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ABSTRACT 

The present invention provides cells and methods for pro
ducing endothelial cells with blood-brain barrier (BBB)-like 
transcytosis properties. Endothelial cells produced by the 
methods, BBB models comprising these endothelial cells, 
and methods of using the BBB models to test the ability of 
a therapeutic agent to cross the BBB are also provided. 
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FIG. 5 (continued) 
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FIG. 11 {continued) 
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FIG. 17 

A NOTCH1 expression in edited hPSC-EPCs 
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FIG. 17 ( continued) 

B MFSD2A expression in edited hPSC-EPCs 
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FIG. 17 ( continued) 

C CA V1 expression in edited hPSC-EPCs 
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FIG. 17 (continued) 

D PLVAP expression in edited hPSC-EPCs 
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FIG. 17 (continued} 

E SLC2A 1 expression in edited hPSC-EPCs 
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FIG. 17 (continued) 

F CDH5 expression in edited hPSC-EPCs 
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FIG. 21 (continued) 
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FIG. 22 (continued) 
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METHOD FOR IMPROVING 
TRANSCYTOSIS PROPERTIES OF HUMAN 

BLOOD-BRAIN BARRIER MODEL 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to U.S. Provisional 
Application No. 63/583,449 filed on Sep. 18, 2023, the 
contents of which are incorporated by reference in their 
entireties. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0002] This invention was made with govermnent support 
under NS107461 awarded by the National Institutes of 
Health. The govermnent has certain rights in the invention. 

SEQUENCE LISTING 

[0003] This application includes a sequence listing in 
XML format titled "960296_04543_ST26.xml", which is 
86,119 bytes in size and was created on Sep. 17, 2024. The 
sequence listing is electronically submitted with this appli
cation via Patent Center and is incorporated herein by 
reference in its entirety. 

BACKGROUND 

[0004] The blood-brain barrier (BBB) is composed of 
specialized vascular endothelial cells that maintain brain 
homeostasis and regulate the passage of blood solutes into 
the central nervous system (CNS) by restricting both tran
scellular and paracellular transport. In vitro human pluripo
tent stem cell (hPSC)-derived BBB models have proven 
useful for the study of barrier regulation, molecular trans
port, and brain drug delivery. Such models offer improved 
recapitulation of human development and disease as com
pared to animal models, and offer greater accessibility as 
compared to primary human tissues. However, the brain 
microvascular endothelial cells (BMECs) that form the BBB 
in vivo exhibit reduced expression of vesicular transcytosis 
proteins relative to non-BBB endothelial cells, and this is not 
reflected in existing BBB models. As a result, existing BBB 
models do not accurately model trans-BBB transport of 
substances that utilize the caveolae-mediated transport path
way. Accordingly, there remains a need in the art for BBB 
models that have in vivo-like BBB transcytosis properties. 

SUMMARY 

[0005] In a first aspect, the present invention provides 
gene-edited pluripotent stem cells that comprise a transgene 
comprising a polynucleotide encoding a Notch! receptor 
intracellular domain (NlICD) operably linked to an induc
ible promoter. 
[0006] In a second aspect, the present invention provides 
endothelial progenitor cells differentiated from the pluripo
tent stem cells described herein. 
[0007] In a third aspect, the present invention provides 
methods for producing an endothelial cell with BBB-like 
transcytosis properties. The methods comprise (a) culturing 
a CD34+CD31 + endothelial progenitor cell in a medium 
comprising a Wnt/~-catenin signaling activator; and (b) 
inducing Notch signaling after 2-7 days of culturing. 
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[0008] In fourth aspect, the present invention provides 
populations of endothelial cells with BBB-like transcytosis 
properties that are produced by the methods described 
herein. 
[0009] In a fifth aspect, the present invention provides in 
vitro BBB models comprising a confluent monolayer of the 
endothelial cells described herein cultured on a surface. 
[0010] In a sixth aspect, the present invention provides 
methods for using the BBB models described herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] The patent or application file contains at least one 
drawing executed in color. Copies of this patent or patent 
application publication with color drawing(s) will be pro
vided by the Office upon request and payment of the 
necessary fee. 
[0012] FIG. 1 shows immunostaining of unedited human 
pluripotent stem cell-derived endothelial progenitor cells 
(hPSC-EPCs) with lentiviral-induced constitutive Notch! 
intracellular domain (NlICD) overexpression. Immunocy
tochemistry (ICC) analysis of various markers in hPSC
EPCs treated with dimethyl sulfoxide (DMSO), CHIR99021 
(CHIR), CHIR and lentivirus encoding IRES-GFP (GFP 
LV), or CHIR and lentivirus encoding NlICD-IRES-GFP 
(NlICD LV) on Dll after 6 days of culture in hECSR 
medium supplemented with DMSO or CHIR and 4 days 
following transduction with either GFP LV or NlICD LV. 
(A) Representative images of ICC analysis for caveolin-1, 
CD31, and GFP in various treatment conditions. Only trans
duced cells were stained for GFP. Hoechst nuclear counter
stain is overlaid in all images. Scale bar: 100 µm. (B) 
Quantification of caveolin-1 mean gray value (MGV) in 
different conditions from (A), normalized to Hoechst MGV. 
(C) Representative images ofICC analysis forplasmalemma 
vesicle associated protein (PLVAP) and CD31 in various 
treatment conditions. GFP staining not shown. Hoechst 
nuclear counterstain is overlaid in all images. Scale bar: 100 
µm. (D) Quantification of PLVAP MGV in different condi
tions from (C), normalized to Hoechst MGV. (E) Represen
tative images of ICC analysis for GLUT-I and CD31 in 
various treatment conditions. GFP staining not shown. 
Hoechst nuclear counterstain is overlaid in all images. Scale 
bar: 100 µm. (F) Quantification ofGLUT-1 MGV in differ
ent conditions from (C), normalized to Hoechst MGV. In 
(B), (D), and (F), points represent n=3 biological replicates 
from one differentiation of IMR90-4 iPSC-derived endothe
lial progenitor cells (EPCs). Horizontal bars indicate the 
mean. Hoechst-normalized relative fluorescence for each of 
the three markers was further normalized within each analy
sis such that the mean of the DMSO condition was equal to 
1. Statistical analyses were performed on Hoechst-normal
ized data; P-values: One-way ANOVA followed by Tukey's 
HSD test. 
[0013] FIG. 2 shows an analysis of transcriptional changes 
in blood-brain barrier (BBB)-related markers in unedited 
hPSC-EPCs with lentiviral-induced constitutive NlICD 
overexpression. RT-qPCR analysis of various markers in 
Dll hPSC-ECs with induced barrier properties, treated with 
CHIR and GFP LV or CHIR and NlICD LV. Relative 
expression (2-llllCt normalized to GAPDH) is shown for the 
vesicular transcytosis-related genes CAVl (A), PLVAP (B), 
and MFSD2A (C); for NlICD (D), GFP (E), CDH5 (F), 
CDH2 (G), and FNl (H); for the tight junction-related genes 
CLDN5 (I), OCLN (J), and TJPl (K); and for the efflux 
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transport-related genes ABCBl (L), ABCCl (M), ABCG2 
(N), and SLC2Al (0), which encodes GLUT-I. In all 
analyses, points represent n=3 biological replicates from one 
differentiation of IMR90-4 iPSC-derived EPCs. Bars indi
cate mean±SD. Relative gene expression values normalized 
to GAPDH were further normalized within each analysis 
such that the mean of the CHIR+GFP LV condition was 
equal to 1. Statistical analyses were performed on normal
ized data; P-values<0.05 by Student's t-test are highlighted 
with an asterisk. 

[0014] FIG. 3 shows differentiation and validation of 
gene-edited hPSC-EPCs comprising a doxycycline-induc
ible, NlICD-overexpressing transposon plasmid (PB-TRE
NlICD). (A) Schematic of the protocol for differentiation of 
human pluripotent stem cells (hPSCs) to endothelial pro
genitor cells (EPCs ), followed by magnetic-activated cell 
sorting (MACS) sorting, hygromycin reselection and doxy
cycline treatment to overexpress NlICD. (B) Schematic of 
the doxycycline-inducible, NlICD-overexpressing transpo
son construct. The NlICD cassette follows a TRE3G doxy
cycline inducible promoter. A cassette encoding the Tet-On 
3G protein follows an EF-la core promoter, resulting in 
constitutive expression of this protein. Tet-On 3G must 
associate with doxycycline to bind to the TRE3G inducible 
promoter. Also following the EF-la promoter and Tet-On 
3G are a self-cleaving 2A peptide linker (T2A) followed by 
a hygromycin resistance gene (HygR). The sequence of this 
construct is provided as SEQ ID NO: 4. The top portion of 
the schematic indicates that during differentiation of hPSCs 
to EPCs, the TRE3G promoter is not active due to the 
absence of doxycycline. The bottom portion indicates that 
hPSC-EPCs that have been differentiated and sorted can be 
treated with doxycycline to activate NlICD overexpression. 
(C) Representative flow cytometry plots of D5 hPSC-EPCs 
derived from a population of gene-edited IMR90-4 iPSCs 
with heterogeneous copy numbers of the integrated con
struct shown in (B). Graphs show percentage of CD31+/ 
CD34+ EPCs before (pre-MACS) and after (post-MACS) 
sorting. (D) Western blotting analysis ofD15 hPSC-derived 
PB-TRE-NlICD EPCs treated with CHIR, with or without 
doxycycline. Membranes were blotted for full-length 
Notch! (Nl FL) and intracellular domain (NlICD), as well 
as ~-actin. Predicted approximate molecular weights of each 
detected protein are indicated on the right-hand side. 

[0015] FIG. 4 shows immunostaining of gene-edited 
PB-TRE-NlICD hPSC-EPCs+CHIR±Dox. Immunocyto
chemistry (ICC) analysis of various markers in gene-edited 
PB-TRE-NlICD hPSC-EPCs on D15 after 10 days of cul
ture in hECSR supplemented with CHIR and 1: 1000 diluted 
DPBS from D5 to Dll and 4 days ofCHIR and doxycycline 
(1 µg/mL) or PBS treatment from Dll to D15. (A) Repre
sentative images ofICC analysis for caveolin-1 and CD31. 
Hoechst nuclear counterstain overlaid in all images. Scale 
bar: 200 µm. (B) Quantification of caveolin-1 mean gray 
value (MGV) in different conditions from (A), normalized to 
Hoechst MGV. (C) Representative images of ICC analysis 
for PLVAP and CD31. Hoechst nuclear counterstain overlaid 
in all images. Scale bar: 200 µm. (D) Quantification of 
PLVAP MGV in different conditions from (C), normalized to 
Hoechst MGV. (E) Representative images of ICC analysis 
for GLUT-I and CD31. Hoechst nuclear counterstain over
laid in all images. Scale bar: 200 µm. (F) Quantification of 
GLUT-I mean gray value MGV in different conditions from 
(C), normalized to Hoechst MGV. In (B), (D), and (F), points 
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represent n=4 biological replicates from one differentiation 
of IMR90-4 PB-TRE-NlICD 10( +CR2) hPSC-derived 
EPCs. Horizontal bars indicate mean±SD. Hoechst-normal
ized relative fluorescence for each of the three markers was 
further normalized within each analysis such that the mean 
of the PBS condition was equal to 1. Statistical analyses 
were performed on Hoechst-normalized data; P-values: Stu
dent's t test. 

[0016] FIG. 5 shows FACS sorting and bulk RNA 
sequencing of gene-edited PB-TRE-NlICD 10(+CR2) 
hPSC-EPCs with doxycycline-inducible NlICD overex
pression. (A) Schematic of culture timeline and FACS 
sorting. PBS-treated (n=4) and Dax-treated (n=3) cells were 
sorted by FACS into subpopulations based on CD144 (VE
cadherin) expression. Lower boundary for CDl44high gate 
was set based on majority of PBS-treated gene-edited hPSC
EPCs and unedited hPSC-EPCs cultured in the presence of 
CHIR alone. Lower boundary for CD1441ow gate was set 
based on CD144 antibody-stained undifferentiated hPSCs 
and isotype control antibody-stained edited hPSC-EPCs. 
Gated plots show representative distributions of PBS- and 
Dax-treated edited hPSC-EPCs into CDl44high and 
CD1441ow expressing subpopulations. (B) Principal compo
nent analysis (PCA) plot showing relative differences in 
transcriptomic profile of bulk RNA-sequenced subpopula
tions from (A), including PBS-treated CDl44high (PBS), 
Dax-treated CDl44high (Doxhi), and Dax-treated CD1441ow 
(Doxlo ). Raw bulk RNA sequencing data were pre-pro
cessed using the Galaxy pipeline (usegalaxy.org) and ana
lyzed in RStudio using DESeq2. (C) Normalized expression 
(transcripts per million, TPM) of NOTCH! and HEYL from 
each bulk RNA-sequenced subpopulation discussed in (A) 
and (B). (D) Heatmap of row-normalized TPM expression 
for Notch signaling-related genes that are significantly dif
ferentially expressed (FDR<0.05) between the 3 subpopu
lations. Selected genes were obtained from KEGG and 
Hallmark Notch signaling gene sets via MSigDB (www. 
gsea-msigdb.org/gsea/msigdb ). Row z-scores were calcu
lated for each gene by subtracting mean expression across 
all samples from normalized expression for a specific 
sample and dividing the result by the standard deviation. 
Row z-scores range from bright red, indicating high expres
sion, and dark blue, indicating low expression. Heatmap was 
produced in RStudio using the pheatmap package. 

[0017] FIG. 6 shows a transcriptomic comparison of gene
edited PB-TRE-NlICD hPSC-EPCs+CHIR±Dox to other 
cell types. (A) Analysis of bulk transcriptomic data of 
subpopulations of gene-edited PB-TRE-NlICD 10(+CR2) 
hPSC-EPC subpopulations using PACNet45 classification 
scores to assess similarity to generic cell types in a training 
data set. Sample replicates from left to right: PBS-treated, 
CD144-high (PBS_CD144hi); doxycycline-treated, CD144-
high (Dox_CD144hi); doxycycline-treated, CD144-low 
(Dox_CD14410); random cell type (rand) auto-generated by 
PACNet software. Classification score colors ranging from 
black to yellow indicate no transcriptomic resemblance to 
100% transcriptomic match, respectively, to training data 
cell types indicated on the y-axis. (B) PACNet analysis of 
primary human brain microvascular endothelial cells 
(HBMEC), immortalized hCMEC.D3 brain endothelial cells 
(hCMEC_D3), and primary human aortic endothelial cells 
(Haortic) relative to training set cell types. All analyses in 
(A) and (B) were performed using the PACNet webtool 
( cahanlab.org/resources/agnosticCellNet_ web/). (C) PCA 
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plot combining several in vivo and in vitro transcriptomic 
datasets, including: pseudo-bulked in vivo adult brain cap
illary endothelial cell single-cell RNA sequencing (scRNA
seq) data (Yang et al, 2022)47

; pseudo-bulked in vivo 
embryonic brain capillary endothelial cells scRNA-seq data 
(Crouch et al, 2022)46

; in vitro primary/immortalized brain 
endothelial and primary peripheral endothelial cells (similar 
to those presented in [Bl) bulk RNA-seq data (Qian et al, 
2017)54

; in vitro passage 1 hPSC-derived endothelial pro
genitor cells (EPCs) treated with CHIR and hPSC-derived 
smooth muscle-like cells (SMLCs) bulk RNA-seq data 
(Gastfriend et al, 2021)8; in vitro primary cells representing 
different developmental lineages bulk RNA-seq data (Pan
dey, 2022, GSE190615 [www.ncbi.nlm.nih.gov/geo/query/ 
acc.cgi?acc=GSE190615]); in vitro gene-edited PB-TRE
NlICD hPSC-derived endothelial progenitor cells treated 
with CHIR with or without doxycycline bulk RNA-seq data 
(this study). PCA plot was generated using the DESeq2 
package in R.] 

[0018] FIG. 7 shows normalized expression of selected 
BBB- and cell identity-related genes from bulk RNA-seq of 
edited PB-TRE-NlICD 10( +CR2) hPSC-EPCs+CHIR±Dox 
subpopulations. Comparison of normalized gene expression 
(TPM) between bulk RNA-sequenced PBS- and Dax-treated 
subpopulations for NOTCH! (A), CAVl (B), PLVAP (C), 
MFSD2A (D), SLC2Al (E), CLDN5 (F), OCLN (G), TJPl 
(H), ABCBl (I), ABCG2 (J), ABCCl (K), PECAMl (L), 
CDH5 (M), EPCAM (N), ACTA2 (0), and FNl (P). In all 
analyses, points represent n=3 or n=4 biological replicates 
depending on treatment condition from one differentiation of 
gene-edited IMR90-4 PB-TRE-NlICD 10( +CR2) hPSC
EPCs. Bars indicate mean±SD. Relative gene expression 
values are shown in TPM, and statistical analyses were 
performed on TPM data; P-values<0.05 by one-way 
ANOVA with post-hoc Tukey's test are highlighted using an 
asterisk. 

[0019] FIG. 8 demonstrates that NlICD overexpression in 
gene-edited PB-TRE-NlICD hPSC-EPCs reduces fluores
cent albumin accumulation by inhibiting caveolae-mediated 
endocytosis. (A) Representative live cell epifluorescence 
microscopy images of 10(+CR2) PB-TRE-NlICD hPSC
EPCs cultured in hECSR+CHIR, with PBS or Dox, and 
PBS-cultured cells with methyl-~-cyclodextrin (M~CD, 
inhibitor of caveolae-mediated endocytosis) pretreatment 
that were incubated at 37° C. with bovine serum albumin 
(BSA) conjugated to AlexaFluor647 (albumin-AF647). 
CD144 (VE-cadherin) andAlexaFluor 647 are shown in the 
488 and 647 nm channels, respectively. Hoechst nuclear 
counterstain is overlaid in all images. Scale bar: 200 µm. (B) 
Representative flow cytometry plots for isotype control, 
PBS- and Dax-treated cells from the fluorescent albumin 
accumulation assay showing gating of the CDl44high 
(CD144hi) and cm441ow (CD144lo) subpopulations. (C) 
Quantification of albumin-AF647 accumulation in gated 
subpopulations incubated at 37° C., both with and without 
M~CD pretreatment. Selected statistical comparisons shown 
between accumulation for each subpopulation and its 
respective M~CD-pretreated condition as well as between 
individual subpopulations in the absence ofM~CD pretreat
ment. (D) Quantification of albumin-AF647 accumulation in 
all CD144-positive cells from each condition, with or with
out M~CD pretreatment. Conditions incubated at 37° C. as 
well as 4 ° C. control were included. Selected statistical 
comparisons are shown among PBS- or Dax-treated condi-
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tions in the presence and absence of M~CD-pretreatment. 
Statistical analyses for (C) and (D) were performed on raw 
MFI data; P-values<0.05 by one-way ANOVA with post-hoc 
Tukey's test. 

[0020] FIG. 9 demonstrates that NlICD overexpression in 
gene-edited PB-TRE-NlICD 10( +CR2) hPSC-EPCs+CHIR 
reduces frequency of total and caveolae-associated vesicles. 
Transmission electron microscopy (TEM) analysis of PBS
or Dax-treated PB-TRE-NlICD 10( +CR2) hPSC-EPCs. (A) 
Representative ultrastructural TEM images. Arrowheads 
indicate locations of vesicles. Scale bar: 400 nm. (B) Quan
tification of vesicle density relative to total cell area for each 
image. (C) Quantification of vesicle count per diameter 
range across all 12 images for PBS- or Dax-treated condi
tions. (D) Representative immunolabeled TEM image of 
Nanogold particles bound to caveolin-1 in PBS-treated cells. 
Scale bar: 100 nm. (E) Quantification of area fraction 
occupied by Nanogold particles relative to total cell area. (F) 
Quantification of caveolin-1/Nanogold-associated vesicles 
relative to total cell area. For (C), (E), and (F), points 
represent 3 images measured per biological replicate for n=4 
replicates in each treatment condition. Horizontal bars indi
cate mean±SD. Statistical analyses were performed on cell 
area-normalized counts for (C) and (F) and on area fraction 
for (E). All P-values<0.05 by Student's t-test. 
[0021] FIG. 10 shows the transfer plasmids for GFP and 
NlICD lentiviruses. (A) Plasmid map for pWPI (Addgene 
#12254). The EF-la core promoter is followed by an 
internal ribosome entry site (IRES) and GFP gene. (B) 
Plasmid map for pWPI-NlICD (Addgene #185525). Iden
tical top WPI except that the EF-la promoter is followed by 
a gene encoding human native Notch! receptor intracellular 
domain (NlICD), which is then followed by an IRES and 
GFP. Both plasmids also contain an ampicillin resistance 
gene (AmpR) downstream or the aforementioned cassettes 
for plasmid cloning and colony selection in E. coli. 

[0022] FIG. 11 shows the protocol for hPSC-EPC differ
entiation and validation oflentiviral transduction. (A) Sche
matic of the protocol for differentiation of unedited hPSCs 
to EPCs40

. Once hPSC-EPCs have been differentiated and 
sorted, they can be cultured in hECSR medium (hESFM+ 
B27+FGF2), optionally supplemented with small molecules, 
recombinant proteins, or genetic overexpression vehicles 
like lentivirus. In the case of our initial experiments, 
unedited hPSC-EPCs that had been cryopreserved after 
sorting were thawed and plated on D5, cultured with hECSR 
supplemented with CHIR until D7 when they were trans
duced with NlICD LV or GFP LV and subsequently cultured 
for an additional 4 days. On Dll, cells with high GLUT-I 
expression and low expression of caveolin-1 and PLVAP 
were isolated for further characterization in downstream 
assays. (B) Schematic of the lentiviral transfer plasmid 
constructs for GFP LV and NlICD LV. The sequence of the 
pWPI-IRES-GFP plasmid, which comprises the GFP LV 
construct, is provided as SEQ ID NO: 5, and the sequence 
of the pWPI-NlICD-IRES-GFP, which comprises the 
NlICD LV construct, is provided as SEQ ID NO: 6. EF-la 
core promoter is followed by an IRES and GFP for both 
transfer plasmids. In NlICD LV, IRES and GFP are pre
ceded by a human native NlICD cassette. Representative 
flow cytometry plots showing GFP and CD31 fluorescence 
in unedited hPSC-EPCs transduced with GFP LV (C) or 
NlICD LV (D). Each analysis used an isotype control and 
un-transduced control to establish gates for both markers. 
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CD31 mean fluorescence intensity (MFI) values are shown 
in underlined text for GFP negative cells. For GFP positive 
cells, CD31 MFI and GFP MFI values are shown in italic 
text and bold text, respectively. (E-G) Western blotting 
analysis of D 11 hPSC-ECs with induced barrier properties, 
treated with CHIR and GFP LV or CHIR and NlICD LV. (E) 
Membrane blotted for full-length Notchl (Nl FL) and 
intracellular domain (NlICD), followed by re-probing for 
~-actin. Predicted approximate molecular weights of each 
detected protein are indicated on the right-hand side. Quan
tification of western blot band intensities for Nl FL (F) and 
NlICD (G), normalized to respective input control (~-actin) 
band intensities. In all western blot analyses, points repre
sent n=4 biological replicates from one differentiation of 
IMR90-4 iPSC-derived EPCs. Bars indicate mean±SD. 
~-actin-normalized band intensities were further normalized 
within each analysis such that the mean of the CHIR+GFP 
LV condition was equal to 1. Statistical analyses were 
performed on ~-actin-normalized data; P-values: Student's 
t-test. 

[0023] FIG. 12 shows caveolin-1 flow cytometry in trans
duced unedited hPSC-EPCs and human umbilical vein 
endothelial cells (HUVECs). (A) Representative flow 
cytometry plots for hPSC-EPCs cultured for 6 days (D5-
D 11) in hECSR supplemented with CHIR and transduced on 
D7 with GFP LV or NlICD LV. Samples included a GFP 
single stain control (cells transduced with GFP LV, not 
stained with caveolin-1-PE) and caveolin-1 single stain 
control (un-transduced cells, stained with caveolin-1-PE; 
data not shown). (B) Representative flow cytometry plots for 
HUVECs transduced with GFP LV or NlICD LV and 
cultured for 6 days in EGM-2 medium. Samples included 
similar controls as described in (A). (C) Quantification of 
caveolin-1 expression (MFI) in hPSC-EPCs treated with 
CHIR and GFP LV versus in hPSC-EPCs treated with CHIR 
and NlICD LV. Points represent n=3 biological replicates 
from one differentiation of IMR90-4 iPSC-derived EPCs. 
Bars indicate mean±SD. (D) Quantification of caveolin-1 
expression (MFI) in HUVECs transduced with GFP LV 
versus in HUVECs transduced with NlICD LV. Points 
represent n=3 biological replicates. Bars indicate mean±SD. 
Statistical analyses were performed on un-normalized data; 
P-values: Student's t-test. 

[0024] FIG. 13 shows CD31 flow cytometry in transduced 
hPSC-EPCs and HUVECs. (A) Representative flow cytom
etry plots for hPSC-EPCs cultured for 6 days (D5-Dll) in 
hECSR supplemented with CHIR and transduced on D7 
with GFP LV or NlICD LV. Samples included a GFP single 
stain control ( cells transduced with GFP LV, not stained with 
CD31-APC) and CD31 single stain control (un-transduced 
cells, stained with CD31-APC; data not shown). (B) Rep
resentative flow cytometry plots for HUVECs transduced 
with GFP LV or NlICD LV and cultured for 6 days in 
EGM-2 medium. Samples included similar controls as 
described in (A). (C) Quantification of CD31 expression 
(MFI) in hPSC-EPCs treated with CHIR and GFP LV versus 
in hPSC-EPCs treated with CHIR and NlICD LV. Points 
represent n=3 biological replicates from one differentiation 
of IMR90-4 iPSC-derived EPCs. Bars indicate mean±SD. 
(D) Quantification of CD31 expression (MFI) in HUVECs 
transduced with GFP LV versus in HUVECs transduced with 
NlICD LV. Points represent n=3 biological replicates. Bars 
indicate mean±SD. Statistical analyses were performed on 
un-normalized data; P-values: Student's t-test. 
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[0025] FIG. 14 shows the generation of a gene-edited 
hPSC line with doxycycline-inducible overexpression of 
NlICD. (A) Schematic of the PB-TRE-NlICD plasmid, 
which contains a transposon encoding NlICD overexpres
sion elements that will be integrated into the hPSC genome 
by a piggyBac transposase. The transposon is located 
between 3' and 5' piggyBac inverted repeats. A TRE3G 
doxycycline-inducible promoter is followed by the human 
native NlICD sequence (SEQ ID NO: 2), which is similar 
to the NlICD sequence used in the pWPI-NlICD plasmid 
(SEQ ID NO: 1) except that there is a silent mutation at 
amino acid 433 that was unintentionally introduced during 
cloning. There is also an EF-la core promoter followed by 
a Tet-On 3G gene, followed by a hygromycin resistance 
cassette (HygR). Outside of the piggyBac inverted repeats is 
an ampicillin resistance gene that can be used for selection 
of transformed E. coli clones during plasmid amplification. 
(B) Screenshot of Sanger sequencing results for the cloned 
PB-TRE-NlICD plasmid, which show a silent mutation 
(GAC-GAT) in coding sequence ofNlICD for amino acid 
433 (aspartic acid). Note: The top DNA sequence is a portion 
of SEQ ID NO: 1 comprising residues 1,277-1,310, the 
bottom DNA sequence is the corresponding portion of SEQ 
ID NO: 2 (residues 1,277-1,310), and the amino acid 
sequence is the corresponding part of SEQ ID NO: 3 
(residues 426-437). (C) Gel electrophoresis image showing 
purified PB-TRE-NlICD from 3 separate clones ( c4, c5, c6), 
digested at both NheI and Agel restriction sites. Ladder band 
sizes are shown on the right. All 3 clones have bands of the 
expected size for the doxycycline-inducible plasmid back
bone (-8 kb) and NlICD insert (-2.5 kb). A band of -10.5 
kb, corresponding to a small fraction of plasmid digested at 
a single restriction site, is also seen. Clone c6 was Sanger 
sequenced (results shown in (A) and (B). (D-E) RT-qPCR 
analysis of a population of gene-edited IMR90-4 iPSCs 
containing heterogeneous copy numbers of the PB-TRE
NlICD transposon, after 3 days treatment with 1 µg/mL 
doxycycline or PBS control. Expression of NOTCHl (D) 
and HEYL (E) (a gene downstream of Notch signaling 
activation) are expressed as 2-,1.,1.c, normalized to GAPDH. 
Points represent n=3 biological replicates. Horizontal bar 
indicates mean. Relative gene expression values normalized 
to GAPDH were further normalized within each analysis 
such that the mean of the PBS condition was equal to 1. 
Statistical analyses were performed on GAPDH-normalized 
data; P-values: Student's t-test. 

[0026] FIG. 15 shows the optimization of culture param
eters for gene-edited PB-TRE-NlICD hPSC-EPCs. Dura
tion of hygromycin reselection and doxycycline treatment 
were initially optimized in a population of gene-edited 
IMR90-4 iPSCs containing heterogeneous copy numbers of 
the PB-TRE-NlICD transposon. (A-B) Flow cytometry data 
analysis for D13, D15, or D17 hPSC-EPCs cultured in 
hECSR supplemented with CHIR, hygromycin, and doxy
cycline for various durations. A quantification of percentage 
CD31+ cells (A) and CD31 MFI (B) is shown for each 
condition. Points represent n=2 biological replicates from 
one differentiation of heterogenous gene-edited IMR90-4 
iPSC-derived EPCs. Bars indicate mean±SD. (C) Immuno
cytochemistry (ICC) analysis of a Dl 5 heterogeneous popu
lation edited hPSC-derived EPCs cultured in hECSR supple
mented with CHIR and treated with 10 µg/mL hygromycin 
for 6 days followed by 1 µg/mL doxycycline (1: 1000 diluted 
from stock) or PBS control. Representative images of ICC 
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analysis for caveolin-1 and CD31 for doxycycline- or PBS
treated edited hPSC-EPCs. Hoechst nuclear counterstain is 
overlaid in all images. Scale bar: 100 µm. (D) Quantification 
of caveolin-1 and CD31 expression (MGV) in doxycycline
or PBS-treated cells from (B), normalized to Hoechst MGV. 
Points represent n=3 biological replicates from one differ
entiation of heterogenous gene-edited IMR90-4 iPSC-de
rived EPCs. Bars indicate mean±SD. Hoechst-normalized 
relative fluorescence for each marker was further normalized 
within each analysis such that the mean of the PBS condition 
was equal to 1. Statistical analyses were performed on 
Hoechst-normalized data; P-values: Student's t-test. 

[0027] FIG. 16 shows a characterization of clonal gene
edited PB-TRE-NlICD hPSC-EPCs. (A) RT-qPCR quanti
fication of piggyBac transposon copy number in 11 clonal 
populations of gene-edited IMR90-4 iPSCs containing the 
PB-TRE-NlICD transposon. The assay determines the num
ber of piggyBac inserts relative to the 2 UCRl loci per 
genome. PiggyBac insert copy number=0.5x(2-((average pig_ 
gyBac insert Ct)-(average UCRl ct))). Clone names are indicated 
on the x-axis; ( + Y) or ( +CR2) notation indicates that the 
edited IMR90-4 iPSC clones were generated in medium 
supplemented with the ROCK inhibitor Y-27632 or 
CloneR2, respectively. Clones with highly variable copy 
numbers are indicated by downward arrows and were 
selected for further characterization. (B) RT-qPCR analysis 
of NlICD expression in PB-TRE-NlICD hPSC clones 
3(+Y) [48.3 copies], 9(+Y) [1.6 copies], 10(+CR2) [24.3 
copies], and 11 ( +CR2) [15.2 copies] treated for 3 days with 
various dilutions of doxycycline (1:1000, 1:5000, and 1:10, 
000, corresponding to 1 µg/mL, 200 ng/mL, and 100 ng/mL, 
respectively) or PBS control, with n=2 biological replicates 
per condition. An additional unedited hPSC sample (n=l) 
was included for reference. NlICD expression is expressed 
as 2-Mc, normalized to HPRTl. Bars indicate mean±SD. 
Relative gene expression values normalized to HPRTl were 
further normalized to unedited hPSCs such that relative 
NlICD expression in unedited hPSCs was equal to 1. 
[0028] FIG. 17 shows BBB gene expression in clonal 
gene-edited PB-TRE-NlICD hPSC-EPCs+CHIR±different 
doxycycline concentrations. RT-qPCR analysis of various 
markers in D15 gene-edited clonal hPSC-EPCs treated with 
CHIR with or without various doses of doxycycline (100 
ng/mL [1:lOK], 200 ng/mL [1:5K], or 1 µg/mL [1:lK]) or 
1: 1000 diluted PBS. Relative expression c2-MCt normalized 
to ACTB) of (A) NOTCH!, (B) MFSD2A, (C) CAVl, (D) 
PLVAP, (E) SLC2Al, and (F) CDH5 in EPCs derived from 
edited hPSC clones 3( + Y), 9( + Y), 10( +CR2), and 11 
( +CR2). In all analyses, points represent n=3 biological 
replicates from one differentiation of IMR90-4 PB-TRE
NlICD 10( +CR2) hPSC-derived EPCs. Bars indicate 
mean±SD. Relative gene expression values normalized to 
ACTB were further normalized within each analysis for 
(A)-(F) such that the mean of the 3( + Y) 1:lK PBS condition 
was equal to 1. Statistical analyses were performed on 
normalized data; P-values: One-way ANOVA with post-hoc 
Tukey's HSD test. 

[0029] FIG. 18 shows immunostaining of gene-edited 
PB-TRE-NlICD 10( +CR2) hPSC-EPCs with doxycycline
inducible NlICD overexpression. Immunocytochemistry 
(ICC) analysis of BBB markers in gene-edited PB-TRE
NlICD hPSC-EPCs treated with CHIR and 1:1000 diluted 
PBS or CHIR and 1 µg/mL doxycycline on D15 after 10 
days of culture in hECSR supplemented with CHIR from D5 
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to Dll and 4 days of CHIR and doxycycline or PBS 
treatment from Dll to D15. (A) Representative images of 
ICC analysis for claudin-5 and CD31. Hoechst nuclear 
counterstain is overlaid in all images. Scale bar: 200 µm. (B) 
Quantification of claudin-5 mean gray value (MGV) in 
different conditions from (A), normalized to Hoechst MGV. 
(C) Representative images of ICC analysis for P-glycopro
tein (P-gp) and CD31. Hoechst nuclear counterstain is 
overlaid in all images. Scale bar: 200 µm. (D) Quantification 
of P-gp MGV in different conditions from (C), normalized 
to Hoechst MGV. In (B) and (D), points represent n=4 
biological replicates from one differentiation of IMR90-4 
PB-TRE-NlICD 10( +CR2) hPSC-derived EPCs. Horizontal 
bars indicate mean±SD. Hoechst-normalized relative fluo
rescence for each of the three markers was further normal
ized within each analysis such that the mean of the PBS 
condition was equal to 1. Statistical analyses were per
formed on Hoechst-normalized data; P-values: Student's t 
test. 

[0030] FIG. 19 shows an analysis of transcriptional 
changes in BBB-related markers in gene-edited PB-TRE
NlICD 10( +CR2) hPSC-EPCs with doxycycline-inducible 
NlICD overexpression with or without hygromycin precon
ditioning and early or delayed doxycycline dosing. RT
qPCR analysis of various markers in D15 gene-edited 
PB-TRE-NlICD 10(+CR2) hPSC-EPCs cultured in hECSR 
supplemented with CHIR with either 6 days of hygromycin 
followed by 4 days of DPBS (6d H+4d P); 6 days of 
hygromycin followed by 4 days of doxycycline (6d H+4d 
D); 6 days of DPBS followed by 4 days of doxycycline (6d 
P+4d D); or 2 days of DPBS, followed by 4 days of 
doxycycline, followed by 4 days of DPBS (2d P+4d D+4d 
P). (A-C) Relative expression of vesicular transcytosis
related genes CAVl (A), PLVAP (B), and MFSD2A (C). 
(D-G) Relative expression for NlICD (D), CDH5 (E), 
CDH2 (F), and FNl (G). (H-J) Relative expression of tight 
junction-related genes CLDN5 (H), OCLN (I), and TJPl (J). 
(K-N) Relative expression of efflux transport-related genes 
ABCBl (K), ABCCl (L), ABCG2 (M), and SLC2Al (N). In 
all analyses, points represent n=3 biological replicates from 
one differentiation of gene-edited IMR90-4 PB-TRE
NlICD 10(+CR2) hPSC-EPCs. Horizontal bars indicate 
mean±SD. Relative gene expression values (2-Mc, normal
ized to ACTB) were further normalized within each analysis 
such that the mean of the 6d H+4d P condition was equal to 
1. Statistical analyses were performed on normalized data; 
P-values<0.05 by one-way ANOVA w/post-hoc Dunnett's 
test. 

[0031] FIG. 20 shows an analysis of transcriptional 
changes in BBB-related markers in gene-edited PB-TRE
NlICD 10( +CR2) hPSC-EPCs with doxycycline-inducible 
NlICD overexpression. RT-qPCR analysis of various mark
ers in D 15 ECs with induced barrier properties derived from 
the 10(+CR2) gene-edited IMR90-4 iPSC clone with doxy
cycline-inducible NlICD overexpression. D5 hPSC-EPCs 
derived from this edited clone were reselected for 6 days 
with hygromycin followed by 4 days of doxycycline treat
ment. (A-C) Relative expression c2-MCt normalized to 
ACTB) of vesicular transcytosis-related genes CAVl (A), 
PLVAP (B), and MFSD2A (C). (D-G) Relative expression 
c2-MCt normalized to ACTB) for NlICD (D), CDH5 (E), 
CDH2 (F), and FNl (G). (H-J) Relative expression c2-MCt 
normalized to ACTB) of tight junction-related genes 
CLDN5 (H), OCLN (I), and TJPl (J). (K-N) Relative 
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expression c2-M.Ct normalized to ACTB) of efflux transport
related genes ABCBl (K), ABCCl (L), ABCG2 (M), and 
SLC2Al (N). In all analyses, points represent n=3 biological 
replicates from one differentiation of IMR90-4 iPSC-de
rived EPCs. Bars indicate mean±SD. Relative gene expres
sion values normalized to ACTB were further normalized 
within each analysis such that the mean of the condition 
treated with PBS was equal to 1. Statistical analyses were 
performed on normalized data; P-values<0.05 by Student's 
t-test are highlighted using an asterisk. 

[0032] FIG. 21 shows differential expression of genes 
expected to be up- or down-regulated at the BBB in 
PB-TRE-NlICD 10( +CR2) hPSC-EPCs+CHIR±Dox based 
on bulk RNA-seq. Endothelial cells were isolated using 
Seurat from an integrated single cell transcriptomic analy
sis25 of multiple organs, including brain vasculature and 
peripheral organ vascular beds from lung, liver, heart and 
skeletal muscle. From this, 310 genes were identified to be 
significantly differentially expressed (absolute value [log 
(fold change)])> 1, false discovery rate <0.05) between brain 
endothelial cells and peripheral organ endothelial cells. 173 
genes were found to be upregulated and 137 were found to 
be downregulated in brain compared to peripheral endothe
lium. Heatmaps show relative expression of the 310 genes 
between the three subpopulations in the PBS- and doxycy
cline-treated gene-edited PB-TRE-NlICD 10( +CR2) hPSC
EPCs (PBS-treated, CD144hi; Dax-treated, CD144hi; Dox
treated, CD144lo). (A) Of the 173 genes expected to be 
upregulated in brain endothelial cells, 46 are appropriately 
upregulated in response to NlICD overexpression (highest 
in Dox_CD144lo subpopulation). 56/173 genes are down
regulated in response to NlICD overexpression, 61/173 are 
not differentially expressed, and 10 are not expressed 
(TPM=0). (B) Of the 137 genes expected to be downregu
lated in brain endothelial cells, 50 are appropriately down
regulated in response to NlICD overexpression (lowest in 
Dox_CD144lo subpopulation). 27/137 genes are upregu
lated in response to NlICD overexpression, 59/137 are not 
differentially expressed, and 1 is not expressed (TPM=0). 
Heatmap colunms indicate sample/replicate and rows indi
cate genes. Cell color indicates row z-score normalized gene 
expression level, ranging from blue (lowest expression) to 
red (highest). Heatmaps were generated using the pheatmap 
package in R. (C-D) MA plots showing log fold change in 
doxycycline-treated condition relative to PBS control versus 
log mean normalized counts of selected significantly differ
entially expressed BBB marker genes and BBB-enriched 
transcription factors and other transcriptional regulatory 
factors (TFORFs) seen in the comparison of the (C) Dox
treated CD144 high (Dox_CD144hi) vs. PBS_CD144hi or 
(D) Dax-treated CD144 low (Dox_CD144lo) subpopulation 
vs. PBS_CD144hi. For both plots, red dots indicate selected 
genes, blue dots indicate other significantly differentially 
expressed genes (FDR<0.05), and black dots indicate genes 
that are not significantly differentially expressed. MA plots 
were generated using ideal package in R. 

[0033] FIG. 22 shows relative expression of selected 
BBB-related genes in PBS- and Dax-treated subpopulations 
of gene-edited PB-TRE-NlICD 10( +CR2) hPSC-EPCs 
based on bulk RNA-seq. Average log2 (fold change) in 
Dax-treated subpopulation (CD144hi or CD14410) relative 
to PBS control and average log2 (TPM) for Dax-treated cells 
from CD144hi or CD144lo subpopulations of various genes 
related to BBB and general endothelial cell properties. 
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Genes in each category were selected based on literature, 
including a list used in a recent publication by Porkolab et 
aI73

. The categories of genes listed include (A) transcytosis
related, (B) tight junction-related, (C) efflux transport-re
lated, (D) adherens junction-related, (E) endothelial tran
scription factor-related, and (F) SLC cassette nutrient 
transporter-related. Values for average log2 (fold change) in 
Dax-versus PBS-treated cells were obtained from DESeq2 
analysis. Hatching of the bars indicates that the fold change 
is not statistically significant (FDR;;,;0.05). In graphs of 
normalized gene expression ( average log2 [TPM]), error bars 
indicate standard deviation between replicates for Dox
treated cells. All graphs generated using GraphPad Prism. 

[0034] FIG. 23 demonstrates that NlICD overexpression 
in gene-edited PB-TRE-NlICD 10(+CR2) hPSC-EPCs and 
primary endothelial cells reduces fluorescent albumin accu
mulation by inhibiting caveolae- and clathrin-mediated 
endocytic pathways. Quantification of flow cytometry-based 
measurement of endocytic uptake of bovine serum albumin 
(BSA) conjugated to AlexaFluor647 (albumin-AF647) into 
(A-F) gene-edited PB-TRE-NlICD hPSC-EPCs treated with 
doxycycline or PBS or (G) human umbilical vein endothelial 
cells (HUVECs) treated with NlICD overexpressing lenti
virus or control GFP lentivirus. (A) Quantification of albu
min-AF647 accumulation in gated subpopulations for 10( + 
CR2) hPSC-EPCs incubated at 37° C., both with and 
without chlorpromazine (CPZ, clathrin-mediated endocyto
sis inhibitor) or rottlerin (macropinocytosis inhibitor) pre
treatment. Selected statistical comparisons between accu
mulation for each subpopulation and its respective CPZ- or 
rottlerin-pretreated condition as well as between individual 
subpopulations in the absence of CPZ or rottlerin pretreat
ment are shown. (B) Quantification ofalbumin-AF647 accu
mulation in all CD144-positive cells from each condition for 
10( +CR2) hPSC-EPCs, with or without CPZ or rottlerin 
pretreatment. Conditions incubated at 37° C. as well as 4 ° C. 
control were included. Selected statistical comparisons are 
shown among PBS- or Dax-treated conditions in the pres
ence and absence of CPZ or rottlerin pretreatment. (C) 
Quantification of albumin-AF647 accumulation in all 
CDl44high cells from each condition for 10(+CR2) hPSC
EPCs, with or without CPZ or rottlerin pretreatment. Con
ditions incubated at 37° C. as well as 4° C. control were 
included. Selected statistical comparisons are shown among 
PBS- or Dax-treated conditions in the presence and absence 
of CPZ or rottlerin pretreatment. (D) Quantification of 
albumin-AF647 accumulation in all CD144-positive cells 
from each condition for 3( + Y) hPSC-EPCs. Conditions 
incubated at 37° C. as well as 4° C. control were included. 
Selected statistical comparisons are shown among PBS- or 
Dax-treated conditions at both temperatures. (E) Quantifi
cation of albumin-AF647 accumulation in all CD144-posi
tive cells from each condition for 9( + Y) hPSC-EPCs. Con
ditions incubated at 37° C. as well as 4° C. control were 
included. Selected statistical comparisons are shown among 
PBS- or Dax-treated conditions at both temperatures. (F) 
Quantification of albumin-AF647 accumulation in all 
CD144-positive cells from each condition for 11 ( +CR2) 
hPSC-EPCs. Conditions incubated at 37° C. as well as 4° C. 
control were included. Selected statistical comparisons are 
shown among PBS- or Dax-treated conditions at both tem
peratures. (G) Quantification of albumin-AF647 accumula
tion in HUVECs transduced with NlICD LV or GFP LV, 
with or without M~CD pretreatment. Conditions incubated 
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at 37° C. as well as 4° C. control were included. Selected 
statistical comparisons are shown among GFP LV- or 
NlICD LV-transduced conditions in the presence and 
absence of M~CD-pretreatment. Points in each graph rep
resent n=3 biological replicates from one differentiation of 
gene-edited PB-TRE-NlICD hPSCs or vial of HUVECs, 
respectively. Horizontal bars indicate mean±SD. Statistical 
analyses for all comparisons were performed on raw MFI 
data; P-values<0.05 by one-way ANOVA with post-hoc 
Tukey's test. 
[0035] FIG. 24 shows transendothelial electrical resis
tance (TEER) measurement in gene-edited PB-TRE-NlICD 
10(+CR2) hPSC-EPCs+CHIR±Dox. hPSC-EPCs were cul
tured in hECSR supplemented with CHIR, treated with or 
without 1 g/mL doxycycline from D 11-D 15. X axis indicates 
the day in the differentiation process based on the schematic 
shown in FIG. SA. Points represent n=4 biological replicates 
from one independent differentiation of gene-edited 
IMR90-4 PB-TRE-NlICD hPSC-EPCs. Horizontal bars 
indicate standard deviation of means of TEER at each time 
point. 

DETAILED DESCRIPTION 

[0036] The present inventors have developed methods for 
generating endothelial cells with BBB-like transcytosis 
properties. As is described in the Examples, the inventors 
generated these cells by treating human pluripotent stem 
cell-derived endothelial progenitor cells with the small mol
ecule CHIR99021 to activate Wnt/~-catenin signaling and 
overexpressing the Notch! intracellular domain (NlICD) to 
active Notch signaling. They demonstrate that these 
endothelial cells express low levels of vesicular transcytosis 
proteins, similar to the levels observed in the human BBB in 
vivo. BBB models that comprise these endothelial cells 
should more accurately model trans-BBB transport of thera
peutic agents, particularly those that utilize the caveolae
mediated transport pathway. 
[0037] While the inventors have previously shown that 
Wnt/~-catenin signaling drives endothelial progenitor cells 
towards a more central nervous system-like phenotype 
(Gastfriend et al. (2021) Elife 10, e70992; WO2022072354), 
the additional effects of Notch signaling on the transcytosis 
properties of these cells were unknown. The endothelial 
progenitor cells that the inventors generated via activation of 
Wnt/~-catenin signaling alone exhibited upregulation of 
BBB markers like the glucose transporter GLUT-I and 
downregulation of the vesicular transcytosis-associated pro
tein plasmalemma vesicle associated protein (PLVAP), but 
they also exhibited upregulation of the transcytosis-associ
ated protein caveolin-1. In contrast, the endothelial progeni
tor cells generated using the methods of the present inven
tion exhibit downregulation of both caveolin-1 and PLVAP 
while maintaining upregulation of GLUT-I. Thus, BBB 
models comprising the EPCs described herein are expected 
to have improved BBB transcytosis properties as compared 
to previously described models. 

Pluripotent Stem Cells: 

[0038] In a first aspect, the present invention provides 
gene-edited pluripotent stem cells that comprise a transgene 
comprising a polynucleotide encoding a Notch! receptor 
intracellular domain (NlICD) operably linked to an induc
ible promoter. 
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[0039] The term "pluripotent stem cell" (PSC) refers to a 
cell that has the ability to differentiate into cells of all three 
germ layers (i.e., ectoderm, endoderm, and mesoderm). 
Pluripotent stem cells include embryonic stem cells (ESCs) 
and induced pluripotent stem cells (iPSCs). iPSCs are stem 
cells that are produced by genetically reprogramming a 
multipotent or somatic cell back to a pluripotent state. This 
is accomplished through forced expression of pluripotency
associated factors (e.g., Oct3/4, Sox2, Nanog, Tbx3, and 
Klf4/5). In preferred embodiments, the pluripotent stem 
cells used with the present invention are human pluripotent 
stem cells (hPSCs). 

[0040] The pluripotent stem cells of the present invention 
are "gene-edited," meaning that their genomes comprise one 
or more copies of a transgene, i.e., a gene that was artificially 
introduced into a genome. 

[0041] As is described in the Examples, the inventors used 
a PiggyBac transposon vector to randomly insert a NlICD
encoding transgene into the genome of pluripotent stem 
cells, which generated cells comprising various copy num
bers of the transgene inserted into random genomic loci. The 
inventors tested pluripotent stem cells that comprised about 
2 to about 48 copies of the transgene. Thus, in some 
embodiments, the pluripotent stem cells comprise 2-48 
copies of the transgene. In some embodiments, the pluripo
tent stem cells comprise about 2, about 15, about 24, or 
about 48 copies of the trans gene. Those of skill in the art will 
appreciate that other means of inserting polynucleotide 
constructs into the genome could be used to introduce the 
transgene into pluripotent stem cells. 

[0042] The pluripotent stem cells of the present invention 
comprise a transgene that encodes the intracellular domain 
of the transmembrane receptor Notch!. Notch signaling is 
activated by the binding of a Notch ligand to Notch!, which 
results in two sequential proteolytic cleavages that lead to 
the release of the Notch! intracellular domain (NlICD). The 
cleaved NlICD subsequently translocates into the nucleus 
where it interacts with the transcription factor RBPJ, the 
coactivator MAMLl, and the acetyltransferase EP300 to 
drive expression of Notch target genes. Thus, NlICD is a 
fragment of the Notch! receptor that functions as its acti
vated form, and overexpression of NlICD activates Notch 
signaling. 

[0043] In the Examples, the inventors utilized two poly
nucleotide sequences that encode human NlICD, namely 
SEQ ID NO: 1 and SEQ ID NO: 2. SEQ ID NO: 1, which 
is a DNA sequence that comprises nucleotides 5,522-7,930 
of NCBI Reference Sequence: NM_0l 7617.5, is the 
NlICD-encoding sequence that the inventors used in their 
lentiviral transfer plasmid. SEQ ID NO: 2, which is identical 
to SEQ ID NO: 1 except that it comprises a silent mutation 
at nucleotide 1,296, is the NlICD-encoding sequence the 
inventors used in their transposon plasmid. Thus, in some 
embodiments, the polynucleotide encoding NlICD com
prises or consists of SEQ ID NO: 1 or SEQ ID NO: 2. Both 
of these sequences encode the NlICD protein of SEQ ID 
NO: 3. Thus, in some embodiments, the NlICD comprises 
or consists of SEQ ID NO: 3. The NlICD fragment may be 
expressed as a single, stand-alone protein by adding a 
methionine to its N-terminus to allow for translation. Alter
natively, the NlICD may be expressed as part of a fusion 
protein. In these embodiments, an enzyme cleavage site or 
self-cleaving peptide (e.g., a 2A peptide) may be included 
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between the NlICD and the other component(s) of the 
fusion protein to allow for its separation therefrom. 
[0044] The terms "polynucleotide," "nucleic acid," and 
"oligonucleotide" are used interchangeably to refer a poly
mer of DNA or RNA. A polynucleotide may be single
stranded or double-stranded and may represent the sense or 
the antisense strand. A polynucleotide may be synthesized or 
obtained from a natural source. A polynucleotide may con
tain natural, non-natural, or altered nucleotides, as well as 
natural, non-natural, or altered internucleotide linkages ( e.g., 
phosphoroamidate linkages, phosphorothioate linkages). 
[0045] As used herein, the term "promoter" refers to a 
DNA sequence that defines where transcription of a poly
nucleotide begins. RNA polymerase and the necessary tran
scription factors bind to the promoter to initiate transcrip
tion. Promoters are typically located directly upstream (i.e., 
at the 5' end) of the transcription start site. However, a 
promoter may also be located at the 3' end, within a coding 
region, or within an intron of a gene that it regulates. 
Promoters may be derived in their entirety from a native or 
heterologous gene, may be composed of elements derived 
from multiple regulatory sequences found in nature, or may 
comprise synthetic DNA. A promoter is "operably linked" to 
a polynucleotide if the promoter is positioned such that it can 
drive transcription of the polynucleotide. 
[0046] An "inducible promoter" is a promoter that only 
drives transcription under particular conditions or in the 
presence of a particular molecule (i.e., an "induction 
reagent"). Inducible promoters are commonly activated 
using fusion proteins comprising a sensor domain fused to a 
DNA binding domain (e.g., TALEs or dCas9) and a tran
scriptional activation domain ( e.g., VP64, Sun Tag). After the 
sensor domain binds to its activator molecule, the fusion 
protein undergoes a conformational change that allows the 
DNA binding domain to bind to DNA and recruit the 
transcriptional activation to the inducible promoter. For a 
detailed description of such inducible systems, see Doshi et 
al. (Crit Rev Biotechnol 40(8): 1131-1150, 2020), which is 
hereby incorporated by reference in its entirety. In the 
Examples, the inventors utilized the doxycycline-inducible 
promoter TRE3G to drive NlICD overexpression in their 
gene-edited pluripotent stem cells. Thus, in some embodi
ments, the inducible promoter is a doxycycline-inducible 
promoter (i.e., a promoter that is activated in the presence of 
doxycycline ). 
[0047] The transgene that the inventors introduced into 
pluripotent stem cells in the Examples is depicted schemati
cally in FIG. 3B. In addition to the components of the Tet-On 
system that was used to provide doxycycline inducible gene 
expression, this transgene also comprises a selectable 
marker gene that confers resistance to the antibiotic hygro
mycin. Inclusion of this selectable marker gene allowed the 
inventors to perform hygromycin selections to select for 
pluripotent stem cells in which the transgene was success
fully inserted in the genome. Thus, in some embodiments, 
the transgene further comprises a selectable marker gene 
(i.e., a gene that enables the selection of transformed cells). 
In some embodiments, the selectable marker gene confers 
resistance to hygromycin. 

Endothelial Progenitor Cells: 

[0048] In a second aspect, the present invention provides 
endothelial progenitor cells that were differentiated from the 
pluripotent stem cells described herein. 
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[0049] "Endothelial cells" are cells that line blood vessels, 
lymph vessels, and the heart. They form a semi-permeable 
barrier between the blood and the surrounding tissues, and 
regulate the exchange of substances therebetween. 
[0050] The term "endothelial progenitor cells," as used 
herein, refers to CD34+CD31+ cells (i.e., cells that express 
the cell surface antigens CD34 and CD31) that are able to 
differentiate into endothelial cells. These cells may also be 
characterized as CD34+CD31 +CD 144+ endothelial pro
genitor cells. Like the pluripotent stem cells from which they 
were differentiated, the endothelial progenitor cells of the 
present invention comprise a transgene comprising a poly
nucleotide encoding a NlICD operably linked to an induc
ible promoter. 
[0051] Endothelial progenitor cells can be isolated from 
other cell types using any cell sorting method known in the 
art. Suitable cell sorting methods include both fluorescence 
activated cell sorting (FACS) methods and magnetic-acti
vated cell sorting (MACS) methods. In the Examples, the 
inventors isolated endothelial progenitor cells using MACS 
based on CD31 surface antigen expression. Examples of 
alternative MACS-based strategies for isolating these cells 
include using CD34-FITC and anti-FITC magnetic beads 
with an Easy Sep Magnet and using CD31-biotin and 
anti-biotin magnetic beads with LS Colunms on a Midi
MACS Magnet. 
[0052] Differentiation is the process by which a cell tran
sitions from one cell type into another more specialized cell 
type. Methods for differentiating pluripotent stem cells into 
endothelial progenitor cells are described in U.S. Pat. No. 
9,290,741, the contents of which are incorporated by refer
ence in their entirety. Briefly, the method for generating 
endothelial progenitor cells from pluripotent stem cells 
comprises: (i) contacting cultured pluripotent stem cells with 
a Wnt/~-catenin signaling activator for a period of about two 
days in a cell culture medium suitable for maintenance of 
endothelial cells and substantially free of exogenous growth 
factors, and then (ii) culturing the cells in the absence of the 
Wnt/~-catenin signaling activator for about three to ten days. 
Suitable cell culture medium for maintenance of endothelial 
cells are known in the art and include, for example, 
Advanced™ DMEM, VcG-Advanced™ DMEM, LaSR 
medium, Advanced™ DMEM-F12; VcG-Advanced™ 
DMEM-F12, StemPro® 34 medium, Advanced™ RPMI, 
and VcG-Advanced™ RPMI. Other methods for differenti
ating pluripotent stem cells into endothelial progenitor cells 
may also be used to generate these cells. 
Methods for Producing Endothelial Cells with BBB-Like 
Transcytosis Properties: 
[0053] In a third aspect, the present invention provides 
methods for producing an endothelial cell with BBB-like 
transcytosis properties. The methods comprise (a) culturing 
a CD34+CD31 + endothelial progenitor cell in a medium 
comprising a Wnt/~-catenin signaling activator; and (b) 
inducing Notch signaling after 2-7 days of culturing. 
[0054] Cell culture is the process by which cells are grown 
in an artificial environment. Cells are typically cultured in a 
culture medium in a vessel ( e.g., a dish, flask, plate, or tube), 
and other factors such as the concentration of gases (e.g., 
CO2, 0 2), pH, osmotic pressure, and temperature may be 
manipulated. 
[0055] A "culture medium" is a substance that provides 
the necessary nutrients (amino acids, carbohydrates, vita
mins, minerals), growth factors, and/or hormones for a cell 
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to grow. A culture medium may be a solid, liquid, or 
semi-solid substance. In the Examples, the inventors cul
tured endothelial progenitor cells in hECSR medium to 
which a Wnt/~-catenin signaling activator was added. 
"hECSR" is human endothelial serum-free medium 
(hESFM; i.e., a basal serum-free growth medium) supple
mented with B-27 supplement (i.e., a defined yet complex 
mixture of antioxidant enzymes, proteins, vitamins, and 
fatty acids) and fibroblast growth factor 2 (FGF2; i.e., a 
protein that regulates cell growth and differentiation). Thus, 
in some embodiments, the culture medium comprises 
hESFM. In some embodiments, the culture medium is 
supplemented with B-27 supplement and/or FGF2. In spe
cific embodiments, the culture medium is supplemented 
with lxB-27 supplement and 20 ng/mL FGF2. Previous 
findings, described in U.S. Patent Publication No. 2023/ 
0375530, suggest that culturing hPSC-derived endothelial 
progenitors in commercially available endothelial media 
(e.g., EGM-2, ECM-5) reduces induction of a BBB-like 
phenotype and alters the functional properties of the result
ing endothelial cells, likely due to the presence of serum 
proteins and/or mitogens in these media. Thus, while the 
inventors have not determined whether such commercial 
media can be used in the methods of the present invention, 
the composition of the culture media is expected to be 
important for producing endothelial cells with the desired 
BBB-like properties, including BBB-like transcytosis prop
erties. 

[0056] In step (a) of the methods, cells are cultured in the 
presence of a Wnt/~-catenin signaling activator. As used 
herein, a "Wnt/~-catenin signaling activator" is any reagent 
that activates Wnt/~-catenin signaling. Examples ofWnt/~
catenin activators include Wnt ligands and Gsk3 inhibitors. 
Examples of Wnt ligands include Wnt3a, Wnt7a, and 
Wnt7b. Wnt ligands may be used at concentrations ranging 
from about 10 ng/ml to about 200 ng/ml. Examples of Gsk3 
inhibitors include small molecules that inhibit Gsk3 phos
photransferase activity or binding interactions, RNA inter
ference reagents that result in Gsk3 knockdown (e.g., Sig
nalSilence® GSK3a/~ siRNA), and reagents that result in 
overexpression of a dominant negative form of Gsk3. Domi
nant negative forms ofGsk3 are known in the art (see, e.g., 
Hagen et at. (2002), J Biol Chem, 277 (26): 23330-23335). 
Suitable small molecule Gsk3 inhibitors include, but are not 
limited to, CHIR99021 (CAS No. 252917-06-9), 
CHIR98014 (CAS No. 556813-39-9), BIO-acetoxime (CAS 
No. 667463-85-6), BIO (CAS No. 667463-62-9), LiCl, SB 
216763 (CAS No. 280744-09-4), SB 415286 (CAS No. 
264218-23-7), AR A014418 (CAS No. 487021-52-3), 
1-Azakenpaullone (CAS No. 676596-65-9), and Bis-7-in
dolylmaleimide (CAS No. 133052-90-1). In the Examples, 
the inventors utilized the Gsk3 inhibitor CHIR99021. Thus, 
in preferred embodiments, the Wnt/~-catenin signaling acti
vator is CHIR99021. CHIR99021 can be used at a concen
tration ranging from about 3 µM to about 15 µM. In the 
Examples the inventors utilized CHIR99021 at a concentra
tion of 4 µM. Thus, in preferred embodiments, the concen
tration of CHIR99021 in the culture ranges from about 3 µM 
to about 5 µM. 

[0057] In step (b) of the methods, Notch signaling is 
induced in the cells after 2-7 days of culturing. The inventors 
determined that inducing Notch signaling for 2 days was 
insufficient to produce endothelial cells with BBB-like tran
scytosis properties, and they found that inducing Notch 
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signaling for 6 days produced endothelial cells with an 
undesirable endothelial cell morphology and increased risk 
of cell fate change. Thus, in some embodiments, Notch 
signaling is induced for 3-6 days. In the Examples, the 
inventors induced Notch signaling for 4 days. Thus, in 
preferred embodiments, Notch signaling is induced for 4 
days. 

[0058] Any method for inducing Notch signaling may be 
used in the present methods. Methods for inducing Notch 
signaling include, without limitation, expressing a recom
binant Notch ligand (e.g., DLL4, JAG2), culturing in a 
medium comprising a Notch ligand, culturing on extracel
lular matrix or another substrate endowed with a Notch 
ligand, co-culturing with cells that overexpress a Notch 
ligand, artificial activation of DNA binding sites for the 
transcription factor RBPJ, and overexpression of a full
length Notch receptor or a portion thereof comprising the 
intracellular domain (e.g., a Notch! receptor intracellular 
domain (NlICD) or Notch3 receptor intracellular domain 
(N3ICD)). In the Examples, the inventors induced Notch 
signaling via overexpression of a NlICD. Thus, in preferred 
embodiments, Notch signaling is induced via overexpres
sion of a NlICD. In specific embodiments, Notch signaling 
is induced via overexpression of a NlICD comprising or 
consisting of SEQ ID NO: 3. 

[0059] As used herein, the term "overexpression" 
describes expression of a particular protein at levels that are 
higher than the levels that the protein is natively expressed 
at. Overexpression can be achieved by introducing one or 
more additional copies of a polynucleotide encoding a 
protein into a cell or by editing the endogenous gene 
encoding that protein such that it is expressed at higher 
levels. 

[0060] The inventors overexpressed NlICD in endothelial 
progenitor cells using two different methods. First, the 
inventors overexpressed NlICD from a lentiviral construct. 
See FIG. llA for a schematic depiction of this process and 
see FIG. llB for a schematic depiction of the NlICD
encoding construct that was utilized. Thus, in some embodi
ments, overexpression of NlICD is achieved via transduc
tion with a virus comprising a polynucleotide encoding 
NlICD. "Transduction" is a process in which a virus is used 
to deliver DNA into a cell. Any virus that is suitable for gene 
delivery into mammalian cells may be used in the methods 
of the present invention. Examples of suitable viruses 
include, without limitation, adenoviruses, adeno-associated 
viruses, retroviruses, and lentivirus. However, in preferred 
embodiments, the virus is a lentivirus. 

[0061] Second, the inventors overexpressed NlICD by 
generating gene-edited pluripotent stem cells that comprise 
a transgene encoding NlICD under the control of a doxy
cycline-inducible promoter, differentiating these cells into 
endothelial progenitor cells, and contacting the differenti
ated cells with doxycycline to induce NlICD overexpres
sion. See FIG. 3A for a schematic depiction of this process 
and see FIG. 3B for a schematic depiction of the NlICD
encoding construct that was utilized. Thus, in some embodi
ments, overexpression of the NlICD is achieved by con
tacting gene-edited endothelial progenitor cells that 
comprise a transgene comprising a polynucleotide encoding 
a NlICD operably linked to an inducible promoter with a 
reagent that induces expression from the inducible promoter. 
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In some embodiments, the inducible promoter is a doxycy
cline-inducible promoter, and the induction reagent is doxy
cycline. 

[0062] In embodiments that utilize gene-edited endothelial 
progenitor cells that comprise a transgene encoding NlICD, 
the transgene may further comprise a selectable marker 
gene, and the methods may further comprise selecting for 
expression of a selectable marker prior to step (b). 

[0063] The methods of the present invention produce 
endothelial cells with BBB-like transcytosis properties. 
"Transcytosis" is a form of cellular transport in which 
extracellular cargo is endocytosed, shuttled across the cyto
plasm in membrane-bound vesicles, and secreted at a dif
ferent plasma membrane surface. The term "blood-brain 
barrier (BBB)-like transcytosis properties" is used herein to 
describe endothelial cells that express vesicular transcytosis
associated proteins at reduced levels as compared to non
BBB endothelial cells (i.e., endothelial cells that are not part 
of the BBB). Reduced expression oftranscytosis-associated 
proteins results in reduced levels of transcytosis, like those 
observed for the brain microvascular endothelial cells 
(BMECs) that form the BBB in vivo. Examples oftranscy
tosis-associated proteins include caveolin-1, plasmalemma 
vesicle associated protein (PLVAP), and major facilitator 
superfamily domain containing 2a (MFSD2A). Caveolae are 
small lipid rafts that non-specifically shuttle proteins, such 
as albumin and immunoglobulins, across the brain endothe
lium. Caveolin-1 is a scaffolding protein that is the main 
component of caveolae. PLVAP is an endothelial cell-spe
cific protein that forms the diaphragms of caveolae. 
MFSD2A is a lipid flippase (transporter) expressed in BBB
containing endothelial cells that regulates transport of phos
pholipids (e.g., docosahexaenoic acid (DHA)). Accumula
tion of these lipids in the plasma membrane results in 
suppressed formation of caveolae. In the Examples, the 
inventors demonstrate that the endothelial cells produced by 
their methods express lower levels of both caveolin-1 and 
PLVAP (at both the protein and transcript level). Addition
ally, they demonstrate that the endothelial cells produced by 
their methods express higher levels of MFSD2A (at the 
transcript level). Thus, in some embodiments, the endothe
lial cell produced by the method exhibits reduced expression 
of caveolin-1 and/or PLVAP and/or increased expression of 
MFSD2A relative to a non-BBB endothelial cell. In some 
embodiments, the endothelial cell produced by the method 
exhibits reduced expression of caveolin-1 and/or PLVAP 
and/or increased expression of MFSD2A relative to an 
endothelial cell produced by performing only step (a) of the 
method. 

[0064] Glucose is the primary metabolic fuel used to fuel 
the mammalian brain, and the glucose transporter GLUT-I 
is used to transport glucose across the BBB into the brain. 
Accordingly, GLUT-I is expressed at much higher levels in 
the BMECs that form the BBB than in non-BBB endothelial 
cells. In the Examples, the inventors demonstrate that the 
endothelial cells produced by their methods express high 
levels of GLUT-I (at both the protein and transcript level). 
Thus, in some embodiments, the endothelial cell produced 
by the method exhibits increased expression of GLUT-I 
relative to a non-BBB endothelial cell. In some embodi
ments, the endothelial cell produced by the method exhibits 
increased expression of GLUT-I relative to an endothelial 
cell produced by performing only step (a) of the method. 
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[0065] BMECs also express a battery of brain-specific 
nutrient transporters with members in the solute carrier 
(SLC) transporter family that help maintain CNS homeo
stasis. In the Examples, the inventors demonstrate that 
expression of many SLC nutrient transport genes is 
increased in the endothelial cells produced by their methods 
in response to Notch signaling (at the transcript level). These 
genes include the neutral amino acid transporters SLCIA4, 
SLCIA5, and SLC7A5; the cationic amino acid transporters 
SLC7AI, SLC7A2, and SLC7A6; the multivitamin trans
porter SLC5A6; and the facilitated glucose transporter 
SLC2A3. Thus, in some embodiments, the endothelial cell 
produced by the method exhibits increased expression of 
SLCIA4, SLCIA5, SLC7A5, SLC7AI, SLC7A2, SLC7A6, 
SLC5A6, and/or SLC2A3 relative to an endothelial cell 
produced by performing only step (a) of the method. 

[0066] Expression levels can be measured at either the 
protein or transcript level. Examples of methods for mea
suring expression at the protein level include, but are not 
limited to, enzyme-linked immunoassay (ELISA), dot blot
ting, western blotting, flow cytometry, mass spectrometry, 
2-D PAGE, and chromatographic methods. Examples of 
methods for measuring expression at the transcript level 
include, but are not limited to, reverse transcription poly
merase chain reaction (RT-PCR), quantitative PCR, North
ern blotting, in situ hybridization, microarray analysis, and 
RNA sequencing methods. 

[0067] Additionally, the inventors have demonstrated that 
the endothelial cells produced by their methods exhibit 
reduced vesicular endocytosis relative to an endothelial cell 
produced by performing only step (a) of the method. 
"Vesicular endocytosis" is a process in which a cell takes in 
external substances by engulfing them in a vesicle produced 
via invagination of the cell membrane. Vesicular endocyto
sis can be measured via an endocytosis assay, such as a 
fluorescent substrate accumulation assay. In this assay, cel
lular uptake of fluorescent substrate can be visualized via 
fluorescence microscopy ( e.g., epifluorescence microscopy, 
confocal microscopy, total internal reflection fluorescence 
[TIRF] microscopy) or quantified via a flow cytometry
based endocytosis assay. These assays can be performed in 
live or fixed cells. Vesicular endocytosis can also be visu
alized via transmission electron microscopy (TEM), in 
which vesicle structures can be observed at high resolution 
and counted. Specific types of vesicles, such as caveolin-1 
associated vesicles, can be identified in TEM images by 
immunolabeling vesicle-associated proteins with gold nan
oparticle-conjugated antibodies. 

[0068] In some embodiments, the endothelial progenitor 
cell used in the method was differentiated from a pluripotent 
stem cell, as described in the section above titled "Endothe
lial progenitor cells." 

Endothelial Cells with BBB-Like Transcytosis Properties: 

[0069] In fourth aspect, the present invention provides 
populations of endothelial cells with BBB-like transcytosis 
properties that are produced by the methods described 
herein. The endothelial cells produced by the methods 
should also have BBB-like barrier properties, including 
well-developed tight junctions, selective permeability, mod
erate transendothelial electrical resistance (TEER), a flat 
cellular morphology, and junctional architecture character
istic of primary BMECs. 
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Bbb Models: 

[0070] In a fifth aspect, the present invention provides in 
vitro BBB models comprising a confluent mono layer of the 
endothelial cells described herein cultured on a surface. The 
BBB models of the present invention are distinguished from 
previously described BBB models in that they have BBB
like transcytosis properties. 
[0071] The BBB models comprise a confluent monolayer 
of cells. "Confluency" describes the degree to which the 
surface of a cell culture vessel is covered by adherent cells. 
Cultured cells are considered "confluent" if the surface is 
completely covered with cells, and there is no more room for 
the cells to grow as a monolayer. The term "monolayer" 
refers to a single layer of cells. Cells in a monolayer grow 
side-by-side on the same growth surface rather than on top 
of one another. 
[0072] Suitable cell growth surfaces are known in the art 
and include, but are not limited to, permeable supports, 
collagen coated permeable membranes, filters, polymers, 
meshes, matrices, membranes, and hydrogel-based sub
strates. The surface may be within a tissue culture system or 
a microfluidic device. Examples of suitable permeable sup
ports include tissue culture plate inserts, porous and perme
able membranes, and transwell systems (e.g., Coming Tran
swells®). 
[0073] In some embodiments, the BBB model is an iso
genic model. As used herein, the term "isogenic model" 
refers to a model made from cells that are selected to model 
the genetics of a specific subject in vitro. An isogenic BBB 
model is made by generating induced pluripotent stem cells 
(iPSCs) from the subject's somatic cells (i.e., by reprogram
ming them to a pluripotent state), differentiating the iPSCs 
into endothelial progenitor cells, using the methods 
described herein to differentiate the endothelial progenitor 
cells into endothelial cells with BBB-like transcytosis prop
erties, and culturing the resulting cells on a suitable surface 
to generate a BBB model. 
[0074] The "subject" may be a mammal or a non-mam
malian vertebrate, such as a bird. Suitable mammals include 
but are not limited to, humans, cows, horses, sheep, pigs: 
goats, rabbits, dogs, cats, bats, mice, and rats. In certain 
embodiments, the subject is a lab animal ( e.g., a mouse or 
rat) and the BBB model is used for research purposes. In 
preferred embodiments, the subject is a human. 
[0075] In some embodiments, the BBB model is an iso
genic model generated from the cells of a subject that has a 
brain disease. In these embodiments, the BBB model can be 
used to screen for therapeutics that are able to cross the 
subject's BBB to treat the brain disease. Examples of brain 
diseases include, without limitation, Alzheimer's disease, 
multiple sclerosis, stroke, epilepsy, traumatic brain injury, 
Parkinson's disease, and brain tumors. 

Methods for Using the BBB Models: 

[0076] In a sixth aspect, the present invention provides 
methods for using the BBB models described herein. The 
BBB models can be used as a research tool or for pre-clinical 
studies of trans-BBB transport of therapeutic agents. 
[0077] A "therapeutic agent" is an agent that aids in the 
treatment, prevention, or diagnosis of a disease or condition. 
Examples of therapeutic agents include pharmaceuticals, 
biologics, toxins, alkylating agents, enzymes, antibiotics, 
antimetabolites, antiproliferative agents, chemotherapeutic 
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agents, hormones, neurotransmitters, oligonucleotides, 
aptamers, lectins, compounds that alter cell membrane per
meability, photochemical compounds, small molecules, 
liposomes, micelles, gene therapy vectors, and vaccines. 
[0078] In some embodiments, the therapeutic agent is an 
agent that needs to cross the BBB to reach its target for 
therapy or to have a therapeutic effect. In some cases, the 
therapeutic agent may use or be suspected of using the 
caveolae-mediated transport pathway to cross the BBB. 
Examples of such agents include albumin-bound nanopar
ticle drugs (e.g., nab-paclitaxel (Abraxane)) and liposomal 
nanocarriers. Although caveolar-mediated transcytosis is 
normally suppressed at the BBB as in the BBB model 
system provided herein, it is upregulated in the early stages 
of several CNS diseases ( e.g., glioblastoma multiforme) and 
is a hallmark of aging (Sorets et al., Curr Opin Chem Eng 
30: 86-95, 2020). Thus, this pathway could potentially be 
utilized to deliver therapeutic agents to the CNS under such 
conditions or following transient BBB disruption via 
focused ultrasound (FUS). 
[0079] The ability of a therapeutic agent to cross the BBB 
can be assessed using a transwell assay. In this assay, the 
BBB model comprises a confluent monolayer of endothelial 
cells cultured on a porous membrane that separates two 
chambers, and the transport of substances between the two 
chambers is measured. The BBB models provided herein, 
which have BBB-like transcytosis properties, will more 
accurately reflect the ability of therapeutic agents to cross 
the BBB in vivo. 
[0080] The present disclosure is not limited to the specific 
details of construction, arrangement of components, or 
method steps set forth herein. The compositions and meth
ods disclosed herein are capable of being made, practiced, 
used, carried out and/or formed in various ways that will be 
apparent to one of skill in the art in light of the disclosure 
that follows. The phraseology and terminology used herein 
is for the purpose of description only and should not be 
regarded as limiting to the scope of the claims. Ordinal 
indicators, such as first, second, and third, as used in the 
description and the claims to refer to various structures or 
method steps, are not meant to be construed to indicate any 
specific structures or steps, or any particular order or con
figuration to such structures or steps. All methods described 
herein can be performed in any suitable order unless other
wise indicated herein or otherwise clearly contradicted by 
context. The use of any and all examples or exemplary 
language ( e.g., "such as") provided herein, is intended 
merely to facilitate the disclosure and does not imply any 
limitation on the scope of the disclosure unless otherwise 
claimed. No language in the specification, and no structures 
shown in the drawings, should be construed as indicating 
that any non-claimed element is essential to the practice of 
the disclosed subject matter. The use herein of the terms 
"including," "comprising," or "having," and variations 
thereof, is meant to encompass the elements listed thereafter 
and equivalents thereof, as well as additional elements. 
Embodiments recited as "including," "comprising," or "hav
ing" certain elements are also contemplated as "consisting 
essentially of' and "consisting of' those certain elements. 
[0081] Recitation of ranges of values herein are merely 
intended to serve as a shorthand method of referring indi
vidually to each separate value falling within the range, 
unless otherwise indicated herein, and each separate value is 
incorporated into the specification as if it were individually 
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recited herein. For example, if a concentration range is 
stated as 1 % to 50%, it is intended that values such as 2% 
to 40%, 10% to 30%, or 1 % to 3%, etc., are expressly 
enumerated in this specification. These are only examples of 
what is specifically intended, and all possible combinations 
of numerical values between and including the lowest value 
and the highest value enumerated are to be considered to be 
expressly stated in this disclosure. Use of the word "about" 
to describe a particular recited amount or range of amounts 
is meant to indicate that values very near to the recited 
amount are included in that amount, such as values that 
could or naturally would be accounted for due to manufac
turing tolerances, instrument and human error in forming 
measurements, and the like. All percentages referring to 
amounts are by weight unless indicated otherwise. 
[0082] No admission is made that any reference, including 
any non-patent or patent document cited in this specifica
tion, constitutes prior art. In particular, it will be understood 
that, unless otherwise stated, reference to any document 
herein does not constitute an admission that any of these 
documents forms part of the common general knowledge in 
the art in the United States or in any other country. Any 
discussion of the references states what their authors assert, 
and the applicant reserves the right to challenge the accuracy 
and pertinence of any of the documents cited herein. All 
references cited herein are fully incorporated by reference 
unless explicitly indicated otherwise. The present disclosure 
shall control in the event there are any disparities between 
any definitions and/or descriptions found in the cited refer
ences. 
[0083] The following examples are meant only to be 
illustrative and are not meant as limitations on the scope of 
the invention or of the appended claims. 

EXAMPLES 

[0084] Induction of blood-brain barrier (BBB) properties 
in central nervous system (CNS) endothelial cells during 
human development is incompletely understood and our 
knowledge of this process is derived mainly from animal 
models1

•
2

. In vitro BBB models derived from human 
pluripotent stem cells (hPSCs) can be used to study human 
BBB development, cerebrovascular disease, and therapeutic 
approaches for treating brain diseases3

. However, there is a 
limited understanding of signaling pathways that influence 
the unique property of low vesicular endocytosis and tran
scytosis in brain microvascular endothelial cells relative to 
peripheral endothelial cells. However, in vivo studies4

•
5 

suggest the importance of certain BBB-relevant signaling 
pathways, including Wnt and Notch, to the induction of this 
feature of the BBB. 
[0085] In the following example, the inventors differenti
ated endothelial progenitor cells (EPCs) from hPSCs, treated 
the resulting hPSC-EPCs with CHIR99021 to activate the 
Wnt/~-catenin signaling cascade, and overexpressed the 
Notch! receptor intracellular domain (NlICD) to simulate 
Notch signaling. They show that co-activation of Notch and 
Wnt/~-catenin signaling resulted in simultaneous upregula
tion of GLUT-I, a BBB-enriched glucose transporter, and 
decreased expression of both PLVAP and caveolin-1 6

, two 
vesicular transcytosis-associated proteins. They also discov
ered that the combination of CHIR99021 and NlICD over
expression can induce significant upregulation ofMFSD2A, 
which encodes a lipid flippase associated with reduced 
vesicular transcytosis across the BBB7

. While Wnt/~-

12 
Mar. 20, 2025 

catenin signaling has previously been shown to drive hPSC
EPCs to a more CNS-like phenotype8

, the substantial addi
tional effects of Notch signaling on transcytosis properties 
were unknown. These findings suggest that this combination 
of signaling inputs results in induction of important barrier 
properties, including expression of BBB-enriched nutrient 
transporters, reduced expression of transcytosis proteins, 
and reduced vesicle-based substrate uptake. These findings 
contribute to our understanding of developmentally relevant 
signaling pathways and their importance to induction of 
specific BBB properties. 

INTRODUCTION 

[0086] Brain microvascular endothelial cells (BMECs) are 
specialized vascular endothelial cells that make up all cen
tral nervous system (CNS) microvasculature with the excep
tion of vessels of the circumventricular organs9

•
10

. BMECs 
are characterized by blood-brain barrier (BBB) properties 
that distinguish them from similarly sized vessels in other 
organs due to their restriction of passage of most solutes and 
cells from the vessel lumen into the central nervous system1

• 

2. These properties include expression of tight junction 
proteins including claudin-5 and occludin, which seal cell
celljunctions and restrict paracellular transport11

•
12

. BMECs 
also express a battery of brain-specific nutrient transporters 
with members in the solute carrier (SLC) transporter family 
that help maintain CNS homeostasis13

. Polarized efflux 
pumps with broad-spectrum recognition of small molecules 
in the ATP-binding cassette (ABC) family prevent the entry 
of majority ofpharmaceuticals13

, except certain anesthetic, 
psychiatric drugs, and anti-epileptic drugs 14

•
15

. Finally, a 
major property of BMECs is the extremely low levels of 
transcytosis compared to vascular endothelial cells in 
peripheral organs6 .7. 

[0087] However, much of our understanding of how these 
properties arise in the human CNS remains limited; most of 
our knowledge about signaling pathways and important 
regulators of BBB property induction and maintenance has 
been deduced through genetic studies in model animals, 
particularly mice2

. These signaling pathways include 
canonical Wnt, VEGF, Notch, TGF-~, and Sonic hedgehog 
(Shh) signaling as well as other pathways 1

•
16

.17. The role of 
Wnt signaling in CNS angiogenesis and barrier-genesis (or 
the establishment of barrier properties in CNS endothelium) 
has been most prolifically studied8

•
18

-
20

. 

[0088] Notch signaling is a pathway of intrinsic impor
tance to endothelial cell function. It is involved in the 
regulation of arterial differentiation of endothelial cells and 
sprouting angiogenesis21

. Laminar flow-induced signaling 
through the NOTCH! receptor in arterial vessels is impor
tant for maintenance of endothelial cell-cell junctions and 
reduction of endothelial proliferation22

. Notch signaling also 
mediates interactions between mural and endothelial cells at 
the blood-brain barrier23

. An undetermined ligand on the 
surface of CNS pericytes binds to the NOTCH! receptor on 
the surface ofBMECs to liberate the NOTCH! intracellular 
domain (NlICD). The NlICD interacts with SMAD4 which 
results in upregulation of N-cadherin and maintenance of 
pericyte-BMEC adhesions24

. When we examined endothe
lial cells using an integrative single cell RNA-seq compari
son of human brain and peripheral vasculature25

, we found 
that NOTCH! and genes encoding the Notch signaling
related transcription factors HESl/4 were enriched in brain 
endothelial cells compared to peripheral endothelial cells. 
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[0089] A recent study4 of the retinal vasculature in adult 
mouse models demonstrated the importance of Notch sig
naling, specifically the interaction between Notch ligand 
D114 and the receptor Notch! in the maintenance of low 
levels of vesicular transcytosis that characterize the blood
retina barrier (BRB). Antibody-mediated blockade of the 
Notch ligand-receptor interaction in this context resulted in 
increased expression of vesicular transcytosis-associated 
structural proteins caveolin-1 and PLVAP, increased num
bers of endothelial vesicles, and increased permeability of 
retinal vasculature to both 4 and 10 kDa fluorescent Dex
tran4

. It is unknown based on existing evidence whether 
Notch signaling regulates MFSD2A, a lipid flippase 
enriched in BMECs that is tied to reduced levels of cave
olae-mediated transport at the BBB5 -7•26

•
27

. 

[0090] Notch signaling is mediated by signals from a 
"sending" cell via one of five transmembrane Notch ligands 
(e.g., Delta-like (DLL) 1, 3, and 4 or Jagged (JAG) 1 and 2) 
to a "receiving" cell expressing one of 4 Notch receptors 
(NOTCH 1-4)21

. Multiple Notch ligands are capable of 
binding to and activating signaling through an individual 
Notch receptor variant28

. Following the ligand-receptor 
interaction at the cell surface, sequential enzymatic cleavage 
events by ADAM (a disintegrin and metalloproteinase 
domain-containing protein) and y-secretase ultimately result 
in liberation of the Notch intracellular domain (NICD), the 
main transcriptional effector of the canonical Notch signal
ing pathway21

•
29

•
30

. NICD then translocates to the nucleus 
where it complexes with transcription factor RBPJ (also 
known as CBF-1 or CSL) and co-activator MAM to regulate 
expression of downstream genes29

. Canonical Notch signal
ing is dependent on the DNA binding protein RBPJ, whereas 
non-canonical Notch signaling is RBPJ-independent31

. 

Non-canonical Notch signaling includes interactions of 
NICD in the cytoplasm with effectors of the Wnt, PI3K, 
mTORC2, or AKT signaling pathways or in the nucleus with 
transcription factors such as HIF-la, NFKB, or YYl 31

. 

[0091] Because of the molecular and functional similari
ties between the BRB and the BBB, we hypothesized that 
overactivation of the Notch signaling pathway in an in vitro 
hPSC-derived endothelial model system is important for 
induction of certain BBB properties, including reduction of 
vesicular transport. To our knowledge, there are no small
molecule agonists that directly target Notch signaling with
out off-target effects. While N-methylhemeanthidine chlo
ride (NMHC)32

, chrysin33 and hesperetin34 have been 
identified as potential Notch signaling agonists, they are 
cytotoxic and can interact with other pathways, including 
AKT signaling by NMHC35 and TGF-~ and NFKB signaling 
by hesperitin36

•
37

. Another reported activator of Notch sig
naling is adropin38

, a protein that interacts with the little
studied non-canonical NOTCH! ligand NB-3 to promote 
oligodendrocyte progenitor differentiation through a Del
texl (DTXl )-mediated pathway39

. DTXl expression is 
essentially absent in hPSC-derived endothelial progenitor 
cells (hPSC-EPCs)8, so adropin-mediated Notch signaling 
activation is unlikely to be relevant in our experimental 
system. Therefore, we chose to directly activate Notch 
signaling by overexpressing NlICD, a gene encoding the 
intracellular transcriptional effector of signaling through the 
NOTCH! receptor. This approach bypasses any off-target 
effects of other agonist molecules that are not directly related 
to Notch signaling. We show that, in Wnt signaling-activated 
hPSC-EPCs (supplemented with a low dose ofCHIR99021), 
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Notch signaling activation results in BBB-like expression 
changes in MFSD2A, caveolin-1, PLVAP, and GLUT-I. 

Materials and Methods: 

hPSC Maintenance 
[0092] Matrigel-coated tissue culture plates were prepared 
by thawing and resuspending a 2.5 mg aliquot of Matrigel, 
Growth Factor Reduced (Coming, Glendale, AZ) in 30 mL 
DMEM/F-12 (Life Technologies, Carlsbad, CA). The Matri
gel solution was used to coat tissue culture plates (Coming) 
at a concentration of 8. 7 µg/cm2 (1 mL/well in a 6-well plate, 
0.5 mL/well in a 12-well plate). A 2.5 mg Matrigel aliquot 
dissolved in DMEM/F-12 is sufficient to coat up to five 6-
or 12-well plates. Matrigel-coated plates were then incu
bated at 37° C. for a minimum of 1 h, maximum of 1 week 
before use. hPSCs used in this study were IMR90-4 iPSCs 
(WiCell, Madison, WI). hPSCs were maintained on Matri
gel-coated 6-well plates in ES medium (STEMCELL Tech
nologies, Vancouver, Canada) at 37° C., 5% CO2 with daily 
media changes. 
[0093] hPSCs were passaged with Versene (Life Tech
nologies) at 70-80% confluence or when colonies began to 
touch. To passage, hPSCs were washed once with Versene, 
then incubated with Versene for 7-8 min. Next, Versene was 
aspirated and hPSC colonies were dissociated by gentle 
spraying with 4 mL ES medium. To achieve a 1:12 split 
ratio, 2 mL of the hPSC-containing ES suspension was 
transferred to a conical tube containing 4.2 mL ES. For a 1 :6 
split ratio, all 4 mL of the hPSC-containing ES suspension 
was transferred to conical tube containing 2.2 mL ES. Next, 
for both split ratios, the cell suspension was gently mixed by 
lifting and lowering a serological pipette 5-10 times (without 
pipetting up and down). In a 6-well Matrigel-coated plate 
pre-filled with 1 mL/well ES, 1 mL/well of the mixed hPSC 
suspension was equally distributed, 0.5 mL per step in a 
U-shaped fashion, to achieve a final volume of 2 mL/well. 
The plate was subsequently agitated from left to right and 
front to back 3-4 times each and incubated at 37° C., 5% 
CO2 for 24 h without disturbing before the next media 
change. 
Differentiation of hPSC-Derived Endothelial Progenitor 
Cells (hPSC-EPCs) 
[0094] Both gene-edited and unedited hPSCs were differ
entiated to EPCs according to previously published proto
cols8

•
40

•
41 with minor modifications. On day -3 (D-3), 

hPSCs were treated with 1 mL/well Accutase (Innovative 
Cell Technologies, San Diego, CA) (1 mL/well) for 7 min at 
37° C. Accutased hPSCs were triturated to completely 
singularize cells and subsequently quenched in 4x volume of 
ES (STEMCELL Technologies). Singularized hPSCs were 
counted with a hemacytometer and subsequently centrifuged 
for 5 min, 200xg. The hPSC pellet was resuspended in ES 
supplemented with 10 µM ROCK inhibitor Y-27632 (Tocris, 
Bristol, UK) and seeded onto Matrigel-coated 12-well plates 
at a density of (3-5)xl04 cells/cm2

, 1 mL/well. Plates were 
incubated at 37° C., 5% CO2 . The following 2 days (D-1 and 
D-2), media was changed to ES, 1 mL/well. On DO, differ
entiation media was added with LaSR medium (Advanced 
DMEM/F-12 [Life Technologies], 2.5 mM GlutaMAX [Life 
Technologies], and 60 µg/mL L-ascorbic acid 2-phosphate 
magnesium [Sigma-Aldrich, St. Louis, MO]) supplemented 
with 6 µM CHIR99021 (henceforth abbreviated as "CHIR", 
Tocris), 2 mL/well. On Dl, media was changed with LaSR 
supplemented with 6 µM CHIR, 2 mL/well. Media changes 
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on Dl and D2 were performed 24 h±30 min after the 
previous media change. From D2-D4, media was changed 
with pre-warmed 3 7° C. LaSR supplemented with 50 ng/mL 
recombinant human VEGF 165 (Peprotech, Cranbury, NJ), 2 
mL/well. 
[0095] On D5, hPSC-EPCs were sorted by magnetic
activated cell sorting (MACS) based on CD31 surface 
antigen expression. hPSCs were dissociated with 1 mL/well 
Accutase for 15 min, 37° C. 12 mL/plate of Accutased cells 
were thoroughly singularized by trituration and quenched 
through a 40 µm cell strainer (Beckton Dickinson, Vernon 
Hills, IL) in 38 mL DMEM (Life Technologies) supple
mented with 10% FBS (R&D Systems, Minneapolis, MN). 
Quenched hPSCs were counted with a hemocytometer and 
centrifuged for 5 min, 200xg. Pelleted cells were resus
pended in MACS buffer (Dulbecco's phosphate buffer saline 
without Ca and Mg [DPBS; Life Technologies], 0.5% w/v 
bovine serum albumin [Sigma-Aldrich], 2 mM EDTA 
[Sigma-Aldrich]) at a concentration of 60 µL/10 7 cells. 
Human FcR blocking reagent (Miltenyi Biotec, Auburn, 
CA) was added at a dilution of 1:50, and CD31 magnetic 
micro beads (Miltenyi Biotec) were added at a dilution of 20 
µL/107 cells, gently mixed by pipetting, incubated for 15 
min, 4° C. Cells were then washed by adding 2 mL MACS 
buffer/107 cells and centrifuging for 5 min, 200xg. During 
centrifugation, a MidiMACS magnetic separator (Miltenyi 
Biotec) was prepared in the BSC by placing LS colunms 
(Miltenyi Biotec) into available slots with "fins" facing 
away from the magnet. The LS colunms were primed with 
3 mL MACS buffer. Next, the cell pellet was resuspended in 
0.5-2 mL MACS buffer depending on number of LS col
unms (1-4, respectively). 0.5 mL of cell suspension was 
loaded per LS colunm (about (4-6)xl07 cells per colunm). 
After cell suspension had completely flowed through the LS 
colunm, 3 additional MACS buffer washes (3 mL/colunm) 
were performed, allowing wash buffer to stop dripping 
completely before adding next wash fraction. After final 
wash, each column was removed the MidiMACS magnet, 
and cells were eluted with 5 mL MACS buffer and the 
provided plunger into a sterile conical tube. Eluate fractions 
were combined; cells were counted by hemacytometer and 
centrifuged for 5 min, 200xg. A portion of the hPSC-EPCs 
were used for CD31/CD34 flow cytometry validation of 
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pre-MACS and post-MACS purity. The remmmng cells 
were either directly used for experiments or cryopreserved 
in aliquots of 2.5xl06 cells/mL in EPC freezing medium. 
EPC freezing medium is 60% hECSR (human endothelial 
serum-free medium [hESFM; Life Technologies] supple
mented with 1 xB-27 supplement [Life Technologies] and 20 
ng/ml FGF2 [Waisman Biomanufacturing, Madison, WI]), 
30% FBS, 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich) 
passed through a 0.22 µm pore Steriflip (Sigma-Aldrich) 
filter. 

Production of Lentivirus 

[0096] Lentivirus plasmids pWPI (FIG. lOA, Addgene 
plasmid #12254), psPAX2 (Addgene plasmid #12260), and 
pMD2.G (Addgene plasmid #12259) were obtained from 
Addgene (Watertown, MA) as gifts from Didier Trono. To 
generate transfer plasmid pWPI-NlICD (FIG. lOB), a con
struct encoding the native human Notchl intracellular 
domain (NlICD) was cloned into the p WPI plasmid after the 
EF-la promoter and ahead of the IRES cassette. First, a 
cDNA fragment encoding the intracellular domain of the 
Notchl receptor was amplified from a cDNA library gener
ated from an hPSC-derived neural crest cells42

. This frag
ment spans nucleotides 5,522-7,930 ofNM_017617.5, cor
responding to mnino acids 1,754-2,556 ofNP060087.3. For 
NlICD, the forward primer (Table 1) contained a Kozak 
consensus sequence and start codon; forward and reverse 
primers (Table 1) included Pacl restriction enzyme sites. 
p WPI and the resulting PCR fragments were digested with 
Pacl. Ligation was performed with Instant Sticky-end 
Ligase Master Mix (New England Biolabs, Ipswich, MA), 
and the resulting products were transformed into NEB 
Stable Competent E. coli (New England Biolabs). Single 
ampicillin-resistant colonies were picked and screened via 
PCR for presence of insert using primers mmealing to the 
EF-la promoter and IRES (Table 1). Clones with forward
oriented inserts were identified and the correct sequence was 
confirmed via Sanger Sequencing. pWPI and pWPI-NlICD 
plasmids were then expanded and purified using the End
oFree Plasmid Maxi Kit (Qiagen, Germantown, MD). 
pWPI-NlICD has been deposited to Addgene (Addgene 
plasmid #185525). 

TABLE 1 

Primers 

SEQUENCE 

Primers for cloning 

TAA GCA TTA ATT AAG CCA CCA TGG TGC TGC TGT CCC 

GCA AGC G (SEQ ID NO, 7) 

TGC TTA TTA ATT AAT TAC TTG AAG GCC TCC GGA A 

(SEQ ID NO, 8) 

TCA AGC CTC AGA CAG TGG TTC (SEQ ID NO, 9) 

IRES reverse CCT CAC ATT GCC AAA AGA CG (SEQ ID NO, 10) 

NheI overhang for ACT AAA GCT AGC TGT CGT GAG GAA TTT CGA CAT TT 

NlICD (SB00l) (SEQ ID NO, 11) 

Agel overhang for ACT AAA ACC GGT CCC CCT TTT CTT TTA AAA GTT AAC 

NlICD (SB002) CG (SEQ ID NO, 12) 
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TABLE 1-continued 

Primers 

NAME SEQUENCE 

Primers for Sanger sequencing 

TRE3G promoter GTA CGG TGG GCG CCT ATA AA (SEQ ID NO, 13) 
forward (BD69) 
NlICD reverse GGG CAC CGT CTG AAG CGT TCT T (SEQ ID NO, 14) 
(SB003) 

NlICD forward GCA GTG GAC TCA GCA GCA CCT G (SEQ ID NO, 15) 
(SB004) 

NlICD reverse GCG GCC CAT GTT GTC CTG GAT G (SEQ ID NO, 16) 
(SB005) 

NlICD forward GAG GGC ATG CTG GAG GAC CTC A (SEQ ID NO, 17) 
(SB006) 

NlICD forward GGA AGC AAG GAG GCC AAG GAC C (SEQ ID NO, 18) 
(SB007) 

NlICD reverse GTG AAA TTC AGG GCC CCT CCG C (SEQ ID NO, 19) 
(SB008) 

NlICD forward CCC TGC AGC ATG GCA TGG TAG G (SEQ ID NO, 20) 
(SB009) 

NlICD reverse GGG GCT CTC CTG GGG CAG AAT A (SEQ ID NO, 21) 
(SB0l0) 
PB-TRE backbone GGG TAT CGA CAG AGT GCC AG (SEQ ID NO, 22) 
reverse (BD70) 

Primers for RT-qPCR 

ABCBl Taqman probe Hs00184500 ml 
MFSD2A Taqman Hs00293017 ml 
probe 
ABCCl forward CTG AGT TCC TGC GTA CCT ATG (SEQ ID NO, 23) 
ABCCl reverse TGC CAT TCT CCA TTT GCT TTG (SEQ ID NO, 24) 
ABCG2 forward CTC AGA TCA TTG TCA CAG TCG T (SEQ ID NO, 25) 
ABCG2 reverse GTC GTC AGG AAG AAG AGA ACC (SEQ ID NO, 26) 
ACTB forward ACA GAG CCT CGC CTT TG (SEQ ID NO, 27) 
ACTB reverse CCT TGC ACA TGC CGG AG (SEQ ID NO, 28) 
CAVl forward CAT GGC AGA CGA GCT GAG (SEQ ID NO, 29) 
CAVl reverse AAA CTG TGT GTC CCT TCT GG (SEQ ID NO, 30) 
CDH2 forward CTC CAA TCA ACT TGC CAG AA (SEQ ID NO, 31) 
CDH2 reverse ATA CCA GTT GGA GGC TGG TC (SEQ ID NO, 32) 
CDH5 forward GAA CCA GAT GCA CAT TGA TGA AG (SEQ ID NO, 33) 
CDH5 reverse TGC CCA CAT ATT CTC CTT TGA G (SEQ ID NO, 34) 
CLDN5 forward TGA CCT TCT CCT GCC ACT A (SEQ ID NO, 35) 
CLDNS reverse AAG CGA AAT CCT CAG TCT GAC (SEQ ID NO, 36) 
HEYL forward CAC TTG AAA ATG CTC CAT GCC (SEQ ID NO, 37) 
HEYL reverse ACT CCC GAA AAC CAA TGC TC (SEQ ID NO, 38) 
HPRTl forward TTG TTG TAG GAT ATG CCC TTG A (SEQ ID NO, 39) 
HPRTl reverse GCG ATG TCA ATA GGA CTC CAG (SEQ ID NO, 40) 
FNl forward TGG TGT CAC AGA GGC TAC TA (SEQ ID NO, 41) 
FNl reverse GGG CTC GCT CTT CTG ATT ATT (SEQ ID NO, 42) 
GAPDH forward ACA TCG CTC AGA CAC CAT G (SEQ ID NO, 43) 
GAPDH reverse TGT AGT TGA GGT CAA TGA AGG G (SEQ ID NO, 44) 
GFP forward (SB012) TCG CCG ACC ACT ACC AGC AGA A (SEQ ID NO, 45) 
GFP reverse (SB013) CGC GCT TCT CGT TGG GGT CTT T (SEQ ID NO, 46) 
NlICD forward GCA GTG GAC TCA GCA GCA CCT G (SEQ ID NO, 47) 
(SB004) 

NlICD reverse CTG CAG GAG GCG ATC ATG AGC G (SEQ ID NO, 48) 
(SB0ll) 

OCLN forward ATG GCA AAG TGA ATG ACA AGC (SEQ ID NO, 49) 
OCLN reverse AGG CGA AGT TAA TGG AAG CTC (SEQ ID NO, 50) 
PLVAP forward TGG ACA CCT GCA TCA AGA C (SEQ ID NO, 51) 
PLVAP reverse GGA TCT TCC TCT TGA ACT CCT C (SEQ ID NO, 52) 
SLC2Al forward GTG CCA TAC TCA TGA CCA TCG (SEQ ID NO, 53) 
SLC2Al reverse GGC CAC AAA GCC AAA GAT G (SEQ ID NO, 54) 
TJPl forward CGC GTC TCT CCA CAT ACA TTC (SEQ ID NO, 55) 
TJPl reverse GCT GGC TTA TTC TGA GAT GGA (SEQ ID NO, 56) 

[0097] Lentivirus compnsmg the constructs NlICD- DMEM (Life Technologies) supplemented with 10% FBS 
IRES-GFP (denoted NlICD LV) and IRES-GFP negative (R&D Systems, Minneapolis, MN), 1 mM sodium pyruvate 
control (denoted GFP LV) were produced in HEK293TN (Life Technologies), and 0.5x GlutaMAX Supplement (Life 
cells (System Biosciences, Palo Alto, CA). 293TN cells Technologies), with media changes every other day. When 
were maintained on uncoated 6-well tissue culture plates in 293TN cells reached 70-90% confluence, they were trans-
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fected with the packaging plasmids psPAX2 (1 µg/well) and 
pMD2.G (0.5 µg/well), and the transfer plasmid pWPI
NlICD or pWPI (1.5 µg/well) using FuGENE HD Trans
fection Reagent (Promega, Madison, WI). Media was 
supplemented with lx antibiotic-antimycotic (Life Tech
nologies) on the day of transfection. Approximately 16-18 h 
later, media was aspirated and replaced with fresh pre
warmed HEK293TN media, and virus-containing superna
tants were collected 24, 48, and 72 h later. After the 1st and 
rd collections, media was replaced with fresh pre-warmed 
293TN medium and virus-containing supernatant was 
cooled at 4° C. After the final collection, the 3rd virus
containing supernatant fraction was cooled at 4 ° C. for a 
minimum of30 min to overnight. The three virus-containing 
supernatants were then combined, centrifuged to remove 
cell debris, and passed through a 0.45 µm pore Steriflip filter 
(Millipore SE1M003M00) before being concentrated l00x 
with Lenti-X Concentrator (Takara Bio Mountain View 
CA). Briefly, Lenti-X/media mixture was \ncubated at 4° c'. 
for 30 mins before centrifuging at 1,500xg & 4 ° C. for 45 
mins. Subsequently, supernatant was aspirated, and lentivi
rus-containing pellets were resuspended in 200 µL each of 
sterile DPBS and subsequently combined to form a single 
consistent stock. 25-50 µL aliquots were prepared and frozen 
at -80° C. for long-term storage. 
Culture of hPSC-EPCs: 
[0098] Collagen IV (Sigma-Aldrich) was dissolved in 0.5 
mg/mL acetic acid to a final concentration of 1 mg/mL. 
Collagen IV-coated plates were made by diluting a volume 
of the 1 mg/mL stock solution 1: 100 in sterile water and 
adding the resulting solution to tissue culture plates. 1 mL 
collagen IV solution/well was added to 6-well plates (9.5 
cm2/well) and the volume of solution was scaled according 
to surface area in other multi-well plate formats (e.g., 100 
µL/well for a 48-well plate [0.95 cm2/well]). After adding 
collagen IV solution, the tissue culture plates were incubated 
for 1 h at RT, protected from light. Collagen IV coating 
solution was then removed, and cryopreserved hPSC-EPCs 
were thawed and resuspended in hECSR medium and plated 
at approximately 4xl04 cells/cm2

. hPSC-EPCs were incu
bated at 37° C., 5% CO2 with hECSR medium changes 
every other day. In some experiments, small molecules 
and/or lentivirus were added to hECSR medium: in all cases, 
4 µM CHIR (Tocris) was added to the culture medium to 
activate Wnt/~-catenin signaling. To activate Notch signal
ing, we overexpressed NlICD using lentiviral transduction 
in unedited hPSC-derived EPCs or added doxycycline to 
gene-edited EPCs comprising a tetracycline-inducible 
NlICD cassette. 

Culture of HUVECs 

[0099] Human umbilical vein endothelial cells (HU
VECs), pooled in EGM-2 (Lonza, Basel, Switzerland), were 
thawed and plated at a seeding density of 2500 cells/cm2 in 

Target 
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an uncoated T-75 flask. Cells were incubated at 37° C 5% 
CO2 and media was replaced every other day with EGM-2 
medium (EBM-2 medium [Lonza] supplemented with 
EGM-2 Endothelial SingleQuots Kit [Lonza]). When cells 
reached 80-90% confluency, cells were incubated with -5 
mL 0.25% Trypsin-EDTA with phenol red (Life Technolo
gies) for 10 min at 37° C. and dissociated by trituration. 
Trypsinized HUVECs were quenched in 4x the volume of 
EGM-2 medium and centrifuged at 200xg for 5 mins. The 
cell pellet was resuspended in EGM-2 to a concentration that 
would achieve a seeding density of 2500 cells/cm2 in an 
uncoated 6-well plate. Cells were cultured for 2 days before 
replacing EGM-2 medium supplemented with 1.9 µL/well 
GFP LV or 50 L/well NlICD LV. Media was changed every 
other day with EGM-2 medium. 6 days after lentiviral 
transduction, cells were dissociated and stained for CD31 or 
caveolin-1 via flow cytometry or lysed for qPCR analysis. 
[0100] To study substrate accumulation in HUVECs, cells 
were plated at a seeding density of 5000 cells/cm2 in each 
well of 2 12-well plates with 1 additional well in a third 
12-well plate. Cells were incubated at 37° C., 5% CO2 and 
media was replaced every other day with EGM-2 medium. 
Cells were cultured for 2 days before the media was replaced 
with EGM-2 medium supplemented with 0.76 µL/well GFP 
LV or 20 µL/well NlICD LV (doses of both types of 
lentivirus scaled down by a factor of 2.5x from 6-well plate). 
Media was changed every other day with EGM-2 medium. 
6 days after lentiviral transduction, cells were pretreated 
with or without endocytosis inhibitors, incubated with or 
without fluorescent albumin, imaged by epifluorescence 
microscopy, and isolated for flow cytometry analysis. 
Lentiviral Overexpression of NlICD in Unedited hPSC
EPCs: 
[0101] Unedited hPSC-derived EPCs (D5) with high post
MACS purity validated by flow cytometry were cultured on 
collagen IV-coated plates at approximately 4xl04 cells/cm2 

in hECSR medium supplemented with 4 µM CHIR (Tocris). 
For characterization by flow cytometry, RT-qPCR, or west
ern blotting, EPCs were seeded in 6-well plates. For char
acterization by immunocytochemistry, EPCs were seeded in 
48-well plates. Medium was changed every other day until 
Dll. On D7, EPCs were transduced with 5.26 µL/cm 2 

NlICD LV (50 µL/well in a 6-well plate, 5 L/well in a 
48-well plate) or 0.66 µL/cm2 GFP LV negative control (6.25 
µL/well in a 6-well plate, 0.625 µL/well in a 48-well plate). 
On Dll, cells were isolated for various downstream assays. 
Flow cytometry was used to determine expression of GFP, 
CD31, and caveolin-1 or PLVAP (Table 2). Expression of 
several genes was assayed by RT-qPCR (FIG. 2, Table 1). 
Western blotting was used to quantify expression of Notch! 
(including full length protein and intracellular domain 
[NlICD]), phospho-JNK, total JNK, and ~-actin (Table 2). 
Cells were stained for GFP, caveolin-1, PLVAP, GLUT-I, 
and PECAM-1 and imaged with immunofluorescence 
microscopy (Table 2). 

TABLE 2 

Antibodies 

Species/ Manufacturer, clone 
Isotype (product number), RRID Fluorophore App* Dilution 

Rabbit Cell Signaling Technology Unconjugated ICC 1:500 
polyclonal (3238), RRID: 

AB_2072166 
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TABLE 2-continued 

Antibodies 

Species/ Manufacturer, clone 
Target Isotype (product number), RRID Fluorophore App* Dilution 

Caveolin-1 Rabbit Cell Signaling Technology Unconjugated TEM 1:100 
monoclonal (3267) 

RRID: AB_2275453 
Caveolin-1 Host unknown Miltenyi Biotec REAL686 PE FC 1:50 

monoclonal (130-129-282), RRID: 
AB_2904649 

CD31 Rabbit Lab Vision (RB-10333-P), Unconjugated ICC 1:100 
(PECAM-1) polyclonal RRID: AB_720502 
CD31 Mouse IgGl Miltenyi Biotec AC128 APC FC 1:50 
(PECAM-1) (130-119-891), RRID: 

AB_2784124 
CD34 Mouse IgG2a Miltenyi Biotec AC136 FITC FC 1:50 

(130-113-178), RRID: 
AB_2726005 

CD144 (VE- Recomb. human Miltenyi Biotec REA199 APC FC 1:50 
cadherin) IgGl (130-125-985), RRID: 

AB_2857821 
CD144 (VE- Recomb human Miltenyi Biotec REA199 FITC FC 1:50-
cadherin) IgGl (130-123-688), RRID: 1:100 

AB_2819510 
GFP Mouse IgG2a Santa Cruz, B-2 (sc-9996), Unconjugated ICC 1:100 

RRID: AB_627695 
GLUT-! Mouse IgG2a Invitrogen SPM498 Unconjugated ICC 1:200 

(MA5-11315), RRID: 
AB_10979643 

Isotype Mouse IgGl R&D Systems 11 711 APC FC 1:50 
control (IC002A), 

RRID: AB_357239 
Isotype Mouse IgGl, K BioLegend MOPC-21 FITC FC 1:50 
control (400108), RRID: 

AB_326429 
Notch! Rabbit IgG Cell Signaling Technology, Unconjugated WB 1:500 

DlEll (3608), RRID: 
AB_2153354 

PLVAP Rabbit Prestige Antibodies Unconjugated ICC 1:200 
polyclonal (HPA002279), RRID: 

AB_1079636 
13-actin Rabbit IgG Cell Signaling Technology, Unconjugated WB 1:1000 

13E5 (4970), RRID: 
AB_2223172 

Rabbit IgG Goat polyclonal LI-COR, (925-58071), IRDye 680RD WB 1:5000 
RRID: AB_10956166 

Mouse IgG2a Goat polyclonal Invitrogen (A-21131), Alexa Fluor ICC 1:200 
RRID: AB_141618 488 

Rabbit IgG Goat polyclonal Invitrogen (A-11008), Alexa Fluor ICC 1:200 
RRID: AB_143165 488 

Mouse IgG Goat polyclonal Invitrogen (A-21422), Alexa Fluor ICC 1:200 
RRID: AB_141822 555 

Rabbit IgG Goat polyclonal Invitrogen (A-11012), Alexa Fluor ICC 1:200 
RRID: AB_2534079 594 

Mouse IgG2a Goat polyclonal Invitrogen (A-21135), Alexa Fluor ICC 1:200 
RRID: AB_2535774 594 

Rabbit IgG Goat polyclonal Invitrogen (A-21245), Alexa Fluor ICC 1:200 
RRID: AB_2535813 647 

Mouse IgGl Goat polyclonal Invitrogen (A-21240), Alexa Fluor ICC 1:200 
RRID: AB_141658 647 

Mouse IgG Goat polyclonal Invitrogen (A-21235), Alexa Fluor ICC 1:200 
RRID: AB_2535804 647 

Rabbit IgG Goat polyclonal Nanoprobes (#2003), Nanogold ® TEM 1:50 
RRID: AB_2687591 

* Application: FC, flow cytometry; ICC, immunocytochemistry; WB, western blotting; TEM, transmission electron 
microscopy 

Generation of Doxycycline-lnducible Nl lCD-Overexpress
ing hPSCs 
[0102] NlICD and preceding Kozak sequence were PCR 
amplified using Q5 High-Fidelity 2x Master Mix (New 
England Biolabs) from pWPl-NlICD with primers contain
ing Nhel and Agel restriction site overhangs (Table 1 ). The 
amplification product was run on a 1 % agarose gel. The band 

corresponding to the NlICD amplicon with Nhel and Agel 
overhangs was cut out of the gel and DNA was purified 
using the Monarch DNA Gel Extraction Kit (New England 
Biolabs). Plasmid PB-TRE-ETV2 was digested using Nhel
HF and Agel-HF (New England Biolabs) to separate the 
ETV2 cassette from the plasmid backbone containing a 
doxycycline-inducible TRE3G promoter, an EF-la core 
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promoter followed by a Tet-On 3G cassette, a hygromycin 
resistance cassette, and 3' and 5' piggyBac inverted repeats. 
The backbone also contained an ampicillin resistance cas
sette outside the piggyBac inverted repeats for cloning 
purposes. The restriction digest fragments of PB-TRE
ETV2 were separated by gel electrophoresis on a 1 % 
agarose gel into -8 kb backbone and -1 kb ETV2 insert. The 
band corresponding to the backbone was excised and DNA 
was purified using the Monarch DNA Gel Extraction Kit 
(New England Biolabs). Additionally, the NlICD amplicon 
with NheI and Agel overhangs was similarly digested with 
NheI-HF and Agel-HF to create sticky ends. The digested 
NlICD amplicon with restriction overhangs was column 
washed using the DNA Clean and Concentrator-5 kit (Zymo 
Research, Irvine, CA). Sticky-end ligation of the NlICD 
PCR product with restriction overhangs (-2.5 kb) and PB
TRE-ETV2 plasmid backbone (-8 kb) was performed with 
the T4 DNA Ligase (Thermo Scientific, Waltham, MA). The 
resulting -10.5 kb plasmid (PB-TRE-NlICD) was trans
formed into NEB Stable Competent E. coli (New England 
Biolabs). Single ampicillin-resistant colonies were picked, 
expanded, and plasmid DNA was purified with the 
ZymoPURE Plasmid Miniprep Kit (Zymo Research). The 
resulting PB-TRE-NlICD plasmids were digested with 
NheI-HF and Agel-HF (New England Biolabs), and the 
resulting restriction fragments were run on a 1 % agarose gel 
to verify presence of an 8 kb backbone and 2.5 kb insert 
(NlICD) and absence of a 1 kb insert (ETV2). Clones with 
appropriate restriction fragments were Sanger sequenced 
with 10 sequencing primers (Table 1) to verify that the 
NlICD sequenced matched that in pWPI-NlICD. 

[0103] Unedited IMR90-4 hPSCs were reverse-trans
fected with a Super PiggyBac Transposase Expression Vec
tor (PB21 0PA-1 [System Biosciences]) and the doxycycline
inducible NlICD overexpressing transposon plasmid (PB
TRE-NlICD) using the TransIT-LTl Transfection Reagent 
(Mirus Bio, Madison, WI) according to the manufacturer's 
protocol. Briefly, 0.5 mL mTeSRl medium (STEMCELL 
Technologies) was added to a well in a Matrigel-coated 
6-well plate. In a sterile tube, 400 µL Opti-MEM (Life 
Technologies) was supplemented with 12 µL TransIT-LTl 
Transfection Reagent and 4 µg plasmid DNA (5:2 ratio of 
PB-TRE-NlICD [2857.1 ng] to PB210 [1142.9 ng]), mixed 
and incubated at room temperature for 15 min. During 
incubation, hPSCs were singularized for 10 min with 
Accutase (Innovative Cell Technologies), quenched in 4x 
volume of mTeSRl medium and centrifuged for 5 min at 
200xg. During the centrifugation, the plasmid and transfec
tion reagent mixture was added to the well containing 
mTeSRl medium and incubated at room temperature for the 
remainder of the procedure. Accutased hPSCs were counted 
and resuspended in mTeSRl medium to a final concentration 
of 2xl06 cells/mL. Cells were transferred to the well plate 
containing TransIT-LTl: DNA complexes. The medium was 
supplemented with 10 µM ROCK inhibitor Y-27 632 (Tocris) 
and lxAntibiotic-Antimycotic (Life Technologies), and 
cells were incubated at 37° C., 5% CO2 . 24 h later, medium 
was replaced with mTeSRl medium. Transfected hPSCs 
were cultured with daily mTeSRl medium changes until 
60-70% confluent, then cells were passaged to a new Matri
gel coated plate. After the cells reached -20% confluency, 
media was replaced with mTeSR Plus medium (STEM
CELL Technologies) supplemented with 50 µg/mL hygro
mycin B in PBS (Invitrogen, Carlsbad, CA). Media was 
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replaced daily with m TeSR Plus medium supplemented with 
50 µg/mL hygromycin. If cell density appeared to decline on 
consecutive days, hygromycin was omitted and mTeSR Plus 
was supplemented with 10 µM Y-27632. Cells were pas
saged with Versene in mTeSR Plus medium without hygro
mycin at a split ratio of 1:6. Hygromycin selection of 
transfected hPSCs was performed for a total of three pas
sages, after which 70-80% confluent wells of the heteroge
neous population of PB-TRE-NlICD hPSCs were cryopre
served in hPSC mTeSRl freezing medium (60% mTeSRl, 
30% FBS, 10% DMSO). NlICD and HEYL expression in 
heterogeneous PB-TRE-NlICD hPSCs treated with 1 
µg/mL doxycycline hyclate (Thermo Scientific) in sterile 
DPBS or 1:1000 diluted sterile DPBS was determined by 
RT-qPCR. 

[0104] Next, we selected PB-TRE-NICD hPSC clones 
with specific copy numbers of the integrated PB-TRE
NlICD transposon. Three 10 cm Matrigel-coated cell cul
ture dishes (6 mL DMEM/F-12 supplemented with Matrigel 
[ see "hPSC Maintenance" for details] added to each-57 cm2 

dish) were prepared and incubated at 37° C., 5% CO2 for a 
minimum of 1 h before use. One well of - 70% confluent 
IMR90-4 PB-TRE-NlICD hPSCs was dissociated with 
Accutase for 9 min and quenched through a 40 µm cell 
strainer (Beckton Dickinson) in 4x volume of mTeSR Plus. 
Cell counts were quantified by hemacytometer. 2xl02

, 

2xl03
, and lxl04 cells were separately suspended in 8 mL 

each of mTeSR Plus supplemented with lxCloneR2 
(STEMCELL Technologies), added to the Matrigel-coated 
dishes, agitated horizontally and side-to-side, and incubated 
at 37° C., 5% CO2 . Medium was changed daily with mTeSR 
Plus supplemented with lxCloneR2 until colonies became 
visible. Afterwards, medium was changed daily with m TeSR 
Plus. After - 7 days, when colonies had grown but were not 
touching, 12 colonies from 2xl03 cells/dish and 11 colonies 
from 2xl02 cells/dish were picked. Briefly, Matrigel-coated 
12-well plates were pre-filled with 1 mL/well mTeSR Plus 
supplemented with lxAntibiotic-Antimycotic. Additionally, 
plates receiving colonies picked from 2xl03 cells/dish or 
2xl02 cells/dish were supplemented lxCloneR2 or 10 µM 
Y-27632, respectively. Individual colonies were visualized 
with the EVOS XL Core Imaging System (Life Technolo
gies), manually dislodged and aspirated with a p200 pipette 
tip, transferred into a separate well in the Matrigel-coated 
12-well plate, and incubated at 37° C., 5% CO2 . Medium 
was changed daily with mTeSR Plus supplemented with 
lxCloneR2 or 10 µM Y-27632 until colonies had attached 
and begun to proliferate. After this, medium was changed 
daily with mTeSR Plus. When the center of a picked colony 
became opaque under a brightfield microscope or increased 
cell death was observed, the colony was passaged with 
Versene to one well in a Matrigel-coated 6-well plate in 
mTeSR Plus supplemented with 10 µM Y-27632. Subse
quent Versene passages were performed without addition of 
10 µM Y-27632. In total, 11 clonal hPSC populations were 
isolated, gDNA was extracted using the Monarch Genomic 
DNA Purification Kit (New England Biolabs ), and PB-TRE
NlICD transposon copy number in each clone was quanti
fied using PiggyBac qPCR Copy Number Kit (System 
Biosciences). Cells were cryopreserved in hPSC mTeSRl 
freezing medium. Four clones with variable transposon copy 
numbers were thawed and cultured in ES medium supple
mented with 1: 1000 diluted sterile DPBS or different doxy
cycline concentrations (1 µg/mL, 200 ng/mL, and 100 
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ng/mL), and NOTCHl expression was quantified by RT
qPCR (FIG. 16B). All 4 clonal PB-TRE-NlICD hPSC lines 
(3[+Y], 9 [+Y], 10 [+CR2], and ll[+CR2]) were sent for 
G-banded karyotyping (WiCell, Madison, WI) and deter
mined to have normal karyotypes. 
Doxycycline-Induced NlICD Overexpression in Gene-Ed
ited PB-TRE-NlICD hPSC-EPCs 
[0105] Gene-edited hPSC-derived EPCs (D5) with high 
post-MACS purity validated by flow cytometry were cul
tured on collagen IV-coated plates at approximately 4xl04 

cells/cm2 in hECSR medium supplemented with various 
antibiotics, with media changes every other day. From D5 
until Dll, hECSR medium was supplemented with 4 µM 
CHIR (Tocris) and 10 µg/mL hygromycin B (Invitrogen). 
From Dll until D15, hECSR medium was supplemented 
with 4 µM CHIR and either 1:1000 DPBS or 1 µg/mL 
doxycycline hyclate (Thermo Scientific) in DPBS. On D15, 
cells were collected for RT-qPCR quantification of differ
ential gene expression between doxycycline and DPBS
treated gene-edited hPSC-EPCs. 

Immunocytochemistry 

[0106] Cells were washed once with DPBS and fixed with 
ice-cold methanol for 15 min. Cells were washed once with 
DPBS and blocked in DPBS supplemented with 10% goat 
serum (Life Technologies) for 1 h at room temperature on a 
rocking platform. Cells were washed once with DPBS. 
Primary antibodies (Table 2) diluted in DPBS supplemented 
with 10% goat serum were added to cells and incubated at 
4° C. overnight (18-24 h) on a rocking platform. The 
following day, cells were washed 2 times with DPBS. 
Secondary antibodies (Table 2) diluted in DPBS supple
mented with 10% goat serum were added to cells and 
incubated for 1 hat room temperature on a rocking platform, 
protected from light. Cells were washed once with DPBS 
and incubated for 5 min in DPBS supplemented with 4 µM 
Hoechst 33342 (Life Technologies). Images were acquired 
using an Eclipse Ti2-E epifluorescence microscope (Nikon, 
Tokyo, Japan) with a l0x or 20x objective. Images were 
analyzed using FIJI. 

Flow Cytometry 

[0107] To validate expression of CD31 and CD34 in 
differentiated hPSC-EPCs (FIG. 3C), flow cytometry 
samples were prepared on D5 of differentiation. hPSC-EPCs 
were incubated for 15 min at 37° C., 5% CO2 withAccutase, 
triturated, and quenched through a 40 µm cell strainer into 
4x the volume ofDMEM (Life Technologies) supplemented 
with 10% FBS (R&D Systems). Cell count was quantified 
using a hemocytometer and cells were centrifuged at 200xg 
for 5 mins. Cells were resuspended in MACS buffer at a 
concentration of 100 µL/10 6 cells. Two aliquots of 106 cells 
each were aliquoted pre-MACS and kept at 4° C. during 
MACS. (4-5)xl05 cells were aliquoted post-MACS. Pre
and post-MACS cell suspensions were supplemented with 
CD31-APC and CD34-FITC antibodies or corresponding 
APC and FITC isotype control antibodies (Table 2) at a 1:50 
dilution and incubated at 4° C. for 20 min, protected from 
light. Cells were washed with 2 mL MACS buffer and 
centrifuged at 200xg for 5 min. Pellets were resuspended in 
500 µL each of 4% paraformaldehyde (PFA, Electron 
Microscopy Sciences, Hatfield, PA) in DPBS and incubated 
at room temperature for 15 min, protected from light. Cells 
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were centrifuged at 200xg for 5 min and pellets were 
resuspended in 400 µL MACS buffer. Samples were run on 
an Attune NxT V6 flow cytometer (Thermo Fisher) with 
excitation at 488 nm and 633 nm. FITC emission was 
detected with a 530/30 filter andAPC emission was detected 
with a 670/14 filter. Data were analyzed with Flow Jo 
software (BD Biosciences, San Jose, CA). 
[0108] To determine the transduction efficiency of the 
GFP and Nl ICD lentiviruses and measure CD31 expression 
in transduced unedited hPSC-EPCs (FIG. llC,D), cells were 
isolated on Dll to prepare flow cytometry samples. Cells 
were initially prepared in a similar fashion to the hPSC
EPCs described above. Pellets of transduced cells were 
resuspended in MACS buffer (100 L/106 cells) supple
mented with CD31-APC or APC isotype control antibodies 
at a 1:50 dilution. Pellets ofuntransduced cells were resus
pended in MACS buffer supplemented with CD31-APC. 
Cells were incubated at 4 ° C. for 20 min, protected from 
light. Cells were washed with 2 mL MACS buffer and 
centrifuged at 200xg for 5 min. Pellets were resuspended in 
500 µLeach of 1 % PFA in DPBS and incubated 15 min at 
room temperature, protected from light. Cells were centri
fuged at 200xg for 5 min and pellets were resuspended in 
400 µL MACS buffer. Samples were run on an Attune NxT 
V6 flow cytometer with excitation at 488 nm and 633 nm. 
GFP emission was detected with a 530/30 filter and APC 
emission was detected with a 670/14 filter. Data were 
analyzed with Flow Jo software. 
[0109] To determine caveolin-1 and CD31 expression in 
GFP LV or NlICD LV transduced hPSC-EPCs or HUVECs 
(FIG. 12,13), hPSC-ECs were isolated at Dl 1 and HUVECs 
were isolated at 6 days following transduction, respectively. 
Samples also included unstained and fluorescence minus one 
(FMO) controls. Cells were dissociated with either Accutase 
or Trypsin-EDTA, respectively, as previously stated, 
strained, and resuspended in MACS buffer (100 µL/10 6 

cells). Cell suspensions were supplemented with 1:50 
diluted CD31-APC and incubated at 4° C. for 20 min, 
protected from light. Cells were washed with 2 mL MACS 
buffer and centrifuged at 200xg for 5 min. Pellets were 
resuspended in 500 µL each of 4% PFA in DPBS and 
incubated 15 min at room temperature, protected from light. 
Cells were centrifuged at 200xg for 5 min, and pellets were 
resuspended in 500 µL 0.1 % Triton X-100 (Sigma Aldrich) 
in MACS buffer and incubated 30 min at room temperature, 
protected from light. Cells were washed with 2 mL MACS 
buffer and centrifuged at 200xg for 5 min. Cells were then 
resuspended in 400 µL MACS buffer supplemented with 
1 :50 diluted caveolin-1-PE antibody (Table 2) and incubated 
at 4° C. overnight on a rocking platform, protected from 
light. The following day, cells were washed twice with 2 mL 
MACS buffer and centrifuged at 200xg for 5 min. Cells were 
resuspended in 400 µL MACS buffer. Samples were run on 
an Attune NxT V6 flow cytometer with excitation at 488 nm, 
561 nm, and 633 nm. GFP emission was detected with a 
530/30 filter, PE emission was detected with a 585/16 filter, 
and APC emission was detected with a 670/14 filter. Data 
were analyzed with Flow Jo software. 
[0110] To determine CD31 expression in edited hPSC
EPCs treated with doxycycline vs. DPBS (FIG. 15A,B), 
hPSC-ECs were isolated at day 13, 15, or 17, dissociated 
with Accutase as previously stated, quenched in DMEM 
supplemented with 10% FBS through a cell strainer, centri
fuged, and resuspended in MACS buffer (100 µL/10 6 cells) 
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supplemented with CD31-APC or APC isotype control 
antibodies at a 1:50 dilution. Cells were incubated at 4° C. 
for 20 min, protected from light. Cells were washed with 2 
mL MACS buffer and centrifuged at 200xg for 5 min. Pellets 
were resuspended in 500 µLeach of 4% PFA in DPBS and 
incubated 15 min at room temperature, protected from light. 
Cells were centrifuged at 200xg for 5 min and pellets were 
resuspended in 400 µL MACS buffer. Samples were run on 
an Attune NxT V6 flow cytometer with excitation at 633 nm. 
APC emission was detected with a 670/14 filter. Data were 
analyzed with Flow Jo software. 

Fluorescence-Activated Cell Sorting (FACS) 

[0111] Gene-edited PB-TRE-NlICD hPSC-EPCs were 
cultured in a 6-well plate with or without doxycycline as 
described above (n=3* replicates for doxycycline supple
mented condition, n=4 replicates for PBS supplemented 
condition). On D15, cells were isolated with Accutase 
(incubated 15 mins at 37° C., 1 mL/well), triturated, and 
quenched through a 40 µm cell strainer into 4x the volume 
ofDMEM (Life Technologies) supplemented with 10% FBS 
(R&D Systems). An additional well of gene-edited EPCs 
cultured with PBS was reserved as an isotype control. 
Unedited hPSCs maintained in ES medium and unedited 
hPSC-EPCs cultured for 6 days in hECSR supplemented 
with 4 µM CHIR were used as an additional negative and 
positive control, respectively, for FACS. Cell count was 
quantified using a hemocytometer and cells were centrifuged 
at 200xg for 5 min. Cells were resuspended in MACS buffer 
at a concentration of 100 µL/10 6 cells. Cells suspensions 
were supplemented with CD144-APC or APC-conjugated 
isotype control antibodies (Table 2) at a 1:50 dilution for at 
4 ° C. for 20 min, protected from light. Cells were washed 
with 2 mL MACS buffer and centrifuged at 200xg for 5 min. 
Pellets were resuspended in 400 µL each of MACS buffer 
supplemented with 1 µg/mL DAPI (Invitrogen) and incu
bated at 4 ° C., protected from light. 
[0112] Cells were sorted using the BD FACSAria III Cell 
Sorter (BD Biosciences). Gates for high or low CD144-
expressing cells were determined based on two negative 
controls (gene-edited PB-TRE-NlICD hPSC-derived ECs 
stained with APC isotype control antibody or unedited 
hPSCs stained with CD144-APC antibody, both negative for 
CD144) and one positive control (unedited hPSC-EPCs 
cultured with CHIR, CD144 high). After establishing gates, 
live gene-edited PB-TRE-NlICD hPSC-ECs treated with or 
without doxycycline were sorted into tubes containing 500 
µL MACS buffer and stored at 4 ° C. 
[0113] *Note: 4 biological replicates were supplemented 
with doxycycline, but 2 replicates were unintentionally 
combined during FACS sample preparation. 

RT-qPCR 

[0114] RNA extraction was performed using the Direct
zol RNA Miniprep Kit (Zymo Research). Cells were lysed 
with 300-600 µL TRizol reagent (Invitrogen, Waltham, MA) 
depending on the estimated cell count per sample. Cell 
lysates were combined with an equal volume of 100% 
ethanol and transferred to Zymo-Spin IICR spin colunms. 
Colunms were incubated with Rnase-free DNase I (Qiagen) 
to eliminate residual gDNA. Colunms were washed with 
RNA Wash Buffer and Direct-zol RNA Pre-Wash according 
to Zymo RNA Miniprep Kit protocols. RNA was eluted with 
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RNase-free water and concentration was determined using a 
NanoDrop 2000 spectrophotometer (Thermo Scientific). 
250-1000 ng of RNA was reverse transcribed for 1 hat 37° 
C. using the OnmiScript RT Kit (Qiagen). 1 U/µL RNase
OUT (Life Technologies) was included in the reverse
transcription reactions. Reaction products were diluted to 10 
ng/µL. 20 µL qPCR reactions were carried out with 10 ng 
cDNA and 500 nM each forward and reverse primers 
(Integrated DNA Technologies, Coralville, IA [Table 1]) 
using PowerUp SYBR Green Master Mix (Life Technolo
gies) or 1 xTaqman Gene Expression Assay probes (Thermo 
Scientific [Table 1]) using Taqman Fast Advanced Master 
Mix (Thermo Scientific). Reactions were run on anAriaMx 
Real-Time PCR System (Agilent Technologies, Santa Clara, 
CA) using the thermal cycling program corresponding to 
either IDT primers or Taqman probes. An annealing tem
perature of 60° C. was used for all reactions. 

Western Blotting 

[0115] Cells were lysed with radioimmunoprecipitation 
assay (RIPA) buffer (Rockland Immunochemicals, Potts
town, PA) supplemented with Pierce Protease and Phos
phatase Inhibitor (Thermo Scientific) and centrifuged at 4° 
C. for 5 min, 16,000xg. Supernatants were collected, trans
ferred to new tubes, and stored at -80° C. Protein concen
tration was quantified using the Pierce BCA Protein Assay 
Kit. For each sample, 6.5 µg of protein was diluted to equal 
volume with water, mixed with sample buffer, and heated to 
95° C. for 5 min. Samples were then run on 4-12% Tris
glycine gels and transferred to nitrocellulose membranes. 
Membranes were blocked for 1 h in tris-buffered saline with 
0.1 % Tween-20 (TBST) supplemented with 5% non-fat dry 
milk. Primary antibodies (Table 2) were diluted in TBST 
supplemented with 5% non-fat dry milk, added to mem
branes, and incubated overnight (16-24 h) at 4° C. on a 
rocking platform. Membranes were washed 5 times with 
TBST. Secondary antibodies (Table 2) were diluted in TBST 
supplemented with 5% non-fat dry milk, added to mem
branes, and incubated for 1 h at room temperature on a 
rocking platform, protected from light. Membranes were 
washed 5 times with TBST and imaged using an Odyssey 
9120 (LI-COR, Lincoln, NE). The same membrane was 
blotted for both Notch! and ~-actin; however, the membrane 
was initially blotted only for Notch! and following imaging, 
the membrane was re-blotted for ~-actin. Band intensities 
were quantified using Image Studio software (LI-COR). 

Fluorescent Albumin Accumulation Assay 

[0116] Fixable, Alexa Fluor 647-conjugated bovine serum 
albumin (BSA) (Invitrogen) was used as a substrate to 
estimate total fluid-phase endocytosis. Dl 5 cultures of gene
edited PB-TRE-NlICD hPSC-EPCs treated with 4 µM 
CHIR with or without 1 µg/mL doxycycline were pre-treated 
for 30 min at 37° C. with or without various endocytic 
pathway inhibitors (3 mM methyl-~-cyclodextrin [M~CD, 
Sigma-Aldrich], 20 UM chlorpromazine [CPZ, Sigma-Al
drich], or 2 µM rottlerin [Tocris]). Similarly, D6 cultures of 
HUVECs treated with GFP or NlICD LV were pre-treated 
with or without 3 mM M~CD for 30 min at 37° C. Cells 
were washed once with sterile DPBS and then incubated in 
hECSR (for hPSC-EPCs) supplemented with 5 µg/mL BSA 
or 1:1000 diluted DPBS, 1:100 diluted CD144-FITC or 
FITC isotype control antibody, and 4 µM Hoechst 33342 
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(Life Technologies) or EGM-2 media (for HUVECs) supple
mented with 5 µg/mL BSA or 1:1000 diluted DPBS and 4 
µM Hoechst 33342 at 4° C. or 37° C. for 2 hon a rotating 
platform at 30 rpm, protected from light. Cells were then 
washed 3 times with 4 ° C. sterile DPBS to stop the assay and 
wash away any extracellular BSA. Internalization of fluo
rescent BSA was visualized using an Eclipse Ti2-E epifluo
rescence microscope (Nikon, Tokyo, Japan) with a 20x 
objective. 
[0117] Flow cytometry was used to quantify accumulated 
BSA fluorescence within cells. Individual well replicates 
were dissociated with Accutase (for edited 10( +CR2) hPSC
EPCs, 1 mL/well for 15 min at 37° C.) or 0.25% Trypsin
EDTA (for HUVECs, 0.5 mL/well for 10 min at 37° C.), 
quenched in hECSR (hPSC-EPCs) or EGM-2 (HUVECs) 
through a 40 µm cell strainer and centrifuged. Pellets were 
resuspended in 500 µL each of 4% PFA in DPBS and 
incubated 15 min at room temperature, protected from light. 
Cells were centrifuged at 200xg for 5 min and pellets were 
resuspended in 400 µL MACS buffer. For 3( + Y), 9( + Y), and 
11 ( +CR2) edited hPSC-EPCs, cells were dissociated with 
300 µL/well of Accutase and quenched directly into 1.2 mL 
hECSR without straining in a 96-well V-bottom deep well 
plate (Corning). The plate was centrifuged at 300xg for 5 
min at 4° C., and pellets were resuspended in 400 µL MACS 
buffer without a prior fixation step. All samples were run on 
an Attune NxT V6 flow cytometer with excitation at 488 nm 
and/or at 633 nm. FITC emission was detected with a 530/30 
filter and AlexaFluor 647 emission was detected with a 
670/14 filter. Data were analyzed with Flow Jo software. 

Caveolin-1 Immunogold Labeling and Transmission 
Electron Microscopy 

[0118] Gene-edited PB-TRE-NlICD hPSC-EPCs were 
cultured on sterile 15 mm round cover glass (CELLTREAT 
Scientific Products, Pepperell, MA) coated with 10 µg/mL 
collagen-IV within a 12-well tissue culture plate (Corning). 
Cells were seeded at 4xl04 cells/cm2 in hECSR supple
mented with 4 µM CHIR, 1:1000 diluted DPBS, and lxan
tibiotic-antimycotic (Life Technologies). Cells were cul
tured with media changes every other day until Dll. On 
Dll, media was changed with hECSR supplemented with 4 
µM CHIR, 1 µg/mL doxycycline or 1:1000 diluted DPBS, 
and lxantibiotic-antimycotic. This media was changed 
every other day until D 15. 
[0119] On D15, cells were washed once with DPBS. N=4 
wells each treated with doxycycline or DPBS were fixed 
with 4% PFA (Electron Microscopy Sciences)+0.1 % glut
araldehyde (GA, Electron Microscopy Sciences) in 0.lM 
Sorensen's phosphate buffer (PB) (for caveolin-1 immuno
gold labeling) or 2% PFA+2.5% GA in 0.lM PB (for 
ultrastructural imaging) for 15 min at room temperature. 
Cells were washed with DPBS. Cells fixed with 2% PFA+ 
2.5% GA were stored at 4 ° C. in DPBS until proceeding with 
downstream processing for TEM. 
[0120] Cells fixed with 4% PFA+0.1% GA (for caveolin-1 
immunogold labeling) and were permeabilized with 0.1 % 
saponin from Quillaja bark (Sigma-Aldrich) in DPBS for 10 
min at room temperature. Cells were washed with DPBS and 
blocked in 10% goat serum in DPBS for 1 h, rocking at room 
temperature. Cells were washed with DPBS and incubated 
overnight rocking at 4 ° C. in 10% goat serum supplemented 
with a-caveolin-1 primary antibody (Table 2). Cells were 
washed twice with DPBS, and incubated rocking at 4° C. in 
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10% goat serum supplemented with Nanogold-conjugated 
secondary antibody (Table 2, Nanoprobes, Yaphank, NY). 
Cells were washed in DPBS. Cells were post-fixed with 1 % 
GA in phosphate buffer for 30 min at room temperature. The 
HQ Silver kit (Nanoprobes) was used to silver enhance 
samples for 7 min at room temperature, protected from light. 
All samples (both ultrastructure imaging and caveolin-1 
immunogold staining) were embedded in epoxy resin and 
sectioned parallel to the cell culture surface with a micro
tome before mounting on TEM grids. Sample sections were 
subsequently treated with osmium tetroxide (Electron 
Microscopy Sciences) for 20 min. Samples for ultrastructure 
imaging were contrast stained with uranyl acetate for 15 min 
followed by lead citrate for 10 min. Samples with caveolin-1 
immunogold labeling were contrasted with a lead citrate and 
uranyl acetate solution for 30 seconds. Grids were imaged 
using a FEI CM120 transmission electron microscope 
(Philips, Amsterdam, Netherlands). Images were analyzed 
using FIJI by a researcher who was blinded to the treatment 
condition. Number of vesicles, vesicle diameter, and total 
cell area were measured manually, while Nanogold area was 
determined via thresholding. 

Transendothelial Electrical Resistance (TEER) 

[0121] Transwell inserts (6.5 mm diameter with 0.4 µm 
pore polyester membrane) (Corning) were coated with 50 µl 
of a collagen-IV ( 400 µg/mL) and fibronectin (100 µg/mL) 
solution in sterile water and incubated at 37° C. for a 
minimum of 4 h before seeding cells. Gene-edited PB-TRE
NlICD hPSC-EPCs (clone 10 [+CR2]) were seeded on D5 
at a density of 105 cells/cm2 onto the Transwell membrane 
in hECSR medium supplemented with 4 µM CHIR and 
1: 1000 diluted DPBS. Medium volumes were 100 µL for the 
apical chamber and 600 µL for the basolateral chamber. 
Medium was replaced every other day. Starting the day after 
seeding, TEER was measured daily for 10 days with an 
EVOM2 epithelial voltohmeter with STX2 chopstick elec
trodes (World Precision Instruments, Sarasota, FL). TEER 
values were calculated by subtracting the resistance of a 
collagen-IV/fibronectin-coated Transwell insert without 
cells and multiplying by the Transwell surface area (0.33 
cm2). 

Bulk RNA-Sequencing and Analysis 

[0122] Ten PBS or doxycycline-treated gene-edited 
PB-TRE-NlICD hPSC-derived endothelial cell subpopula
tions obtained via FACS were centrifuged at 200xg for 5 
min. Pellets were resuspended TRizol reagent (Invitrogen) 
for extraction of total RNA. RNA concentrations were 
quantified using the Qubit 4 Fluorometer (Invitrogen) and 
Qubit RNA High Sensitivity Assay Kit (Invitrogen). Purified 
RNA samples (2:200 ng) were sent to Novogene Corporation 
(Sacramento, CA) for library preparation and mRNA 
sequencing, with approximately 40-60 million paired end 
reads obtained per sample. FASTQ files were uploaded to 
the Galaxy43 web platform and processed to generate a raw 
counts matrix using the publicly available bioinformatics 
server at usegalaxy.org. We ran FastQC to ensure high Phred 
quality scores and low percentages ( <5%) adapter content 
(Galaxy). Illumina Universal Adapter sequences were 
trimmed from raw sequencing reads using Cutadapt (Gal
axy). Data were aligned to the hg38 genome model using 
RNA STAR and raw reads per gene were determined using 
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featureCounts. Differential expression analysis was per
formed in R using DESeq244

. Heatmaps containing TPM 
values were generated using the pheatmap package in R. 
Comparison of the transcriptomic profile of NlICD over
expressing EPCs±Dox subpopulations to transcriptomes of 
established cell and tissue types was performed with 
PACNet45

. 

Analysis of Published scRNA-Seq Data 
[0123] Three publicly available single cell RNA-sequenc
ing (scRNA-seq) data sets25

•
46

•
47 were analyzed using the 

Seurat48 package in RStudio. We isolated endothelial cells 
from an integrative analysis of multiple in vivo human 
vascular single cell RNA-seq datasets25

, and performed 
differential expression analysis between brain endothelial 
cells and peripheral organ (i.e., heart, liver, lung, and skel
etal muscle) endothelial cells. We identified a list of statis
tically significantly differentially expressed genes (false 
discovery rate<0.05) which included transcription factors 
and other regulatory factors as well as blood-brain barrier 
marker genes. 
[0124] To compare gene-edited PB-TRE-NlICD hPSC
EPCs treated with CHIR with or without doxycycline to in 
vivo brain microvascular endothelial cells (FIG. 6C), we 
obtained embryonic46 and adult47 brain vascular scRNA-seq 
datasets. Within each data set, we subsetted Seurat objects 
corresponding to capillary endothelial cells based on meta
data provided by the authors. In order to make these single 
cell datasets comparable to the bulk RNA-seq in vitro 
datasets, we pseudo-bulked the single cell transcriptomes for 
each gestational time point except GW20 (very few capillary 
ECs) in the Crouch et al46 dataset and all healthy control 
adult samples from Yang et al data set47

. 

Statistics 

[0125] Statistics for most experiments were performed 
using Microsoft Excel or GraphPad Prism software. Stu
dent's t-test was used to compare differences of means 
between 2 groups. One-way ANOYA with post-hoc Tukey's 
or Dunnet's test was used to compare differences of means 
between 3 or more groups. For bulk RNA-sequencing analy
sis, p-values were calculated using the DESeq2 Wald test 
with Benjamini-Hochberg correction. 

Results: 

Characterization of Transcytosis-Associated Markers in 
hPSC-EPCs with Lentiviral Overexpression of NlICD 
[0126] hPSC-derived EPCs stimulated with CHIR have 
previously been shown to gain substantial BBB character8 

and are known as hPSC-derived CNS-like ECs. However, 
these CNS-like ECs do not accurately recapitulate the tran
scytosis properties of in vivo BMECs. Notch signaling, 
particularly that mediated by D114 ligand interaction with 
the Notch! receptor in endothelial cells, has been implicated 
in induction and maintenance of low transcytosis in retinal 
endothelial cells in adult mice4

; retinal endothelial cells 
contain blood-retina barrier properties, similar to BBB prop
erties in BMECs. We initiated our investigation of the effect 
of NlICD overexpression in unedited hPSC-derived EPCs 
(FIG. llA) cultured in the presence of CHIR that were 
transduced with NlICD or GFP (empty control) LY (FIG. 
llB). Lentivirus doses and timing of transduction were 
titrated for both NlICD LY and GFP LY to achieve a 
transduction efficiency of at least 70-80% and minimal 
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cellular toxicity with smallest possible dose. We determined 
that hPSC-EPCs that were transduced with 6.25 µL/well 
GFP LY in a 6-well plate achieved a transduction efficiency 
(% GFP+ cells) of nearly 100% with essentially no reduction 
in CD31 MFI (FIG. llD). We attempted transduction of 
hPSC-EPCs with NlICD LY on both D5 and D7. Transduc
tion efficiency was high on D 11 both 4 and 6 days following 
transduction. However, only after 4 days of transduction 
were the resulting endothelial cells still 100% CD31+ (data 
not shown). When hPSC-EPCs were transduced with 
NlICD LY on D7, we observed -90% transduction effi
ciency and - 100% CD31 + cells, although events corre
sponding to cells with higher GFP MFI also had a slight 
reduction in CD31 MFI (FIG. llC). 

[0127] After identifying the appropriate dosage and timing 
for transduction of hPSC-EPCs with NlICD LY and GFP 
LY, we measured expression of key vesicular transcytosis
associated structural proteins caveolin-1 49 and PLYAP50 by 
immunostaining. We expect reduced expression of these 
proteins in brain microvascular endothelial cell (BMEC)
like cells compared to peripheral-like ECs51

. hPSC-EPCs 
that were treated with both 4 µM CHIR and transduced with 
NlICD LY had significantly lower expression of caveolin-1 
than those treated with CHIR alone or treated with CHIR 
and GFP LY (FIG. lA,B). There was also a significant 
reduction in PLYAP relative to these two controls and 
compared to the vehicle control (FIG. lC,D). We performed 
immunoblotting for Notch! protein in CHIR+GFP LY and 
CHIR+NlICD LY-treated hPSC-EPCs (FIG. llE). While 
there was no significant difference in full length Notch! 
band intensity between conditions, we observed a non
significant increase in Notch! ICD in cells that had been 
transduced with NlICD LY (FIG. llF,G). We also confirmed 
by flow cytometry that hPSC-EPCs treated with CHIR and 
Nl ICD LY have significantly reduced caveolin-1 expression 
as compared to CHIR and GFP LY-treated hPSC-EPCs 
(FIG. 12A,C). Additionally, given that CHIR leads to strong 
upregulation in BBB-enriched glucose-transporter GLUT-I 
relative to the vehicle in hPSC-EPCs8

, we confirmed that the 
significant upregulation in GLUT-I expression was main
tained in hPSC-EPCs treated with CHIR and transduced 
with NlICD LY relative to vehicle (FIG. lE,F). Because a 
previous study demonstrated that earlier passage hPSC
EPCs were more responsive to CHIR-mediated GLUT-I 
upregulation8

, we tested whether hPSC-EPCs would be 
more responsive to NlICD LY-mediated reduction in caveo
lin-1 due to their relative immaturity compared to terminally 
differentiated peripheral-like ECs. However, we also 
observed significant reduction in caveolin-1 expression in 
HUVECs treated with CHIR and NlICD LY (FIG. 12B,D), 
demonstrating that this combination could also reduce tran
scytosis in mature ECs lacking any intrinsic BBB properties. 
Furthermore, although hPSC-EPCs treated with CHIR and 
NlICD LY retained expression of CD31, we observed 
reduced CD31 fluorescence intensity in immunostained cells 
(FIG. 1) and confirmed this finding in both hPSC-EPCs and 
HUVECs transduced with NlICD LY by flow cytometry 
(FIG. 13). Thus, NlICD can decrease transcytosis related 
proteins in concert with Wnt signaling activation in hPSC
derived CNS-like ECs. 

[0128] We then measured expression of several BBB
related genes in hPSC-EPCs treated with CHIR and NlICD 
LY by RT-qPCR. We observed a significant reduction in 
CAY! and PLYAP expression (-2-fold) and significant 
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upregulation ofMFSD2Aexpression (-5-fold) (FIG. 2A-C). 
Although we observed a non-significant increase in NlICD 
expression, this is likely because the primer used cannot 
distinguish between native and lentiviral NlICD (FIG. 2D). 
GFP expression was also significantly lower in CHIR and 
NlICD LV treated hPSC-EPCs compared to those treated 
with CHIR and GFP LV (FIG. 2E), mirroring our observa
tions at the protein level (FIG. lA). There was no difference 
in CDH5 expression, indicating that NlICD LV transduced 
cells still retain their endothelial character (FIG. 2F). 
Because Notch signaling has the potential to drive endothe
lial to mesenchymal transition (EndMT)52

, we assessed 
expression of EMT-related genes CDH2 and FNl; although 
there was no change in CDH2, there was a significant 
increase in FNl in hPSC-EPCs treated with CHIR and 
NlICD LV (FIG. 2G,H). However, FNl is upregulated in 
BMECs relative to peripheral ECs25

•
53

, so increased expres
sion may be a marker of improved BMEC character. There 
was no significant change in expression of tight junction
related genes CLDN5, OCLN, or TJPl (FIG. 2I-K) or 
efflux-transporter genes ABCBl, ABCG2, or ABCCl (FIG. 
2L-N). A -2.5-fold significant increase was observed in 
SLC2Al expression in hPSC-EPCs treated with CHIR+ 
NlICD LV compared to Wnt signaling activation alone 
(CHIR +GFP LV) (FIG. 20). Overall, these data indicate 
that the primary effect of treatment of hPSC-EPCs with 
CHIR and NlICD LV is a selective reduction in expression 
of vesicular transcytosis-related and nutrient transporter
related genes, whereas other key BBB axes related to 
physical barrier and efflux transporter properties remain 
unchanged. 
Generation and Characterization of hPSC-Derived EPCs 
with Doxycycline-Inducible Overexpression of NlICD 
[0129] Because of the significant variability in NlICD 
upregulation and reduction in CD31 expression observed in 
the hPSC-EPCs that had been transduced with NICD LV, we 
hypothesized that achieving more precise control over the 
gene dosage and duration of NlICD overexpression would 
allow us to achieve significantly reduced expression of 
vesicular-transcytosis-associated markers ( e.g., CAVl, 
PLVAP) while preserving the expression of endothelial 
markers CD31 and VE-cadherin (encoded by CDH5) that 
were observed in hPSC-derived CNS-like ECs generated by 
CHIR treatment. We sought to generate a hPSC cell line with 
doxycycline-inducible overexpression ofNlICD so that we 
could achieve specific, highly reproducible levels of over
expression by optimizing the doxycycline dose and timing in 
an hPSC line with a specific copy number of NlICD 
overexpressing constructs. This hPSC line could then be 
differentiated to EPCs and sorted in a similar fashion as 
EPCs derived from unedited hPSCs to yield hPSC-derived 
CNS-like ECs with inducible NlICD overexpression. 
[0130] To generate an hPSC line with doxycycline-induc
ible NlICD overexpression, we generated a piggyBac trans
poson vector that encoded a doxycycline-inducible NlICD 
overexpression cassette (FIG. 14A). After cloning the 
PB-TRE-NlICD plasmid with the same NlICD insert in 
pWPI-NlICD into a piggyBac transposon backbone con
taining a doxycycline-inducible TRE3G promoter, we veri
fied by Sanger sequencing that the amino acids in the 
translated version of the NlICD coding sequence matched 
that in p WPI-NlICD (human native NlICD) (FIG. 14B). We 
also confirmed by gel electrophoresis that restriction digest 
of PB-TRE-NlICD produced 2 fragments corresponding to 
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the expected size of the backbone (-8 kb) and NlICD insert 
(-2.5 kb), respectively (FIG. 14C). Next, the PB-TRE
NlICD plasmid was co-transfected into hPSCs with a plas
mid encoding piggyBac transposase. After hygromycin 
selection of hPSCs with successful integration of the trans
poson encoded on PB-TRE-NlICD, we demonstrated that 
treatment of the heterogeneous pool of gene-edited hPSCs 
with doxycycline resulted in a significant increase in expres
sion of NlICD as well as HEYL, a gene regulated down
stream of Notch signaling (FIG. 14D,E). We attempted to 
differentiate the heterogeneous population of gene-edited 
doxycycline-inducible NlICD overexpressing hPSCs to 
EPCs by a similar protocol to that used for differentiation of 
unedited hPSCs to EPCs (FIG. 3A). We were able to 
differentiate a population of gene-edited hPSC-EPCs with a 
similar purity to that observed in a similar differentiation of 
unedited hPSC-EPCs (-15% ). Furthermore, after positive 
selection ofCD31+ cells by MACS, we obtained a -100% 
pure population of gene-edited hPSC-EPCs (FIG. 3C). We 
also demonstrated an increase in NlICD expression in 
gene-edited hPSC-EPCs treated with CHIR and Dox by 
immunoblotting (FIG. 3D). 

[0131] Next, we wanted to identify what the optimal 
timing was for treatment of gene-edited hPSC-EPCs with 
hygromycin and doxycycline. We hypothesized that because 
chromatin remodeling may have occurred over the course of 
the EPC differentiation, that regions of individual edited 
cells' genomes may have become less accessible in regions 
where the PB-TRE-NlICD transposon had integrated. Thus, 
to maximize the overall population response to doxycycline
induced NlICD overexpression, we would perform a hygro
mycin reselection on gene-edited hPSC-EPCs prior to doxy
cycline treatment. We cultured heterogeneous gene-edited 
hPSC-EPCs with 4 or 6 days of hygromycin reselection 
followed by 4 or 6 days of doxycycline. After the culture 
period was complete for each condition, cells were analyzed 
with CD31 flow cytometry. The condition with highest 
percentage of CD31+ cells and highest CD31 MFI (-90%) 
was 6 days ofhygromycin reselection followed by 4 days of 
doxycycline treatment (FIG. 15A,B). We then proceeded to 
culture heterogeneous gene-edited hPSC-EPCs in hECSR 
supplemented with CHIR and the optimized hygromycin 
reselection and doxycycline treatment timing and performed 
immunocytochemistry to measure expression of caveolin-1 
and CD31 in doxycycline vs. PBS treated cells. Although 
there appeared to a be visual reduction in caveolin-1 fluo
rescence intensity, the variability in fluorescence intensity 
meant that there was not a significant reduction in caveolin-1 
expression in the doxycycline-treated heterogeneous popu
lation of gene-edited hPSC-EPCs at the selected doxycy
cline dosage (FIG. 15C,D). However, there was also no 
difference in CD31 expression between conditions, indicat
ing that the doxycycline-treated cells had maintained their 
endothelial character (FIG. 15C,D). 

[0132] We next selected individual clones of gene-edited 
PB-TRE-NICD hPSC with specific copy numbers of the 
doxycycline-inducible NlICD overexpressing transposon. 
We selected a total of 11 clones with piggyBac transposon 
copy numbers ranging from -2 to -48 copies. Most of the 
clones have copy numbers in the range of 10-25 copies (FIG. 
16A). Four of these clones with a range of copy numbers (-2 
[9(+Y)], -15 [11 (+CR2)], -24 [10 (+CR2)], and -48 
[3( + Y)] copies) were selected for further characterization. 
We treated these clones at the hPSC level with either PBS or 
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different concentrations of doxycycline ranging from 100 
ng/ml to 1 µg/mL to determine if a dose-response existed in 
terms of NlICD overexpression. We found that although 
there was a consistent increase in NlICD expression for all 
4 clones with the addition of increasing concentrations of 
doxycycline, the relative expression differences in NlICD at 
similar doxycycline doses did not correlate with copy num
ber of the PB-TRE-NlICD transposon in each of the hPSC 
clones (FIG. 16B). This finding is likely attributable to 
variability in genomic location of piggyBac transposon 
integration and thus variability in accessibility of the trans
poson to transcriptional machinery and other local gene 
regulatory elements. 

[0133] We also compared expression of selected BBB
related genes in hPSC-EPCs derived from gene-edited doxy
cycline-inducible NlICD overexpressing clones 3( + Y), 
9(+Y), 10(+CR2), and 11 (+CR2). The edited hPSC-EPCs 
were treated with 1:1000 diluted DPBS or doxycycline 
ranging from 100 ng/mL to 1 µg/mL from Dll-D15 of 
culture (FIG. 3A). Significant, dose-dependent increases in 
NOTCH I and MFSD2A expression were observed across all 
4 clones (FIG. 17 A,B). The highest degree of NOTCH I and 
MFSD2A upregulation were observed in EPCs derived from 
clones 10( +CR2) and 11 ( +CR2), which had intermediate 
copy numbers among the 4 clones analyzed. A dose depen
dent decrease in CAVl expression (FIG. 17C) was seen in all 
4 clonal edited hPSC-EPCs. Similarly, a decrease in PLVAP 
was seen with increasing doxycycline dose in all 4 lines 
except 9( + Y) hPSC-EPCs, which demonstrated peak reduc
tion in PLVAP expression at the lowest doxycycline con
centration (1:l0K, 100 ng/ml), followed by an increase to 
just below the baseline ( +PBS) expression level at the 
highest concentrations (1:5K ng/ml], 1:lK [1 µg/mL]) (FIG. 
17D). We also observed a dose-dependent increase in 
SLC2Al for all 4 lines except 3( + Y) (FIG. 17E). Among the 
4 lines tested, the greatest reduction in CDH5 expression 
was observed in EPCs derived from 10(+CR2) and 11 
( +CR2) edited hPSCs, correlating with the larger degree to 
which NlICD is overexpressed in these two clones with 
increasing doxycycline dosage (FIG. 17F). There was -2 
fold decrease in CDH5 expression at the highest doxycy
cline dose for the 3( + Y) hPSC-EPCs and a non-significant 
decrease for the 9( + Y) hPSC-EPCs. Taken together, these 
data suggest that upregulation of MFSD2A and SLC2Al and 
downregulation of CAVl and PLVAP are dependent on 
degree of Notch signaling activation via NlICD overexpres
sion. They also indicate that there is a trade-off between 
more BBB-like expression for genes related to vesicular 
transcytosis and selective nutrient transport and canonical 
endothelial marker expression (e.g., for CDH5, which 
encodes VE-cadherin). 

[0134] We continued with 1 µg/mL doxycycline or PBS 
control treatment of 10( +CR2) hPSC-EPCs for 4 days as this 
clone appeared to have the highest degree of NlICD over
expression induction upon doxycycline addition. We con
firmed a significant decrease in caveolin-1 (FIG. 4A,B) and 
PLVAP expression (FIG. 4C,D) and an increase in GLUT-I 
expression (FIG. 4E,F) by immunocytochemistry in EPCs 
derived from 1 0[ +CR2] treated doxycycline compared to the 
PBS control. We also observed patchy reduction in CD31 
expression in the doxycycline-treated populations, with 
CD31 expression at similar levels to the PBS control in some 
colonies and significantly reduced to absent CD31 expres
sion in cells outside of these colonies. We also observed 
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reduced claudin-5 expression and no difference in P-glyco
protein (P-gp) expression in the Dax-treated cells relative to 
PBS control (FIG. 18A-D). Occludin expression was unde
tectable by immunocytochemistry both in the PBS control 
and Dax-treated cells (data not shown). 

[0135] In PB-TRE-NlICD hPSC-EPCs derived from the 
10( +CR2) clone, we asked whether hygromycin reselection, 
or the lack thereof, and the timing of doxycycline induction 
ofNlICD overexpression in these edited EPCs would result 
in more BBB-like transcript-level changes. Because of the 
time frame for treatment identified in the heterogeneous 
population of edited PB-TRE-NlICD hPSC-EPCs (FIG. 
15), we tested 6 days ofhygromycin reselection followed by 
4 days of PBS (6d H+4d P) or doxycycline (6d H+4d D) 
treatment, as well as 6 days without hygromycin reselection 
followed by 4 days of doxycycline (6d P+4d D) treatment. 
Because using the edited doxycycline-inducible hPSC line 
allowed us to tum Nl ICD overexpression on and off at will, 
we tested how induction of NlICD overexpression 4 days 
earlier than the other conditions for the same duration ( 4 
days) (2d P+4d D+4P) would affect BBB gene expression. 
While earlier induction ofNlICD overexpression (2d P+4d 
D+4P) resulted in similar significant reductions in CAVl 
and PLVAP expression compared to the PBS control (6d 
H+4d P) as later NlICD induction, both with and without 
hygromycin reselection (6d H+4d D and 6d P+4d D) (FIG. 
19A,B), the earlier induction of NlICD overexpression 
failed to yield a significant increase in MFSD2A (FIG. 19C) 
or NOTCHl expression (FIG. 19D) that resulted when 
NlICD overexpression was induced later and maintained 
without doxycycline withdrawal until the cells were isolated 
for analysis. However, we did observe an impressive 60- to 
100-fold upregulation in MFSD2A in both conditions with 
later induction ofNlICD overexpression (6d H +4d D and 
6d P+4d D) (FIG. 19C). A significant reduction in CDH5 
was only observed in the 6d P+4d D condition (-2-fold) 
relative to PBS control (FIG. 19E). However, similar 
although non-significant fold reductions in CDH5 were 
observed for other doxycycline-treated conditions (-1.7-
fold). A modest but significant increase (-2-fold) in N-cad
herin encoding CDH2 was observed in both the 6d P+4d D 
and 2d P+4d D+4P conditions (FIG. 19F), while FNl was 
only significantly increased relative to PBS control (-12-
fold) in the 6d P+4d D condition (FIG. 19G). We next 
examined CLDN5, OCLN, and TJPl, which encode BBB
relevant tight junctions and tight junction-associated pro
teins. CLDN5 was non-significantly reduced in all condi
tions relative to the PBS control except in 6d P+4d D, in 
which CLDN5 was significantly upregulated (-2-fold) (FIG. 
19H). There was no significant difference in OCLN expres
sion in any of the doxycycline-treated conditions relative to 
PBS control, although there was a slight upward trend with 
6d P+4d D and slight downward trend with 2d P+4d D+4P 
(FIG. 191). TJPl was unchanged in most of the doxycycline
treated conditions except for 2d P+4d D+4P, in which TJPl 
was significantly downregulated (-2 fold) (FIG. 191). There 
was no significant increase in expression of the efflux 
transporter genes ABCBl, ABCCl, and ABCG2 between 
the doxycycline treated conditions and PBS control, except 
for a 7-fold and 4-fold increase in ABCCl and ABCG2, 
respectively in 6d P+4d D (FIG. 19K-M). Finally, there was 
a significant increase in SLC2Al expression in both 6d P+4d 
D and 6d H +4d D relative to PBS control, but not in 2d P+4d 
D+4P (FIG. 19N). Taken together, these data suggest that 
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hygromycin reselection is not required to achieve reduced 
expression of transcytosis structural genes CAVl and 
PLVAP as well as increased expression of MFSD2A and 
SLC2Al upon overexpression of NII CD in the doxycycline
inducible system. Furthermore, earlier induction and with
drawal of NlICD overexpression (in the 2d P+4d D+4d P 
condition) diminishes or abolishes the effects of this treat
ment on induction of BBB-like changes in the expression of 
transcytosis and nutrient transporter-related genes. Changes 
in endothelial and EMT-related gene expression in the 
doxycycline-inducible system are similar in trend to those 
observed with lentiviral NlICD overexpression. These data 
further reinforce that there is no consistent effect of NlICD 
overexpression on tight junction or efflux transporter gene 
expression. 
[0136] We selected the 10( +CR2) PB-TRE-NlICD hPSC
EPCs treated with CHIR with or without doxycycline for 4 
days (6d H+4d D) to follow up on via RT-qPCR. While we 
did not observe a significant reduction in CAVl (FIG. 20A) 
due to increased variability between replicates, there was a 
significant reduction in PLVAP expression (FIG. 20B) and a 
significant, -50-fold increase in MFSD2A expression (FIG. 
20C), compared to a -5-fold MFSD2A upregulation in 
NlICD LV transduced cells. We observed significant 
upregulation in NlICD expression (-8-fold, FIG. 20D), with 
a fold change -2 times greater than with the lentiviral 
overexpression system (FIG. 2D). We also observed a sig
nificant, -3-fold decrease in expression of CDH5, which 
encodes VE-cadherin (FIG. ZOE). Although there was no 
significant change in CDH2 expression (FIG. 20F), similar 
to the lentiviral approach, there was a significant increase in 
FNl expression (FIG. 20G), although with a slightly lower 
fold increase than with the lentiviral system (FIG. 2H). Our 
RT-qPCR analysis showed no significant change in CLDN5 
(FIG. 20H) due to doxycycline-induced NlICD overexpres
sion and significant downregulation of both OCLN (FIG. 
201) and TPJl (FIG. 201). Finally, we noted significant 
-2-fold increases in expression of all genes encoding BBB
enriched efflux transporters, includingABCBl, ABCCl, and 
ABCG2 (FIG. 20K-M), which contrasted with the NICD LV 
transduced cells. There was a >20-fold increase in SLC2Al 
expression compared to PBS-treated cells (FIG. 20N); both 
conditions are cultured in the presence of CHIR, which 
induces a - 7 50-fold increase in normalized SLC2Al expres
sion (TPM) when supplemented in hPSC-EPCs culture 
medium8

. These data generated with the 10(+CR2) hPSC 
line recapitulate that the major effect of overexpression of 
NlICD in hPSC-derived CNS-like EPCs is the induction of 
more BBB-like expression patterns of transcytosis-related 
genes. 
Sequencing Analysis ofhPSC-Derived EPCs with Doxycy
cline-Inducible Overexpression of NlICD. 
[0137] Next, we wanted to determine whether two sub
populations of endothelial cells existed in the gene-edited 
PB-TRE-NlICD 10(+CR2) hPSC-EPCs treated with or 
without doxycycline, based on our observation of CD31 
expression in immuno-stained cells derived from this line 
(FIG. 4). We performed fluorescence activated cell sorting 
(FACS) on PBS- or doxycycline-treated 10( +CR2) edited 
hPSC-EPCs based on surface expression of CD144 (also 
known as VE-cadherin), another canonical endothelial sur
face marker protein (FIG. SA). The majority (-94%) of the 
live cells in the PBS-treated condition were CD144+. In the 
doxycycline-treated population, a majority (-90%) of the 
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cells were CD144+, but these cells appeared as two sub
populations, one with high CD144 expression (-25%, simi
lar to the vast majority of the PBS-treated cells) and one with 
low but not absent CD144 expression (-65%) (FIG. SA). 
After FACS, RNA was isolated from the CD144 high and 
low subpopulations for both the PBS and doxycycline
treated samples. The RNA concentration from the PBS
treated CD144 low subpopulation was undetectable, so 
RNA was isolated from only the PBS-treated CD144 high, 
doxycycline-treated CD144 high, and doxycycline-treated 
CD144 low subpopulations. Samples were sent to Novogene 
for paired-end read bulk RNA-sequencing. 

[0138] Following pre-processing of raw sequencing data, 
samples from each of the three sequenced subpopulations 
were analyzed using DESeq2 to investigate the differences 
between each of the doxycycline-treated subpopulations 
(Dax-treated CD144 high and CD144 low) and the PBS 
control (PBS-treated CD144 high). When visualized using 
principal component analysis (FIG. SB), the PC! axis, 
which accounts for 92% of variance between samples, is the 
primary axis along which samples from the different sub
populations segregate. PBS-treated CD144 high (PBS), is 
most different from Dax-treated CD144 low (Doxlo) and 
slightly less different from Dax-treated CD144 high 
(Doxhi). This suggests that the PC! axis defines the axis of 
increasing NlICD overexpression level. This is confirmed 
when we look at the normalized expression (TPM) of 
NOTCH! for each of the subpopulations (FIG. SC). There is 
a -2-fold increase in NOTCH! expression from PBS-treated 
CD144 high (PBS CD144 hi) to Dax-treated CD144 high 
(Dox CD144 hi) and a nearly 7-fold increase from PBS 
CD144 hi to Dax-treated CD144 low (Dox CD144 lo). 
These differences match the relative distances observed 
between the global transcriptome dimensional reductions of 
each of these subpopulations on the PCA plot. Furthermore, 
we observed an increase in expression of HEYL, a gene 
downstream of Notch signaling activation, that is propor
tional to the increase in NOTCH! expression (FIG. SC). We 
examined a list of genes derived from a combination of the 
Hallmark and KEGG Notch signaling pathway gene sets to 
see which of the Notch-related genes were significantly 
differentially expressed between the three sequenced sub
populations (FIG. SD). 35 genes were differentially 
expressed, encompassing Notch receptors and ligands as 
well as Notch-signaling associated transcription factors. 
Around half of these genes appeared to up- or down
regulated in response to increasing degrees ofNlICD over
expression. All genes encoding Notch receptors were 
upregulated with greater NlICD overexpression dosage 
except for NOTCH4, which was downregulated in the 
highest NlICD overexpressing subpopulation (Dox CD144 
lo). In contrast, differentially expressed Notch ligands, such 
as DLL4, JAG2, and DLLl, were primary downregulated 
with increasing NlICD overexpression. Only JAG! was 
upregulated in Dox CD144 lo. HEY/HES family transcrip
tion factors were variably differentially expressed; HEYL 
and HESS were significantly upregulated and HES! signifi
cantly downregulated in the subpopulation with the greatest 
degree of NlICD overexpression. 

[0139] Given the reduction in CD144 expression that was 
observed in a significant proportion of the doxycycline
treated 10( +CR2) PB-TRE-NlICD hPSC-EPCs, we asked if 
the cells with reduced CD144 expression maintained their 
endothelial identity. We used Platform-Agnostic CellNet 
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(PACNet)45 to compare the transcriptomes of each of the 
sequenced PBS- and doxycycline-treated subpopulations to 
transcriptomes of several standardized cell and tissue types 
used by the PACNet algorithm (FIG. 6A). For each of the 
subpopulations, the classification score was highest for 
endothelial cells, and nearly zero for all other cell types, 
including ESCs or hPSCs, fibroblasts, and skeletal muscle. 
However, there was a nonzero classification score for a 
randomly generated cell type "rand" derived from the com
bination of multiple transcriptomes of the training cell types. 
The "rand" cells had classification scores of zero for all the 
defined cell types. The classification score decreased for 
endothelial cells and increased for the "rand" cells in the 
doxycycline-treated subpopulations with increasing degrees 
of NlICD overexpression relative to PBS control. Com
pared to the PBS- or doxycycline-treated PB-TRE-NlICD 
hPSC-EPCs, the endothelial classification scores of primary 
or immortalized human brain endothelial cells (HBMEC and 
hCMEC.D3, respectively), or primary human aortic 
endothelial cells (Haortic), were higher and the correspond
ing "rand" cell classification scores were lower (FIG. 6B). 
Taken together these data suggest that while the transcrip
tome of the edited endothelial cells with or without NlICD 
overexpression may not different from that of the generic 
endothelial cells used to train the PACNet algorithm, these 
cells are still endothelial cells and have not transformed into 
another cell type. 

[0140] Additionally, we compared the global transcrip
tomes of the subpopulations that were sequenced as part of 
this study to the transcriptomes of other endothelial and 
non-endothelial cell types. The comparison bulk RNA 
sequencing datasets included Passage 1 hPSC-derived EPCs 
treated with CHIRS, Passage 1 hPSC-derived smooth 
muscle-like cells that were a biproduct of the hPSC-EPC 
differentiation8

, primary/immortalized human brain micro
vascular endothelial cells and primary human aortic 
endothelial cells54 previously used in the PACNet analysis, 
and a variety of primary cells including endothelial, epithe
lial, smooth muscle, skeletal muscle, and fibroblast cells 
(Pandey et al, GEO accession: GSE190615). Furthermore, 
we generated pseudo-bulk transcriptomes of human brain 
capillary, arterial, and venous endothelial cells from adult47 

and embryonic46 single cell RNA-sequencing datasets. We 
included all these datasets in a DESeq2 analysis to investi
gate whether the endothelial-like cells generated by over
expression of NlICD in Wnt-signaling activation hPSC
EPCs were more similar to bona-fide endothelial cells or 
other non-endothelial cell types (FIG. 6C). Most of the 
samples from the various studies segregated along PC! 
( 47% of variance) which roughly ranged from in vitro cells 
with the least endothelial character on the left to in vivo 
endothelial cells with BBB properties on the right. The 
transcriptomes of the cells sequenced as part of this study 
were most similar to the Passage 1 hPSC-EPCs+CHIR; this 
is unsurprising because the gene-edited PB-TRE-NlICD 
hPSC-EPCs treated with CHIR with or without doxycycline 
were derived by the same differentiation protocol as the 
Gastfriend endothelial data set. Notably, the hPSC-derived 
smooth muscle-like cells from the Gastfriend data set clus
tered more closely with the non-endothelial primary cells 
from the Pandey data set than with hPSC-derived EPCs they 
were co-differentiated with. Additionally, the cells from this 
study clustered more closely with the primary and immor
talized brain endothelial cells from the Qian dataset com-
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pared to the in vivo brain endothelial cells from the Crouch 
and Yang datasets. These data indicate that the gene-edited 
PB-TRE-NlICD hPSC-EPCs treated with CHIR with or 
without doxycycline retain their endothelial character but 
are still more similar to in vitro brain-like endothelial cells 
which have lost a considerable degree of BBB character 
compared to in vivo embryonic or adult human brain cap
illary endothelial cells. 

[0141] Next, we examined our sequencing data to deter
mine the effects of doxycycline treatment, and NlICD 
overexpression by extension, on BBB properties. Several of 
the differentially expressed genes from the qPCR analysis of 
gene-edited PB-TRE-NlICD hPSC-EPCs treated with or 
without doxycycline (FIG. 19, FIG. 20) were also changed 
in the bulk RNA-seq analysis. In response to increasing 
NlICD overexpression (ascending from PBS CD144 hi to 
Dox CD144 hi and Dox CD144 lo subpopulations), we 
observed decreasing CAVl and PLVAP and increasing 
MFSD2A (FIG. 7B-D). SLC2Al was also significantly 
increased upon NlICD upregulation (FIG. 7E). However, 
we observed downregulation of tight junction genes 
CLDN5, OCLN, and TJPl (FIG. 7F-H). Changes in efflux 
pump genes were more variable; ABCBl was unchanged, 
ABCG2 decreased, and ABBCl increased in response to 
NlICD overexpression (FIG. 7I-K). Similar to previous 
assays, both in the doxycycline-inducible and lentiviral 
approaches for upregulating NlICD, we noted significant 
decreases in endothelial genes PECAMl and CDH5 (FIG. 
7L-M). However, the normalized expression level for epi
thelial gene EPCAM was near O TPM, and while there was 
a significant increase in the Dox CD144 lo subpopulation 
with the greatest degrees of NlICD overexpression, the 
highest normalized expression level observed was also less 
than 1 TPM (FIG. 7N), indicating a lack of epithelial identity 
in the resulting cells. We examined smooth muscle-associ
ated transcript ACTA2 (FIG. 70), and to our surprise 
observed a decrease in expression with increasing NlICD 
overexpression. We observed an increase in FNl (FIG. 7P), 
which although is a mesenchymal-associated gene, is 
enriched in BBB-like endothelial cells in vivo, based on 
comparison of scRNA-seq data of brain ECs to peripheral 
organ ECs25

. 

[0142] We next identified 310 genes which are predicted 
to up- or downregulated in brain endothelial cells relative to 
peripheral organ endothelial cells based on an integrated 
single-cell RNA-sequencing analysis of multiple publicly 
available datasets from several organs, including the brain25

. 

Of the 173 genes that were expected to be upregulated in 
brain vs. peripheral endothelial cells (FIG. 21A), 46 were 
appropriately increased in response to Notch signaling acti
vation in our gene-edited PB-TRE-NlICD hPSC-EPCs. 
These include SLC2Al and MFSD2A, as previously shown, 
but also a host of other BBB-enriched genes, including many 
SLC nutrient transport genes such as SLC7 A6, SLC7 AS, 
SLC7A2, SLC7Al, SLC5A6, SLC2A3, SLC1A5, and 
SLC1A4 (FIG. 22F). 56/173 genes were inappropriately 
downregulated, including tight junction genes CLDN5, 
OCLN, TJPl, and LSR (FIG. 22B). 61/173 genes expected 
to be upregulated in BBB-like endothelial cells were not 
differentially expressed due to NlICD overexpression. Of 
the 137 genes that were expected to be downregulated in 
brain vs. peripheral endothelial cells (FIG. 21B), 50 were 
appropriately downregulated including CAVl, CAV2 and 
PLVAP. When we examined transcytosis related genes more 
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closely, caveolae-mediated transcytosis genes were primar
ily downregulated, whereas genes related to clathrin-medi
ated endocytosis and macropinocytosis (e.g., CLTA, CLTB, 
CLTC, and APPLl, respectively) were differentially 
expressed depending on the degree of NlICD overexpres
sion in the Dax-treated subpopulation (FIG. 22A). Gener
ally, clathrin-related genes were more likely to be upregu
lated in response to increased Notch signaling. 27/137 were 
inappropriately upregulated and 59/137 were not differen
tially expressed due to NlICD activation, although many of 
the genes in these two categories were not obviously asso
ciated with BBB phenotypes. Among both the genes that 
were expected to be up or downregulated at the BBB, 
several (11 total) were not expressed at all in our in vitro 
model (FIG. 21A-B). Several adherens junction genes 
besides CDH5 and PECAMl were also downregulated in 
response to NlICD overexpression, including CD44 and 
MCAM (FIG. 22D); however, the normalized expression of 
CDH5, PECAMl, and MCAM remained in the range of 
200-500 TPM. We also noted decreased expression of sev
eral endothelial-associated transcription factors (FIG. 22E), 
although the normalized expression levels remained quite 
high despite the reductions due to NlICD overexpression. 
The only transcription factors that were increased in 
response to Notch signaling activation were TALI, LEFl, 
and FOXCl. In addition to genes corresponding to impor
tant BBB structural proteins and transporters, we also iden
tified genes encoding transcription factors and other tran
scriptional regulatory factors (TFORFs) that were enriched 
in adult human brain endothelial cells compared to periph
eral endothelial cells25

. We visualized differential expression 
of selected genes in Dax-treated gene-edited PB-TRE
NlICD hPSC-EPCs vs. PBS control with an MA plot. These 
genes included TFORF and non-TFORF genes differentially 
expressed in brain endothelial cells in vivo (FIG. 21C-D). 
Unsurprisingly, more genes were significantly differentially 
expressed in the Dox CD144 lo subpopulation (which had 
higher NlICD overexpression) vs. PBS control relative to 
the Dox CD144 hi vs. PBS comparison. In both compari
sons, NOTCH! was significantly upregulated, and several 
other brain-enriched TFO RFs, including NR 4 Al, APCD D 1, 
ZIC2, LEFl, and FOXF2 were upregulated due to NlICD 
overexpression. Downregulated TFORF genes in the Dox
treated subpopulation with the highest degree of NlICD 
overexpression included FOS, ZKSCANl, TSCD22Dl, and 
HES! (FIG. 21C-D). 

Functional Characterization of Vesicles and Endocytic 
Trafficking. 

[0143] We next wanted to confirm that reduced caveolin-1 
expression in both hPSC-derived endothelial progenitors 
and HUVECs with NlICD overexpression correlated with 
decreased vesicle-based trafficking of substrates. We per
formed fluorescent substrate accumulation assays with albu
min (-66 kDa) conjugated to AlexaFluor 647 in gene-edited 
PB-TRE-NlICD hPSC-EPCs treated with or without doxy
cycline. We imaged accumulation of fluorescent albumin by 
epifluorescence microscopy (FIG. SA) and performed flow 
cytometry to quantify accumulation (FIG. SB). Similarly to 
FACS-sorted Dax-treated gene-edited PB-TRE-NlICD 
hPSC-EPCs (FIG. SA), we observed that most PBS-treated 
cells had high CD144 expression, whereas Dax-treated cells 
had subpopulations with high or low CD144 expression 
(FIG. SB). We quantified fluorescent albumin accumulation 
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in the PBS CD144 hi, Dox CD144 hi, and Dox CD144 lo 
subpopulations, and found that there was a trend of decreas
ing albumin accumulation with increasing levels of NlICD 
overexpression (FIG. SC). When all CD144+ cells were 
considered, there was significant reduction in fluorescent 
albumin accumulation due to doxycycline treatment, and by 
extension Notch signaling activation (FIG. SD). 

[0144] We also asked if Notch signaling activation caused 
this reduction in albumin accumulation because caveolae
mediated endocytosis was being reduced. We incubated both 
PBS- and Dax-treated cells with methyl-~-cyclodextrin 
(M~CD), an inhibitor of caveolae-mediated endocytosis; the 
dose of3 mM M~CD was selected based on past literature55

. 

We found that the reduction in albumin accumulation 
achieved by blocking caveolae-mediated endocytosis alone 
(PBS+M~CD) was similar in magnitude to the reduction 
achieved via upregulation of Notch signaling (Dox). How
ever, when comparing PBS+M~CD and Dox+M~CD, there 
was still a slight but significant reduction in albumin accu
mulation when Notch signaling activation was combined 
with blockade of caveolae-mediated endocytosis (FIG. SD). 
This suggests that although Notch signaling primarily 
results in reduction of caveolae mediated endocytosis, other 
endocytic pathways are also reduced when this pathway is 
activated in our endothelial model. Therefore, we decided to 
investigate other common pathways reported in the literature 
for substrate trafficking across endothelial cells, including 
clathrin-mediated endocytosis and macropinocytosis56

. We 
inhibited clathrin-mediated endocytosis with chlorpromaz
ine (CPZ) and macropinocytosis with rottlerin, as previously 
described8

. We observed that albumin accumulation was 
reduced when PBS-treated cells were incubated with CPZ, 
but not with rottlerin (FIG. 23A-C), suggesting that, in 
addition to caveolae-mediated endocytosis, clathrin-medi
ated endocytosis is another possible mechanism for intrac
ellular accumulation of albumin. We again observed a 
NlICD overexpression dose-dependent reduction in albu
min accumulation among the PBS- and Dax-treated sub
populations (FIG. 23A). We also observed recapitulation of 
the Dox/NlICD overexpression mediated reduction in albu
min accumulation, although the difference was only signifi
cant when examining the CD144hi subpopulations, likely 
due to significant variability in CD 144 expression among the 
CD144+ Dax-treated cells (FIG. 23B-C). Thus, Notch sig
naling activation via NlICD overexpression reduces cave
olae- and clathrin-mediated endocytosis, but not macropi
nocytosis, and results in reduced accumulation of albumin in 
the gene-edited PB-TRE-NlICD hPSC-EPCs in vitro. 

[0145] Because these accumulation assays were per
formed in edited EPCs derived from the 10( +CR2) clone, we 
repeated the accumulation assay in the other 3 clones with 
various copy numbers of the Dax-inducible NlICD over
expression cassette that were previously characterized, 
namely 3( + Y), 9( + Y), and 11 ( +CR2). We found that fluo
rescent albumin accumulation was decreased in 2 of 3 of 
these clones (3[ + Y] and 11 [ +CR2]), and the fold reduction 
inAlexaFluor 647 signal intensity correlated with the degree 
ofNlICD upregulation in each of these clones at the highest 
doxycycline dose relative their respective PBS controls 
(FIG. 23D-F, FIG. 17A). Finally, we investigated whether 
HUVECs transduced with NlICD overexpressing lentivirus 
also demonstrated reduced albumin accumulation. We con
firmed reduced albumin accumulation in these primary 
human endothelial cells (FIG. 23G); however, the degree of 
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downregulation was less than when HUVECs were treated 
with caveolae inhibitor M~CD. This is unsurprising given 
that the level of NlICD protein induced by lentiviral over
expression is much lower than with Dax-inducible overex
pression in our edited cell line (FIG. llE, FIG. 3D). 
[0146] Finally, we visualized vesicles in doxycycline
treated 10( +CR2) PB-TRE-NlICD hPSC-EPCs with trans
mission electron microscopy (TEM). We observed fewer 
vesicles per cell area in Dax-treated samples relative to PBS 
control (FIG. 9A-B). We measured the diameter for all 
identifiable vesicles in both conditions and found that the 
majority of vesicles were of the size range for caveolae 
(50-100 nm) and clathrin-coated vesicles (70-150 nm) 
described in the literature56 (FIG. 9C). Upon treatment with 
doxycycline, there was a significant decrease in the number 
of vesicles between 40 and 160 nm in diameter (FIG. 9C). 
We also obtained images of cells immunolabeled for caveo
lin-1 with Nanogold-conjugated antibodies. In these images, 
caveolae appeared as circular regions with reduced electron 
density (less gray) compared to the surrounding cell area, 
with at least one (more frequently several) adjacent dark, 
electron-dense dot, representative of Nanogold particles 
(FIG. 9D). In Dax-treated cells, we observed a smaller 
percentage of the total cell area taken up by caveolin-1 
associated Nanogold particles (FIG. 9E) and fewer caveo
lin-1 Nanogold-associated vesicles per cell area (FIG. 9F). 
These data indicate that not only does upregulation of Notch 
signaling via NlICD overexpression reduce caveolin-1 
expression, but it also reduces the average number of 
vesicles and the number of caveolae, specifically. Although 
our data suggest that there are fewer vesicles of similar size 
to clathrin-coated vesicles, we do not have direct evidence 
as with the caveolin-1-associated vesicles. 
[0147] We also measured trans-endothelial electrical resis
tance (TEER), which estimates barrier tightness, in gene
edited PB-TRE-NlICD hPSC-EPCs treated with or without 
doxycycline over 10 days in culture (FIG. 24). We observed 
that while initially, the temporal increase in TEER observed 
in the control cells was roughly matched by the Dax-treated 
cells, after more than 2 days of doxycycline treatment, 
TEER began to decline relative to the control. This is 
unsurprising as we observed transcript- and protein-level 
decreases in claudin-5 (FIG. 18) which contributes to barrier 
integrity at the BBB. Because average TEER in the Dox
treated edited hPSC-EPCs at the end of the culture time 
(D15) was less than 10 Q·cm2

, we did not proceed with a 
fluorescent albumin transcytosis assay, as paracellular leak
age of fluorescent substrate would complicate interpretation 
of substrate crossing by the transcellular pathway. 

DISCUSSION 

[0148] Notch signaling is known to play several important 
roles in the development and maintenance of the vascula
ture21

. Although limited evidence in the literature suggests 
that Notch signaling is involved in the induction of BBB 
properties in humans, most of our understanding about this 
pathway's contribution centers on the role of NOTCH3 in 
the attachment, differentiation, and survival of brain peri
cytes at the BBB23

. Signaling by Notch ligand D 114 through 
endothelial cell-specific Notch! receptor in adult mice main
tained reduced transcytosis properties of the blood-retina 
barrier4

. In developing mice, D114 knockdown resulted in 
increased brain albumin accumulation57

. DLL4 insuffi
ciency reduced TEER and increased permeability in primary 
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human BMECs, and there was increased NOTCH! density 
at the RBPJ binding site within the CLDN5 promoter57

. 

[0149] In this study, we demonstrated through a combi
nation of protein-level characterization, bulk RNA-seq, and 
functional assays that Notch signaling activation (by over
expression of NlICD) in hPSC-derived EPCs pre-treated 
with Wnt signaling activation leads to induction of addi
tional BBB-like properties that were not previously achieved 
with activation of Wnt signaling alone. The main BBB 
property induced by NlICD overexpression was reduced 
vesicular endocytosis. We were not able to demonstrate 
reduced transcytosis in vitro due to low paracellular barrier 
resistance. We were able to recapitulate the phenomenon of 
reduced caveolin-1 and reduced vesicular endocytosis in 
primary endothelial cells (e.g., HUVECs) which are more 
terminally differentiated than our hPSC-derived EPCs, sug
gesting that Notch signaling-mediated reduction in vesicular 
trafficking is not limited to progenitor-like endothelial cells. 
This is in contrast to a previous study8 which demonstrated 
that developmental plasticity of endothelial cells is a key 
determinant in their response to BBB property-inducing 
signals such as canonical Wnt signaling activation. The 
degree of fluorescent substrate accumulation observed in 
HUVECs due to NlICD overexpression was less than 
observed in the gene-edited hPSC-EPCs treated with doxy
cycline, but this is likely due to the reduced gene dosage of 
NlICD overexpression achieved by the lentiviral overex
pression system compared to the cell line with inducible 
NlICD upregulation. 

[0150] However, we identified several limitations to arti
ficial activation of Notch signaling in our human-derived 
endothelial model system. We observed reduced transcript 
and protein-level expression of claudin-5, as well as reduced 
transcript level expression of occludin and lower TEER. 
Thus, in our model system, sufficiently high gene dosage of 
Nl ICD overexpression can reduce tight junction expression 
and paracellular barrier integrity. This is in contrast to 
another aforementioned study which demonstrated signaling 
through NOTCH! in primary human BMECs is important 
for maintenance of claudin-5 expression57

; this potentially 
draws a distinction between the role of Notch signaling in 
BBB property induction vs. maintenance. Further tuning of 
the degree of Notch signaling activation with different 
clones of the Dax-inducible NlICD overexpressing hPSC
line and modulation of other BBB-relevant signaling path
ways, such as TGF-~ inhibtion58

, may ameliorate the clau
din-5 reduction. 

[0151] Our study also demonstrated reduced expression of 
endothelial markers CD31 (PECAMl) and CD144 (VE
cadherin) proportional to the gene dosage of NlICD over
expression. However, the comparisons of mouse single cell 
transcriptomes of brain capillary endothelial and peripheral 
organ ( e.g., lung) endothelial cells suggest that BMECs have 
-2-fold and -6-fold lower expression of Pecaml and Cdh5 
( encoding VE-cadherin), respectively, relative to peripheral 
endothelial cells53

•
59

. Additionally, in vivo human brain 
endothelial cells have increased expression of FN125, 
encoding fibronectin, which in the context of many other 
endothelial cell types is a marker of endothelial to mesen
chymal transition52

. These observations indicate that in the 
process of acquiring their unique phenotype, they become a 
distinctly different type of endothelial cell compared to those 
in capillary beds of peripheral organs. 
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[0152] A natural question that arises upon confirmation of 
the effects of Notch signaling in vitro is the potential origin 
of those signals in vivo. Some have suggested Notch sig
naling in brain microvascular endothelial cells in vivo may 
occur through juxtacrine signaling from mural23 cells via 
unknown Notch ligands. In a recent scRNA-seq analysis of 
the human fetal brain vasculature46 Crouch and colleagues 
show that early in development (15 gestational weeks, or 
GWs), brain endothelial cells of various subtypes, including 
arterial, capillary, venous, tip, and mitotic endothelial cells, 
primarily express NOTCH! and NOTCH4 receptor genes
arterial cells have the highest expression of NOTCH!. In 
contrast, mural cells including classical pericytes, smooth 
muscle cells (SM Cs), and mitotic mural cells mainly express 
NOTCH3, which has previously been reported42

•
60

•
61

. Most 
interestingly, the primary cell types expressing Notch 
ligands genes including DLL4, JAG!, and JAG2 during 
human development are endothelial cells, particularly arte
rial and tip cells, suggesting that much of the BBB-inductive 
signaling associated with the Notch pathway may be a 
juxtracrine process between different endothelial sub
types46

. Later in development (23 GWs), the primary 
endothelial Notch receptor is NOTCH4, and arterial and tip 
endothelial cells mainly express the ligand DLL4, whereas 
SMCs in the ganglionic eminence/subventricular zone 
express JAG 1, which can also potentially communicate with 
endothelial Notch receptors46

. Induction of BBB-related 
genes coincident with upregulation in Notch-related gene 
expression has also been observed in vascular organoids 
co-cultured with neural organoids62

. The authors observed 
spontaneous emergence of mural cells as well as several 
endothelial subtypes in these assembloids mirroring those 
found at the brain arteriovenous tree46

•
47

•
63

-
65

, contributing 
to activation of Notch signaling. 
[0153] Another study66 demonstrated that natural aging in 
mice resulted in increased permeability of the brain vascu
lature to plasma proteins which correlated with decreased 
expression of genes associated with receptor-mediated tran
scytosis and clathrin-mediated endocytosis, increased 
expression of genes associated with caveolae-mediated tran
scytosis, and decreased expression of MFSD2A protein. 
However, there was no overt suggestion that these phenom
ena correlated with decreased endothelial cell-intrinsic 
Notch signaling. 
[0154] An important contribution of this work is the 
discovery that Notch signaling activation induces upregula
tion of MFSD2A in a human-derived endothelial in vitro 
model. Previously, only Wnt5 and PTEN/AKT67 signaling 
were reported to mediate increased MFSD2A expression at 
the BBB. It is important to note that while earlier evidence 
suggested that MFSD2A is required for the maintenance of 
barrier integrity 7, several subsequent studies68

-
70 have sug

gested the absence of a causal link between increased 
MFSD2A expression at the BBB and reduced vesicular 
transcytosis. In Mfsd2a knockout mice, there was no 
observed increase in leakiness of fluorescent tracers of 
several sizes across the blood-retina68 or blood-brain barri
ers 68

-
70

. The present study reinforces a strong association 
between increased Notch signaling, MFSD2A upregulation, 
caveolin-1 downregulation, and reduced caveolae-mediated 
endocytosis. 
[0155] Furthermore, the cell line with doxycycline-induc
ible NlICD overexpression is versatile in that it can be 
differentiated into other cell types which rely on Notch 
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signaling activation for induction of key functional proper
ties, such as neural stem cells71 and T cells72

. Based on 
unpublished observations from our own lab, overexpression 
of the Notch receptor intracellular domain is a much more 
potent activator of downstream Notch-related gene expres
sion than Notch ligand-presenting cells or Notch ligand
conjugated beads. 

CONCLUSIONS 

[0156] In this study, we demonstrated for the first time in 
a human-derived in vitro endothelial model system that 
Notch signaling plays an important role in the induction of 
certain BBB properties. These include reduced expression of 
caveolin-1 and PLVAP, and increased expression of 
MFSD2A, which also correlates with reduced vesicle-based 
endocytosis of substrates and fewer caveolar vesicles. Fur
thermore, we demonstrated that Notch signaling activation 
can also increase expression of BBB-enriched glucose trans
porter GLUT-I, as well as a handful of other BBB-enriched 
selective nutrient transporters. We also observed that despite 
the reduction in expression of endothelial markers CD31 and 
CD144 (which may be more reflective of in vivo reality), 
endothelial cells subjected to Notch signaling activation via 
overexpression of NII CD maintain their endothelial identity 
and do not take on characteristics of other cell types such as 
smooth or skeletal muscle cells, epithelial cells, or fibro
blasts. However, some limitations of this protocol include 
reduced expression of claudin-5 and occludin, and little to 
no induction of efflux transporter P-glycoprotein or other 
drug efflux pump transcripts. Nonetheless, our findings 
contribute to the understanding of the complex interplay of 
various cell signals that are important for induction of BBB 
properties and are therefore a step towards generation of 
improved human-derived in vitro BBB models. 
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cgcatgtctg ccatggcccc cacaccgccc cagggtgagg ttgacgccga ctgcatggac 360 
gtcaatgtcc gcgggcctga tggcttcacc ccgctcatga tcgcctcctg cagcgggggc 420 
ggcctggaga cgggcaacag cgaggaagag gaggacgcgc cggccgtcat ctccgacttc 480 
atctaccagg gcgccagcct gcacaaccag acagaccgca cgggcgagac cgccttgcac 540 
ctggccgccc gctactcacg ctctgatgcc gccaagcgcc tgctggaggc cagcgcagat 600 
gccaacatcc aggacaacat gggccgcacc ccgctgcatg cggctgtgtc tgccgacgca 660 
caaggtgtct tccagatcct gatccggaac cgagccacag acctggatgc ccgcatgcat 720 
gatggcacga cgccactgat cctggctgcc cgcctggccg tggagggcat gctggaggac 780 
ctcatcaact cacacgccga cgtcaacgcc gtagatgacc tgggcaagtc cgccctgcac 840 
tgggccgccg ccgtgaacaa tgtggatgcc gcagttgtgc tcctgaagaa cggggctaac 900 
aaagatatgc agaacaacag ggaggagaca cccctgtttc tggccgcccg ggagggcagc 960 
tacgagaccg ccaaggtgct gctggaccac tttgccaacc gggacatcac ggatcatatg 1020 
gaccgcctgc cgcgcgacat cgcacaggag cgcatgcatc acgacatcgt gaggctgctg 1080 
gacgagtaca acctggtgcg cagcccgcag ctgcacggag ccccgctggg gggcacgccc 1140 
accctgtcgc ccccgctctg ctcgcccaac ggctacctgg gcagcctcaa gcccggcgtg 1200 
cagggcaaga aggtccgcaa gcccagcagc aaaggcctgg cctgtggaag caaggaggcc 1260 
aaggacctca aggcacggag gaagaagtcc caggacggca agggctgcct gctggacagc 1320 
tccggcatgc tctcgcccgt ggactccctg gagtcacccc atggctacct gtcagacgtg 1380 
gcctcgccgc cactgctgcc ctccccgttc cagcagtctc cgtccgtgcc cctcaaccac 1440 
ctgcctggga tgcccgacac ccacctgggc atcgggcacc tgaacgtggc ggccaagccc 1500 
gagatggcgg cgctgggtgg gggcggccgg ctggcctttg agactggccc acctcgtctc 1560 
tcccacctgc ctgtggcctc tggcaccagc accgtcctgg gctccagcag cggaggggcc 1620 
ctgaatttca ctgtgggcgg gtccaccagt ttgaatggtc aatgcgagtg gctgtcccgg 1680 
ctgcagagcg gcatggtgcc gaaccaatac aaccctctgc gggggagtgt ggcaccaggc 1740 
cccctgagca cacaggcccc ctccctgcag catggcatgg taggcccgct gcacagtagc 1800 
cttgctgcca gcgccctgtc ccagatgatg agctaccagg gcctgcccag cacccggctg 1860 
gccacccagc ctcacctggt gcagacccag caggtgcagc cacaaaactt acagatgcag 1920 
cagcagaacc tgcagccagc aaacatccag cagcagcaaa gcctgcagcc gccaccacca 1980 
ccaccacagc cgcaccttgg cgtgagctca gcagccagcg gccacctggg ccggagcttc 2040 
ctgagtggag agccgagcca ggcagacgtg cagccactgg gccccagcag cctggcggtg 2100 
cacactattc tgccccagga gagccccgcc ctgcccacgt cgctgccatc ctcgctggtc 2160 
ccacccgtga ccgcagccca gttcctgacg cccccctcgc agcacagcta ctcctcgcct 2220 
gtggacaaca cccccagcca ccagctacag gtgcctgagc accccttcct caccccgtcc 2280 
cctgagtccc ctgaccagtg gtccagctcg tccccgcatt ccaacgtctc cgactggtcc 2340 
gagggcgtct ccagccctcc caccagcatg cagtcccaga tcgcccgcat tccggaggcc 2400 
ttcaagtaa 2409 
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SEQUENCE, 2 
gtgctgctgt cccgcaagcg ccggcggcag catggccagc tctggttccc tgagggcttc 60 
aaagtgtctg aggccagcaa gaagaagcgg cgggagcccc tcggcgagga ctccgtgggc 120 
ctcaagcccc tgaagaacgc ttcagacggt gccctcatgg acgacaacca gaatgagtgg 180 
ggggacgagg acctggagac caagaagttc cggttcgagg agcccgtggt tctgcctgac 240 
ctggacgacc agacagacca ccggcagtgg actcagcagc acctggatgc cgctgacctg 300 
cgcatgtctg ccatggcccc cacaccgccc cagggtgagg ttgacgccga ctgcatggac 360 
gtcaatgtcc gcgggcctga tggcttcacc ccgctcatga tcgcctcctg cagcgggggc 420 
ggcctggaga cgggcaacag cgaggaagag gaggacgcgc cggccgtcat ctccgacttc 480 
atctaccagg gcgccagcct gcacaaccag acagaccgca cgggcgagac cgccttgcac 540 
ctggccgccc gctactcacg ctctgatgcc gccaagcgcc tgctggaggc cagcgcagat 600 
gccaacatcc aggacaacat gggccgcacc ccgctgcatg cggctgtgtc tgccgacgca 660 
caaggtgtct tccagatcct gatccggaac cgagccacag acctggatgc ccgcatgcat 720 
gatggcacga cgccactgat cctggctgcc cgcctggccg tggagggcat gctggaggac 780 
ctcatcaact cacacgccga cgtcaacgcc gtagatgacc tgggcaagtc cgccctgcac 840 
tgggccgccg ccgtgaacaa tgtggatgcc gcagttgtgc tcctgaagaa cggggctaac 900 
aaagatatgc agaacaacag ggaggagaca cccctgtttc tggccgcccg ggagggcagc 960 
tacgagaccg ccaaggtgct gctggaccac tttgccaacc gggacatcac ggatcatatg 1020 
gaccgcctgc cgcgcgacat cgcacaggag cgcatgcatc acgacatcgt gaggctgctg 1080 
gacgagtaca acctggtgcg cagcccgcag ctgcacggag ccccgctggg gggcacgccc 1140 
accctgtcgc ccccgctctg ctcgcccaac ggctacctgg gcagcctcaa gcccggcgtg 1200 
cagggcaaga aggtccgcaa gcccagcagc aaaggcctgg cctgtggaag caaggaggcc 1260 
aaggacctca aggcacggag gaagaagtcc caggatggca agggctgcct gctggacagc 1320 
tccggcatgc tctcgcccgt ggactccctg gagtcacccc atggctacct gtcagacgtg 1380 
gcctcgccgc cactgctgcc ctccccgttc cagcagtctc cgtccgtgcc cctcaaccac 1440 
ctgcctggga tgcccgacac ccacctgggc atcgggcacc tgaacgtggc ggccaagccc 1500 
gagatggcgg cgctgggtgg gggcggccgg ctggcctttg agactggccc acctcgtctc 1560 
tcccacctgc ctgtggcctc tggcaccagc accgtcctgg gctccagcag cggaggggcc 1620 
ctgaatttca ctgtgggcgg gtccaccagt ttgaatggtc aatgcgagtg gctgtcccgg 1680 
ctgcagagcg gcatggtgcc gaaccaatac aaccctctgc gggggagtgt ggcaccaggc 1740 
cccctgagca cacaggcccc ctccctgcag catggcatgg taggcccgct gcacagtagc 1800 
cttgctgcca gcgccctgtc ccagatgatg agctaccagg gcctgcccag cacccggctg 1860 
gccacccagc ctcacctggt gcagacccag caggtgcagc cacaaaactt acagatgcag 1920 
cagcagaacc tgcagccagc aaacatccag cagcagcaaa gcctgcagcc gccaccacca 1980 
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ccaccacagc cgcaccttgg cgtgagctca gcagccagcg gccacctggg ccggagcttc 2040 
ctgagtggag agccgagcca ggcagacgtg cagccactgg gccccagcag cctggcggtg 2100 
cacactattc tgccccagga gagccccgcc ctgcccacgt cgctgccatc ctcgctggtc 2160 
ccacccgtga ccgcagccca gttcctgacg cccccctcgc agcacagcta ctcctcgcct 2220 
gtggacaaca cccccagcca ccagctacag gtgcctgagc accccttcct caccccgtcc 2280 
cctgagtccc ctgaccagtg gtccagctcg tccccgcatt ccaacgtctc cgactggtcc 2340 
gagggcgtct ccagccctcc caccagcatg cagtcccaga tcgcccgcat tccggaggcc 2400 
ttcaagtaa 2409 

SEQ ID NO, 3 moltype = AA length 802 
FEATURE Location/Qualifiers 
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mol type protein 
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SEQUENCE, 3 
VLLSRKRRRQ HGQLWFPEGF KVSEASKKKR REPLGEDSVG LKPLKNASDG ALMDDNQNEW 60 
GDEDLETKKF RFEEPVVLPD LDDQTDHRQW TQQHLDAADL RMSAMAPTPP QGEVDADCMD 120 
VNVRGPDGFT PLMIASCSGG GLETGNSEEE EDAPAVISDF IYQGASLHNQ TDRTGETALH 180 
LAARYSRSDA AKRLLEASAD ANIQDNMGRT PLHAAVSADA QGVFQILIRN RATDLDARMH 240 
DGTTPLILAA RLAVEGMLED LINSHADVNA VDDLGKSALH WAAAVNNVDA AWLLKNGAN 300 
KDMQNNREET PLFLAAREGS YETAKVLLDH FANRDITDHM DRLPRDIAQE RMHHDIVRLL 360 
DEYNLVRSPQ LHGAPLGGTP TLSPPLCSPN GYLGSLKPGV QGKKVRKPSS KGLACGSKEA 420 
KDLKARRKKS QDGKGCLLDS SGMLSPVDSL ESPHGYLSDV ASPPLLPSPF QQSPSVPLNH 480 
LPGMPDTHLG IGHLNVAAKP EMAALGGGGR LAFETGPPRL SHLPVASGTS TVLGSSSGGA 540 
LNFTVGGSTS LNGQCEWLSR LQSGMVPNQY NPLRGSVAPG PLSTQAPSLQ HGMVGPLHSS 600 
LAASALSQMM SYQGLPSTRL ATQPHLVQTQ QVQPQNLQMQ QQNLQPANIQ QQQSLQPPPP 660 
PPQPHLGVSS AASGHLGRSF LSGEPSQADV QPLGPSSLAV HTILPQESPA LPTSLPSSLV 720 
PPVTAAQFLT PPSQHSYSSP VDNTPSHQLQ VPEHPFLTPS PESPDQWSSS SPHSNVSDWS 780 
EGVSSPPTSM QSQIARIPEA FK 802 

SEQ ID NO, 4 moltype = DNA length 5616 
FEATURE Location/Qualifiers 
source 1. . 5616 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 4 
gagtttactc cctatcagtg atagagaacg tatgaagagt ttactcccta tcagtgatag 60 
agaacgtatg cagactttac tccctatcag tgatagagaa cgtataagga gtttactccc 120 
tatcagtgat agagaacgta tgaccagttt actccctatc agtgatagag aacgtatcta 180 
cagtttactc cctatcagtg atagagaacg tatatccagt ttactcccta tcagtgatag 240 
agaacgtata agctttaggc gtgtacggtg ggcgcctata aaagcagagc tcgtttagtg 300 
aaccgtcaga tcgcctggag caattccaca acacttttgt cttataccaa ctttccgtac 360 
cacttcctac cctcgtaaag gtctagagct agctgtcgtg aggaatttcg acatttaaat 420 
ttaattaagc caccatggtg ctgctgtccc gcaagcgccg gcggcagcat ggccagctct 480 
ggttccctga gggcttcaaa gtgtctgagg ccagcaagaa gaagcggcgg gagcccctcg 540 
gcgaggactc cgtgggcctc aagcccctga agaacgcttc agacggtgcc ctcatggacg 600 
acaaccagaa tgagtggggg gacgaggacc tggagaccaa gaagttccgg ttcgaggagc 660 
ccgtggttct gcctgacctg gacgaccaga cagaccaccg gcagtggact cagcagcacc 720 
tggatgccgc tgacctgcgc atgtctgcca tggcccccac accgccccag ggtgaggttg 780 
acgccgactg catggacgtc aatgtccgcg ggcctgatgg cttcaccccg ctcatgatcg 840 
cctcctgcag cgggggcggc ctggagacgg gcaacagcga ggaagaggag gacgcgccgg 900 
ccgtcatctc cgacttcatc taccagggcg ccagcctgca caaccagaca gaccgcacgg 960 
gcgagaccgc cttgcacctg gccgcccgct actcacgctc tgatgccgcc aagcgcctgc 1020 
tggaggccag cgcagatgcc aacatccagg acaacatggg ccgcaccccg ctgcatgcgg 1080 
ctgtgtctgc cgacgcacaa ggtgtcttcc agatcctgat ccggaaccga gccacagacc 1140 
tggatgcccg catgcatgat ggcacgacgc cactgatcct ggctgcccgc ctggccgtgg 1200 
agggcatgct ggaggacctc atcaactcac acgccgacgt caacgccgta gatgacctgg 1260 
gcaagtccgc cctgcactgg gccgccgccg tgaacaatgt ggatgccgca gttgtgctcc 1320 
tgaagaacgg ggctaacaaa gatatgcaga acaacaggga ggagacaccc ctgtttctgg 1380 
ccgcccggga gggcagctac gagaccgcca aggtgctgct ggaccacttt gccaaccggg 1440 
acatcacgga tcatatggac cgcctgccgc gcgacatcgc acaggagcgc atgcatcacg 1500 
acatcgtgag gctgctggac gagtacaacc tggtgcgcag cccgcagctg cacggagccc 1560 
cgctgggggg cacgcccacc ctgtcgcccc cgctctgctc gcccaacggc tacctgggca 1620 
gcctcaagcc cggcgtgcag ggcaagaagg tccgcaagcc cagcagcaaa ggcctggcct 1680 
gtggaagcaa ggaggccaag gacctcaagg cacggaggaa gaagtcccag gatggcaagg 1740 
gctgcctgct ggacagctcc ggcatgctct cgcccgtgga ctccctggag tcaccccatg 1800 
gctacctgtc agacgtggcc tcgccgccac tgctgccctc cccgttccag cagtctccgt 1860 
ccgtgcccct caaccacctg cctgggatgc ccgacaccca cctgggcatc gggcacctga 1920 
acgtggcggc caagcccgag atggcggcgc tgggtggggg cggccggctg gcctttgaga 1980 
ctggcccacc tcgtctctcc cacctgcctg tggcctctgg caccagcacc gtcctgggct 2040 
ccagcagcgg aggggccctg aatttcactg tgggcgggtc caccagtttg aatggtcaat 2100 
gcgagtggct gtcccggctg cagagcggca tggtgccgaa ccaatacaac cctctgcggg 2160 
ggagtgtggc accaggcccc ctgagcacac aggccccctc cctgcagcat ggcatggtag 2220 
gcccgctgca cagtagcctt gctgccagcg ccctgtccca gatgatgagc taccagggcc 2280 
tgcccagcac ccggctggcc acccagcctc acctggtgca gacccagcag gtgcagccac 2340 
aaaacttaca gatgcagcag cagaacctgc agccagcaaa catccagcag cagcaaagcc 2400 
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tgcagccgcc accaccacca ccacagccgc accttggcgt gagctcagca gccagcggcc 2460 
acctgggccg gagcttcctg agtggagagc cgagccaggc agacgtgcag ccactgggcc 2520 
ccagcagcct ggcggtgcac actattctgc cccaggagag ccccgccctg cccacgtcgc 2580 
tgccatcctc gctggtccca cccgtgaccg cagcccagtt cctgacgccc ccctcgcagc 2640 
acagctactc ctcgcctgtg gacaacaccc ccagccacca gctacaggtg cctgagcacc 2700 
ccttcctcac cccgtcccct gagtcccctg accagtggtc cagctcgtcc ccgcattcca 2760 
acgtctccga ctggtccgag ggcgtctcca gccctcccac cagcatgcag tcccagatcg 2820 
cccgcattcc ggaggccttc aagtaattaa ttaatctcga cggtatcggt taacttttaa 2880 
aagaaaaggg ggaccggtta gtaatgagtt taaacggggg aggctaactg aaacacggaa 2940 
ggagacaata ccggaaggaa cccgcgctat gacggcaata aaaagacaga ataaaacgca 3000 
cgggtgttgg gtcgtttgtt cataaacgcg gggttcggtc ccagggctgg cactctgtcg 3060 
ataccccacc gagaccccat tggggccaat acgcccgcgt ttcttccttt tccccacccc 3120 
accccccaag ttcgggtgaa ggcccagggc tcgcagccaa cgtcggggcg gcaggccctg 3180 
ccatagcaga tctgcgaaat cggatccagc taaatctaag tggatctgcg atcgctccgg 3240 
tgcccgtcag tgggcagagc gcacatcgcc cacagtcccc gagaagttgg ggggaggggt 3300 
cggcaattga acgggtgcct agagaaggtg gcgcggggta aactgggaaa gtgatgtcgt 3360 
gtactggctc cgcctttttc ccgagggtgg gggagaaccg tatataagtg cagtagtcgc 3420 
cgtgaacgtt ctttttcgca acgggtttgc cgccagaaca cagctgaagc ttcgaggggc 3480 
tcgcatctct ccttcacgcg cccgccgccc tacctgaggc cgccatccac gccggttgag 3540 
tcgcgttctg ccgcctcccg cctgtggtgc ctcctgaact gcgtccgccg tctaggtaag 3600 
tttaaagctc aggtcgagac cgggcctttg tccggcgctc ccttggagcc tacctagact 3660 
cagccggctc tccacgcttt gcctgaccct gcttgctcaa ctctacgtct ttgtttcgtt 3720 
ttctgttctg cgccgttaca gatccaagct gtgaccggcg cctactctag agccgccatg 3780 
tctagactgg acaagagcaa agtcataaac tctgctctgg aattactcaa tggagtcggt 3840 
atcgaaggcc tgacgacaag gaaactcgct caaaagctgg gagttgagca gcctaccctg 3900 
tactggcacg tgaagaacaa gcgggccctg ctcgatgccc tgccaatcga gatgctggac 3960 
aggcatcata cccactcctg ccccctggaa ggcgagtcat ggcaagactt tctgcggaac 4020 
aacgccaagt cataccgctg tgctctcctc tcacatcgcg acggggctaa agtgcatctc 4080 
ggcacccgcc caacagagaa acagtacgaa accctggaaa atcagctcgc gttcctgtgt 4140 
cagcaaggct tctccctgga gaacgcactg tacgctctgt ccgccgtggg ccactttaca 4200 
ctgggctgcg tattggagga acaggagcat caagtagcaa aagaggaaag agagacacct 4260 
accaccgatt ctatgccccc acttctgaaa caagcaattg agctgttcga ccggcaggga 4320 
gccgaacctg ccttcctttt cggcctggaa ctaatcatat gtggcctgga gaaacagcta 4380 
aagtgcgaaa gcggcgggcc gaccgacgcc cttgacgatt ttgacttaga catgctccca 4440 
gccgatgccc ttgacgactt tgaccttgat atgctgcctg ctgacgctct tgacgatttt 4500 
gaccttgaca tgctccccgg ggagggcaga ggaagtcttc taacatgcgg tgacgtggag 4560 
gagaatcccg gccctgaatt catggataga tccggaaagc ctgaactcac cgcgacgtct 4620 
gtcgagaagt ttctgatcga aaagttcgac agcgtctccg acctgatgca gctctcggag 4680 
ggcgaagaat ctcgtgcttt cagcttcgat gtaggagggc gtggatatgt cctgcgggta 4740 
aatagctgcg ccgatggttt ctacaaagat cgttatgttt atcggcactt tgcatcggcc 4800 
gcgctcccga ttccggaagt gcttgacatt ggggaattca gcgagagcct gacctattgc 4860 
atctcccgcc gtgcacaggg tgtcacgttg caagacctgc ctgaaaccga actgcccgct 4920 
gttctgcagc cggtcgcgga ggccatggat gcgatcgctg cggccgatct tagccagacg 4980 
agcgggttcg gcccattcgg accgcaagga atcggtcaat acactacatg gcgtgatttc 5040 
atatgcgcga ttgctgatcc ccatgtgtat cactggcaaa ctgtgatgga cgacaccgtc 5100 
agtgcgtccg tcgcgcaggc tctcgatgag ctgatgcttt gggccgagga ctgccccgaa 5160 
gtccggcacc tcgtgcacgc ggatttcggc tccaacaatg tcctgacgga caatggccgc 5220 
ataacagcgg tcattgactg gagcgaggcg atgttcgggg attcccaata cgaggtcgcc 5280 
aacatcttct tctggaggcc gtggttggct tgtatggagc agcagacgcg ctacttcgag 5340 
cggaggcatc cggagcttgc aggatcgccg cggctccggg cgtatatgct ccgcattggt 5400 
cttgaccaac tctatcagag cttggttgac ggcaatttcg atgatgcagc ttgggcgcag 5460 
ggtcgatgcg acgcaatcgt ccgatccgga gccgggactg tcgggcgtac acaaatcgcc 5520 
cgcagaagcg cggccgtctg gaccgatggc tgtgtagaag tactcgccga tagtggaaac 5580 
cgacgcccca gcactcgtcc gagggcaaag gaatag 5616 

SEQ ID NO, 5 moltype = DNA length 11078 
FEATURE Location/Qualifiers 
source 1. .11078 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 5 
ttggaagggc taattcactc ccaaagaaga caagatatcc ttgatctgtg gatctaccac 60 
acacaaggct acttccctga ttagcagaac tacacaccag ggccaggggt cagatatcca 120 
ctgacctttg gatggtgcta caagctagta ccagttgagc cagataaggt agaagaggcc 180 
aataaaggag agaacaccag cttgttacac cctgtgagcc tgcatgggat ggatgacccg 240 
gagagagaag tgttagagtg gaggtttgac agccgcctag catttcatca cgtggcccga 300 
gagctgcatc cggagtactt caagaactgc tgatatcgag cttgctacaa gggactttcc 360 
gctggggact ttccagggag gcgtggcctg ggcgggactg gggagtggcg agccctcaga 420 
tcctgcatat aagcagctgc tttttgcctg tactgggtct ctctggttag accagatctg 480 
agcctgggag ctctctggct aactagggaa cccactgctt aagcctcaat aaagcttgcc 540 
ttgagtgctt caagtagtgt gtgcccgtct gttgtgtgac tctggtaact agagatccct 600 
cagacccttt tagtcagtgt ggaaaatctc tagcagtggc gcccgaacag ggacttgaaa 660 
gcgaaaggga aaccagagga gctctctcga cgcaggactc ggcttgctga agcgcgcacg 720 
gcaagaggcg aggggcggcg actggtgagt acgccaaaaa ttttgactag cggaggctag 780 
aaggagagag atgggtgcga gagcgtcagt attaagcggg ggagaattag atcgcgatgg 840 
gaaaaaattc ggttaaggcc agggggaaag aaaaaatata aattaaaaca tatagtatgg 900 
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gcaagcaggg agctagaacg attcgcagtt aatcctggcc tgttagaaac atcagaaggc 960 
tgtagacaaa tactgggaca gctacaacca tcccttcaga caggatcaga agaacttaga 1020 
teat ta ta ta atacagtagc aaccctctat tgtgtgcatc aaaggataga gataaaagac 1080 
accaaggaag ctttagacaa gatagaggaa gagcaaaaca aaagtaagac caccgcacag 1140 
caagcggccg ctgatcttca gacctggagg aggagatatg agggacaatt ggagaagtga 1200 
attatataaa tataaagtag taaaaattga accattagga gtagcaccca ccaaggcaaa 1260 
gagaagagtg gtgcagagag aaaaaagagc agtgggaata ggagctttgt tccttgggtt 1320 
cttgggagca gcaggaagca ctatgggcgc agcgtcaatg acgctgacgg tacaggccag 1380 
acaattattg tctggtatag tgcagcagca gaacaatttg ctgagggcta ttgaggcgca 1440 
acagcatctg ttgcaactca cagtctgggg catcaagcag ctccaggcaa gaatcctggc 1500 
tgtggaaaga tacctaaagg atcaacagct cctggggatt tggggttgct ctggaaaact 1560 
catttgcacc actgctgtgc cttggaatgc tagttggagt aataaatctc tggaacagat 1620 
ttggaatcac acgacctgga tggagtggga cagagaaatt aacaattaca caagcttaat 1680 
acactcctta attgaagaat cgcaaaacca gcaagaaaag aatgaacaag aattattgga 1740 
attagataaa tgggcaagtt tgtggaattg gtttaacata acaaattggc tgtggtatat 1800 
aaaattattc ataatgatag taggaggctt ggtaggttta agaatagttt ttgctgtact 1860 
ttctatagtg aatagagtta ggcagggata ttcaccatta tcgtttcaga cccacctccc 1920 
aaccccgagg ggacccgaca ggcccgaagg aatagaagaa gaaggtggag agagagacag 1980 
agacagatcc attcgattag tgaacggatc tcgacggtat cgatgtcgac gataagcttt 2040 
gcaaagatgg ataaagtttt aaacagagag gaatctttgc agctaatgga ccttctaggt 2100 
cttgaaagga gtgggaattg gctccggtgc ccgtcagtgg gcagagcgca catcgcccac 2160 
agtccccgag aagttggggg gaggggtcgg caattgaacc ggtgcctaga gaaggtggcg 2220 
cggggtaaac tgggaaagtg atgtcgtgta ctggctccgc ctttttcccg agggtggggg 2280 
agaaccgtat ataagtgcag tagtcgccgt gaacgttctt tttcgcaacg ggtttgccgc 2340 
cagaacacag gtaagtgccg tgtgtggttc ccgcgggcct ggcctcttta cgggttatgg 2400 
cccttgcgtg ccttgaatta cttccactgg ctgcagtacg tgattcttga tcccgagctt 2460 
cgggttggaa gtgggtggga gagttcgagg ccttgcgctt aaggagcccc ttcgcctcgt 2520 
gcttgagttg aggcctggcc tgggcgctgg ggccgccgcg tgcgaatctg gtggcacctt 2580 
cgcgcctgtc tcgctgcttt cgataagtct ctagccattt aaaatttttg atgacctgct 2640 
gcgacgcttt ttttctggca agatagtctt gtaaatgcgg gccaagatct gcacactggt 2700 
atttcggttt ttggggccgc gggcggcgac ggggcccgtg cgtcccagcg cacatgttcg 2760 
gcgaggcggg gcctgcgagc gcggccaccg agaatcggac gggggtagtc tcaagctggc 2820 
cggcctgctc tggtgcctgg cctcgcgccg ccgtgtatcg ccccgccctg ggcggcaagg 2880 
ctggcccggt cggcaccagt tgcgtgagcg gaaagatggc cgcttcccgg ccctgctgca 2940 
gggagctcaa aatggaggac gcggcgctcg ggagagcggg cgggtgagtc acccacacaa 3000 
aggaaaaggg cctttccgtc ctcagccgtc gcttcatgtg actccacgga gtaccgggcg 3060 
ccgtccaggc acctcgatta gttctcgagc ttttggagta cgtcgtcttt aggttggggg 3120 
gaggggtttt atgcgatgga gtttccccac actgagtggg tggagactga agttaggcca 3180 
gcttggcact tgatgtaatt ctccttggaa tttgcccttt ttgagtttgg atcttggttc 3240 
attctcaagc ctcagacagt ggttcaaagt ttttttcttc catttcaggt gtcgtgagga 3300 
atttcgacat ttaaatttaa ttaatctcga cggtatcggt taacttttaa aagaaaaggg 3360 
gggattgggg ggtacagtgc aggggaaaga atagtagaca taatagcaac agacatacaa 3420 
actaaagaat tacaaaaaca aattacaaaa attcaaaatt ttatcgatca cgagactagc 3480 
ctcgaggttt aaactacggg ctgcaggaat tccgcccccc cccccctaac gttactggcc 3540 
gaagccgctt ggaataaggc cggtgtgcgt ttgtctatat gttattttcc accatattgc 3600 
cgtcttttgg caatgtgagg gcccggaaac ctggccctgt cttcttgacg agcattccta 3660 
ggggtctttc ccctctcgcc aaaggaatgc aaggtctgtt gaatgtcgtg aaggaagcag 3720 
ttcctctgga agcttcttga agacaaacaa cgtctgtagc gaccctttgc aggcagcgga 3780 
accccccacc tggcgacagg tgcctctgcg gccaaaagcc acgtgtataa gatacacctg 3840 
caaaggcggc acaaccccag tgccacgttg tgagttggat agttgtggaa agagtcaaat 3900 
ggctctcctc aagcgtattc aacaaggggc tgaaggatgc ccagaaggta ccccattgta 3960 
tgggatctga tctggggcct cggtgcacat gctttacatg tgtttagtcg aggttaaaaa 4020 
acgtctaggc cccccgaacc acggggacgt ggttttcctt tgaaaaacac gatgataata 4080 
ccatggtgag caagggcgag gagctgttca ccggggtggt gcccatcctg gtcgagctgg 4140 
acggcgacgt aaacggccac aagttcagcg tgtccggcga gggcgagggc gatgccacct 4200 
acggcaagct gaccctgaag ttcatctgca ccaccggcaa gctgcccgtg ccctggccca 4260 
ccctcgtgac caccctgacc tacggcgtgc agtgcttcag ccgctacccc gaccacatga 4320 
agcagcacga cttcttcaag tccgccatgc ccgaaggcta cgtccaggag cgcaccatct 4380 
tcttcaagga cgacggcaac tacaagaccc gcgccgaggt gaagttcgag ggcgacaccc 4440 
tggtgaaccg catcgagctg aagggcatcg acttcaagga ggacggcaac atcctggggc 4500 
acaagctgga gtacaactac aacagccaca acgtctatat catggccgac aagcagaaga 4560 
acggcatcaa ggtgaacttc aagatccgcc acaacatcga ggacggcagc gtgcagctcg 4620 
ccgaccacta ccagcagaac acccccatcg gcgacggccc cgtgctgctg cccgacaacc 4680 
actacctgag cacccagtcc gccctgagca aagaccccaa cgagaagcgc gatcacatgg 4740 
tcctgctgga gttcgtgacc gccgccggga tcactctcgg catggacgag ctgtacaagt 4800 
ccggactcag atctcgacta gctagtagct agctagctag tcgagctcaa gcttcgaatt 4860 
cgatatcaag cttatcgcga taccgtcgac ctcgagggaa ttccgataat caacctctgg 4920 
attacaaaat ttgtgaaaga ttgactggta ttcttaacta tgttgctcct tttacgctat 4980 
gtggatacgc tgctttaatg cctttgtatc atgctattgc ttcccgtatg gctttcattt 5040 
tctcctcctt gtataaatcc tggttgctgt ctctttatga ggagttgtgg cccgttgtca 5100 
ggcaacgtgg cgtggtgtgc actgtgtttg ctgacgcaac ccccactggt tggggcattg 5160 
ccaccacctg tcagctcctt tccgggactt tcgctttccc cctccctatt gccacggcgg 5220 
aactcatcgc cgcctgcctt gcccgctgct ggacaggggc tcggctgttg ggcactgaca 5280 
attccgtggt gttgtcgggg aagctgacgt cctttccatg gctgctcgcc tgtgttgcca 5340 
cctggattct gcgcgggacg tccttctgct acgtcccttc ggccctcaat ccagcggacc 5400 
ttccttcccg cggcctgctg ccggctctgc ggcctcttcc gcgtcttcgc cttcgccctc 5460 
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agacgagtcg gatctccctt tgggccgcct ccccgcatcg ggaattcgag ctcggtacct 5520 
ttaagaccaa tgacttacaa ggcagctgta gatcttagcc actttttaaa agaaaagggg 5580 
ggactggaag ggctaattca ctcccaacga agacaagatg ggatcaattc accatgggaa 5640 
taacttcgta tagcatacat tatacgaagt tatgctgctt tttgcttgta ctgggtctct 5700 
ctggttagac cagatctgag cctgggagct ctctggctaa ctagggaacc cactgcttaa 5760 
gcctcaataa agcttgcctt gagtgcttca agtagtgtgt gcccgtctgt tgtgtgactc 5820 
tggtaactag agatccctca gaccctttta gtcagtgtgg aaaatctcta gcagcatcta 5880 
gaattaattc cgtgtattct atagtgtcac ctaaatcgta tgtgtatgat acataaggtt 5940 
atgtattaat tgtagccgcg ttctaacgac aatatgtaca agcctaattg tgtagcatct 6000 
ggcttactga agcagaccct atcatctctc tcgtaaactg ccgtcagagt cggtttggtt 6060 
ggacgaacct tctgagtttc tggtaacgcc gtcccgcacc cggaaatggt cagcgaacca 6120 
atcagcaggg tcatcgctag ccagatcctc tacgccggac gcatcgtggc cggcatcacc 6180 
ggcgccacag gtgcggttgc tggcgcctat atcgccgaca tcaccgatgg ggaagatcgg 6240 
gctcgccact tcgggctcat gagcgcttgt ttcggcgtgg gtatggtggc aggccccgtg 6300 
gccgggggac tgttgggcgc catctccttg catgcaccat tccttgcggc ggcggtgctc 6360 
aacggcctca ace tac tact gggctgcttc ctaatgcagg agtcgcataa gggagagcgt 6420 
cgaatggtgc actctcagta caatctgctc tgatgccgca tagttaagcc agccccgaca 6480 
cccgccaaca cccgctgacg cgccctgacg ggcttgtctg ctcccggcat ccgcttacag 6540 
acaagctgtg accgtctccg ggagctgcat gtgtcagagg ttttcaccgt catcaccgaa 6600 
acgcgcgaga cgaaagggcc tcgtgatacg cctattttta taggttaatg tcatgataat 6660 
aatggtttct tagacgtcag gtggcacttt tcggggaaat gtgcgcggaa cccctatttg 6720 
tttatttttc taaatacatt caaatatgta tccgctcatg agacaataac cctgataaat 6780 
gcttcaataa tattgaaaaa ggaagagtat gagtattcaa catttccgtg tcgcccttat 6840 
tccctttttt gcggcatttt gccttcctgt ttttgctcac ccagaaacgc tggtgaaagt 6900 
aaaagatgct gaagatcagt tgggtgcacg agtgggttac atcgaactgg atctcaacag 6960 
cggtaagatc cttgagagtt ttcgccccga agaacgtttt ccaatgatga gcacttttaa 7020 
agttctgcta tgtggcgcgg tattatcccg tattgacgcc gggcaagagc aactcggtcg 7080 
ccgcatacac tattctcaga atgacttggt tgagtactca ccagtcacag aaaagcatct 7140 
tacggatggc atgacagtaa gagaattatg cagtgctgcc ataaccatga gtgataacac 7200 
tgcggccaac ttacttctga caacgatcgg aggaccgaag gagctaaccg cttttttgca 7260 
caacatgggg gatcatgtaa ctcgccttga tcgttgggaa ccggagctga atgaagccat 7320 
accaaacgac gagcgtgaca ccacgatgcc tgtagcaatg gcaacaacgt tgcgcaaact 7380 
attaactggc gaactactta ctctagcttc ccggcaacaa ttaatagact ggatggaggc 7440 
ggataaagtt gcaggaccac ttctgcgctc ggcccttccg gctggctggt ttattgctga 7500 
taaatctgga gccggtgagc gtgggtctcg cggtatcatt gcagcactgg ggccagatgg 7560 
taagccctcc cgtatcgtag ttatctacac gacggggagt caggcaacta tggatgaacg 7620 
aaatagacag atcgctgaga taggtgcctc actgattaag cattggtaac tgtcagacca 7680 
agtttactca tatatacttt agattgattt aaaacttcat ttttaattta aaaggatcta 7740 
ggtgaagatc ctttttgata atctcatgac caaaatccct taacgtgagt tttcgttcca 7800 
ctgagcgtca gaccccgtag aaaagatcaa aggatcttct tgagatcctt tttttctgcg 7860 
cgtaatctgc tgcttgcaaa caaaaaaacc accgctacca gcggtggttt gtttgccgga 7920 
tcaagagcta ccaactcttt ttccgaaggt aactggcttc agcagagcgc agataccaaa 7980 
tactgtcctt ctagtgtagc cgtagttagg ccaccacttc aagaactctg tagcaccgcc 8040 
tacatacctc gctctgctaa tcctgttacc agtggctgct gccagtggcg ataagtcgtg 8100 
tcttaccggg ttggactcaa gacgatagtt accggataag gcgcagcggt cgggctgaac 8160 
ggggggttcg tgcacacagc ccagcttgga gcgaacgacc tacaccgaac tgagatacct 8220 
acagcgtgag cattgagaaa gcgccacgct tcccgaaggg agaaaggcgg acaggtatcc 8280 
ggtaagcggc agggtcggaa caggagagcg cacgagggag cttccagggg gaaacgcctg 8340 
gtatctttat agtcctgtcg ggtttcgcca cctctgactt gagcgtcgat ttttgtgatg 8400 
ctcgtcaggg gggcggagcc tatggaaaaa cgccagcaac gcggcctttt tacggttcct 8460 
ggccttttgc tggccttttg ctcacatgtt ctttcctgcg ttatcccctg attctgtgga 8520 
taaccgtatt accgcctttg agtgagctga taccgctcgc cgcagccgaa cgaccgagcg 8580 
cagcgagtca gtgagcgagg aagcggaaga gcgcccaata cgcaaaccgc ctctccccgc 8640 
gcgttggccg attcattaat gcagctgtgg aatgtgtgtc agttagggtg tggaaagtcc 8700 
ccaggctccc cagcaggcag aagtatgcaa agcatgcatc tcaattagtc agcaaccagg 8760 
tgtggaaagt ccccaggctc cccagcaggc agaagtatgc aaagcatgca tctcaattag 8820 
tcagcaacca tagtcccgcc cctaactccg cccatcccgc ccctaactcc gcccagttcc 8880 
gcccattctc cgccccatgg ctgactaatt ttttttattt atgcagaggc cgaggccgcc 8940 
tcggcctctg agctattcca gaagtagtga ggaggctttt ttggaggcct aggcttttgc 9000 
aaaaagcttg gacacaagac aggcttgcga gatatgtttg agaataccac tttatcccgc 9060 
gtcagggaga ggcagtgcgt aaaaagacgc ggactcatgt gaaatactgg tttttagtgc 9120 
gccagatctc tataatctcg cgcaacctat tttcccctcg aacacttttt aagccgtaga 9180 
taaacaggct gggacacttc acatgagcga aaaatacatc gtcacctggg acatgttgca 9240 
gatccatgca cgtaaactcg caagccgact gatgccttct gaacaatgga aaggcattat 9300 
tgccgtaagc cgtggcggtc tgtaccgggt gcgttactgg cgcgtgaact gggtattcgt 9360 
catgtcgata ccgtttgtat ttccagctac gatcacgaca accagcgcga gcttaaagtg 9420 
ctgaaacgcg cagaaggcga tggcgaaggc ttcatcgtta ttgatgacct ggtggatacc 9480 
ggtggtactg cggttgcgat tcgtgaaatg tatccaaaag cgcactttgt caccatcttc 9540 
gcaaaaccgg ctggtcgtcc gctggttgat gactatgttg ttgatatccc gcaagatacc 9600 
tggattgaac agccgtggga tatgggcgtc gtattcgtcc cgccaatctc cggtcgctaa 9660 
tcttttcaac gcctggcact gccgggcgtt gttcttttta acttcaggcg ggttacaata 9720 
gtttccagta agtattctgg aggctgcatc catgacacag gcaaacctga gcgaaaccct 9780 
gttcaaaccc cgctttaaac atcctgaaac ctcgacgcta gtccgccgct ttaatcacgg 9840 
cgcacaaccg cctgtgcagt cggcccttga tggtaaaacc atccctcact ggtatcgcat 9900 
gattaaccgt ctgatgtgga tctggcgcgg cattgaccca cgcgaaatcc tcgacgtcca 9960 
ggcacgtatt gtgatgagcg atgccgaacg taccgacgat gatttatacg atacggtgat 10020 
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tggctaccgt ggcggcaact ggatttatga gtgggccccg gatctttgtg aaggaacctt 10080 
acttctgtgg tgtgacataa ttggacaaac tacctacaga gatttaaagc tctaaggtaa 10140 
atataaaatt tttaagtgta taatgtgtta aactactgat tctaattgtt tgtgtatttt 10200 
agattccaac ctatggaact gatgaatggg agcagtggtg gaatgccttt aatgaggaaa 10260 
acctgttttg ctcagaagaa atgccatcta gtgatgatga ggctactgct gactctcaac 10320 
attctactcc tccaaaaaag aagagaaagg tagaagaccc caaggacttt ccttcagaat 10380 
tgctaagttt tttgagtcat gctgtgttta gtaatagaac tcttgcttgc tttgctattt 10440 
acaccacaaa ggaaaaagct gcactgctat acaagaaaat tatggaaaaa tattctgtaa 10500 
cctttataag taggcataac agttataatc ataacatact gttttttctt actccacaca 10560 
ggcatagagt gtctgctatt aataactatg ctcaaaaatt gtgtaccttt agctttttaa 10620 
tttgtaaagg ggttaataag gaatatttga tgtatagtgc cttgactaga gatcataatc 10680 
agccatacca catttgtaga ggttttactt gctttaaaaa acctcccaca cctccccctg 10740 
aacctgaaac ataaaatgaa tgcaattgtt gttgttaact tgtttattgc agcttataat 10800 
ggttacaaat aaagcaatag catcacaaat ttcacaaata aagcattttt ttcactgcat 10860 
tctagttgtg gtttgtccaa actcatcaat gtatcttatc atgtctggat caactggata 10920 
actcaagcta accaaaatca tcccaaactt cccaccccat accctattac cactgccaat 10980 
tacctagtgg tttcatttac tctaaacctg tgattcctct gaattatttt cattttaaag 11040 
aaattgtatt tgttaaatat gtactacaaa cttagtag 11078 

SEQ ID NO, moltype = DNA length 13504 
FEATURE Location/Qualifiers 
source 1. .13 504 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 
ttggaagggc taattcactc ccaaagaaga caagatatcc ttgatctgtg gatctaccac 60 
acacaaggct acttccctga ttagcagaac tacacaccag ggccaggggt cagatatcca 120 
ctgacctttg gatggtgcta caagctagta ccagttgagc cagataaggt agaagaggcc 180 
aataaaggag agaacaccag cttgttacac cctgtgagcc tgcatgggat ggatgacccg 240 
gagagagaag tgttagagtg gaggtttgac agccgcctag catttcatca cgtggcccga 300 
gagctgcatc cggagtactt caagaactgc tgatatcgag cttgctacaa gggactttcc 360 
gctggggact ttccagggag gcgtggcctg ggcgggactg gggagtggcg agccctcaga 420 
tcctgcatat aagcagctgc tttttgcctg tactgggtct ctctggttag accagatctg 480 
agcctgggag ctctctggct aactagggaa cccactgctt aagcctcaat aaagcttgcc 540 
ttgagtgctt caagtagtgt gtgcccgtct gttgtgtgac tctggtaact agagatccct 600 
cagacccttt tagtcagtgt ggaaaatctc tagcagtggc gcccgaacag ggacttgaaa 660 
gcgaaaggga aaccagagga gctctctcga cgcaggactc ggcttgctga agcgcgcacg 720 
gcaagaggcg aggggcggcg actggtgagt acgccaaaaa ttttgactag cggaggctag 780 
aaggagagag atgggtgcga gagcgtcagt attaagcggg ggagaattag atcgcgatgg 840 
gaaaaaattc ggttaaggcc agggggaaag aaaaaatata aattaaaaca tatagtatgg 900 
gcaagcaggg agctagaacg attcgcagtt aatcctggcc tgttagaaac atcagaaggc 960 
tgtagacaaa tactgggaca gctacaacca tcccttcaga caggatcaga agaacttaga 1020 
teat ta ta ta atacagtagc aaccctctat tgtgtgcatc aaaggataga gataaaagac 1080 
accaaggaag ctttagacaa gatagaggaa gagcaaaaca aaagtaagac caccgcacag 1140 
caagcggccg ctgatcttca gacctggagg aggagatatg agggacaatt ggagaagtga 1200 
attatataaa tataaagtag taaaaattga accattagga gtagcaccca ccaaggcaaa 1260 
gagaagagtg gtgcagagag aaaaaagagc agtgggaata ggagctttgt tccttgggtt 1320 
cttgggagca gcaggaagca ctatgggcgc agcgtcaatg acgctgacgg tacaggccag 1380 
acaattattg tctggtatag tgcagcagca gaacaatttg ctgagggcta ttgaggcgca 1440 
acagcatctg ttgcaactca cagtctgggg catcaagcag ctccaggcaa gaatcctggc 1500 
tgtggaaaga tacctaaagg atcaacagct cctggggatt tggggttgct ctggaaaact 1560 
catttgcacc actgctgtgc cttggaatgc tagttggagt aataaatctc tggaacagat 1620 
ttggaatcac acgacctgga tggagtggga cagagaaatt aacaattaca caagcttaat 1680 
acactcctta attgaagaat cgcaaaacca gcaagaaaag aatgaacaag aattattgga 1740 
attagataaa tgggcaagtt tgtggaattg gtttaacata acaaattggc tgtggtatat 1800 
aaaattattc ataatgatag taggaggctt ggtaggttta agaatagttt ttgctgtact 1860 
ttctatagtg aatagagtta ggcagggata ttcaccatta tcgtttcaga cccacctccc 1920 
aaccccgagg ggacccgaca ggcccgaagg aatagaagaa gaaggtggag agagagacag 1980 
agacagatcc attcgattag tgaacggatc tcgacggtat cgatgtcgac gataagcttt 2040 
gcaaagatgg ataaagtttt aaacagagag gaatctttgc agctaatgga ccttctaggt 2100 
cttgaaagga gtgggaattg gctccggtgc ccgtcagtgg gcagagcgca catcgcccac 2160 
agtccccgag aagttggggg gaggggtcgg caattgaacc ggtgcctaga gaaggtggcg 2220 
cggggtaaac tgggaaagtg atgtcgtgta ctggctccgc ctttttcccg agggtggggg 2280 
agaaccgtat ataagtgcag tagtcgccgt gaacgttctt tttcgcaacg ggtttgccgc 2340 
cagaacacag gtaagtgccg tgtgtggttc ccgcgggcct ggcctcttta cgggttatgg 2400 
cccttgcgtg ccttgaatta cttccactgg ctgcagtacg tgattcttga tcccgagctt 2460 
cgggttggaa gtgggtggga gagttcgagg ccttgcgctt aaggagcccc ttcgcctcgt 2520 
gcttgagttg aggcctggcc tgggcgctgg ggccgccgcg tgcgaatctg gtggcacctt 2580 
cgcgcctgtc tcgctgcttt cgataagtct ctagccattt aaaatttttg atgacctgct 2640 
gcgacgcttt ttttctggca agatagtctt gtaaatgcgg gccaagatct gcacactggt 2700 
atttcggttt ttggggccgc gggcggcgac ggggcccgtg cgtcccagcg cacatgttcg 2760 
gcgaggcggg gcctgcgagc gcggccaccg agaatcggac gggggtagtc tcaagctggc 2820 
cggcctgctc tggtgcctgg cctcgcgccg ccgtgtatcg ccccgccctg ggcggcaagg 2880 
ctggcccggt cggcaccagt tgcgtgagcg gaaagatggc cgcttcccgg ccctgctgca 2940 
gggagctcaa aatggaggac gcggcgctcg ggagagcggg cgggtgagtc acccacacaa 3000 
aggaaaaggg cctttccgtc ctcagccgtc gcttcatgtg actccacgga gtaccgggcg 3060 
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ccgtccaggc acctcgatta gttctcgagc ttttggagta cgtcgtcttt aggttggggg 3120 
gaggggtttt atgcgatgga gtttccccac actgagtggg tggagactga agttaggcca 3180 
gcttggcact tgatgtaatt ctccttggaa tttgcccttt ttgagtttgg atcttggttc 3240 
attctcaagc ctcagacagt ggttcaaagt ttttttcttc catttcaggt gtcgtgagga 3300 
atttcgacat ttaaatttaa ttaagccacc atggtgctgc tgtcccgcaa gcgccggcgg 3360 
cagcatggcc agctctggtt ccctgagggc ttcaaagtgt ctgaggccag caagaagaag 3420 
cggcgggagc ccctcggcga ggactccgtg ggcctcaagc ccctgaagaa cgcttcagac 3480 
ggtgccctca tggacgacaa ccagaatgag tggggggacg aggacctgga gaccaagaag 3540 
ttccggttcg aggagcccgt ggttctgcct gacctggacg accagacaga ccaccggcag 3600 
tggactcagc agcacctgga tgccgctgac ctgcgcatgt ctgccatggc ccccacaccg 3660 
ccccagggtg aggttgacgc cgactgcatg gacgtcaatg tccgcgggcc tgatggcttc 3720 
accccgctca tgatcgcctc ctgcagcggg ggcggcctgg agacgggcaa cagcgaggaa 3780 
gaggaggacg cgccggccgt catctccgac ttcatctacc agggcgccag cctgcacaac 3840 
cagacagacc gcacgggcga gaccgccttg cacctggccg cccgctactc acgctctgat 3900 
gccgccaagc gcctgctgga ggccagcgca gatgccaaca tccaggacaa catgggccgc 3960 
accccgctgc atgcggctgt gtctgccgac gcacaaggtg tcttccagat cctgatccgg 4020 
aaccgagcca cagacctgga tgcccgcatg catgatggca cgacgccact gatcctggct 4080 
gcccgcctgg ccgtggaggg catgctggag gacctcatca actcacacgc cgacgtcaac 4140 
gccgtagatg acctgggcaa gtccgccctg cactgggccg ccgccgtgaa caatgtggat 4200 
gccgcagttg tgctcctgaa gaacggggct aacaaagata tgcagaacaa cagggaggag 4260 
acacccctgt ttctggccgc ccgggagggc agctacgaga ccgccaaggt gctgctggac 4320 
cactttgcca accgggacat cacggatcat atggaccgcc tgccgcgcga catcgcacag 4380 
gagcgcatgc atcacgacat cgtgaggctg ctggacgagt acaacctggt gcgcagcccg 4440 
cagctgcacg gagccccgct ggggggcacg cccaccctgt cgcccccgct ctgctcgccc 4500 
aacggctacc tgggcagcct caagcccggc gtgcagggca agaaggtccg caagcccagc 4560 
agcaaaggcc tggcctgtgg aagcaaggag gccaaggacc tcaaggcacg gaggaagaag 4620 
tcccaggacg gcaagggctg cctgctggac agctccggca tgctctcgcc cgtggactcc 4680 
ctggagtcac cccatggcta cctgtcagac gtggcctcgc cgccactgct gccctccccg 4740 
ttccagcagt ctccgtccgt gcccctcaac cacctgcctg ggatgcccga cacccacctg 4800 
ggcatcgggc acctgaacgt ggcggccaag cccgagatgg cggcgctggg tgggggcggc 4860 
cggctggcct ttgagactgg cccacctcgt ctctcccacc tgcctgtggc ctctggcacc 4920 
agcaccgtcc tgggctccag cagcggaggg gccctgaatt tcactgtggg cgggtccacc 4980 
agtttgaatg gtcaatgcga gtggctgtcc cggctgcaga gcggcatggt gccgaaccaa 5040 
tacaaccctc tgcgggggag tgtggcacca ggccccctga gcacacaggc cccctccctg 5100 
cagcatggca tggtaggccc gctgcacagt agccttgctg ccagcgccct gtcccagatg 5160 
atgagctacc agggcctgcc cagcacccgg ctggccaccc agcctcacct ggtgcagacc 5220 
cagcaggtgc agccacaaaa cttacagatg cagcagcaga acctgcagcc agcaaacatc 5280 
cagcagcagc aaagcctgca gccgccacca ccaccaccac agccgcacct tggcgtgagc 5340 
tcagcagcca gcggccacct gggccggagc ttcctgagtg gagagccgag ccaggcagac 5400 
gtgcagccac tgggccccag cagcctggcg gtgcacacta ttctgcccca ggagagcccc 5460 
gccctgccca cgtcgctgcc atcctcgctg gtcccacccg tgaccgcagc ccagttcctg 5520 
acgcccccct cgcagcacag ctactcctcg cctgtggaca acacccccag ccaccagcta 5580 
caggtgcctg agcacccctt cctcaccccg tcccctgagt cccctgacca gtggtccagc 5640 
tcgtccccgc attccaacgt ctccgactgg tccgagggcg tctccagccc tcccaccagc 5700 
atgcagtccc agatcgcccg cattccggag gccttcaagt aattaattaa tctcgacggt 5760 
atcggttaac ttttaaaaga aaagggggga ttggggggta cagtgcaggg gaaagaatag 5820 
tagacataat agcaacagac atacaaacta aagaattaca aaaacaaatt acaaaaattc 5880 
aaaattttat cgatcacgag actagcctcg aggtttaaac tacgggctgc aggaattccg 5940 
cccccccccc cctaacgtta ctggccgaag ccgcttggaa taaggccggt gtgcgtttgt 6000 
ctatatgtta ttttccacca tattgccgtc ttttggcaat gtgagggccc ggaaacctgg 6060 
ccctgtcttc ttgacgagca ttcctagggg tctttcccct ctcgccaaag gaatgcaagg 6120 
tctgttgaat gtcgtgaagg aagcagttcc tctggaagct tcttgaagac aaacaacgtc 6180 
tgtagcgacc ctttgcaggc agcggaaccc cccacctggc gacaggtgcc tctgcggcca 6240 
aaagccacgt gtataagata cacctgcaaa ggcggcacaa ccccagtgcc acgttgtgag 6300 
ttggatagtt gtggaaagag tcaaatggct ctcctcaagc gtattcaaca aggggctgaa 6360 
ggatgcccag aaggtacccc attgtatggg atctgatctg gggcctcggt gcacatgctt 6420 
tacatgtgtt tagtcgaggt taaaaaacgt ctaggccccc cgaaccacgg ggacgtggtt 6480 
ttcctttgaa aaacacgatg ataataccat ggtgagcaag ggcgaggagc tgttcaccgg 6540 
ggtggtgccc atcctggtcg agctggacgg cgacgtaaac ggccacaagt tcagcgtgtc 6600 
cggcgagggc gagggcgatg ccacctacgg caagctgacc ctgaagttca tctgcaccac 6660 
cggcaagctg cccgtgccct ggcccaccct cgtgaccacc ctgacctacg gcgtgcagtg 6720 
cttcagccgc taccccgacc acatgaagca gcacgacttc ttcaagtccg ccatgcccga 6780 
aggctacgtc caggagcgca ccatcttctt caaggacgac ggcaactaca agacccgcgc 6840 
cgaggtgaag ttcgagggcg acaccctggt gaaccgcatc gagctgaagg gcatcgactt 6900 
caaggaggac ggcaacatcc tggggcacaa gctggagtac aactacaaca gccacaacgt 6960 
ctatatcatg gccgacaagc agaagaacgg catcaaggtg aacttcaaga tccgccacaa 7020 
catcgaggac ggcagcgtgc agctcgccga ccactaccag cagaacaccc ccatcggcga 7080 
cggccccgtg ctgctgcccg acaaccacta cctgagcacc cagtccgccc tgagcaaaga 7140 
ccccaacgag aagcgcgatc acatggtcct gctggagttc gtgaccgccg ccgggatcac 7200 
tctcggcatg gacgagctgt acaagtccgg actcagatct cgactagcta gtagctagct 7260 
agctagtcga gctcaagctt cgaattcgat atcaagctta tcgcgatacc gtcgacctcg 7320 
agggaattcc gataatcaac ctctggatta caaaatttgt gaaagattga ctggtattct 7380 
taactatgtt gctcctttta cgctatgtgg atacgctgct ttaatgcctt tgtatcatgc 7440 
tattgcttcc cgtatggctt tcattttctc ctccttgtat aaatcctggt tgctgtctct 7500 
ttatgaggag ttgtggcccg ttgtcaggca acgtggcgtg gtgtgcactg tgtttgctga 7560 
cgcaaccccc actggttggg gcattgccac cacctgtcag ctcctttccg ggactttcgc 7620 



US 2025/0092369 Al Mar. 20, 2025 
39 

-continued 

tttccccctc cctattgcca cggcggaact catcgccgcc tgccttgccc gctgctggac 7680 
aggggctcgg ctgttgggca ctgacaattc cgtggtgttg tcggggaagc tgacgtcctt 7740 
tccatggctg ctcgcctgtg ttgccacctg gattctgcgc gggacgtcct tctgctacgt 7800 
cccttcggcc ctcaatccag cggaccttcc ttcccgcggc ctgctgccgg ctctgcggcc 7860 
tcttccgcgt cttcgccttc gccctcagac gagtcggatc tccctttggg ccgcctcccc 7920 
gcatcgggaa ttcgagctcg gtacctttaa gaccaatgac ttacaaggca gctgtagatc 7980 
ttagccactt tttaaaagaa aaggggggac tggaagggct aattcactcc caacgaagac 8040 
aagatgggat caattcacca tgggaataac ttcgtatagc atacattata cgaagttatg 8100 
ctgctttttg cttgtactgg gtctctctgg ttagaccaga tctgagcctg ggagctctct 8160 
ggctaactag ggaacccact gcttaagcct caataaagct tgccttgagt gcttcaagta 8220 
gtgtgtgccc gtctgttgtg tgactctggt aactagagat ccctcagacc cttttagtca 8280 
gtgtggaaaa tctctagcag catctagaat taattccgtg tattctatag tgtcacctaa 8340 
atcgtatgtg tatgatacat aaggttatgt attaattgta gccgcgttct aacgacaata 8400 
tgtacaagcc taattgtgta gcatctggct tactgaagca gaccctatca tctctctcgt 8460 
aaactgccgt cagagtcggt ttggttggac gaaccttctg agtttctggt aacgccgtcc 8520 
cgcacccgga aatggtcagc gaaccaatca gcagggtcat cgctagccag atcctctacg 8580 
ccggacgcat cgtggccggc atcaccggcg ccacaggtgc ggttgctggc gcctatatcg 8640 
ccgacatcac cgatggggaa gatcgggctc gccacttcgg gctcatgagc gcttgtttcg 8700 
gcgtgggtat ggtggcaggc cccgtggccg ggggactgtt gggcgccatc tccttgcatg 8760 
caccattcct tgcggcggcg gtgctcaacg gcctcaacct actactgggc tgcttcctaa 8820 
tgcaggagtc gcataaggga gagcgtcgaa tggtgcactc tcagtacaat ctgctctgat 8880 
gccgcatagt taagccagcc ccgacacccg ccaacacccg ctgacgcgcc ctgacgggct 8940 
tgtctgctcc cggcatccgc ttacagacaa gctgtgaccg tctccgggag ctgcatgtgt 9000 
cagaggtttt caccgtcatc accgaaacgc gcgagacgaa agggcctcgt gatacgccta 9060 
tttttatagg ttaatgtcat gataataatg gtttcttaga cgtcaggtgg cacttttcgg 9120 
ggaaatgtgc gcggaacccc tatttgttta tttttctaaa tacattcaaa tatgtatccg 9180 
ctcatgagac aataaccctg ataaatgctt caataatatt gaaaaaggaa gagtatgagt 9240 
attcaacatt tccgtgtcgc ccttattccc ttttttgcgg cattttgcct tcctgttttt 9300 
gctcacccag aaacgctggt gaaagtaaaa gatgctgaag atcagttggg tgcacgagtg 9360 
ggttacatcg aactggatct caacagcggt aagatccttg agagttttcg ccccgaagaa 9420 
cgttttccaa tgatgagcac ttttaaagtt ctgctatgtg gcgcggtatt atcccgtatt 9480 
gacgccgggc aagagcaact cggtcgccgc atacactatt ctcagaatga cttggttgag 9540 
tactcaccag tcacagaaaa gcatcttacg gatggcatga cagtaagaga attatgcagt 9600 
gctgccataa ccatgagtga taacactgcg gccaacttac ttctgacaac gatcggagga 9660 
ccgaaggagc taaccgcttt tttgcacaac atgggggatc atgtaactcg ccttgatcgt 9720 
tgggaaccgg agctgaatga agccatacca aacgacgagc gtgacaccac gatgcctgta 9780 
gcaatggcaa caacgttgcg caaactatta actggcgaac tacttactct agcttcccgg 9840 
caacaattaa tagactggat ggaggcggat aaagttgcag gaccacttct gcgctcggcc 9900 
cttccggctg gctggtttat tgctgataaa tctggagccg gtgagcgtgg gtctcgcggt 9960 
atcattgcag cactggggcc agatggtaag ccctcccgta tcgtagttat ctacacgacg 10020 
gggagtcagg caactatgga tgaacgaaat agacagatcg ctgagatagg tgcctcactg 10080 
attaagcatt ggtaactgtc agaccaagtt tactcatata tactttagat tgatttaaaa 10140 
cttcattttt aatttaaaag gatctaggtg aagatccttt ttgataatct catgaccaaa 10200 
atcccttaac gtgagttttc gttccactga gcgtcagacc ccgtagaaaa gatcaaagga 10260 
tcttcttgag atcctttttt tctgcgcgta atctgctgct tgcaaacaaa aaaaccaccg 10320 
ctaccagcgg tggtttgttt gccggatcaa gagctaccaa ctctttttcc gaaggtaact 10380 
ggcttcagca gagcgcagat accaaatact gtccttctag tgtagccgta gttaggccac 10440 
cacttcaaga actctgtagc accgcctaca tacctcgctc tgctaatcct gttaccagtg 10500 
gctgctgcca gtggcgataa gtcgtgtctt accgggttgg actcaagacg atagttaccg 10560 
gataaggcgc agcggtcggg ctgaacgggg ggttcgtgca cacagcccag cttggagcga 10620 
acgacctaca ccgaactgag atacctacag cgtgagcatt gagaaagcgc cacgcttccc 10680 
gaagggagaa aggcggacag gtatccggta agcggcaggg tcggaacagg agagcgcacg 10740 
agggagcttc cagggggaaa cgcctggtat ctttatagtc ctgtcgggtt tcgccacctc 10800 
tgacttgagc gtcgattttt gtgatgctcg tcaggggggc ggagcctatg gaaaaacgcc 10860 
agcaacgcgg cctttttacg gttcctggcc ttttgctggc cttttgctca catgttcttt 10920 
cctgcgttat cccctgattc tgtggataac cgtattaccg cctttgagtg agctgatacc 10980 
gctcgccgca gccgaacgac cgagcgcagc gagtcagtga gcgaggaagc ggaagagcgc 11040 
ccaatacgca aaccgcctct ccccgcgcgt tggccgattc attaatgcag ctgtggaatg 11100 
tgtgtcagtt agggtgtgga aagtccccag gctccccagc aggcagaagt atgcaaagca 11160 
tgcatctcaa ttagtcagca accaggtgtg gaaagtcccc aggctcccca gcaggcagaa 11220 
gtatgcaaag catgcatctc aattagtcag caaccatagt cccgccccta actccgccca 11280 
tcccgcccct aactccgccc agttccgccc attctccgcc ccatggctga ctaatttttt 11340 
ttatttatgc agaggccgag gccgcctcgg cctctgagct attccagaag tagtgaggag 11400 
gcttttttgg aggcctaggc ttttgcaaaa agcttggaca caagacaggc ttgcgagata 11460 
tgtttgagaa taccacttta tcccgcgtca gggagaggca gtgcgtaaaa agacgcggac 11520 
tcatgtgaaa tactggtttt tagtgcgcca gatctctata atctcgcgca acctattttc 11580 
ccctcgaaca ctttttaagc cgtagataaa caggctggga cacttcacat gagcgaaaaa 11640 
tacatcgtca cctgggacat gttgcagatc catgcacgta aactcgcaag ccgactgatg 11700 
ccttctgaac aatggaaagg cattattgcc gtaagccgtg gcggtctgta ccgggtgcgt 11760 
tactggcgcg tgaactgggt attcgtcatg tcgataccgt ttgtatttcc agctacgatc 11820 
acgacaacca gcgcgagctt aaagtgctga aacgcgcaga aggcgatggc gaaggcttca 11880 
tcgttattga tgacctggtg gataccggtg gtactgcggt tgcgattcgt gaaatgtatc 11940 
caaaagcgca ctttgtcacc atcttcgcaa aaccggctgg tcgtccgctg gttgatgact 12000 
atgttgttga tatcccgcaa gatacctgga ttgaacagcc gtgggatatg ggcgtcgtat 12060 
tcgtcccgcc aatctccggt cgctaatctt ttcaacgcct ggcactgccg ggcgttgttc 12120 
tttttaactt caggcgggtt acaatagttt ccagtaagta ttctggaggc tgcatccatg 12180 
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acacaggcaa acctgagcga aaccctgttc aaaccccgct ttaaacatcc tgaaacctcg 12240 
acgctagtcc gccgctttaa tcacggcgca caaccgcctg tgcagtcggc ccttgatggt 12300 
aaaaccatcc ctcactggta tcgcatgatt aaccgtctga tgtggatctg gcgcggcatt 12360 
gacccacgcg aaatcctcga cgtccaggca cgtattgtga tgagcgatgc cgaacgtacc 12420 
gacgatgatt tatacgatac ggtgattggc taccgtggcg gcaactggat ttatgagtgg 12480 
gccccggatc tttgtgaagg aaccttactt ctgtggtgtg acataattgg acaaactacc 12540 
tacagagatt taaagctcta aggtaaatat aaaattttta agtgtataat gtgttaaact 12600 
actgattcta attgtttgtg tattttagat tccaacctat ggaactgatg aatgggagca 12660 
gtggtggaat gcctttaatg aggaaaacct gttttgctca gaagaaatgc catctagtga 12720 
tgatgaggct actgctgact ctcaacattc tactcctcca aaaaagaaga gaaaggtaga 12780 
agaccccaag gactttcctt cagaattgct aagttttttg agtcatgctg tgtttagtaa 12840 
tagaactctt gcttgctttg ctatttacac cacaaaggaa aaagctgcac tgctatacaa 12900 
gaaaattatg gaaaaatatt ctgtaacctt tataagtagg cataacagtt ataatcataa 12960 
catactgttt tttcttactc cacacaggca tagagtgtct gctattaata actatgctca 13020 
aaaattgtgt acctttagct ttttaatttg taaaggggtt aataaggaat atttgatgta 13080 
tagtgccttg actagagatc ataatcagcc ataccacatt tgtagaggtt ttacttgctt 13140 
taaaaaacct cccacacctc cccctgaacc tgaaacataa aatgaatgca attgttgttg 13200 
ttaacttgtt tattgcagct tataatggtt acaaataaag caatagcatc acaaatttca 13260 
caaataaagc atttttttca ctgcattcta gttgtggttt gtccaaactc atcaatgtat 13320 
cttatcatgt ctggatcaac tggataactc aagctaacca aaatcatccc aaacttccca 13380 
ccccataccc tattaccact gccaattacc tagtggtttc atttactcta aacctgtgat 13440 
tcctctgaat tattttcatt ttaaagaaat tgtatttgtt aaatatgtac tacaaactta 13500 
gtag 13504 

SEQ ID NO, 7 moltype = DNA length 43 
FEATURE Location/Qualifiers 
source 1. .43 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 7 

taagcattaa ttaagccacc atggtgctgc tgtcccgcaa gcg 43 

SEQ ID NO, 8 moltype = DNA length = 34 

FEATURE Location/Qualifiers 
source 1. .34 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 8 

tgcttattaa ttaattactt gaaggcctcc ggaa 34 

SEQ ID NO, 9 moltype = DNA length 21 

FEATURE Location/Qualifiers 
source 1. .21 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 9 

tcaagcctca gacagtggtt C 21 

SEQ ID NO, 10 moltype = DNA length 20 

FEATURE Location/Qualifiers 
source 1. .20 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 10 

cctcacattg ccaaaagacg 20 

SEQ ID NO, 11 moltype = DNA length 35 

FEATURE Location/Qualifiers 
source 1. .35 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 11 

actaaagcta gctgtcgtga ggaatttcga cattt 35 

SEQ ID NO, 12 moltype = DNA length 38 

FEATURE Location/Qualifiers 
source 1. .38 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 12 

actaaaaccg gtcccccttt tcttttaaaa gttaaccg 38 

SEQ ID NO, 13 moltype = DNA length 20 

FEATURE Location/Qualifiers 
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source 1. .20 
mol type other DNA 
organism synthetic construct 

SEQUENCE, 13 
gtacggtggg cgcctataaa 20 

SEQ ID NO, 14 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 14 
gggcaccgtc tgaagcgttc tt 22 

SEQ ID NO, 15 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 15 
gcagtggact cagcagcacc tg 22 

SEQ ID NO, 16 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 16 
gcggcccatg ttgtcctgga tg 22 

SEQ ID NO, 17 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 17 
gagggcatgc tggaggacct ca 22 

SEQ ID NO, 18 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 18 
ggaagcaagg aggccaagga cc 22 

SEQ ID NO, 19 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 19 
gtgaaattca gggcccctcc gc 22 

SEQ ID NO, 20 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 20 
ccctgcagca tggcatggta gg 22 

SEQ ID NO, 21 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 21 
ggggctctcc tggggcagaa ta 22 

SEQ ID NO, 22 moltype = DNA length 20 
FEATURE Location/Qualifiers 
source 1. .20 

mol type other DNA 
organism synthetic construct 
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SEQUENCE, 22 
gggtatcgac agagtgccag 20 

SEQ ID NO, 23 moltype = DNA length 21 
FEATURE Location/Qualifiers 
source 1. .21 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 23 
ctgagttcct gcgtacctat g 21 

SEQ ID NO, 24 moltype = DNA length 21 
FEATURE Location/Qualifiers 
source 1. .21 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 24 
tgccattctc catttgcttt g 21 

SEQ ID NO, 25 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 25 
ctcagatcat tgtcacagtc gt 22 

SEQ ID NO, 26 moltype = DNA length 21 
FEATURE Location/Qualifiers 
source 1. .21 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 26 
gtcgtcagga agaagagaac C 21 

SEQ ID NO, 27 moltype = DNA length 17 
FEATURE Location/Qualifiers 
source 1. .17 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 27 
acagagcctc gcctttg 17 

SEQ ID NO, 28 moltype = DNA length 17 
FEATURE Location/Qualifiers 
source 1. .17 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 28 
ccttgcacat gccggag 17 

SEQ ID NO, 29 moltype = DNA length 18 
FEATURE Location/Qualifiers 
source 1 .. 18 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 29 
catggcagac gagctgag 18 

SEQ ID NO, 30 moltype = DNA length 20 
FEATURE Location/Qualifiers 
source 1. .20 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 30 
aaactgtgtg tcccttctgg 20 

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

mol type other DNA 
organism synthetic construct 

SEQUENCE, 31 
ctccaatcaa cttgccagaa 

20 
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SEQ ID NO, 32 moltype = DNA length 20 
FEATURE Location/Qualifiers 
source 1. .20 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 32 
ataccagttg gaggctggtc 20 

SEQ ID NO, 33 moltype = DNA length 23 
FEATURE Location/Qualifiers 
source 1. .23 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 33 
gaaccagatg cacattgatg aag 23 

SEQ ID NO, 34 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 34 
tgcccacata ttctcctttg ag 22 

SEQ ID NO, 35 moltype = DNA length 19 
FEATURE Location/Qualifiers 
source 1 .. 19 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 35 
tgaccttctc ctgccacta 19 

SEQ ID NO, 36 moltype = DNA length 21 
FEATURE Location/Qualifiers 
source 1. .21 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 36 
aagcgaaatc ctcagtctga C 21 

SEQ ID NO, 37 moltype = DNA length 21 
FEATURE Location/Qualifiers 
source 1. .21 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 37 
cacttgaaaa tgctccatgc C 21 

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

mol type other DNA 
organism synthetic construct 

SEQUENCE, 38 
actcccgaaa accaatgctc 20 

SEQ ID NO, 39 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 39 
ttgttgtagg atatgccctt ga 22 

SEQ ID NO, 40 moltype = DNA length 21 
FEATURE Location/Qualifiers 
source 1. .21 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 40 
gcgatgtcaa taggactcca g 21 

SEQ ID NO, 41 moltype = DNA length 20 
FEATURE Location/Qualifiers 
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source 1. .20 
mol type other DNA 
organism synthetic construct 

SEQUENCE, 41 
tggtgtcaca gaggctacta 20 

SEQ ID NO, 42 moltype = DNA length 21 
FEATURE Location/Qualifiers 
source 1. .21 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 42 
gggctcgctc ttctgattat t 21 

SEQ ID NO, 43 moltype = DNA length 19 
FEATURE Location/Qualifiers 
source 1 .. 19 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 43 
acatcgctca gacaccatg 19 

SEQ ID NO, 44 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 44 
tgtagttgag gtcaatgaag gg 22 

SEQ ID NO, 45 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 45 
tcgccgacca ctaccagcag aa 22 

SEQ ID NO, 46 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 46 
cgcgcttctc gttggggtct tt 22 

SEQ ID NO, 47 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 47 
gcagtggact cagcagcacc tg 22 

SEQ ID NO, 48 moltype = DNA length 22 
FEATURE Location/Qualifiers 
source 1. .22 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 48 
ctgcaggagg cgatcatgag cg 22 

SEQ ID NO, 49 moltype = DNA length 21 
FEATURE Location/Qualifiers 
source 1. .21 

mol type other DNA 
organism synthetic construct 

SEQUENCE, 49 
atggcaaagt gaatgacaag C 21 

SEQ ID NO, 50 moltype = DNA length 21 
FEATURE Location/Qualifiers 
source 1. .21 

mol type other DNA 
organism synthetic construct 
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SEQUENCE, 50 
aggcgaagtt aatggaagct 

SEQ ID NO, 51 
FEATURE 
source 

SEQUENCE, 51 
tggacacctg catcaagac 

SEQ ID NO, 52 
FEATURE 
source 

SEQUENCE, 52 
ggatcttcct cttgaactcc 

SEQ ID NO, 53 
FEATURE 
source 

SEQUENCE, 53 
gtgccatact catgaccatc 

SEQ ID NO, 54 
FEATURE 
source 

SEQUENCE, 54 
ggccacaaag ccaaagatg 

SEQ ID NO, 55 
FEATURE 
source 

SEQUENCE, 55 
cgcgtctctc cacatacatt 

SEQ ID NO, 56 
FEATURE 
source 

C 

moltype = DNA length 
Location/Qualifiers 
1 .. 19 
mol type other DNA 
organism synthetic 

moltype = DNA length 
Location/Qualifiers 
1. .22 
mol type other DNA 
organism synthetic 

tc 

g 

C 

moltype = DNA length 
Location/Qualifiers 
1. .21 
mol type other DNA 
organism synthetic 

moltype = DNA length 
Location/Qualifiers 
1 .. 19 
mol type other DNA 
organism synthetic 

moltype = DNA length 
Location/Qualifiers 
1. .21 
mol type other DNA 
organism synthetic 

moltype = DNA length 
Location/Qualifiers 
1. .21 

other DNA 

19 

construct 

22 

construct 

21 

construct 

19 

construct 

21 

construct 

21 

mol type 
organism 

SEQUENCE, 56 
synthetic construct 

gctggcttat tctgagatgg a 

What is claimed: 

1. A gene-edited pluripotent stem cell that comprises a 
transgene comprising a polynucleotide encoding a Notch! 
receptor intracellular domain (NlICD) operably linked to an 
inducible promoter. 

2. The pluripotent stem cell of claim 1, wherein the 
inducible promoter is a doxycycline-inducible promoter. 

3. The pluripotent stem cell of claim 1, wherein the 
pluripotent stem cell comprises 2-48 copies of the transgene. 

4. A CD34+CD31+ endothelial progenitor cell differen
tiated from the pluripotent stem cell of claim 1. 

5. A method for producing an endothelial cell with blood
brain barrier (BBB)-like transcytosis properties, the method 
comprising: 

(a) culturing a CD34+CD31+ endothelial progenitor cell 
in a medium comprising a Wnt/~-catenin signaling 
activator; and 

(b) inducing Notch signaling after 2-7 days of culturing. 

21 

19 

22 

21 

19 

21 

21 

6. The method of claim 5, wherein the endothelial cell 
produced by the method exhibits: 

a) reduced expression of caveolin-1 relative to a non-BBB 
endothelial cell, 

b) reduced expression of plasmalemma vesicle associated 
protein (PLVAP) relative to a non-BBB endothelial 
cell, 

c) increased expression of GLUT-I relative to a non-BBB 
endothelial cell, 

d) increased expression of MFSD2A relative to a non
BBB endothelial cell, 

e) increased expression of SLC1A4, SLC1A5, SLC7A5, 
SLC7Al, SLC7A2, SLC7A6, SLC5A6, and/or 
SLC2A3 relative to an endothelial cell produced by 
performing only step (a) of the method; and/or 

f) reduced vesicular endocytosis relative to an endothelial 
cell produced by performing only step (a) of the 
method. 

7. The method of claim 5, wherein the endothelial pro
genitor cell was differentiated from a pluripotent stem cell. 
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8. The method of claim 5, wherein the Wnt/~-catenin 
signaling activator is CHIR99021. 

9. The method of claim 5, wherein Notch signaling is 
induced via overexpression of a NlICD. 

10. The method of claim 9, wherein overexpression of the 
NlICD is achieved via transduction with a virus comprising 
a polynucleotide encoding the NlICD. 

11. The method of claim 9, wherein the endothelial 
progenitor cell is a CD34+CD31 + endothelial progenitor 
cell differentiated from a gene-edited pluripotent stem cell 
comprising a transgene comprising a polynucleotide encod
ing the NlICD operably linked to an inducible promoter, and 
wherein overexpression of the NlICD is achieved by con
tacting the endothelial progenitor cell with a reagent that 
induces expression from the inducible promoter. 

12. The method of claim 11, wherein the inducible pro
moter is a doxycycline-inducible promoter, and wherein the 
reagent is doxycycline. 

13. The method of claim 9, wherein the Nl ICD comprises 
SEQ ID NO: 3. 
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14. The method of claim 5, wherein Notch signaling is 
induced for 3-6 days. 

15. The method of claim 5, wherein the medium further 
comprises human endothelial serum-free medium (hESFM) 
supplemented with B-27 supplement and/or FGF2. 

16. A population of endothelial cells with BBB-like 
transcytosis properties produced by the method of claim 5. 

17. An in vitro BBB model comprising a confluent 
mono layer of the endothelial cells of claim 16 cultured on a 
surface, wherein the BBB model has BBB-like transcytosis 
properties. 

18. The BBB model of claim 17, wherein the BBB model 
is an isogenic model. 

19. The BBB model of claim 18, wherein the endothelial 
cells are derived from pluripotent stem cells obtained from 
a subject. 

20. A method for using the BBB model of claim 17 to test 
the ability of a therapeutic agent to cross the BBB. 

* * * * * 




