 14, wherein the
population expresses KCNI8 and/or ABCC9 and/or wherein
the population forms a functional K ,;» channel.
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