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ABSTRACT

The present invention provides methods for differentiating
brain microvascular endothelial cells having barrier proper-
ties and a mature immune phenotype for use in making an
in vitro blood-brain barrier (BBB) model. Further, a BBB
model having barrier properties and a mature immune
phenotype is provided.
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Figure 3 {continued)
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Figure 5 (continued)
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Figure 6 {continued)
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Figure 6 (continued)
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Figure 7 {continued)
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Figure 10 (continued)
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Figure 14
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Figure 14 {continued}
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HUMAN BLOOD-BRAIN BARRIER MODEL
FOR IMMUNOLOGICAL STUDIES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application No. 63/084,980 filed on Sep. 29, 2020 and U.S.
Provisional Application No. 63/185,815 filed on May 7,
2021, the contents of which are incorporated by reference in
their entireties.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

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

BACKGROUND

[0003] Under physiological conditions, the blood-brain
barrier (BBB) maintains central nervous system (CNS)
homeostasis by protecting the CNS from the constantly
changing milieu in the bloodstream. The BBB is established
by brain microvascular endothelial cells (BMECs), which
inhibit free paracellular diffusion of water-soluble molecules
by complex tight junctions that connect the endothelial cells
(1). Combined with their characteristically low pinocytotic
activity and lack of fenestrations, which inhibit transcellular
passage of molecules across the BBB, these features estab-
lish the physical barrier of the BBB (2). At the same time,
the BBB establishes a functional barrier, in which expres-
sion of specific transporters and enzymes in BMECs ensures
that nutrients pass into the CNS and toxic metabolites are
removed from the CNS. In the absence of neuroinflamma-
tion, the BBB also limits immune cell trafficking to specific
immune cell subsets that ensure CNS immune surveillance
(3). Importantly, the segments of the microvasculature medi-
ating immune cell trafficking versus regulating transport of
solutes are not identical; while solute transport is predomi-
nantly localized to CNS capillaries, immune cell trafficking
occurs at the level of CNS post-capillary venules (4, 5).
[0004] Current knowledge about the cellular and molecu-
lar mechanisms mediating immune cell migration across the
BBB during CNS immune surveillance and neuroinflamma-
tion have to a large degree been derived from animal models
of neuroinflammatory diseases. These studies showed that
the migration of immune cells across the BBB follows a
multi-step process that is regulated by the sequential inter-
action of different signaling and adhesion molecules on the
BBB endothelium and the immune cells (4). Because of the
unique tightness of this vascular bed, immune cell migration
across the BBB is characterized by unique adaptations.
These range from a predominant role of ad4bl-integrin in
mediating interaction of T cells with endothelial VCAM-1
(6) to the extended crawling of T cells mediated by endothe-
lial ICAM-1 and ICAM-2 against the direction of the blood
flow in search of rare sites permissive for diapedesis across
the BBB (7, 8).

[0005] There are some limitations when applying knowl-
edge from animal models to humans. It has been observed
that levels of some adhesion molecules (e.g., activated
leukocyte cell adhesion molecule (ALCAM) or junctional
adhesion molecules (JAMs)) are different between rodents
and human (9). As a result, there is a significant need for
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human BBB models that are suitable for the study of
immune cell trafficking across the BBB. To this end, human
brain endothelial cell lines (e.g., hCMEC/D3 (10)) have
been established allowing the study of barrier properties and
immune cell trafficking under inflammatory conditions.
Unfortunately, these BBB models often fail to establish
complex tight junctions and barrier properties characterized
by high transendothelial electrical resistance (TEER) and
low permeability of soluble tracers (11). Appropriate barrier
properties are prerequisite for appropriate modeling of the
unique mechanisms involved in T-cell diapedesis across the
BBB (12). Primary human brain microvascular endothelial
cells (hBMECs) have proven useful to study T-cell/BBB
interactions; however, these cells are often not readily
available to researchers (12, 13) and they come from non-
autologous sources. Recent advances in stem cell technol-
ogy have allowed derivation of hBMEC-like cells from
various stem cell sources including human cord blood-
derived endothelial progenitors and human pluripotent stem
cells (hPSCs) (14, 15). In particular, patient-sourced human
induced pluripotent stem cell (hiPSC)-derived BMEC-like
cells uniquely enable the study of BBB dysfunction by
providing a scalable and renewable source of BMEC-like
cells. For immune cell studies, one could also envision
combining hiPSC and autologous immune cells sourced
from the same patient cohort. Human iPSC-derived in vitro
models of the BBB have been established (14, 16-18) and
proven useful for modeling BBB dysfunction in inheritable
neurological disorders in vitro (19-21).

[0006] Presently available hiPSC-derived in vitro BBB
models are well characterized with respect to their barrier
properties and expression of BBB specific transporters and
efflux pumps (14, 16, 17) and have proven useful for the
study of barrier regulation, molecular transport and brain
drug delivery. However, much less is known about the
immune phenotypes, such as the expression and cytokine-
induced upregulation of adhesion molecules, in hiPSC-
derived in vitro BBB models. These properties are extremely
important when aiming to apply hiPSC-derived in vitro BBB
models to study cerebrovascular pathologies involved in
multiple sclerosis, stroke or CNS infections, where immune
cell trafficking across the BBB critically contributes to
disease pathogenesis. Previous reports have suggested that
inflammatory stimuli could induce expression of ICAM-1
(17, 22) and VCAM-1 (22) in hiPSC-derived BMEC-like
cells, but detailed characterization of the full panel of
adhesion molecules shown to mediate the multi-step
immune cell migration across the BBB has not been
reported. Accordingly, there remains a need in the art for
hiPSC-derived in vitro BBB models with an improved
immune phenotype.

SUMMARY

[0007] The present invention provides a blood brain bar-
rier model with immune phenotype and methods of produc-
ing such a model.

[0008] In one aspect, the disclosure method of producing
a population of extended endothelial culture method
(EECM)-derived brain microvascular endothelial cells
(BMECs) (EECM-BMECs) from a population of endothe-
lial progenitor cells, the method comprising: (a) culturing a
cell population of CD34+CD31+ endothelial progenitor
cells in serum-free endothelial medium on collagen coated
surface until confluent; (b) selectively passaging the
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endothelial cells of (a) in serum-free endothelial medium on
collagen surface for at least two passages; (c) culturing the
selectively passaged cells of (b) in serum-free endothelial
medium until confluent; wherein the confluent monolayer is
a population of CD31* EECM-BMEC:s that express vascular
endothelial (VE)-cadherin, ICAM-2, PECAM-1, and three
or more adhesion molecules selected from the group con-
sisting of ICAM-1, VCAM-1, E-selectin, P-selectin, and
CD99.

[0009] In another aspect, the disclosure provides a homog-
enous population of CD31"EECM-BMECs obtained by the
method described herein. In some aspects, the CD3*"EECM-
BMECs are characterized by: (a) a lower permeability as
compared to naive endothelial cells; (b) increased expres-
sion of claudin-5 as compared to naive endothelial cells; (c)
improved localization of occludin and claudin-5 as com-
pared to naive endothelial cells; or (d) any combination of
(@)-(c)-

[0010] In a further aspect, the disclosure provides an in
vitro blood-brain barrier model for studying immune cell
migration and regulation comprising a confluent monolayer
of the CD31* EECM-BMECs described herein cultured on
surface within a system.

[0011] In another aspect, the disclosure provides a method
of identifying therapeutic targets for the treatment of neu-
roinflammatory or neurodegenerative diseases or disorders,
the method comprising: (a) contacting the in vitro blood-
brain barrier model described herein with a therapeutic
target; and (b) determining the disruption and/or restoration
of the blood-brain barrier model.

[0012] In a further aspect, the disclosure provides a iso-
genic blood-brain barrier model for a subject having a
neuroinflammatory or neurodegenerative disease, the blood-
brain barrier model comprising a confluent monolayer of the
CD31* EECM-BMECs described herein cultured on a sur-
face, for example, a collagen coated permeable membrane,
within a system, wherein the CD31*EECM-BMECs are
derived from endothelial progenitor cells differentiated from
pluripotent stem cells derived from the subject.

[0013] In another aspect, the disclosure provides a method
for producing a cell population comprising smooth muscle-
like cells from a cell population comprising CD34+CD31+
endothelial progenitor cells, the method comprising the
steps of: (a) culturing a cell population of CD34+CD31+
endothelial progenitor cells in serum-free endothelial
medium on collagen coated surface until confluent; (b)
selectively passaging the non-endothelial cells of (a); (c)
culturing the non-endothelial cells of (b) for about 6 days to
about 10 days to produce PECAM-17/a-smooth muscle
actin® smooth muscle-like cells.

[0014] In another aspect, the disclosure provides an addi-
tional method of producing a population of derived extended
endothelial cultured method brain microvascular endothelial
cells (EECM-BMECs) from human pluripotent stem cells,
the method comprising: (a) contacting cultured human
pluripotent stem cells with activator of Wnt/$-catenin sig-
naling for a period of about 2 days; (b) culturing the cells of
(a) in the absence of the activator for two to three days; (c)
separating the CD34"CD31" endothelial progenitor cells
from step (b) from the CD34-CD31~ non-EPCs; (d) cultur-
ing the separated CD34+CD31+ endothelial progenitor cells
on coated plates in medium comprising an activator of
Whnt/B-catenin signaling for about 3 days to about 10 days to
produce a confluent monolayer; (e) selectively passaging the
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cells of step (d) in serum-free endothelial medium on coated
plates in medium comprising the activator for at least one
additional passage to obtain a confluent population of
CD31*GLUTI1*EECM-BMECs having a canonical barrier
phenotype. This method produces a population of CD317*
GLUT1"EECM-BMECs of step (e) that express glucose
transporter 1 (GLUT1), claudin-5 and have reduced expres-
sion of plasmalemma vesicle-associated protein (PLVAP). In
some aspects, a homogenous population of CD31*BMECs
is obtained by this method. The CD31* EECM-BMECs are
characterized by: (a) a lower permeability as compared to
naive endothelial cells; (b) increased expression of claudin-5
as compared to naive endothelial cells; (c) increased expres-
sion of GLUT1 as compared to naive endothelial cells; (d)
reduced expression of plasmalemma vesicle-associated pro-
tein (PLVAP) as compared to naive endothelial cells; or (e)
any combination of (a)-(d). In some aspects, the activator of
Whnt/B-catenin signaling is a Gsk3 inhibitor or one or more
Whnt ligands. In some aspects, the Gsk3 inhibitor is selected
from the group consisting of CHIR 99021, CHIR 98014,
BIO-acetoxime, BIO, LiCl, SB 216763, SB 415286, AR
A014418, 1-Azakenpaullone, and Bis-7-indolylmaleimide.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 depicts the adhesion molecule phenotype of
BMEC-like cells differentiated by the unconditioned
medium method (UMM) or the defined method (DMM).
Cell surface staining of BMEC-like cells differentiated by
UMM (A, C) or DMM (B, D) in the presence or absence of
RA for the adhesion molecules ICAM-1, ICAM-2, VCAM-
1, P-selectin, E-selectin, CD99, and PECAM-1 was ana-
lyzed by flow cytometry. Isotype control, non-stimulated
(NS), and 16 h pro-inflammatory cytokine-stimulated con-
dition (10 ng/mL TNF-a+200 IU/mL IFN-y) are represented
in grey, blue, and red, respectively, in a histogram overlay.
Representative data from donor 2 are shown. At least 3
independent differentiations were performed in each condi-
tion using 2 different hiPSC clones derived from 2 different
donors (donor 2, 3) for UMM-differentiated BMEC-like
cells and 3 hiPSC clones from 3 donors (donor 1, 2, 3) for
DMM-differentiated BMEC-like cells with comparable data
observed (e.g., FIG. 7). (E) The A geometric mean (MFI
staining-MFT isotype) of cell surface adhesion molecules of
UMM- or DMM-BMEC-like cells were analyzed by flow
cytometry. Displayed are the mean AMFI for each donor
(donor 1: black, donor 2: red, donor 3: blue). Mean+S.D.
from triplicate differentiations were used in a paired students
t-test to determine statistically significant changes upon
stimulation (P<0.05=*, P<0.01="**).

[0016] FIG. 2 depicts the adhesion molecule phenotype
and morphology of hiPSC-derived naive ECs. (A) Cell
surface staining of hiPSC-derived naive ECs for the adhe-
sion molecules ICAM-1, ICAM-2, VCAM-1, P-selectin,
E-selectin, CD99, and PECAM-1 was analyzed by flow
cytometry. Isotype control, non-stimulated (NS), and 16 h
pro-inflammatory cytokine-stimulated condition (1 ng/mL
TNF-0+20 IU/mL IFN-y) are represented in grey, blue, and
red, respectively in a histogram overlay. Representative data
from donor 2 are shown. Three independent differentiations
were performed using three hiPSC clones from three donors
(donor 1, 2, 3) showing comparable data (e.g., FIG. 14). (B)
The A geometric mean (MFI staining-MFI isotype) of cell
surface adhesion molecules of naive ECs were analyzed by
flow cytometry. Displayed are the mean AMFI for each
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donor (donor 1: black, donor 2: red, donor 3: blue). Mean+S.
D. from triplicate differentiations were used in a paired
students t-test to determine statistically significant changes
upon stimulation (P<0.05=*). (C) Immunofluorescence
staining of hiPSC-derived naive ECs grown on 0.4 um pore
Transwell filter inserts for ZO-1 (red) or VE-cadherin (red),
and nuclei (DAPI, blue) is shown. Arrow depicts VE-
cadherin negative cells. Representative data from donor 2
are shown. Each staining is representative of at least three
independent differentiations. Three hiPSC clones from three
donors (donor 1, 2, 3) were used in this assay and at least
three independent differentiations were performed in each
donor. Scale bars=100 pm.

[0017] FIG. 3 depicts the extended endothelial cell culture
method (EECM). (A) Schematic representation of the pro-
tocols used for extended endothelial cell culture method
(EECM). (B) Phase contrast images of hiPSC-derived naive
ECs before (i) and after (ii) incubation with Accutase, and
after detachment of ECs by tapping the plate (iii). Red arrow
shows non-ECs remaining attached to the plate. Scale
bars=100 pm. (C) Immunofluorescence staining of naive
ECs (passage 1) or EECM-BMEC-like cells (passages 2-4)
grown on chamber slides. Junctions were stained for VE-
cadherin (red), PECAM-1 (red), ZO-1 (green), claudin-5
(red), or occludin (red), and nuclei were stained with DAPI
(blue). Scale bars=50 um. (D) Immunofluorescence images
of EECM-BMEC-like cells (passage 5) grown on 0.4 um
pore Transwell filters. Cell junctions were stained for VE-
cadherin (red) or zonula occludens 1 (ZO-1, red), and nuclei
were stained with DAPI (blue). Each panel shows a xy en
face view of a maximum-intensity projection through the
z-axis. The top (xz) and right (yz) side panels indicate the
flat morphology of the EECM-BMEC-like cells with stain-
ing for cell nuclei and ZO-1 at the same level in the z-axis.
Scale bars=20 pum. (C, D) Representative images from donor
2 are shown. Five hiPSCs clones from three donors (donor
1, 2, 3) were used in this assay and at least 3 independent
differentiations were performed for each clone producing
comparable results. (E) Time-dependent progression of
trans-endothelial electrical resistance (TEER) of EECM-
BMEC-like cell monolayers derived from donor 2. EECM-
BMEC-like cells (passage 2: red, passage 3: green, passage
4: blue, passage 5: orange) were grown to confluency on 0.4
um pore size Transwell filters for 6 days. Passage 1 naive
ECs show no measurable TEER. Plotted data are mean
TEER values+SD. Data are combined from at least three
independent differentiations for each passage, each measure-
ment performed in triplicates. (F) Permeability of 0.37 kDa
sodium fluorescein (NaF1): naive ECs (passage 1: black) or
EECM-BMEC-like cells (passage 2: red, passage 3: green,
passage 4: blue, passage 5: orange) derived from donor 2
were cultured to confluency on 0.4 um pore size Transwell
filters for 6 days and permeability was measured at day 6.
Bars show the mean permeability coefficients (Pe)+SD. Data
are combined from at least three independent differentiations
each performed in triplicate per condition. Statistical analy-
sis: one-way ANOVA followed by Tukey’s multiple com-
parison test. (p<0.0001=%*%**%*),

[0018] FIG. 4 shows the effect of co-culture with astro-
cytes or pericytes on EECM-BMEC-like cell monolayers.
(A) Schematic representation of the protocols for EECM-
BMEC-like cells co-cultured with astrocytes or pericytes, or
RA treatment is shown. (B) TEER and (C) permeability of
sodium fluorescein of EECM-BMEC-like cell monolayers
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are shown. EECM-BMEC-like cells (from passages 3-5)
were seeded onto 0.4 um pore size Transwell filters and
co-cultured for 6 days with bovine pericytes ((bovine PC):
light green), a human brain pericyte cell line ((HBPCT):
green), a human astrocyte cell line ((hAST): dark red),
hiPSC-derived astrocytes ((iPS_AC): pink), or treated with
RA for 2 days (purple). Monoculture was used as a control
(black). (B) Plotted data are mean TEER values+SD. (C)
Bars show the mean permeability coefficients (Pe)+SD. (B,
C) Data are from at least three independent differentiations
for co-cultures each performed in triplicate using the same
hiPSC clone. Representative data from donor 2 are shown.
The following clones were tested for each condition: 3
hiPSC clones from 2 donors (donor 1, 2) for bovine PC, 2
hiPSC clones from 2 donors (donor 1, 2) for HBPCT, 2
hiPSC clones from 2 donors (donor 1, 2) for hAST, and 3
hiPSC clones from 2 donors (donor 1, 2) for iPS_AC and
yielded comparable results (e.g., FIG. 12). (D) Immunofluo-
rescence staining of EECM-BMEC-like cells cultured on 0.4
um pore size Transwell filters. EECM-BMEC-like cells
were seeded onto Transwell filters and either co-cultured
with HBPCT (pericyte) or hiPSC-derived astrocytes over 6
days. Monoculture was used as a control. Junctions were
stained for VE-cadherin (red), claudin-5 (red), or occludin
(red), and nuclei were stained with DAPI (blue). Represen-
tative data from donor 2 are shown. Each staining is repre-
sentative of at least three independent differentiations per-
formed on three distinct filters. Scale bars=50 um. (E) The
number of nuclei per pre-defined field of view (FOV) of
EECM-BMEC-like cells grown on 0.4 pm pore size Tran-
swell filters is shown. ImageJ software was used to auto-
matically count the nuclei. (F) EC shape was analyzed using
circularity values (4xmxarea/perimeter®) calculated from
VE-cadherin immunofluorescence images using Imagel
software. A value of 1.0 indicates a perfect circle. As the
value approaches 0, it indicates an increasingly elongated
shape of the cell. Each dot represents average circularity
values of 10 randomly chosen cells/FOV. Data are shown as
mean=SD. Statistical analysis: one-way ANOVA followed
by Tukey’s multiple comparison test. (p<0.01=** p<0.
0001 =),

[0019] FIG. 5 depicts the adhesion molecule phenotype of
EECM-BMEC-like cells. (A) Cell surface staining of
EECM-BMEC-like cells for the adhesion molecules ICAM-
1, ICAM-2, VCAM-1, P-selectin, E-selectin, CD99, and
PECAM-1 was analyzed by flow cytometry. Isotype control,
non-stimulated (NS), and 16 h pro-inflammatory cytokine-
stimulated condition (1 ng/ml, TNF-c.+20 IU/mL IFN-y) are
represented in grey, blue, and red lines respectively in a
histogram overlay. Representative data from donor 3 are
shown. Three hiPSC clones from three donors (donor 1, 2,
3) were used in this assay. (B) The A geometric mean (MFI
staining-MFT isotype) of cell surface adhesion molecules of
EECM-BMEC-like cells were analyzed by flow cytometry.
Displayed are the mean AMFI for each donor (donor 1:
black, donor 2: red, donor 3: blue). Mean+S.D. from trip-
licate differentiations were used in a paired students t-test to
determine statistically significant changes upon stimulation
(P<0.05=*, P<0.01=**). (C) Immunofluorescence staining
of EECM-BMEC-like cell monolayers grown to confluency
in chamber slides for ICAM-1 (red), ICAM-2 (red),
VCAM-1 (red), P-selectin (red), E-selectin (red), or CD99
(red) are shown. Nuclei were stained with DAPI (blue).
Representative data from donor 2 are shown. NS and 0.1
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ng/ml. TNF-a+2 IU/mL IFN-y stimulated conditions are
shown. Each staining is representative of at least three
independent differentiations performed on three distinct
chamber slides. Scale bars=50 um. (D) The number of cell
tracker-labeled Th1* cells adherent to non-stimulated (NS),
0.1 ng/mL or 0.1 ng/ml, TNF-c.+2 IU/mL IFN-y stimulated
EECM-BMEC-like cell monolayers derived from donor 2
were counted after 30 minutes of adhesion under static
conditions. Adherent T cells/FOV is the mean number of
cells from two fields per well automatically counted using
Imagel]. Data are shown as the mean+SD of at least three
individual differentiations each performed in triplicate. Sta-
tistical analysis: one-way ANOVA followed by Tukey’s
multiple comparison test. (P<0.0001=****)_(E) The num-
ber of cell tracker-labeled Th1* cells adherent to 0.1 ng/mL
IL-1p stimulated EECM-BMEC-like cell monolayers were
measured after 30 minutes of adhesion under static condi-
tions. Adherent T cells/FOV is the mean number of cells
from two fields per well automatically counted using
Imagel]. EECM-BMEC-like cells derived from donor 2 were
preincubated with either anti-human ICAM-1 (10 pg/ml,
clone R6.5), anti-human VCAM-1 (10 pg/ml, polyclonal), or
isotype controls for 30 minutes at 37° C. Thl* cells were
pretreated with either mouse anti-human beta2 integrin (10
pg/ml, clone TS1/18), humanized anti-human o4 integrin
1gG4 (10 pg/ml, Natalizumab), or isotype controls for 30
minutes at 37° C. Data are shown as the mean+SD of a
representative experiment of three individual differentia-
tions each performed in at least triplicate. Statistical analy-
sis: one-way ANOVA followed by Tukey’s multiple com-
parison test. (P<0.05=%*, p<0.0001=****). (F) The numbers
of Th1l* cells adherent to 0.1 ng/ml IL-10 stimulated
EECM-BMEC-like cell monolayers derived from donor 2
under flow conditions were measured. Th1* cells were
pretreated with either 10 pg/ml Natalizumab or isotype
control for 30 minutes at 37° C. Data are shown as the
mean+SD of eight experiments in each condition. Three
independently differentiated BMEC-like cell populations
derived from donor 2 were used in this study. Statistical
analysis: unpaired t-test (P<0.05=*)

[0020] FIG. 6 demonstrates that human iPSC-derived
smooth muscle-like cells (SMLCs) or conditioned medium
enhances VCAM-1 expression on EECM-BMEC-like cells
without impairing barrier properties. Cell surface staining of
EECM-BMEC-like cells co-cultured with hiPSC-derived
SMLCs (A) or conditioned medium from hiPSC-derived
SMLC (B) for the adhesion molecules ICAM-1, ICAM-2,
VCAM-1, P-selectin, E-selectin, CD99, and PECAM-1 was
analyzed by flow cytometry. Isotype control, non-stimulated
(NS), and 16 h pro-inflammatory cytokine-stimulated con-
dition (1 ng/mL TNF-0+20 IU/mL IFN-y) are represented in
grey, blue, and red lines respectively in a histogram overlay.
Representative data from donor 3 are shown. Three hiPSC
clones from three donors (donor 1, 2, 3) were used in this
assay (e.g., FIG. 20). (C) The A geometric mean (MFI
staining-MFT isotype) of cell surface VCAM-1 of EECM-
BMEC-like cells were analyzed by flow cytometry. Mon-
ocultured EECM-BMEC-like cells, EECM-BMEC-like
cells co-cultured with hiPSC-derived SMLCs, or cultivated
with conditioned medium from hiPSC-derived SMLC are
shown. Each symbol (donor 1: black, donor 2: red, donor 3:
blue) shows the mean of at least three independent differ-
entiations (co-culture condition, donor 1: n=3, donor 2: n=4,
donor 3: n=7). Statistical analysis: one-way ANOVA fol-
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lowed by Tukey’s multiple comparison test. (P<0.05=*). (D)
Immunofluorescence staining of EECM-BMEC-like cells
derived from donor 3 grown to confluency in chamber slides
using conditioned medium from hiPSC-derived SMLCs for
ICAM-1 (red), ICAM-2 (red), VCAM-1 (red), P-selectin
(red), E-selectin (red), or CD99 (red) are shown. Nuclei
were stained with DAPI (blue). NS and 16 h pro-inflamma-
tory cytokine-stimulated condition (0.1 ng/ml. TNF-c+2
IU/mL IFN-y) are shown. Each staining is representative of
at least three independent differentiations performed on
three distinct chamber slides. Scale bars=50 (E) The number
of Th1* cells adherent to 16 h pro-inflammatory cytokine-
stimulated (0.1 ng/ml. TNF-a+2 IU/mL IFN-y) EECM-
BMEC-like cell monolayers derived from donor 2 cultured
in the presence of SMLC-derived conditioned medium,
normalized to control condition was measured after 30
minutes of adhesion under static conditions. Adherent T
cells/FOV is the mean number of cells from two fields per
well automatically counted using Image]. EECM-BMEC-
like cells were preincubated with either anti-human ICAM-1
(10 pg/ml, clone R6.5), anti-human VCAM-1 (10 pg/ml,
polyclonal), or isotype control for 30 minutes at 37° C. Th1*
cells were pretreated with either anti-human beta2 integrin
(10 pg/ml, clone TS1/18), humanized anti-human o4 inte-
grin 1gG4 (10 pg/ml, Natalizumab), or isotype controls for
30 minutes at 37° C. Data are shown as the mean+SD of
three individual differentiations each performed in at least
triplicates. Statistical analysis: one-way ANOVA followed
by Tukey’s multiple comparison test (P<0.05=*, p<0.
0001=****) (F) Immunofluorescence staining on EECM-
BMEC-like cells grown on 0.4 pm pore size Transwell filters
co-cultured with SMLCs. Junctions were stained for VE-
cadherin (red), PECAM-1 (red), ZO-1 (red), claudin-5 (red),
or occludin (red), and nuclei were stained with DAPI (blue).
Representative data from donor 2 is shown. Each staining is
representative of at least three independent differentiations
performed on three distinct filters. Five hiPSCs clones from
three donors (donor 1, 2, 3) were used in this assay. Scale
bars=50 (G) TEER and (H) permeability of sodium fluores-
cein of EECM-BMEC-like cell monolayers derived from
donor 2 co-cultured with SMLCs or cultured in the presence
of SMLC conditioned medium. EECM-BMEC-like cells
were grown on 0.4 um pore size Transwell filters in the
presence of either SMLC s (pink) or conditioned medium
from SMLCs in the lower chamber (abluminal side) (purple)
for 6 days. (G) Plotted data are mean TEER values+SD. (H)
Bars show the mean permeability coeflicients (Pe)+SD. (G,
H) Data are representative of at least three independent
differentiations with three filters per conditions. Three
hiPSC clones from three donors (donor 1, 2, 3) were used in
this assay yielding comparable results. Human CD34* cord-
blood stem cell-derived brain like endothelial cells (BLECs,
red) were used for a comparison to a previously developed
human in vitro BBB model. (I) In vitro live cell imaging of
the Th1* cellEECM-BMEC-like cells interactions under
flow. A temporal snapshot illustrating that the different Th1*
cell-EECM-BMEC-like cells interactions have been made
with several frames taken from a video recorded with a 10x
magnification. EECM-BMEC-like cells from donor 2 were
cultured in cloning rings placed on collagen IV (10 pg/ml)-
coated Ibidi p-dishes at a density of 75'000/cm®. EECM-
BMEC-like cells were stimulated with 0.1 ng/ml recombi-
nant human TNF-a+2 IU/mL IFN-y for 16 h at 37° C. (5%
CO,) diluted in conditioned medium from SMLC. Fluores-
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cencently-labelled Th1* cells were allowed to accumulate
on the EECM-BMEC-like cell monolayer at a low flow rate
of 0.1 dyne/cm? for 4 min from the first frame after the first
Th1* cells appear in the field of view (accumulation phase
until 3 min 55 s). After the accumulation phase of precisely
3 min 55 sec, the flow rate was set to 1.5 dyne/cm? for 16
min (shear phase). Each row of images shows a different
behavior (diapedesis (blue), crawling (orange), probing
(pink)) of the Th1* cells with the EECM-BMEC-like cells.
The red arrow shows the direction of flow and the time is
displayed on the top left of each image (min:s format).
Time-lapse video shows Th1* cell interaction on EECM-
BMEC-like cells (data not shown).

[0021] FIG. 7 depicts the adhesion molecule phenotype of
BMEC-like cells differentiated by unconditioned medium
method (UMM) or defined medium method (DMM) from
additional hiPSC clone. Cell surface staining of BMEC-like
cells differentiated by UMM (A) or DMM (B) in the absence
of RA for the adhesion molecules ICAM-1, ICAM-2,
VCAM-1, P-selectin, E-selectin, CD99, and PECAM-1 was
analyzed by flow cytometry. Isotype control, non-stimulated
(NS), and 16 h pro-inflammatory cytokine-stimulated con-
dition (10 ng/mL TNF-0.+200 IU/mL IFN-y) are represented
respectively in grey, blue, and red lines in a histogram
overlay. Representative data from donor 3 are shown.
[0022] FIG. 8 depicts the adhesion molecule phenotype
and morphology of naive ECs from additional hiPSC clone.
(A) Cell surface staining of naive ECs for the adhesion
molecules ICAM-1, ICAM-2, VCAM-1, P-selectin, E-se-
lectin, CD99, and PECAM-1 was analyzed by flow cytom-
etry. Isotype control, non-stimulated (NS) and 16 h pro-
inflammatory cytokine-stimulated condition (1 ng/mL TNF-
a+20 IU/mL IFN-y) are represented respectively in grey,
blue, and red lines in histogram overlays. Representative
data from donor 1 is shown. (B) Immunofiuorescence stain-
ing of naive ECs grown on 0.4 um pore Transwell filter for
PECAM-1 (red) and smooth muscle actin (green). Nuclei
were stained with DAPI (blue). Scale bar=100 um. (C)
Quantification of PECAM-1* and a-smooth muscle actin*
cells in immunofluorescence staining images. Bar shows
mean+SD of 4 differentiations using IMR90-4 line.

[0023] FIG. 9 shows the purity of VE-cadherin® cells at
passage 1 and passage 5. Staining of ECs for the adherens
junction molecule VE-cadherin was analyzed by flow
cytometry. Isotype control, passage 1 and passage 5 ECs are
shown. Representative data from donor 1, 2 and 3 are
shown. Three different hiPSC clones derived from three
individuals (donor 1, 2, 3) were evaluated in this assay.
[0024] FIG. 10 shows a western blot analysis of naive ECs
and EECM-BMEC-like cells and barrier characteristics of
EECM-BMEC-like cells from an hiPSC line originating
from fibroblasts. (A) Western blots of naive EC (passage 1,
pl) and EECM-BMEC-like cells (passage 2 and 3, p2 and
p3) probed for B-actin, VE-cadherin, claudin-5, occludin,
vWEF, ZO-1, and caveolin-1. (B) Quantification of Western
blot band intensity. Data are shown as the mean+SD of two
wells from one differentiation of the IMR90-4 hiPSC line.
Statistical analysis: one-way ANOVA followed by Tukey’s
multiple comparison test. (C, D) TEER (C) and permeability
to sodium fluorescein (D) of EECM-BMEC-like cell mono-
layers from IMR90-4 hiPSC line is shown. EECM-BMEC-
like cells were seeded onto 0.4 um pore size Transwell filters
as monoculture and TEER were measured over 6 days and
Pe,,- was measured at day 6. (C) Plotted data are mean
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TEER values+SD. (D) Bars show the mean permeability
coefficients (Pe)+SD. (E) Immunofluorescence images of
EECM-BMEC-like cells from IMR90-4 hiPSC line grown
on 0.4 um pore Transwell filters. Cell junctions were stained
for CD31 (green), claudin-5 (green), zonula occludens 1
(ZO-1, green), occludin (green) and nuclei were stained with
Hoechst (blue). Scale bars=100 pm.

[0025] FIG. 11 depicts the morphology of BMEC-like
cells differentiated by the unconditioned medium method
(UMM) or the defined medium method (DMM). Immuno-
fluorescence images of UMM- or DMM-differentiated
BMEC-like cells grown on 0.4 pm pore Transwell filters.
Cell junctions were stained for zonula occludens 1 (ZO-1,
green) and nuclei were stained with DAPI (blue). The
bottom of each panel shows a maximum-intensity projection
through the z-axis. In the top (xz) and right (yz) side images
of each panel the apical side of the BMEC-like cells is
oriented, respectively, towards the top and the right side.
Representative data from donor 2 are shown. Each staining
is representative of at least three independent differentiations
performed on three distinct filters. Scale bars=20 pm.
[0026] FIG. 12 shows the effect of astrocyte or pericyte
co-culture and ECM-5 medium on barrier characteristics of
EECM-BMEC-like cell monolayers from additional hiPSC
clones. TEER (A, C, E) and permeability to sodium fluo-
rescein (B, D, F, G) of EECM-BMEC-like cell monolayers
is shown. EECM-BMEC-like cells were seeded onto 0.4 um
pore size Transwell filters and co-cultured for 6 days with
bovine pericytes (bovine PC; A and B, light green), a human
brain pericyte cell line (HBPCT) (A and B, dark green), a
human astrocyte cell line (hAST) (C and D, dark red),
hiPSC-derived astrocytes (iPS_AC) (E and F, pink). Mon-
oculture condition was used as a control (black). (A, C, E)
Plotted data are mean TEER values+SD. (B, D, F) Bars
show the mean permeability coefficients (Pe)+SD. (A-E)
Representative data from donor 1 are shown. At least two
independent differentiations performed on two distinct fil-
ters were used in this study. (G) Permeability of sodium
fluorescein of EECM-BMEC-like cell monolayers culti-
vated in ECM-5 medium in the presence and absence of
bovine pericytes. EECM-BMEC-like cells from donor 2
(passage 3-5) were seeded onto 0.4 um pore size Transwell
filters and co-cultured for 6 days with bovine pericytes.
Monoculture condition using ECM-5 medium was used as a
control (black). Bars show the mean permeability coefli-
cients (Pe)+SD. Data are overlaid from at least three inde-
pendent differentiations each performed in triplicate per
conditions. Statistical analysis: unpaired t-test (P<0.01=**)
[0027] FIG. 13 shows the effect of RA pretreatment or
pericyte conditioned medium on EPCs. (A) TEER and (B)
permeability of sodium fluorescein of EECM-BMEC-like
cells from donor 2 at passage 2 are shown. EPCs (after EPC
purification by MACS) were cultured in the presence or
absence of RA for 3 days (brown) or bovine pericyte
conditioned medium (PCM) for 6 days (green) and then
EECM-BMEC-like cells at passage 2 were cultured on 0.4
um pore size Transwell filters over 6 days. Data are from
three independent differentiations for RA treatment each
performed in at least triplicate, and from two independent
differentiations for PCM condition each performed in dupli-
cate. Statistical analysis: one-way ANOVA followed by
Tukey’s multiple comparison test. (p<0.0001=***%*),
[0028] FIG. 14 shows immunofluorescence staining of
stimulated and control EECM-BMEC-like cells from addi-
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tional hiPSC clones. (A, B) Immunofluorescence staining of
EECM-BMEC-like cells from donor 3 (A and B) seeded in
a chamber slide for ICAM-1 (red), ICAM-2 (red), VCAM-1
(red), P-selectin (red), E-selectin (red), or CD99 (red).
Nuclei were stained with DAPI (blue). NS and 0.1 ng/mL
TNF-0+2 IU/mL IFN-y-(A) or 0.1 ng/mL IL-13-(B) stimu-
lated conditions are shown. Scale bars=50 um. Each staining
is representative of at least three independent differentiations
performed on three distinct chamber slides.

[0029] FIG. 15 shows cell surface expression of adhesion
molecules on different human in vitro BBB models. The A
geometric mean (MFI staining-MFI isotype) of cell surface
staining for adhesion molecules on different human in vitro
BBB models were analyzed by flow cytometry. Each symbol
shows results from different donor (donor 1: black, donor 2:
red, donor 3: blue). Human CD34* cord-blood stem cell-
derived brain like endothelial cells (BLECs, orange) and
primary human brain microvascular endothelial cells
(pHBMECs, magenta) were used for a comparison to
DMM-BMECs, UMM-BMECs and EECM-BMECs. Data
for naive ECs are also shown.

[0030] FIG. 16 depicts the extended adhesion molecule
phenotype of EECM-BMEC-like cells. Immunofluores-
cence staining of EECM-BMEC-like cells from donor 3
seeded in a chamber slide for ALCAM (red) and MCAM
(red) is shown. Nuclei were stained with DAPI (blue). NS
and 0.1 ng/ml. TNF-0+2 IU/mL IFN-y-stimulated condi-
tions are shown. Scale bars=50 pm. Each staining is repre-
sentative of at least three independent differentiations per-
formed on three distinct chamber slides.

[0031] FIG. 17 shows the similar effects of TNF-o/IFN-y
or IL-1f for cell surface ICAM-1 and VCAM-1 staining of
EECM-BMEC-like cells. Cell surface staining of EECM-
BMEC-like cell monoculture for the adhesion molecules
ICAM-1, VCAM-1, was analyzed by flow cytometry. Iso-
type control and 16 h pro-inflammatory cytokine-stimulated
condition (1 ng/ml. TNF-0+20 IU/mL IFN-y or 1 ng/mL
1L-1p) are represented respectively in grey, red, and green
lines in a histogram overlay. Representative data from donor
2 are shown.

[0032] FIG. 18 depicts the concentration dependent induc-
tion of ICAM-1 and VCAM-1 on EECM-BMEC-like cells
by pro-inflammatory cytokines. Immunofluorescence stain-
ing of EECM-BMEC-like cells from donor 2 seeded in a
chamber slide for phalloidin (green), ICAM-1 (red), and
VCAM-1 (red) is shown. Nuclei were stained with DAPI
(blue). NS and different concentrations of TNF-o+IFN-y-
stimulated conditions are shown. Scale bars=50 um. Each
staining is representative of at least three independent dif-
ferentiations performed on three distinct chamber slides.
[0033] FIG. 19 shows immunofluorescence staining of
hiPSCs-derived smooth muscle-like cells (SMLCs). Immu-
nofluorescence staining of hiPSC-derived smooth muscle-
like cells (SMLCs) from donor 2 seeded in a chamber slide
for a-smooth muscle actin (SMA), N-cadherin, NG-2,
Z0O-1, or Vimentin, or from the IMR90-4 line stained for
calponin (green) and SM22a. (red). Nuclei were stained with
DAPI (blue). Scale bars=50 um. Each staining is represen-
tative of at least three independent differentiations per-
formed on three distinct chamber slides.

[0034] FIG. 20 depicts the adhesion molecule phenotype
of EECM-BMEC-like cells from additional hiPSC clones.
(A-C) Cell surface staining of EECM-differentiated BMEC
monoculture (A), SMLC co-culture (B), or SMLC condi-
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tioned medium (C) for the adhesion molecules ICAM-1,
ICAM-2, VCAM-1, P-selectin, E-selectin, CD99, and
PECAM-1 was analyzed by flow cytometry. Isotype control,
non-stimulated (NS), and 16 h pro-inflammatory cytokine-
stimulated condition (1 ng/mL. TNF-c.+20 IU/mL IFN-y) are
represented respectively in grey, blue, and red lines in a
histogram overlay. Representative data from donor 1 (left)
and donor 2 (right) are shown.

[0035] FIG. 21 shows the similar effects of TNF-a/IFN-y
or IL-1f for cell surface ICAM-1 and VCAM-1 of EECM-
BMEC-like cells with SMLC co-culture. Cell surface stain-
ing of EECM-BMEC-like cells with SMLC co-culture for
the adhesion molecules ICAM-1, VCAM-1, was analyzed
by flow cytometry. Isotype control and 16 h pro-inflamma-
tory cytokine-stimulated condition (1 ng/ml. TNF-0+20
TU/mL IFN-y or 1 ng/mL IL-1f) are represented respectively
in grey, red, and green lines in a histogram overlay. Repre-
sentative data from donor 3 are shown.

[0036] FIG. 22 shows immunofluorescence staining of
stimulated and control EECM-BMEC-like cells from addi-
tional hiPSC clones. Immunofluorescence staining of
EECM-BMEC-like cells grown on 0.4 um pore size Tran-
swell filters and co-cultured with SMLCs for VCAM-1 (red)
are shown. Nuclei were stained with DAPI (blue). NS and 16
h pro-inflammatory cytokine-stimulated condition (1 ng/mL
TNF-0+20 IU/mL IFN-y) are shown. Representative image
from each donor (donor 1, 2, 3) are shown. Each staining is
representative of at least three independent differentiations
performed on three distinct chamber slides. Scale bars=50
pm.

[0037] FIG. 23. hPSC-derived endothelial progenitors as a
model for studying Wnt-mediated barriergenesis. (A) Over-
view of the endothelial differentiation and Wnt treatment
protocol. (B) Immunocytochemistry analysis of CD34 and
CD31 expression in D5 EPCs prior to MACS. Hoechst
nuclear counterstain is overlaid in the merged image. Scale
bars: 200 um. (C) Flow cytometry analysis of CD34 and
CD31 expression in D5 EPCs prior to MACS. (D) Immu-
nocytochemistry analysis of §-catenin and GLUT-1 expres-
sion in Passage 1 ECs treated with Wnt3a or control.
Hoechst nuclear counterstain is overlaid. Arrowheads indi-
cate smooth muscle-like cells (SMLCs). Scale bars: 200 (E)
Quantification of the percentage of GLUT-1* ECs in control-
and Wnt3a-treated conditions. Points represent replicate
wells from 2 independent differentiations of the IMR90-4
line, each differentiation indicated with a different color.
Bars indicate mean values. P-value: Two-way ANOVA. (F)
Smooth-muscle like cells (SMLCs). Immunocytochemistry
analysis of calponin and smooth muscle protein 22-a
(SM22q.) in Passage 1 cultures containing ECs and SMLCs.
Hoechst nuclear counterstain is overlaid in the merged
image. Dashed area in (F) indicates an EC colony. Scale
bars: 200 pm.

[0038] FIG. 24. Effect of Wnt ligands and pathway modu-
lators on endothelial properties. (A) Immunocytochemistry
analysis of claudin-5, caveolin-1, and GLUT-1 expression in
Passage 1 ECs treated with Wnt3a, Wnt3a+R-spondin 1
(Rspol), Wnt7a, Wnt7b, Wnt7a+Wnt7b, Wnt7a+Wnt7b+
Rspol, CHIR, or control. Hoechst nuclear counterstain is
overlaid in the merged images. Dashed boxes indicate fields
displayed in (B). Scale bars: 200 pm. (B) Immunocytochem-
istry analysis of GLUT-1 expression in the fields indicated
with dashed boxes in (A) from the control and Wnt7a+
Wnt7b conditions. To visualize weak GLUT-1 immunore-
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activity in Wnt7a+Wnt7b-treated ECs, a linear brightness/
contrast adjustment was applied identically to the three
fields but differs from that of the images shown in (A).
Arrowheads indicate GLUT-1* ECs. (C) Quantification of
images from the conditions described in (A) for percentage
of ECs (claudin-5* cells relative to total nuclei), GLUT-1*
ECs (relative to total claudin-5* ECs), and mean fluores-
cence intensity of claudin-5, caveolin-1, and GLUT-1 nor-
malized to Hoechst mean fluorescence intensity within the
area of claudin-5* ECs only. Points represent replicate wells
from one differentiation of the IMR90-4 line and bars
indicate mean values. For the fluorescence intensity plots,
values were normalized such that the mean of the control
condition equals 1. P-values: ANOVA followed by Dun-
nett’s test versus control.

[0039] FIG. 25. Dose-dependent effects of CHIR on
endothelial properties. (A) Immunocytochemistry analysis
of claudin-5, caveolin-1, and GLUT-1 expression in Passage
1 ECs treated with 2 uM, 4 pM, or 6 uM CHIR, or DMSO
vehicle control. Hoechst nuclear counterstain is overlaid in
the merged images. Scale bars: 200 um. (B) Quantification
of images from the conditions described in (A) for number
of ECs per 20x field and percentage of ECs (claudin-5* cells
relative to total nuclei). Points represent replicate wells from
one differentiation of the IMR90-4 line and bars indicate
mean values. P-values: ANOVA followed by Tukey’s HSD
test. (C) Quantification of claudin-5, caveolin-1, and
GLUT-1 mean fluorescence intensity normalized to Hoechst
mean fluorescence intensity within the area of claudin-5*
ECs only. Points represent replicate wells from one differ-
entiation of the IMR90-4 line. Bars indicate mean values,
with values normalized such that the mean of the DMSO
condition equals 1. P-values: ANOVA followed by Tukey’s
HSD test.

[0040] FIG. 26. CHIR-mediated effects in an additional
hPSC line. (A) Immunocytochemistry analysis of claudin-5,
caveolin-1, and GLUT-1 expression in Passage 1 ECs dif-
ferentiated from the WTC11 iPSC line treated with 2 uM, 4
uM, or 6 uM CHIR, or DMSO vehicle control. Hoechst
nuclear counterstain is overlaid in the merged images. Scale
bars: 200 um. (B) Quantification of images from the con-
ditions described in (A) for number of ECs per 20x field and
percentage of ECs (claudin-5* cells relative to total nuclei).
Points represent replicate wells from 1-2 differentiations of
the WTC11 line and bars indicate mean values, each differ-
entiation indicated with a different color. P-values: Two-way
ANOVA followed by Tukey’s HSD test. (C) Quantification
of claudin-5, caveolin-1, and GLUT-1 mean fluorescence
intensity normalized to Hoechst mean fluorescence intensity
within the area of claudin-5* ECs only. Points represent
replicate wells from 1-2 differentiations of the WTCI11 line,
each differentiation indicated with a different color. Bars
indicate mean values, with values normalized within each
differentiation such that the mean of the DMSO condition
equals 1. P-values: Two-way ANOVA followed by Tukey’s
HSD test on unnormalized data.

[0041] FIG. 27. B-catenin-dependence of CHIR-mediated
GLUT-1 induction. (A) Immunocytochemistry analysis of
GLUT-1 expression in Passage 1 ECs treated with DMSO,
CHIR, or CHIR+doxycycline (Dox) at 1, 2, or 4 pg/mL.
Images from the H9-7TGP-ishcat2, 19-9-11-7TGP-ishcat3,
and IMR90-4 lines are shown. Hoechst nuclear counterstain
is overlaid. Dashed lines indicate borders between EC
colonies and SMLCs in the DMSO condition. Scale bars:
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200 (B) Quantification of images from the conditions
described in (A) for GLUT-1 mean fluorescence intensity
normalized to Hoechst mean fluorescence intensity within
the area of ECs only. At left, points represent replicate wells
from one differentiation of the H9-7TGP-ishcat line (green)
and one differentiation of the 19-9-11-7TGP-ishcat3 line
(orange). Bars indicate mean values, with values normalized
within each differentiation such that the mean of the DMSO
condition equals 1. P-values: Two-way ANOVA followed by
Tukey’s HSD test on unnormalized data. At right, points
represent replicate wells from one differentiation of the
IMR90-4 line. Bars indicate mean values, with values nor-
malized such that the mean of the DMSO condition equals
1. P-values: ANOVA followed by Tukey’s HSD test.

[0042] FIG. 28. Effect of CHIR on endothelial cell pro-
liferation. (A) Immunocytochemistry analysis of CD31 and
Ki67 expression in Passage 1 ECs treated with DMSO or
CHIR. Hoechst nuclear counterstain is overlaid. Dashed
lines indicate borders between the EC colony and SMLCs in
the DMSO condition. Arrowheads indicate examples of
Ki67* ECs. Scale bars: 200 (B) Quantification of the per-
centage of Ki67* ECs in DMSO- and CHIR-treated condi-
tions. Points represent replicate wells from one differentia-
tion of the WTCI1 line, and bars indicate mean values.
P-value: Student’s t test. (C) Flow cytometry-based cell
cycle analysis. Representative plots of Vybrant DyeCycle
Green Stain abundance in CD31* cells from Passage 1
cultures treated with DMSO or CHIR. (D) Quantification of
the percentage of S/G2/M phase ECs. Points represent
replicate wells from one differentiation of the WTC11 line,
and bars indicate mean values. P-value: Student’s t test.

[0043] FIG. 29. Effect of neural rosette- and astrocyte-
conditioned media on endothelial properties. (A) Immuno-
cytochemistry analysis of claudin-5, caveolin-1, and
GLUT-1 expression in Passage 1 ECs treated with DMSO,
CHIR, neural rosette-conditioned medium (NR-CM), or
astrocyte-conditioned medium (Astro-CM). Hoechst nuclear
counterstain is overlaid in the merged images. Dashed boxes
indicate fields displayed in (B). Scale bars: 200 pm. (B)
Immunocytochemistry analysis of GLUT-1 expression in the
fields indicated with dashed boxes in (A). A linear bright-
ness/contrast adjustment was applied identically to the four
fields but differs from that of the images shown in (A). (C)
Quantification of images from the conditions described in
(A) for number of ECs per 20x field and percentage of ECs
(claudin-5" cells relative to total nuclei). Points represent
replicate wells from two independent differentiations of the
IMR90-4 line, each differentiation indicated with a different
color. Bars indicate mean values. P-values: Two-way
ANOVA followed by Tukey’s HSD test. (D) Quantification
of claudin-5, caveolin-1, and GLUT-1 mean fluorescence
intensity normalized to Hoechst mean fluorescence intensity
within the area of claudin-5* ECs only. Points represent
replicate wells from two independent differentiations of the
IMR90-4 line, each differentiation indicated with a different
color. Bars indicate mean values, with values normalized
within each differentiation such that the mean of the DMSO
condition equals 1. P-values: Two-way ANOVA followed by
Tukey’s HSD test on unnormalized data.

[0044] FIG. 30. Effect of CHIR on endothelial PLVAP
expression. (A) Confocal immunocytochemistry analysis of
VE-cadherin and PLVAP expression in Passage 1 ECs
treated with DMSO or CHIR. Hoechst nuclear counterstain
is overlaid. Eight serial confocal Z-slices with 1 pm spacing
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are shown. Scale bars: 50 um. (B) Quantification of PLVAP
and VE-cadherin area under the curve (AUC) of mean
fluorescence intensity versus Z-position normalized to
Hoechst AUC. Points represent replicate wells from 3 inde-
pendent differentiations of the IMR90-4 line, each differen-
tiation indicated with a different color. Bars indicate mean
values, with values normalized within each differentiation
such that the mean of the DMSO condition equals 1.
P-values: Two-way ANOVA on unnormalized data.

[0045] FIG. 31. Effect of CHIR on protein expression in
Passage 1 and Passage 3 ECs. (A) Western blots of Passage
1 ECs treated with DMSO or CHIR probed for GLUT-1,
claudin-5, PLVAP, VE-cadherin, LSR, and p-actin. (B)
Quantification of Western blots of Passage 1 ECs. GLUT-1,
claudin-5, PLVAP, VE-cadherin, and LSR band intensities
were normalized to (-actin band intensity. Points represent
replicate wells from 2-3 independent differentiations of the
IMR90-4 line, each differentiation indicated with a different
color. Bars indicate mean values, with values normalized
within each differentiation such that the mean of the DMSO
condition equals 1. P-values: Two-way ANOVA on unnor-
malized data. (C) Western blots of Passage 3 ECs treated
with DMSO or CHIR probed for GLUT-1, claudin-5,
PLVAP, VE-cadherin, LSR, and p-actin. (D) Quantification
of Western blots of Passage 3 ECs. GLUT-1, claudin-5,
PLVAP, VE-cadherin, and LSR band intensities were nor-
malized to $-actin band intensity. Points represent replicate
wells from 2 independent differentiations of the IMR90-4
line, each differentiation indicated with a different color.
Bars indicate mean values, with values normalized within
each differentiation such that the mean of the DMSO con-
dition equals 1. P-values: Two-way ANOVA on unnormal-
ized data.

[0046] FIG. 32. Functional properties of CHIR- and
DMSO-treated ECs. (A) Flow cytometry analysis of CD31
expression in Passage 1 ECs following the dextran internal-
ization assay. CD31* cells were gated for further analysis.
(B) Flow cytometry analysis of 10 kDa dextran-Alexa Fluor
488 (AF488) abundance in CD317 cells. Cells were treated
with DMSO or CHIR for 6 d prior to the assay. Represen-
tative plots from cells incubated with dextran for 2 h at 4°
C. (left) and 37° C. (right) are shown. (C) Quantification of
10 kDa dextran-AF488 geometric mean fluorescence inten-
sity in CD31* cells. Treatment and assay conditions were as
described in (B). Points represent replicate wells from 3
independent differentiations of the IMR90-4 line, each dif-
ferentiation indicated with a different color. Bars indicate
mean values. P-values: Two-way ANOVA followed by
Tukey’s HSD test. (D) Quantification of the coefficient of
variation (CV) of 10 kDa dextran-AF488 fluorescence inten-
sity in CD31* cells. Points represent replicate wells from 3
independent differentiations of the IMR90-4 line, each dif-
ferentiation indicated with a different color. Bars indicate
mean values. P-value: Two-way ANOVA. (E) Transendothe-
lial electrical resistance (TEER) of Passage 3 ECs. The
x-axis indicates the number of days after seeding cells on
Transwell inserts. Points represent replicate wells from three
independent differentiations of the IMR90-4 line, each dif-
ferentiation indicated with a different shape. P-value: Two-
way ANOVA. (F) Permeability of Passage 3 ECs to sodium
fluorescein. Points represent replicate wells from two inde-
pendent differentiations of the IMR90-4 line, each differen-
tiation indicated with a different color. Bars indicate mean
values. P-value: Two-way ANOVA.
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[0047] FIG. 33. Effect of CHIR treatment in matured
endothelium. (A) Overview of the endothelial differentia-
tion, extended culture, and CHIR treatment protocol. (B)
Immunocytochemistry analysis of claudin-5 and GLUT-1
expression in ECs treated with DMSO or CHIR as outlined
in (A). Images from the IMR90-4 and H9-CDHS5-eGFP lines
are shown. Hoechst nuclear counterstain is overlaid. Scale
bars: 200 um. (C) Quantification of images from the con-
ditions described in (B) for GLUT-1 and claudin-5 mean
fluorescence intensity normalized to Hoechst mean fluores-
cence intensity within the area of claudin-5" ECs only.
Points represent replicate wells from one differentiation of
the IMR90-4 line (orange) and one differentiation of the
H9-CDHS-eGFP line (blue). Bars indicate mean values,
with values normalized within each differentiation such that
the mean of the DMSO condition equals 1. P-values: Two-
way ANOVA on unnormalized data. (D) Quantification of
images from the conditions described in (B) for number of
ECs per 20x field. Points represent replicate wells from one
differentiation of the IMR90-4 line (orange) and one differ-
entiation of the H9-CDHS5-eGFP line (blue). Bars indicate
mean values. P-value: Two-way ANOVA.

[0048] FIG. 34. RNA-seq of DMSO-, CHIR-, or Wnt7a/
b-treated ECs. (A) Principal component analysis of EC and
SMLC whole-transcriptome data subject to variance stabi-
lizing transformation by DESeq2. Points from Passage 1
ECs represent cells from 4 independent differentiations of
the IMR90-4 line, points from Passage 3 ECs represent cells
from 3 independent differentiations of the IMR90-4 line, and
points from SMLCs represent 2 independent differentiations
of the IMR90-4 line. Points are colored based on treatment:
DMSO (blue), CHIR (orange), or Wnt7a/b (red). Data are
plotted in the space of the first two principal components,
with the percentage of variance explained by principal
component 1 (PC1) and principal component 2 (PC2) shown
in axis labels. (B) Heat map of transcript abundance [log,
(TPM+1)] for endothelial, mesenchymal, and epithelial
genes across all samples. (C) Differential expression analy-
sis of Passage 1 CHIR-treated ECs compared to Passage 1
DMSO-treated ECs. Differentially expressed genes (ad-
justed P-values <0.05, DESeq2 Wald test with Benjamini-
Hochberg correction) are highlighted in green (upregulated)
and red (downregulated). The number of upregulated, down-
regulated, and non-significant (ns) genes are shown in the
legend. (D) Transcript abundance (TPM) of Wnt-regulated,
barrier-related genes in Passage 1 DMSO- and CHIR-treated
ECs. Points represent cells from 4 independent differentia-
tions of the IMR90-4 line and lines connect points from
matched differentiations. All genes shown were differen-
tially expressed (adjusted P-values <0.05, DESeq2 Wald test
with Benjamini-Hochberg correction). (E) Venn diagrams
illustrating the number of genes identified as upregulated or
downregulated (adjusted P-values <0.05, DESeq2 Wald test
with Benjamini-Hochberg correction) in Passage 1 ECs
treated with CHIR versus DMSO compared to Wnt7a/b
versus DMSO (left), or ECs treated with CHIR versus
DMSO at Passage 1 compared to Passage 3 (right).

[0049] FIG. 35. RNA-seq differential expression analyses.
(A-C) Differential expression analysis of Passage 3 CHIR-
treated ECs compared to Passage 3 DMSO-treated ECs (A),
Passage 1 Wnt7a/b-treated ECs compared to Passage 1
DMSO-treated ECs (B), and Passage 3 DMSO-treated ECs
compared to Passage 1 DMSO-treated ECs (C). Differen-
tially expressed genes (adjusted P-values <0.05, DESeq2
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Wald test with Benjamini-Hochberg correction) are high-
lighted in green (upregulated) and red (downregulated). The
number of upregulated, downregulated, and non-significant
(ns) genes are shown in the legends. (D) Heat map of
transcript abundance [log,(TPM+1)] for BBB genes encom-
passing tight junctions, vesicle trafficking components, and
solute carriers, and efflux transporters. Solute carrier and
efflux transporter genes that were expressed in human brain
ECs at an average of >100 TPM in a meta-analysis of
scRNA-seq datasets (Gastfriend et al., 2021. Integrative
analysis of the human brain mural cell transcriptome. J
Cereb Blood Flow Metab, In press) are included. At right,
arrows indicate directionality of change for differentially
expressed genes (adjusted P-values <0.05, DESeq2 Wald
test with Benjamini-Hochberg correction) for the four com-
parisons shown above. Changes with expected directionality
for gain of CNS EC character have arrows highlighted in
green.

[0050] FIG. 36. Expression of Wnt pathway components
in naive ECs. Abundance of transcripts (in transcripts per
million, TPM) encoding Wnt receptors, co-receptors, and
other pathway components in Passage 1 DMSO-treated ECs.
Points represent cells from 4 independent differentiations of
the IMR90-4 line. Bars indicate mean values. ADGRA2 is
also known as GPR124.

[0051] FIG. 37. Identification of concordantly Wnt-regu-
lated CNS EC-associated genes in RNA-seq data. (A) Dif-
ferential expression analysis of P7 murine brain ECs com-
pared to liver, lung, or kidney ECs (Sabbagh et al., 2018.
Transcriptional and epigenomic landscapes of CNS and
non-CNS vascular endothelial cells. Elife 7:1-44). Differen-
tially expressed genes (adjusted P-values <0.05, DESeq2
Wald test with Benjamini-Hochberg correction) are high-
lighted in green (up, brain-enriched) and red (down, brain-
depleted). The number of up, down, and non-significant (ns)
genes are shown in the legends. (B) Venn diagrams illus-
trating the number of genes identified as brain EC-enriched
(left) or brain EC-depleted (right) versus liver, lung, or
kidney ECs (adjusted P-values <0.05, DESeq2 Wald test
with Benjamini-Hochberg correction). The 1094 genes
enriched in brain ECs compared to each other organ, and the
506 genes depleted in brain ECs compared to each other
organ, were used for subsequent analysis of the effects of
Wnt activation in the various experimental contexts. (C-F)
In each plot, the x-axis indicates average log 2(fold change)
of gene expression in brain ECs compared to liver, lung, and
kidney ECs for the 1094 brain EC-enriched genes and 506
brain EC-depleted genes described in (B) with known
mouse-human homology. Homologous human gene names
are shown. The y-axes indicate differential expression [log
2(fold change)] in Passage 1 CHIR-treated ECs compared to
Passage 1 DMSO-treated ECs (C), in adult mouse pituitary
ECs with stabilized f-catenin (gain-of-function, GOF) com-
pared to controls (D) (Wang et al.,, 2019. Beta-catenin
signaling regulates barrier-specific gene expression in cir-
cumventricular organ and ocular vasculatures. Elife 8:1-36),
in adult mouse liver ECs with stabilized -catenin compared
to controls (E) (Munji et al., 2019), or in cultured adult
mouse brain ECs with stabilized B-catenin compared to
controls (F) (Sabbagh et al., 2020. A genome-wide view of
the de-differentiation of central nervous system endothelial
cells in culture. Elife 9:1-19). Points are highlighted in blue
if concordantly-regulated (upregulated in both comparisons
or downregulated in both comparisons). Genes were iden-
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tified as upregulated or downregulated based on adjusted
P-values <0.05, DESeq2 Wald test with Benjamini-Hoch-
berg correction. (G) Venn diagrams illustrating the number
of brain EC-enriched genes concordantly upregulated with
[-catenin GOF (top) and the number of brain EC-depleted
genes concordantly downregulated with p-catenin GOF
(bottom) for the four comparisons shown in (C-F).

DETAILED DESCRIPTION

[0052] In the present application, the inventors provide a
new in vitro blood-brain barrier model that not only has
blood-brain barrier properties, but also has a mature immune
phenotype that allows the model to be used for studying
immune regulation and function at the blood-brain barrier.
[0053] The human induced pluripotent stem cell (hiPSC)-
derived blood-brain barrier (BBB) models that have been
established to date lack expression of key adhesion mol-
ecules involved in immune cell migration across the BBB in
vivo. In the Examples, the inventors demonstrate that two
different, previously established methods of for differenti-
ating hiPSCs to BMEC-like cell for blood-brain barrier
models (i.e., co-differentiation unconditioned medium
method (UMM) (14, 16, 23) and chemically-defined
medium method (DMM) (17)) yield BMEC-like cells lack-
ing expression of several key adhesion molecules known to
be involved in immune cell migration across the BBB in
vivo.

[0054] To address the lack of these adhesion molecules in
currently available hiPSC-derived BBB models, the inven-
tors developed a new protocol to differentiate hiPSC-derived
endothelial progenitor cells (EPCs) to BMEC-like cells that
display an improved, mature immune phenotype, while also
displaying barrier properties similar to those observed for
primary human brain endothelial cells (24-28). Specifically,
the inventors developed the extended endothelial cell culture
method (EECM), which differentiates hiPSC-derived
endothelial progenitor cells to brain microvascular endothe-
lial cell (BMEC)-like cells with good barrier properties and
mature tight junctions. Importantly, EECM-BMEC-like
cells exhibited constitutive cell surface expression of ICAM-
1, ICAM-2 and E-selectin, along with additional adhesion
molecules important for immune phenotype as described
further herein. Pro-inflammatory cytokine stimulation
increased cell surface expression of ICAM-1 and induced
cell surface expression of P-selectin and VCAM-1. Cocul-
ture of EECM-BMEC-like cells with hiPSC-derived smooth
muscle-like cells or their conditioned medium further
increased induction of VCAM-1. Functional expression of
endothelial ICAM-1 and VCAM-1 was confirmed by T-cell
interaction with EECM-BMEC-like cells. Thus, the present
invention provides the first hiPSC-derived BBB model that
faithfully reproduces the required molecular repertoire
needed for the study of immune cell trafficking across the
BBB.

EECM-Derived BMEC Populations

[0055] The present invention provides a method of pro-
ducing a population of extended endothelial culture method
(EECM)-derived brain microvascular endothelial cells
(BMECs) (EECM-BMECs) from a population of endothe-
lial progenitor cells. These cells can be used to form in vitro
blood-brain barrier (BBB) models that have both a mature
immune phenotype and BBB properties. These BBB models
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can be used for studying immune modulation at the BBB and
for studying and discovering therapeutics that may be useful
for treatment of neuroinflammatory diseases or neurological
diseases that have an inflammatory or immune component,
as described further herein. The cells used with the present
invention may be isogenic, allowing for isogenic disease
modeling. The methods are described in more detail below.
In brief, the methods involves first culturing endothelial
progenitor cells in endothelial medium on a collagen coated
surface (e.g., plates, membrane, insert, etc.), and then serial
passaging (e.g., at least two passages) the resulting cells in
serum-free endothelial medium on a collagen coated surface
until a homogeneous confluent monolayer of CD31* EECM-
BMEC:s is produced.

[0056] The cells produced by the methods of the present
invention are EECM-derived CD31* BMECs. The terms
“EECM-derived CD31* MECs,” “EECM-derived CD31*
MEC-like cells,” or “EECM-BMECs” or “EECM-BMEC-
like cells” are used interchangeably herein to refer to the
cells derived by the disclosed methods. The EECM-BMECs,
when grown into a confluent monolayer, exhibit both a
mature immune phenotype and blood-brain barrier proper-
ties, which are each discussed in turn below. The monolayers
are homogenous, comprising, for example, more than 90%
EECM-derived CD31*" BMECs, preferably more than 95%
CD31* BMECs, or alternatively at least 98% CD31*
BMECs.

[0057] First, the EECM-BMECs made by the methods
described herein are useful in that they have a mature
immune phenotype not found in the BMECs used in previ-
ously disclosed in vitro BBB models. Importantly, after
extended culture, the resulting EECM-BMEC-like cells
retained an immune cell adhesion molecule profile similar to
primary BMECs (26, 27, 59), which are known to regulate
immune cell adhesion and migration across the BBB. These
EECM-BMECs expressed ICAM-1, ICAM-2, E-selectin,
P-selectin, CD99, and PECAM-1. Further, pro-inflamma-
tory cytokine stimulation of these EECM-BMECs led to
upregulation of ICAM-1 and P-selectin and induction of
VCAM-1 that can be further enhanced by co-culture with
smooth muscle-like cells (SMLC) or by treating the EECM-
BMECs with SMLC-derived conditioned medium. The
functionality of both ICAM-1 and VCAM-1 in the BBB
model were tested, which confirmed that blockade of these
molecules result in reduced CD4+ helper T cell adhesion.
EECM-BMEC-like cells demonstrated pro-inflammatory
cytokine-inducible expression of VCAM-1, a prerequisite
for studying immune cell interactions with the BBB. Further,
the EECM-BMECs further express blood brain barrier
markers as described more below.

[0058] As used herein, the term “mature immune pheno-
type” refers to the expression in the BMECs of three or more
adhesion molecules that play a role in immune cell adhesion
and transport across the BBB. The three or more adhesion
molecules are also referred to as immune cell adhesion
molecules in the art.

[0059] In some embodiments, the EECM-derived CD31*
BMEC:s in addition to the expressing the vascular endothe-
lial (VE)-cadherin and ICAM-2 and PECAM-1, the EECM-
BMECs further express three or more adhesion molecules
selected from the group consisting of ICAM-1, VCAM-1,
E-selectin, P-selectin, and CD99. The adhesion molecules
are also referred to in the art as “endothelial cell adhesion
molecules”. Not to be bound by any theory, but these
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molecules are thought to be involved in adhesion and
migration of peripheral blood T lymphocyte across blood-
brain barrier during physiological and inflammatory condi-
tions such as immune-mediated CNS diseases. As such,
expression of one or more, preferably three or more of these
adhesion molecules on the EECM-derived BMECs provides
a BBB model that may be used to study multi-step immune
cell trafficking across the BBB. In some embodiments, the
cells express four or more adhesion molecules selected from
the group consisting of ICAM-1, VCAM-1, E-selectin,
P-selectin, and CD99, or alternatively express all five of the
adhesion molecules ICAM-1, VCAM-1, E-selectin, P-selec-
tin, and CD99.

[0060] In a preferred embodiment, the EECM-derived
CD31* BMECs have a mature adhesion molecule phenotype
that is characterized by the combined expression of at least
one IgCAM family member (i.e., ICAM-1 and/or VCAM-
1), at least one selectin (i.e., E-selectin and/or P-selectin),
and CD99. In another embodiment, the EECM-BMECs
have two or more IgCAM members (i.e., ICAM-1 and
VCAM-1), and E-selectin and P-selectin, and CD99.
[0061] In some embodiments, the EECM-BMECs gener-
ated by the methods described herein further express acti-
vated leukocyte cell adhesion molecule (ALCAM), and
melanoma cell adhesion molecule (MCAM), both cell adhe-
sion molecules found on blood-brain barrier endothelial
cells and involved in leukocyte transmigration across this
endothelium.

[0062] Second, the EECM-BMECs made by the methods
described herein are useful in that they have blood-brain
barrier (BBB) properties, including physical barrier proper-
ties, well-developed tight junctions, selective permeability,
moderate TEER, a flat cellular morphology, and junctional
architecture characteristic of primary BMECs. Importantly,
these BBB properties enable the study of BBB characteris-
tics in vitro. The terms “tight junction,” “occluding junc-
tion,” or “zonulae occludentes™ describe multi-protein junc-
tional complexes between the membranes of two
neighboring cells that prevent leakage of solutes and water
across the cellular monolayer. In the Examples, the inventors
perform an immunocytochemical analysis of claudin-5 and
occludin to demonstrate that the monolayers described
herein have continuous tight junctions, providing improved
barrier properties as opposed to naive endothelial cells.
[0063] As described, the EECM-BMECs described herein
have both a mature immune phenotype and BBB properties,
including the expression of BBB marker proteins. Specifi-
cally, the population of EECM-derived CD31* BMECs
described herein express one or more blood-brain barrier
(BBB) markers selected from the group consisting of occlu-
din, claudin-5, zonula occludens-1 (ZO-1), Von Willebrand
factor (vWF), and caveolin-1. As used herein, the term
“blood-brain barrier markers,” refers to markers that are
associated with brain microvascular endothelial cells, e.g.
tight junction markers (e.g., occludin, claudin-5, zonula
occludens-1), and additional markers that have been asso-
ciated with brain microvasculature that play a role in the
blood-brain barrier, (e.g., Von Willebrand factor and caveo-
lin-1). In some embodiments, the EECM-BMECs express at
least two markers selected from occludin, claudin-5, ZO-1,
vWF, and caveolin-1. In some embodiments, the EECM-
BMECs express at least three markers selected from occlu-
din, claudin-5, ZO-1, vWF, and caveolin-1. Alternatively,
the EECM-BMECs express at least four markers selected
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occludin, claudin-5, ZO-1, vWF, and caveolin-1. Still alter-
natively, the EECM-BMECs express all five of the markers
selected from occludin, claudin-5, ZO-1, vWF, and caveo-
lin-1.

[0064] Suitably, in the population of EECM-derived
CD31" BMECs, at least 90% of the cells express one or
more of the BBB markers and three or more of the adhesion
molecule, preferably at least 95% of the cells in the popu-
lation express at least one BBB marker and at least three
adhesion molecules. Alternatively, at least 98% of the cells
express at least one BBB marker and at least three adhesion
molecules.

[0065] One skilled in the art would understand that the
homogenous population of EECM-derived CD31* BMECs
may express one or more BBB marker and the three or more
adhesion markers at slightly different levels and still be
considered a homogenous population if the population has
the characteristics as described herein. Thus, in some
embodiments, a homogenous population comprises at least
90% EECM-BMEC:s, at least 95% EECM-BMEC:s, at least
98% EECM-BMECs, alternatively at least 99% EECM-
BMECs.

[0066] The EECM-derived CD31* BMECs disclosed
herein may have BBB properties that include one or more of
the following characteristics: (a) a lower permeability as
compared to naive endothelial cells; (b) increased expres-
sion of one or more tight junction proteins (e.g., claudin-5,
occudin, or ZO-1) as compared to naive endothelial cells; (c)
improved localization of occludin and claudin-5 to tight
junctions between cells as compared to naive endothelial
cells; (d) a TEER that is considered to provide barrier
properties (e.g., a TEER above 60 Qxcm?). As used herein,
the term “naive endothelial cells” refers to endothelial cells
that have not been subjected to the methods of the present
invention and do not express the desired mature immune
phenotype, and include the progenitor endothelial cells
described below.

[0067] The endothelial cells lining brain microvessels that
separate the blood from the brain parenchyma serve as an
interface for the exchange of nutrients, gasses, and metabo-
lites between the blood and the brain, and also serve as a
barrier that prevents neurotoxic components of plasma and
xenobiotics (including therapeutics) from entering the brain.
Thus, one important BBB property of the EECM-BMECs of
the present invention is the physical permeability of a
confluent monolayer of these cells. The permeability of this
monolayer refers to the ability of the cells to allow selective
transport of molecules across the cell monolayer, which is
highly regulated as compared to endothelial cells in other
parts of the body. Permeability of this monolayer can be
characterized using a number of known methods that can be
readily carried out by one skilled in the art. For example,
permeability can be characterized in vitro by the ability of
the monolayer of cells to allow transport of a labeled-
compound across the monolayer. One suitable method of
measuring permeability involves measuring the amount of
sodium fluorescein that traverses across the cell monolayer.
Suitably, in some embodiments, the cell monolayer of the
present invention has a permeability to sodium fluorescein
below about 1x10~ cm/min. In another suitable embodi-
ment, the monolayer has a permeability to Lucifer yellow
below about 1x10> cm/min. Monolayers having higher
permeabilities fail to establish good barrier properties. Other
molecules for determining permeability are known in the art,
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and the threshold for such molecules will depend on the
molecule’s size and molecular weight. Thus, the threshold
used with other molecules may differ from that established
for sodium fluorescein. Permeability of the monolayer may
also be measured in terms of transendothelial electrical
resistance (TEER) values. TEER values of the present
EECM-derived CD31+ BMECs are about 60 Qxcm?, for
example, and may be in the range of about 50-180 Qxcm?
or greater or 60-80 Qxcm?.

Methods of Making EECM-Derived BMECS Populations

[0068] The present invention provides methods of produc-
ing a population of extended endothelial culture method
(EECM) derived CD31+ brain microvascular endothelial
cells (BMECs) from a population of endothelial progenitor
cells. The methods involve first culturing the endothelial
progenitor cells in serum-free endothelial medium, and then
serial passaging (e.g., at least two passages) the resulting
cells in serum-free endothelial medium on collagen coated
plates until a homogeneous confluent monolayer of CD31*
EECM-BMEC:s is produced.

[0069] In one embodiment, the method comprises: (a)
culturing a cell population of CD34+CD31+ endothelial
progenitor cells in serum-free endothelial medium on col-
lagen coated surface until confluent; (b) selectively passag-
ing the endothelial cells of (a) in serum-free endothelial
medium on collagen surface for at least two passages; (c)
culturing the selectively passaged cells of (b) in serum-free
endothelial medium until confluent. This method produces a
confluent monolayer comprising a population of a popula-
tion of CD31" EECM-BMECs that express vascular
endothelial (VE)-cadherin, ICAM-2, PECAM-1, and three
or more adhesion molecules selected from the group con-
sisting of ICAM-1, VCAM-1, E-selectin, P-selectin, and
CD99. For example, FIG. 3A depicts a schematic represen-
tation of the protocols used for extended endothelial cell
culture method (EECM).

[0070] The term “selectively”, “selective”, “selection”,
and “selecting” are used herein interchangeably as under-
stood in the art to describe the process of choosing one
subset based on defined characteristics from a heterogeneous
population. The selective passaging of endothelial cells in
step (b) may be performed using any suitable method known
to select endothelial-like cells from the non-endothelial like
cells. In one suitable method (described in the Examples
below) cells are treated with a detachment solution (e.g.,
proteases and/or collagenases) to loosen the cells from the
cell culture surface, and the cells that are first to be released
from the surface are separated from the more adherent
non-endothelial cells. Suitable detachment solutions are
known in the art and include, for example, one or more
proteolytic or collagenolytic enzymes. One exemplary
detachment solution is Accutase™ (Innovative Cell Tech-
nologies, Inc., San Diego, CA). Thus, in some embodiments,
selectively passaging comprises: detaching and collecting
the endothelial cells from the culture plate, wherein the
non-endothelial cells are not-detached from the tissue cul-
ture plate.

[0071] However, other methods of selectively passaging
endothelial cells are also contemplated, for example, fluo-
rescence-activated cell sorting (FACS), magnetic bead sort-
ing, etc. Thus, in some embodiments, selectively passaging
comprises enriching for PECAM-1 positive (PECAM-1%)
endothelial cells as opposed to PECAM-1 negative (PE-
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CAM-17) smooth muscle-like cells, e.g., using a cell sorting
method. Other markers of endothelial cells can also be used
for this selection step including, for example, VE-cadherin.
[0072] The methods described herein include serial pas-
saging the endothelial-like cells for at least two passages.
The term “passaging” is intended to have the standard
meaning used in the art of tissue culture, i.e., the harvesting
a confluent cell population from a surface and reseeding at
a lower concentration into a daughter cell culture (i.e.
subculturing). Each subsequent round of harvesting and
reseeding is considered a “passage.” The EECM methods
described herein provide at least two passages of the EC-like
cells in serum free endothelial medium, and may comprise
at least three passages, at least four passages, at least five
passages, at least six passages, etc. In some embodiments,
the method comprises repeating step (b) for three or more
passages to produce a confluent monolayer. Suitably, the
cells are passaged, in total, from about two (2) passages to
about six (6) passages. The total number of passages
required to reach a homogenous monolayer may depend on
the initial population of progenitor endothelial cells and can
be readily determined by one skilled in the art. The number
of passages required may also depend on the subject from
which the cells have been obtained. In one embodiment, a
suitable number of passages includes 2-6 passages. Advan-
tageously, the chosen number of passages will produce a
homogenous monolayer of EECM-derived BMECs as
described herein, wherein at least 90% of the cells are
BMECs, preferably wherein at least 95% of the cells are
BMEC:s, alternatively wherein at least 98% of the cells are
BMECs. The term “confluent monolayer” is a term known
in the art to refer to cells in tissue culture that form a
cohesive sheet comprising of a single cell layer filing the
entire surface area of the bottom of the culture area (e.g.,
dish).

[0073] Suitable serum-free endothelial medium are known
in the art and include, but are not limited to, human
endothelial serum free medium (hESFM, Thermo Fisher
Scientific, Waltham, MA, USA). Specifically, in the
Examples, the inventors utilized hESFM supplemented with
B-27 (1x) and FGF2 (10 ng/ml) and referred to as “hECSR.”
The inventors have determined that the medium selection is
crucial, as they have found that other commercially available
media (i.e., EGM-2, ECM-5) do not work in the disclosed
methods.

[0074] Insomeembodiments of the methods, the culturing
in step (a) comprises: (i) culturing the cell population in
serum-free endothelial medium on collagen coated surface
in the presence of a ROCK inhibitor, optionally for 24 hours;
and (ii) removing the ROCK inhibitor and culturing the cells
of (i) in serum-free endothelial medium on collagen coated
surface until confluent.

[0075] Suitable ROCK inhibitors are known in the art and
include, but are not limited to, for example, Y-27632,
thiazovivin, fasudil, GSK429286A, RKI-1447, Azaindole 1,
Hydroxyfasudil, and Y-39983. In preferred embodiments,
the ROCK inhibitor is Y-27632 (Selleckchem, Houston, TX,
USA). Suitably, Y-27632 is used at a concentration of about
5-10 uM. The endothelial progenitor cells may be cultured
for about 24 hours in the presence of the ROCK inhibitor,
after which time the ROCK inhibitor is removed and the
medium is replaced with serum-free endothelial medium.
[0076] In the methods described herein, the endothelial
progenitor cells are cultured on surfaces that are coated with
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collagen. Suitable forms of collagen for use in coating the
plates are known in the art and include collagen I-IV.
Preferably, the collagen is collagen IV (i.e., the form of
collagen that localizes to endothelial basement membranes).
The inventors surprisingly discovered that collagen prefer-
entially differentiates the cells into EECM-BMEC:s. In con-
trast, when fibronectin was used as a coating, it induced an
increase in non-endothelial cell differentiation (e.g., smooth
muscle-like cells) as opposed to BMECs. Plates, mem-
branes, or filter inserts (e.g., Corning Transwells®) can be
coated with collagen using standard methods known in the
art. Alternatively, plates or filter inserts that are pre-coated
with collagen can be commercially obtained. In some
embodiments, the plates, membranes or filter inserts are
coated with an alternative substrate coating, such as vit-
ronectin, Synthemax™ (Corning), or Matrigel® (Corning).

[0077] For development and use as a blood-brain barrier
model, the method preferably comprises culturing the cells
on a surface within a system, preferably a permeable sur-
face. Suitable surfaces are known in the art and include, but
are not limited to, for example, permeable support, collagen
coated permeable membrane, filter, polymer, mesh, matri-
ces, membranes, hydrogel based substrates, among others.
The surface may be within a tissue culture system or
microfluidic device or other configurations in which a blood-
brain barrier may be observed. Suitable permeable supports
are known in the art and include, tissue culture plate inserts,
porous and permeable membranes, transwell systems (e.g.,
Corning Transwells®) and the like. The permeable support
allows for the study of translocation of factors across the
EECM-derived BMEC monolayer, which forms the BBB
model with the mature immune phenotype. Suitable tissue
culture plates, systems and inserts are readily commercially
available and known in the art. The permeable support may
be coated with collagen prior to seeding of the cells of the
present invention. The permeable support also allows for the
co-culturing of cells without physical contacting of'the cells,
e.g., so conditioned media from the co-cultured cells can be
shared between the two cell types without the two cell types
being in physical contact.

[0078] Insome embodiments, steps (b)-(c) of the methods
described herein include culturing the cells in serum-free
endothelial medium that comprises conditioned medium
from smooth muscle-like cells (SMLCs). As demonstrated
in the Examples, the addition of conditioned medium from
SMLCs results in the EECM-BMECs expressing increased
levels of VCAM-1 on their surface. “Conditioned medium”
refers to medium harvested from cells after they have been
cultured in it for at least 1 day. Conditioned medium
contains metabolites, growth factors and extracellular matrix
proteins secreted into the medium by the cultured cells. In
this embodiment, the conditioned medium is harvested from
a culture of SMLCs.

[0079] In another suitable embodiment, the conditioned
medium from SMLCs is provided by co-culturing the
EECM-BMECs with SMLCs. Suitably, a transwell plate,
permeable membrane, or other tissue culture insert is used to
separate the layer of EECM-BMECs from the SMLCs. The
SMLCs may be cultured on the bottom of the tissue culture
surface which is separated from the EECM-BMECs by a
permeable membrane/filter (i.e. transwell system, e.g., the
EECM-BMECs is cultured on the permeable membrane/
filter insert and the SMLCs on the bottom of the well) (see,
e.g., FIG. 4A) or may be cultured on the other side of the
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basolateral side of permeable membrane/filter insert, such
that the BMECs and SMLCs maintain direct contact through
the membrane/filter pores. Suitable size pores for the per-
meable membrane are known in the art, for example, include
0.4 micro-meter pores. Thus, in some embodiments, steps
(b)-(e) are performed in co-culture with smooth muscle-like
cells (SMLCs).

[0080] The methods described herein produce a confluent
monolayer comprising a population of CD31* EECM-
BMEC:s that express three or more, four or more, or all five
of the adhesion molecules selected from the group consist-
ing of ICAM-1, VCAM-1, E-selectin, P-selectin, and CD99;
and one or more, two or more, three or more, four or more,
or all five or the blood-brain barrier markers selected from
the group consisting of occludin, claudin-5, zonula
occludens-1 (Z0O-1), Von Willebrand factor (vWF), and
caveolin-1. In one embodiment, the CD31* EECM-BMECs
express the adhesion molecules ICAM-1, VCAM-1, E-se-
lectin, P-selectin, and CD99 and the blood-brain barrier
markers occludin, claudin-5, ZO-1, vWF, and caveolin-1.
[0081] Insome embodiments, the EECM-BMECs derived
by the methods described herein constitutively express
ICAM-1, ICAM-2, and E-selectin.

[0082] In some embodiments, the methods further com-
prise contacting the CD31" EECM-BMECs with at least one
pro-inflammatory cytokine during culturing, wherein the
contacting with the at least one pro-inflammatory cytokine
increases the expression of ICAM-1, P-selectin, VCAM-1 or
a combination thereof on the surface of the CD31* EECM-
BMEC:s. Suitable pro-inflammatory cytokines are known in
the art and include, but are not limited to, for example, tumor
necrosis factor o (ITNF-a), interferon y (IFN-y), among
others. The CD31" EECM-BMECs may be contacted with
the pro-inflammatory cytokine at any step of the methods
described herein.

[0083] Example 2 describes a second embodiment of the
present invention in methods of deriving GLUT1+ EECM-
BMECs. An additional method of producing BMEC-like
cells for use in a blood brain barrier model that have a CNS
EC phenotype having barrier properties is provided. The
inventors found that Wnt activation in hPSC-derived, naive
endothelial progenitors drives development of a CNS EC-
like phenotype, including the canonical GLUT-1, claudin-5,
and PLVAP expression effects. The method comprises cul-
turing the cells in the presence of CHIR 99021, a small
molecule agonist of Wnt/6-catenin signaling. The produced
BMEC:s displayed a CHIR -upregulated expression of known
CNS EC transcripts, including LEF1, APCDDI1, AXIN2,
SLC2A1, CLDNS, LSR, ABCG2, SOX7, and ZIC3 and
downregulated PLVAP, FABP4, and SMADG.

[0084] The protocol to produce BMECs by this second
method is briefly depicted in Example 2, FIG. 23A. In one
embodiment, the method comprises: (a) contacting cultured
human pluripotent stem cells with activator of Wnt/p-
catenin signaling for a period of about 2 days; (b) culturing
the cells of (a) in the absence of the activator for two to three
days; (c) separating the CD34+CD31+ endothelial progeni-
tor cells from step (b) from the CD34-CD31- non-EPCs; (d)
culturing the separated CD34+CD31+ endothelial progeni-
tor cells on coated plates in medium comprising an activator
of Wnt/[-catenin signaling for about 3 days to about 10 days
to produce a confluent monolayer; and (e) selectively pas-
saging the cells of step (d) in serum-free endothelial medium
on coated plates in medium comprising the activator on
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coated plates for at least one additional passage to obtain a
confluent population of CD31"GLUTI"EECM-BMECs
having a canonical barrier phenotype. Specifically, this
population of CD31*GLUTI*EECM-BMECs expresses
glucose transporter 1 (GLUT1), claudin-5 and have reduced
expression of plasmalemma vesicle-associated protein
(PLVAP). Preferably the cells in step (e) are selectively
passaged for at least two passages, alternatively at least three
passages.

[0085] Activators of Wnt/f-catenin signaling are known
and understood in the art. In one embodiment, the activator
of Wnt/p-catenin signaling is a Gsk3 inhibitor. In some
embodiments, activation of Wnt/f-catenin signaling is
achieved by inhibition of Gsk3f (“Gsk3”) phosphotransfer-
ase activity or Gsk3 binding interactions. Gsk3 inhibition
can be achieved in a variety of ways including, but not
limited to, providing small molecule Gsk inhibitors that
inhibit Gsk3 phosphotransferase activity, RNA interference
knockdown of Gsk3, and overexpression of dominant nega-
tive form of Gsk3. Dominant negative forms of Gsk3 are
known in the art as described, e.g., in Hagen et at (2002), J
Biol Chem, 277(26):23330-23335, which describes a Gsk3
comprising a R96A mutation.

[0086] Suitable small molecule Gsk3 inhibitors include,
but are not limited to, CHIR 99021 (CAS No. 252917-06-9),
CHIR 98014 (CAS No. 556813-39-9), BlO-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), Bis-7-indolyl-
maleimide (CAS No. 133052-90-1), and any combinations
thereof. In some embodiments, any of CHIR 99021, CHIR
98014, and BIO-acetoxime are used to inhibit Gsk3 in the
differentiation methods described herein. In another
example, the Gsk3 inhibitor is selected from the group
consisting of CHIR 99021, CHIR 98014, BIO-acetoxime,
BIO, LiCl, SB 216763, SB 415286, AR A014418, 1-Azak-
enpaullone, and Bis-7-indolylmaleimide. In a preferred
embodiment, the Gsk3 inhibitor is CHIR 99021.

[0087] In one embodiment, the small molecule Gsk3
inhibitor to be used is CHIR99021. Suitable concentrations
of the inhibitor can be determined by one skilled in the art.
For example, in one embodiment, the CHIR99021 can be
used at a concentration ranging from about 4 uM to about 15
uM, e.g., about 4 uM, 5 uM, 6 uM, 7 uM, 8 uM, 9 uM, 10
uM, 12 uM, or another concentration of CHIR99021 from
about 4 uM to about 15 uM, preferably from about 6 pM to
about 8 uM. In another embodiment, the small molecule
Gsk3 inhibitor to be used at a concentration ranging from
about 4.0 uM to about 8.0 uM, e.g., about 4.5 uM, 5.0 uM,
5.5 uM, 6.0 uM, 6.7 uM, 7.0 uM, or another concentration
of from about 4.0 uM to about 8.0 uM.

[0088] Inother embodiments, Gsk3 activity is inhibited by
RNA interference knockdown of Gsk3. For example, Gsk3
expression levels can be knocked-down using commercially
available siRNAs against Gsk3, e.g., SignalSilence®
GSK3a/p siRNA (catalog #6301 from Cell Signaling Tech-
nology®, Danvers, Mass.), or a retroviral vector with an
inducible expression cassette for Gsk3, e.g., a commercially
available Tet-inducible retroviral RNAi system from Clon-
tech (Mountain View, Calif.) Catalog No. 630926, or a
cumate-inducible system from Systems Biosciences, Inc.
(Mountain View, Calif), e.g., the SparQ® system, catalog
no. QM200PA-2.
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[0089] In other embodiments, activation of Wnt/f-catenin
signaling is achieved by treatment with one or more Wnt
ligand(s). For example, the ligands Wnt3a, Wnt7a, or
Wnt7b, or combinations thereof, can be used at concentra-
tions ranging from about 10 ng/mL to about 200 ng/mL.

[0090] This method described herein produces a homog-
enous population of CD31*"BMECs which can be used for a
blood brain barrier system described herein. The CD31*
EECM-BMECs are characterized by (a) a lower permeabil-
ity as compared to naive endothelial cells; (b) increased
expression of claudin-5 as compared to naive endothelial
cells; (¢) increased expression of GLUT1 as compared to
naive endothelial cells; (d) reduced expression of plasma-
lemma vesicle-associated protein (PLVAP) as compared to
naive endothelial cells; or (e) any combination of (a)-(d).
These cells came be used alone or in combination with the
cells derived by the other methods of the invention to
provide an in vitro blood-brain barrier model for studying
immune cell migration and regulation. The BBB model
comprises a confluent monolayer of the population of
CD31+GLUT+ BMECs cultured on surface, preferably a
permeable surface within a system. A suitable surface
includes, for example, a collagen coated permeable mem-
brane within a tissue culture system or device.

[0091] The term “endothelial progenitor cells,” as used
herein, refers to CD34+CD31+ progenitors made by the
method described in the Examples and shown in the first part
of FIG. 3A. Specifically, in some embodiments, the endothe-
lial progenitor cells of step (a) are differentiated from
pluripotent stem cells. The method of producing endothelial
progenitor cells from pluripotent stem cells, including
induced pluripotent stem cells, is described in U.S. Pat. No.
9,290,741, the contents of which are incorporated by refer-
ence in its entirety. Briefly, the method for generating
endothelial progenitor cells from human pluripotent stem
cells, comprises: (i) contacting cultured human pluripotent
stem cells with an activator of Wnt/f3-catenin signaling for
a period of about two days in a cell culture medium suitable
for maintenance of human endothelial cells, but substan-
tially free of exogenous growth factors; and (ii) obtaining a
cell population comprising endothelial cells by culturing the
contacted cells in the absence of the activator, for at least
about three days to about ten days, in a cell culture medium
suitable for maintenance of human endothelial cells but
substantially free of exogenous growth factors. Suitable cell
culture medium are known in the art, and include, for
example, Advanced™ DMEM, VcG-Advanced™ DMEM,
LaSR medium, Advanced™ DMEM-F12; VcG-Ad-
vanced™ DMEM-F12, StemPro® 34 medium, Advanced™
RPMI, and VcG-Advanced™ RPMI. The endothelial pro-
genitor cells are CD34+CD31+. The cells may also be
characterized as CD34*CD31*vWF*CD144" endothelial
progenitor cells. Other suitable methods of deriving the
CD34+CD31+ endothelial progenitor cells from pluripotent
stem cells may be used and are contemplated in the methods
described herein.

[0092] As used herein, the term “human pluripotent stem
cell” (hPSC) means a cell capable of differentiating into cells
of all three germ layers. Examples of hPSCs suitable for the
methods described herein include human embryonic stem
cells (hESCs) and human induced pluripotent stem cells
(hiPSCs). As used herein, “iPS cells” refer to cells that are
substantially genetically identical to their respective differ-
entiated somatic cell of origin and display characteristics
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similar to higher potency cells, such as ES cells, as described
herein. The cells can be obtained by reprogramming non-
pluripotent (e.g., multipotent or somatic) cells. As used
herein, “iPS cell derivation” means reprogramming a
somatic cell to become pluripotent.

[0093] The methods of the present disclosure also produce
the unique byproduct of the non-endothelial cells that are not
selected in the methods described herein. These non-en-
dothelial cells can be differentiated into smooth muscle-like
cells (SMLCs), which can be used in turn to augment the
expression of adhesion molecules on the EECM-derived
BMECs by either co-culture or use of their conditioned
medium.

[0094] Thus, in one embodiment, the present disclosure
provides methods for producing a cell population compris-
ing smooth muscle-like cells from a cell population com-
prising CD34+CD31+ endothelial progenitor cells. The
methods comprise the steps of: (a) culturing a cell popula-
tion of CD34+CD31+ endothelial progenitor cells in serum-
free endothelial medium on collagen coated surface until
confluent; (b) selectively passaging the non-endothelial cells
of (a); and (c) culturing the non-endothelial cells of (b) for
about 6 days to about 10 days to produce PECAM-1-/a-
smooth muscle actin+ smooth muscle-like cells (SMLCs). In
some embodiments, the non-endothelial cells are cultured on
a surface coated with fibronectin.

[0095] In some embodiments of these methods for pro-
ducing smooth muscle-like cells, the culturing in step (a)
comprises: (i) culturing the cell population in serum-free
endothelial medium on collagen coated surface in the pres-
ence of a ROCK inhibitor, optionally for 24 hours; and (ii)
removing the ROCK inhibitor and culturing the cells of (i)
in serum-free endothelial medium on collagen coated sur-
face until confluent.

[0096] The present disclosure further provides (1) homog-
enous populations of CD31* EECM-BMECs obtained by
the methods disclosed herein, and (2) cell populations com-
prising PECAM-1"/a.-smooth muscle actin® smooth muscle-
like cells produced by the methods disclosed herein.

In Vitro Blood-Brain Barrier Model and Methods of Use

[0097] The present disclosure provides an improved in
vitro blood-brain barrier (BBB) model that has both BBB
properties and a mature immune phenotype that is lacking in
previously disclosed in vitro BBB models. In the Examples,
the inventors demonstrate that two well-established proto-
cols (co-differentiation unconditioned medium method
(UMM) (14, 16, 23) and chemically-defined medium
method (DMM) (17)) for differentiating hiPSCs to BMEC-
like cell models both yield BMEC-like cells lacking expres-
sion of several key adhesion molecules known to be
involved in immune cell migration across the BBB in vivo.
The present BBB model addresses this specific shortcoming
by differentiating hiPSC-derived endothelial progenitor cells
(EPCs) to BMEC-like cells that display an improved
immune phenotype, while still also displaying barrier prop-
erties similar to those observed for primary human brain
endothelial cells (24-28). Importantly, these EECM-BMECs
faithfully reproduce the required molecular repertoire
needed for the study of immune cell trafficking across the
BBB.

[0098] Because of the unique tightness of the BBB vas-
cular bed, immune cell migration across the BBB requires
unique adaptations. These adaptations range from the pre-
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dominant role of a4 f1-integrin in mediating interaction of
T cells with endothelial VCAM-1 (6) to the extended
crawling of T cells mediated by endothelial ICAM-1 and
ICAM-2 against the direction of blood flow in search of rare
sites permissive for diapedesis across the BBB (7, 8). The
present disclosure provides an in vitro BBB model that can
be used to study this multi-step process of immune cell
migration across the BBB, especially in inflammatory neu-
rological diseases.

[0099] Thus, in one embodiment, the disclosure provides
an in vitro blood-brain barrier model for studying immune
cell migration and regulation. The model comprises a con-
fluent, homogeneous monolayer of the CD31" EECM-
BMECs described herein cultured on surface, preferably a
permeable surface, for example, a collagen coated perme-
able membrane within a tissue culture system. In some
embodiments, the EECM-BMECs are produced by the
methods described herein. Suitably, the BBB model has
barrier properties considered appropriate for an in vitro BBB
model, for example, having a permeability for sodium
fluorescein of less than about 1x10~> cm/min.

[0100] The central nervous system (CNS) is an immune
privileged site where the brain barriers form compartments
with different accessibility to immune cells. The CNS is
virtually resistant to generating immune reactions to anti-
gens locally deposited in the CNS parenchyma. Thus, in the
absence of neuroinflammation, the BBB normally limits
immune cell trafficking to specific immune cell subsets to
ensure CNS immune surveillance. However, in the presence
of neuroinflammation, there is a breakdown of this barrier to
immune cells which can result in localized inflammation and
cellular degradation, and/or dysregulation of the CNS
immune surveillance mechanism. BBB model of the present
invention may be used to study the effect of neuroinflam-
mation on immune cell trafficking, and to help identify
therapeutics that may restore the barrier properties of the
BBB to immune cells.

[0101] Thus, the in vitro blood-brain barrier models
described herein may also be used to identify therapeutics
and their immunomodulatory effects on the BBB, especially
in neuroinflammatory diseases. For example, in one embodi-
ment, the BBB model may be used for screening and
identifying compounds that may alter the immunological
properties or immune phenotype of the BBB. Alternatively,
the BBB model may be used for identifying therapeutic
targets for the treatment of neuroinflammatory diseases,
neurodegenerative diseases, or disorders involving immune
components. Thus, methods of identifying therapeutic tar-
gets for the treatment of such diseases and disorders are also
provided. These methods comprise: (a) contacting the in
vitro blood-brain barrier model of any one of claims 19-21
with a therapeutic target; and (b) determining the disruption
and/or restoration of the blood-brain barrier model.

[0102] In some embodiments, the blood-brain barrier
models of the present invention are isogenic models com-
prising isogenic cells. As used herein, the terms “isogenic
model” or “autologous model” are used to refer to a model
made from cells that are selected and engineered to accu-
rately model the genetics of a specific patient or healthy
individual in vitro. An isogenic EECM-BMEC cell popula-
tion or BBB model may be made by using patient-specific
iPSCs. Patient-specific iPSCs can be made by isolating cells
(e.g., somatic cells) from a patient and reprograming the
cells to iPSCs. The isogenic iPSCs can then be differentiated
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into progenitor ECs to be used in the methods provided
herein. The resulting isogenic model can be used to study
immune cell migration across a particular patient’s blood-
brain barrier.

[0103] In one embodiment, the isogenic blood-brain bar-
rier model is specific to a subject having a neuroinflamma-
tory or neurodegenerative disease. The blood-brain barrier
model comprises a confluent monolayer of the CD31+
EECM-BMECs described herein cultured on a surface,
preferably a permeable surface (e.g., collagen coated per-
meable membrane). In this model, the CD31+ EECM-
BMECs are derived from endothelial progenitor cells dif-
ferentiated from pluripotent stem cells derived from the
subject. These isogenic BBB models could be used to screen
for therapeutics that may improve the BBB properties and
result in reduced symptoms of the neuroinflammatory or
neurodegenerative disease.

[0104] Exemplary neuroinflammatory or neurodegenera-
tive diseases that may be studied using the disclosed in vitro
BBB model include, but are not limited to, for example,
multiple sclerosis, stroke, meningitis, and sepsis, among
others. The expression and regulation of adhesion molecules
are extremely important when aiming to apply hiPSC-
derived in vitro BBB models to study cerebrovascular
pathologies involved in multiple sclerosis, stroke or CNS
infections, where immune cell trafficking across the BBB
critically contributes to disease pathogenesis. Previous
reports have suggested that inflammatory stimuli could
induce expression of ICAM-1 (17, 22) and VCAM-1 (22) in
hiPSC-derived BMEC-like cells, but detailed characteriza-
tion of the full panel of adhesion molecules shown to
mediate the multi-step immune cell migration across the
BBB has not been reported. Thus, the BBB model of the
present invention may provide key insights that contribute to
the understanding of the regulation and dysregulation of
adhesion molecules in neuroinflammation and disease pro-
gression.

[0105] Many of these neuroinflammatory or neurodegen-
erative diseases involve immune cell extravasation at the
blood-brain barrier. Extravasation is the process in which
cells, i.e., immune cells, flowing in a vascular vessel interact
with the endothelial luminal side, adhere to it in a multi-step
process which ultimately leads to their crossing the endothe-
lial barrier to reach a target site, guided by various types of
stimulation. This process represents a key step in several
pathologic conditions. For example, leukocytes typically
extravasate in inflammatory conditions and although the
inflammatory response is fundamental to fight infection and
in wound healing, the persistency of an active immune
response is involved in several pathologies and chronic
inflammatory disorders. Thus, in some embodiments, the in
vitro blood-brain barrier model described herein may be
used to study multi-step immune cell extravasation across
the blood-brain barrier by using the cells described herein on
a permeable membrane under flow conditions (e.g., condi-
tions that mimic the blood flow). The blood brain barrier
model can be used to study the interaction of immune cells
with the molecules expressed by the blood brain barrier, and
allow for a better understanding of the mechanism by which
immune cells are able to migrate across the blood brain
barrier.
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Kits

[0106] The present invention further provides kits for
carrying out the methods as described herein. In one
embodiment, the disclosure provides a kit for differentiating
endothelial progenitor cells (EPCs) to EECM-BMECs. The
kit comprises serum-free endothelial culture medium, a
collagen coated surface, and instructions describing the
method of differentiating the EPCs. The kit may further
comprise endothelial progenitor cells (EPCs). In another
embodiment, the kit further comprises iPSCs and instruc-
tions on differentiating the iPSCs into EPCs. In another
embodiment, a kit for making an isogenic BBB model is
provided. The kit comprises the components described
herein for differentiating iPSCs derived from a subject into
EECM-BMECs.

[0107] In a further embodiment, the kit provides an allo-
genic in vitro BBB model as described herein. In yet another
embodiment, the kit provides EECM-derived BMECs and a
permeable support that can be used to prepare a BBB model.
In some embodiments, the EECM-derived BMECs are cryo-
preserved, e.g., stored at —80° C. or less, prior to use in the
kit. The kit further provides instructions for use in forming
a BBB model.

[0108] It should be apparent to those skilled in the art that
many additional modifications beside those already
described are possible without departing from the inventive
concepts. In interpreting this disclosure, all terms should be
interpreted in the broadest possible manner consistent with
the context. Variations of the term “comprising” should be
interpreted as referring to elements, components, or steps in
a non-exclusive manner, so the referenced elements, com-
ponents, or steps may be combined with other elements,
components, or steps that are not expressly referenced.
Embodiments referenced as “comprising” certain elements
are also contemplated as “consisting essentially of” and
“consisting of” those elements. The term “consisting essen-
tially of” and “consisting of” should be interpreted in line
with the MPEP and relevant Federal Circuit interpretation.
The transitional phrase “consisting essentially of” limits the
scope of a claim to the specified materials or steps “and
those that do not materially affect the basic and novel
characteristic(s)” of the claimed invention. “Consisting of”
is a closed term that excludes any element, step or ingredient
not specified in the claim. For example, with regard to
sequences “consisting of” refers to the sequence listed in the
SEQ ID NO. and does refer to larger sequences that may
contain the SEQ ID as a portion thereof.

[0109] All publications, patent applications, patents, and
other references mentioned herein are incorporated by ref-
erence in their entirety. In the case of conflict, the present
specification, including definitions, will control.

[0110] Other features and advantages of the invention will
be apparent from the description of the preferred embodi-
ments thereof, and from the claims. Unless otherwise
defined, all technical and scientific terms used herein have
the same meaning as commonly understood by one of
ordinary skill in the art to which this invention belongs.
Although methods and materials similar or equivalent to
those described herein can be used in the practice or testing
of the present invention, suitable methods and materials are
described below. In addition, the materials, methods, and
examples are illustrative only and not intended to be limit-
ing.
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EXAMPLES

Example 1: Derivation of EECM-BMEC and a
Blood Brain Barrier Model System

[0111] Human induced pluripotent stem cell (hiPSC)-de-
rived blood-brain barrier (BBB) models established to date
lack expression of key adhesion molecules involved in
immune cell migration across the BBB in vivo. In the
following Example, the inventors introduce the extended
endothelial cell culture method (EECM), which differenti-
ates hiPSC-derived endothelial progenitor cells to brain
microvascular endothelial cell (BMEC)-like cells with good
barrier properties and mature tight junctions. Importantly,
EECM-BMEC-like cells exhibited constitutive cell surface
expression of ICAM-1, ICAM-2 and E-selectin. Pro-inflam-
matory cytokine stimulation increased cell surface expres-
sion of ICAM-1 and induced cell surface expression of
P-selectin and VCAM-1. Coculture of EECM-BMEC-like
cells with hiPSC-derived smooth muscle-like cells or their
conditioned medium further increased induction of VCAM-
1. Functional expression of endothelial ICAM-1 and
VCAM-1 was confirmed by T-cell interaction with EECM-
BMEC-like cells. Taken together, we introduce the first
hiPSC-derived BBB model that displays an adhesion mol-
ecule phenotype that is suitable for the study of immune cell
interactions.

Materials and Methods:

Human Induced Pluripotent Stem Cells

[0112] Human induced pluripotent stem cells (hiPSCs)
were reprogrammed, expanded and characterized for
pluripotency and differentiation capacity as described before
(29). In brief, erythroblasts from three donors (age/sex:
donor 1: 27/F, donor 2: 50/M, donor 3: 49/F) were repro-
grammed by nucleofection of plasmids encoding for OCT4,
shRNA-p53, SOX2, KLF4, [-Myc and Lin28. Human
iPSCs were cultured using ReproTeSR medium (STEM-
CELL Technologies, Grenoble, France) and expanded using
StemMACS iPSC-Brew XF medium (Miltenyi Biotec, Ber-
gisch Gladbach, Germany). Five hiPSC clones from three
donors (donor 1: 2 clones, donor 2: 2 clones, donor 3: 1
clone) were used in this study. For some experiments, we
also used the IMR90-4 iPSC line (30). Human iPSCs were
maintained on Matrigel (Corning)-coated plates in mTeSR1
medium (STEMCELL Technologies, Grenoble, France).

Brain-Like Endothelial Cells (BLECs) and Primary BMECs

[0113] Brain-like endothelial cells (BLECs) were obtained
exactly as described before (15, 31). In brief, CD34" cells
were isolated from human umbilical cord blood and differ-
entiated to endothelial cells in ECM basal medium (Scien-
Cell, Carlsbad, CA 92008, USA) supplemented with 20%
(v/v) fetal bovine serum (FBS; Life Technologies, Carlsbad,
CA, USA) and 50 ng/mL. of VEGF165 (PeproTech Inc.,
Rocky Hill, NJ, USA). To induce a BBB phenotype, CD34*
cell-derived endothelial cells were cultured on Transwell
filters (0.4 um pore size, polycarbonate membrane, Corning
3401; New York, NY, USA) and start co-culture with bovine
pericytes at the same day for 6 days using ECM-5 medium
(ECM basal medium (ScienCell) supplemented with 5%
FBS, 1% endothelial cell growth supplement (ECGS; Sci-
enCell), and 50 mg/mL gentamycin (Biochrom AG, Berlin,
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Germany)). Primary human microvascular endothelial cells
(pHBMECs) derived from autopsy tissue were purchased
from PELOBiotech (Planegg/Martinsried, Germany).
HBMECs were grown in endothelial cell medium supple-
mented with fetal bovine serum, endothelial cell growth
supplement and penicillin/streptomycin solution (ScienCell
Research Laboratories).

Differentiation of hiPSCs into Brain Microvascular
Endothelial-Like Cells (BMEC-Like Cells)

[0114] Unconditioned medium method (UMM) (14, 16)
and defined medium method (DMM) (17) were slightly
modified and used to differentiate brain microvascular
endothelial-like cells (BMEC-like cells). In brief, hiPSCs
were seeded onto a Matrigel-coated plate in mTeSR1
supplemented with 10 pM ROCK inhibitor Y-27632 (Sell-
eckchem, Houston, TX, USA) for 24 hours (day -3 or day
-4). Seeding densities at day -3 or day —4 were optimized
at 8,000/cm? to 21,000/cm? for UMM, and between 35,000/
cm?® to 150,000/cm*® for DMM depending on donor and
passage number (Table 1), to obtain transendothelial elec-
trical resistance (TEER) of more than 2,000 Qxcm® and
permeability to sodium fluorescein (NaFl, 376.3 Da) less
than 0.6x10™* cm/min. hiPSCs were then expanded in
mTeSR1 medium for 2-3 days depending on hiPSC clone. At
day 0, cells were induced to differentiate using specific
medium for each method: For UMM, medium was switched
to unconditioned medium (DMEM/F12 with 20% Knockout
serum replacement, 1x non-essential amino acids, 0.5x
Glutamax, and 0.1 mM [-mercaptoethanol) and changed
every day for 6 days. For DMM, medium was switched to
DeSR1 (DMEM/F12 with 1x non-essential amino acids,
0.5x Glutamax, and 0.1 mM p-mercaptoethanol) supple-
mented with 6 uM CHIR99021 (Selleckchem, Houston, TX,
USA) and cultured for 24 hours. Then the medium was
switched to DeSR2 (DeSR1 plus 1xB27 supplement) every
day for another 5 days. At day 6, for both UMM and DMM,
medium was switched to hECSR (human endothelial serum
free medium (hESFM, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 1xB27 and 20 ng/mL bFGF)
and cultured for 2 days. For retinoic acid (RA) treatment, 10
uM RA was added to hECSR medium. At day 8, cells were
replated onto collagen IV (400 pg/ml)/fibronectin (100
pg/ml)- or Matrigel-coated, respectively for UMM and
DMM, Transwell filters (0.4 um pore size, polycarbonate
membrane, Corning 3401) or culture plates at 1,000,000/
cm? in hECSR medium. At day 9, the medium was switched
to hECSR2 (hECSR lacking bFGF or RA) and cells were
used for assays at day 10.

TABLE 1

Seeding densities of hiPSCs clones time until confluency employing
the extended endothelial cell culture method (EECM)

Average range of time

UMM DMM EECM for become confluent
Clone name (/em?) (fem?) (fem?) in EECM (day)
Donor 1 21,000 150,000 100,000 5-7
Donor 2 10,000 36,000 26,000 3-5
Donor 3 10,000 36,000 21,000 3-5
IMR90-4 10,000 36,000 20,000 4-8
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Differentiation of hiPSCs into Endothelial Progenitor Cells
(EPCs).

[0115] CD34* CD31™" endothelial progenitor cells (EPCs)
were differentiated from hiPSCs as described (32, 33). In
brief, hiPSCs were seeded onto a Matrigel-coated plate in
mTeSR1 supplemented with 5 uM ROCK inhibitor Y-27632
for 24 hours (day -3). Seeding densities at day -3 were
optimized between 16'000/cm? to 132'000/cm” depending
on donor and passage in order to obtain high number of
CD34* CD31* EPCs. At day 0 and day 1, medium was
changed to LaSR basal medium (Advanced DMEM/F12, 2.5
mM GlutaMAX, and 60 pg/ml ascorbic acid) supplemented
with 8 uM CHIR99021. At day 2, medium was switched to
LaSR basal medium and changed every day for another 3
days. At day 5, CD31" EPCs were purified using FITC-
conjugated human CD31 antibody (Miltenyi Biotec, clone
AC128) and EasySep Human FITC Positive Selection Kit II
(STEMCELL Technologies) with an Easy Sep Magnet kit
(STEMCELL Technologies). Purified EPCs were seeded
onto collagen IV/fibronectin-coated Transwell filters at a
density of 100'000/cm® or collagen-IV (10 pg/ml)-coated
culture plates at a density of 10'000-20'000/cm* in hECSR
medium and used for assay or further extended EC culture.

Extended Endothelial Cell Culture Method (EECM) and
Culture of Smooth Muscle-Like Cells (SMLC)

[0116] EPCs purified as described above were plated on
collagen IV (10 pg/ml)-coated plates in hECSR medium in
the presence of 5 uM ROCK inhibitor Y-27632 of 10'000-
20'000/cm® as described before (33). Twenty-four hours
later, medium was changed to hECSR without ROCK
inhibitor and then medium was changed every 2 days. Once
the cells reached 100% confluency (FIG. 3B (1)), the cells
were passaged using Accutase (Innovative Cell Technolo-
gies, San Diego, CA, USA). In detail, medium was removed
and 1 ml of Accutase was added to the 6-well plate and cells
were carefully observed under an inverted microscope
(Zeiss Axiovert 25). Once endothelial cells started to
become round (FIG. 3B (ii)), the endothelial cells were
physically detached by tapping the 6-well plate (FIG. 3B
(ii1)). Since endothelial cells detached earlier than non-
endothelial cells, preferentially detached endothelial cells
were collected in a 15 ml conical tube containing 4 ml of
hECSR and centrifuged, resuspended and seeded onto col-
lagen IV (400 pg/ml)/fibronectin (100 pg/ml)-coated Tran-
swell filters at a density of 100'000/cm? or collagen IV (10
pg/ml)-coated culture plates at a density of 10'000-20'000/
cm? in hECSR medium. These cell densities were found
optimal for achieving closed monolayers. Coating with
collagen IV/fibronectin for Transwell filters was chosen as it
was previously shown to be optimal for growing primary
BMECs and for UMM-BMEC-like cells. Here we found that
combination of collagen IV and fibronectin also enhanced
adhesion of both EECM-BMEC-like cells and SMLCs.
Therefore, we used only collagen IV (10 pg/ml)-coated
culture plates during the selective passaging process to aid
in SMLC depletion (FIG. 3A). For clarity, we refer to D5
CD34*CD31" cells as EPCs, and refer to cells that transi-
tioned from EPCs to ECs after 6 days of culture in the EC
culture medium as naive ECs, and refer to “EECM-BMEC-
like cells” starting at passage 2 (FIG. 3A). In some experi-
ments, EECM-BMEC-like cells were cultured using ECM-5
medium. Human iPSC-derived smooth muscle-like cells
(SMLCs) were obtained after harvesting preferentially
detached endothelial cells (FIG. 3B (c)) by adding 2 ml of
hECSR medium to 6-well plate and culturing approximately
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6-10 days until confluence. Culture medium was collected
every 2 days for SMLC-derived conditioned medium (CM).
List of materials used in the EECM-BMEC-like cell differ-
entiation protocol is shown in Table 2.

TABLE 2

Material list for EECM-BMEC-like cell protocol

Material Company Catalog No.
ROCK inhibitor Y-27632 Tocris 1254
Human fibroblast growth factor 2 Tocris 233-FB-500
Accutase Innovative Cell AT104-500
Technologies
CHIR99021 Selleckchem S1263
40 pmFalcon cell strainer Falcon 352340
CD31-FITC antibody (clone Miltenyi Biotec 130-110-668
AC390)
L-ascorbic acid Sigma A4403-5G
EasySepFITC Positive Selection Stemcell Technologies #18558
Kit
Easy SepMagnet Stemcell Technologies #18000
advanced DMEM/F-12 Life Technologies 12634
Human endothelial serum-free Thermo Fisher 11111-044
medium (hESFM)
B27, 50x Thermo Fisher 17504044
Water, sterile, cell culture Sigma W3500
Collagen IV from human placenta Sigma C5533
Fibronectin from bovine plasma Sigma F1141

Co-Culture of BMEC-Like Cells with Pericytes, Astrocytes,
or Smooth Muscle-Like Cells (SMLC)

[0117] Bovine pericytes (15), the human brain pericyte
cell line (HBPCT) (34), the human astrocyte cell line
(hAST) (35), and hiPSC-derived astrocytes (iPS_AC) (29)
were obtained and maintained as previously described.
Since HBPCT and hAST cell lines were immortalized with
a temperature dependent SV40-antigen, these cells were
expanded at 33° C. and switched to 37° C. when seeded for
co-culture with EECM-BEMC-like cells. HBPCT and hAST
cells were shown before to stop proliferating two days after
the temperature switch (36). Generally, pericytes and astro-
cytes were seeded at a density of 26'000/cm? for 2 days
before starting the co-culture with EECM-BMEC-like cells
using hECSR and incubated at 37° C. (5% CO,) to become
confluent. SMLCs were seeded at a density of 13'000/cm?
one day before starting the co-culture using hECSR. EECM-
BMEC-like cells were seeded on collagen IV (400 pg/ml)/
fibronectin (100 pg/ml)-coated Transwell inserts at a density
of 100'000/cm? and the co-culture was initiated on the same
day. Co-cultures were maintained for 6 days using hECSR
for both the apical and basolateral compartment, with
medium changes every other day. Transendothelial electrical
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resistance (TEER) was measured using a Volt-Ohm-Meter
(Millicell ERS-2, MERSSTXO01-electrode). To calculate the
net resistance in Q@xcm? of the cell monolayers, TEER value
of an empty filter was subtracted from each measurement
and TEER values in Q were multiplied by the surface area
of the filters (1.12 cm?) as follows: TEER (Qxcm?)=(cell
monolayer resistance (£2)—empty Transwell filter resistance
(Q))xsurface area (cm?).

Treatment of EPCs with Retinoic Acid (RA) or Pericyte
Conditioned Medium (PCM)

[0118] EPCs purified as described above were plated on
collagen-IV (10 pg/ml)-coated plates in respective medium.
For RA treatment, 10 pM RA was added to hECSR for 3
days and then switched to hECSR medium without RA. For
pericyte conditioned medium (PCM) treatment, bovine peri-
cytes were cultured in hECSR medium at a density of
26'000/cm? and culture medium was collected 24 hours later
and used as PCM. EPCs were treated with PCM for 6 days.
After 6 days of culture, EPCs were detached with Accutase
and seeded onto collagen IV/fibronectin-coated Transwell
filters at a density of 100'000/cm? in hECSR medium. TEER
values were measured over 6 days and permeability assay
was done at day 6 after seeding onto filters.

Investigation of Cell Surface Expression of Adhesion
Molecules by Flow Cytometry

[0119] BMEC-like cells differentiated by UMM, DMM, or
EECM and naive ECs were cultured on collagen IV (10
pg/ml) coated plates at a density of 10'000/cm? or collagen
IV (400 pg/ml)/fibronectin (100 pg/ml)-coated Transwell
inserts at a density of 100'000/cm” in respective media.
Some wells were stimulated with 10 ng/mL of recombinant
human TNF-o. (R&D systems, 210TA, Minneapolis, MN,
USA) and 200 IU/mL recombinant human IFN-y (R&D
systems, 285IF) for UMM- or DMM-differentiated BMEC-
like cells, and 1 ng/mL of recombinant human TNF-a and 20
TU/mL recombinant human IFN-y, or 1 ng/ml of recombi-
nant human IL-1p (R&D systems, 201-LB/CF) for EECM-
BMEC-like cells or naive ECs for 16 h at 37° C. (5% CO.,).
Stimulated and nonstimulated control cells were gently
detached with Accutase, washed, and resuspended in FACS-
buffer (DPBS (1x), 2.5% FBS, 1% NaNs,). Then, 1x10° cells
per well were transferred to a 96-well microtiter plate and
incubated 20 min on ice with the fluorochrome-conjugated
antibodies or respective isotype controls (Table 3). After
staining, cells were washed twice with DPBS and measured
with an Attune NxT Flow Cytometer (Thermo Fisher Sci-
entific). Data were analyzed using FlowJo 10 software (Tree
Star, Ashland, OR, USA).

TABLE 3

Fluorophore labelled antibodies and isotype controls for flow cytometry analysis

Antibodies

Fluorophore Clone Source Cat. N. Isotype

Anti-human ICAM-1
Anti-human ICAM-2

12/7/2023 12:14:18

Anti-human VCAM-1
Anti-human P-selectin
Anti-human E-selectin
Anti-human CD99
Anti-human PECAM-1

Anti-human VE-cadherin PerCP/Cy5.5 55-7H1

BV421 HAS58 BD Biosciences 564077 m-IgGl, k
PE CBR-IC2/2  BD Biosciences 558080 m-IgG2a,
FITC 51-10C9 BD Biosciences 551146 m-IgGl, k
BVS510 AC1.2 BD Biosciences 743756 m-IgGl, K
APC 68-5H11 BD Biosciences 551144 m-IgGl, k
PE-Cy7 3B2/TA8 Biolegend 371314 m-IgG2a, k
APC-Cy7 WMS59 BD Biosciences 563653 m-IgGl, k

BD Biosciences 561566 m-IgGl, k
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TABLE 3-continued
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Fluorophore labelled antibodies and isotype controls for flow cytometry analysis

Isotype controls Fluorophore Clone Source Cat. N.
m-IgGl, k APC MOPC-21 BD Biosciences 555751
m-IgGl, BV421 X40 BD Biosciences 562438
m-IgG2a, K PE eBM?2a Invitrogen 12-4724-42
m-IgGl, k FITC MOPC-21 Biolegend 400108
m-IgGl, k BVs10 X40 BD Biosciences 562946
m-IgG2a, K PE-Cy7 MOPC-173 Biolegend 400232
m-IgGl, PerCP/Cy5.5 MOPC-21 Biolegend 400150
m-IgGl, k APC-Cy7 MOPC-21 BD Biosciences 557873

Immunofluorescence Staining

[0120] BMEC-like cells differentiated by UMM, DMM,
or EECM, naive ECs, and SMLCs were cultured on Tran-
swell inserts as described above or collagen IV (10 pg/ml)
coated chamber slides (Thermo Fisher Scientific). Same
amounts of proinflammatory cytokine (1 ng/mL TNF-a+20
IU/mL IFN-y or 1 ng/mL IL-18) for Transwell inserts
disrupted the EECM-BMEC-like cell monolayers grown on
chamber slides; therefore we titrated and used 0.1 ng/mL
TNF-0+2 IU/mL IFN-y or 0.1 ng/ml IL-1p) for stimulation
of EECM-BMEC-like cells cultured on chamber slides. To
stain for claudin-5, occludin, VE-cadherin, PECAM-1,
Z0-1, and N-cadherin cells were fixed with -20° C. pre-
cooled methanol for 20 seconds and rehydrated during
subsequent washing steps in PBS. Cells were blocked and
permeabilized with 5% skimmed milk containing 0.1%
Triton X-100 for 10 minutes at RT, and then stained with
primary antibodies diluted in 5% skimmed milk in PBS for
1 hour at RT as described (16, 17, 37). For staining of the
adhesion molecules ICAM-1, ICAM-2, VCAM-1, ALCAM,
MCAM, primary antibodies were diluted in hECSR
medium, added to live cells, and incubated at 37° C. (5%
CO,) for 15 minutes. This allowed for selective detection of
cell surface-expressed adhesion molecules, which are func-
tionally available for immune cell interaction. After washing
with PBS, cells were fixed with 1% (w/v) formaldehyde in
PBS for 10 minutes at RT. Cells were washed with PBS and
blocked with 5% skimmed milk in PBS for 10 minutes at RT
and then incubated with secondary antibodies for 1 h at RT
as described (37). For the staining of P-selectin, E-selectin,

CD99, a-smooth muscle actin, NG2, and vimentin, cells
were first fixed with 1% (w/v) formaldehyde in PBS for 10
minutes at RT and blocked and permeabilized with 5%
skimmed milk in PBS containing 0.1% Triton X-100 for 10
minutes at RT. Cells were then incubated with primary
antibodies for 1 hour at RT diluted in 5% skimmed milk in
PBS. To stain for calponin and SM22a, cells were fixed with
4% (w/v) formaldehyde in PBS, blocked and permeabilized
with 3% BSA in PBS containing 0.1% Triton X-100 for 1 h
at RT, and then stained with primary antibodies at 4° C.
overnight as described (38). After three washes, cells were
incubated with respective secondary antibodies for 1 hour at
RT. Nuclei were stained with DAPI at 1 pg/ml or Hoechst
33342 at 4 uM. After washing with DPBS, cell monolayers
on filters or chamber slides were mounted with Mowiol
(Sigma-Aldrich, St. Louis, MO, USA). Images were
acquired using a Nikon Eclipse E600 microscope or Nikon
Eclipse Ti2-E microscope using the Nikon NIS-Elements
BR3.10 software (Nikon, Tokyo, Japan) or inverted research
microscope Axio observer Z1 (63x immersion oil, Apotome
mode, Zeiss) equipped with a camera (Zeiss Axiocam
MRm) and the ZEN-blue software. List of antibodies used
in this study is shown in Table 4. Quantification of EC shape
was performed using VE-cadherin immunofluorescence
images by an observer blind to the experimental groups. For
each image, F1JI (ImagelJ) software was used to trace ten cell
outlines, and the Shape Descriptors tool under the Set
Measurements function of FIJI was used to calculate circu-
larity values (4xmxarea/perimeter?); average cell circularity
for each image is reported.

TABLE 4

Antibody list for immunofluorescence staining

Antibodies  Fixative

Cat.
Clone Source No. Secondary Antibody

VE-cadherin MeOH

PECAM-1 MeOH

Z0-1 MeOH

Claudin-5 MeOH

Occludin MeOH

12/7/2023 12:14:18

F-8 Santa Cruz 5¢-9989 Cy3 AffiniPure F(ab'),
Fragment Goat Anti-
Mouse IgG

MEM-05 Invitrogen 37-0700  Cy3 AffiniPure F(ab'),
Fragment Goat Anti-
Mouse IgG

polyclonal Invitrogen 40-2200  Cy3 AffiniPure Donkey
Anti-Rabbit IgG (H + L) or
Alexa Fluor ™ 488
donkey anti-rabbit IgG
H+1L)

4C3C2 Invitrogen 35-2500  Cy3 AffiniPure F(ab'),
Fragment Goat Anti-
Mouse IgG

OC-3F10 Invitrogen 33-1500  Cy3 AffiniPure F(ab'),
Fragment Goat Anti-
Mouse IgG
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TABLE 4-continued
Antibody list for immunofluorescence staining
Cat.
Antibodies  Fixative  Clone Source No. Secondary Antibody
ICAM-1 live HAS58 Biolegend 353102 Cy3 AffiniPure F(ab'),
Fragment Goat Anti-
Mouse IgG
ICAM-2 live CBR-IC2/2 FITZGERALD 10R-7606 Cy3 AffiniPure F(ab'),
Fragment Goat Anti-
Mouse IgG
VCAM-1 live 51-10C9 BD 555645 Cy3 AffiniPure F(ab'),
Biosciences Fragment Goat Anti-
Mouse IgG
CD99 1% PFA  Hec-2 provided from Cy3 AffiniPure F(ab'),
William A Muller lab ~ Fragment Goat Anti-
Mouse IgG
E-selectin 1% PFA  HAE-1f Biolegend 336002 Cy3 AffiniPure F(ab'),
Fragment Goat Anti-
Mouse IgG
P-selectin 1% PFA  AK4 Santa Cruz sc-19996  Cy AffiniPure F(ab'),
Fragment Goat Anti-
Mouse IgG
Smooth 1% PFA  1A4 Thermo MS-113-P  Alexa Fluor 488 Goat
muscle actin Scientific Anti-Mouse IgG
NG-2 1% PFA  polyclonal Millipore AB5320  Cy3 AffiniPure Donkey
Anti-Rabbit IgG (H + L)
N-Cadherin  MeOH 32 BD 610920 Cy ™ AffiniPure F(ab'),
Transduction Fragment Goat Anti-
Laboratories Mouse IgG
Vimentin 1% PFA  polyclonal Millipore AB1620  Cy3 AffiniPure Donkey
Anti-Goat IgG (H + L)
Calponin 4% PFA  hCP Sigma C2687 Alexa Fluor 488 Goat
Anti-Mouse 1gG
SM22a 4% PFA  polyclonal Abcam ab14106  Alexa Fluor 647 Goat
Anti-Rabbit IgG
MCAM live 2107 Prothena NB-0268 Cy3 AffiniPure Goat
Anti-Rat IgG (H + L)
ALCAM live polyclonal R&D system  AF1172 Cy3 AffiniPure Donkey
Anti-Goat IgG (H + L)
Phalloidin 1% PFA Sigma P5282

Nov. 23,2023

Western Blotting

[0121] Naive ECs (passage 1) and EECM-BMEC-like
cells (passages 2 and 3) were lysed with RIPA buffer
supplemented with Halt protease inhibitor cocktail (Thermo
Scientific, 78430). The BCA assay (Pierce BCA Protein
Assay Kit: Thermo Scientific, 23227) was used to determine
protein concentration and 23 pg of protein resolved on
4-12% tris-glycine gels. Proteins were transferred to nitro-
cellulose membranes and blocked for 1 hour at room tem-

perature in tris-buffered saline supplemented with 0.1%
Tween 20 (TBST) and 5% nonfat dry milk. Membranes were
incubated with primary antibodies (Table 5) diluted in
TBST+5% nonfat dry milk overnight at 4° C. Membranes
were washed 5x with TBST and incubated with infrared-
labelled secondary antibodies (Table 5) diluted in TBST+5%
nonfat dry milk for 1 hour at room temperature. Membranes
were washed 5x with TBST and imaged using a LI-COR
Odyssey Classic (9120). Quantification of band intensity
was performed using LI-COR Image Studio software.

TABLE 5

Antibody list for Western blotting

Antibodies Clone Source Cat. No.  Secondary Antibody
VE-cadherin BV9 Santa Cruz sc-52751  LI-COR IRDye 800CW Goat
anti-Mouse IgG: 926-32210
p-actin 13ES5 Cell Signaling 49708 LI-COR IRDye 680RD Goat
Technology anti-Rabbit IgG: 926-68071
Z0O-1 polyclonal Invitrogen 40-2200 LI-COR IRDye 680RD Goat
anti-Rabbit IgG: 926-68071
Claudin-5 4C3C2 Invitrogen 35-2500  LI-COR IRDye 800CW Goat
anti-Mouse IgG: 926-32210
Occludin OC-3F10  Invitrogen 33-1500  LI-COR IRDye 800CW Goat
anti-Mouse IgG: 926-32210
vWF polyclonal Dako A0082 LI-COR IRDye 680RD Goat
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anti-Rabbit IgG: 926-68071
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TABLE 5-continued

Nov. 23,2023

Antibody list for Western blotting

Antibodies Clone Source Cat. No.

Secondary Antibody

Caveolin-1 polyclonal Cell Signaling 3238S

Technology

LI-COR IRDye 680RD Goat
anti-Rabbit IgG: 926-68071

Permeability (Pe) Assay

[0122] Permeability of EC monolayers was assessed by
measuring the clearance of sodium fluorescein (NaFl, 376.3
Da, Sigma-Aldrich) as previously described (16). Briefly,
NaF1 was added to the upper compartment of the Transwell
inserts at a concentration of 10 uM. Medium samples
containing fluorescent tracer that had diffused across the
monolayers were collected from the bottom well every 15
min for a total of 60 min, and fluorescence intensity was
measured in a Tecan Infinite M1000 multi-well reader
(Tecan Trading AG, Méannedorf, Switzerland). The clear-
ance principle was used to calculate the permeability coef-
ficient (Pe) and to obtain a concentration-independent trans-
port parameter as previously described in detail (16). This
method includes blank filters without cells as a control to
measure clearance across the filter membrane for appropri-
ate calculation of the permeability coefficient across the
endothelium (Pe). The experiments were done in triplicates
for each condition.

Human Th1* Cells

[0123] Human CD4* T cells were isolated and sorted as
previously described (39, 40). In brief, human Th1* cells
were isolated by fluorescence activated cell sorting accord-
ing to their specific expression pattern of chemokine recep-
tors (CXCR3"CCR4™CCR6™) from the peripheral blood of
healthy donors. T cells were expanded for 20 days with
periodic re-stimulation with 1 pg/mlL phytohaemagglutinin,
irradiated allogeneic peripheral blood mononuclear cells,
and human interleukin 2 (IL-2, 500 IU/mL) as previously
described (39, 40). After 20 days of expansion, T cells were
frozen and stored in liquid nitrogen until employed in the
experiments. T cells were thawed one day prior to the
respective experiment and labeled with 1 uM CellTracker
Green (CMFDA Dye, Life technologies) at 37° C. (5% CO,)
for 30 min on the day of the experiment. After labelling, T
cells were washed and dead cells were removed by Ficoll-
Hypaque gradient (780 g, 20 min, 20° C.). T cells were
washed twice and resuspended in migration assay medium
(DMEM supplemented with 5% FBS, 4 mM L-Glutamine,
25 mM HEPES) at concentrations as described below.

Adhesion Assay Under Static Condition

[0124] EECM-BMEC-like cells were cultured on colla-
gen-IV (10 pg/ml)-coated 16-well chamber slides (Thermo
Fisher Scientific) at a density of 100'000/cm® in hECSR
medium or conditioned medium (CM) derived from
SMLCs. EECM-BMEC-like cells were stimulated with 0.1
ng/ml recombinant human IL-18 or 0.1 ng/ml. TNF-o+2
TU/mL IFN-y for 16 h at 37° C. (5% CO,), or maintained as
nonstimulated controls. EECM-BMEC-like cell monolayers
were washed twice with migration assay medium and 20'000
Th1* cells were added on top of EECM-BMEC-like cell
monolayers and incubated at RT for 30 minutes using a
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rocking platform. Chamber slides were gently washed twice
and fixed with 2.5% glutaraldehyde for 2 hours on ice.
Chamber slides were then washed with DPBS and adherent
fluorescencently-labelled Th1* cells per pre-defined field of
view (FOV) were analyzed by fluorescence microscopy
(Nikon Eclipse E600) and FIJI software (Version 2.0.0,
Image J, USA). The average number of adherent cells/FOV
was determined counting two fields per well. Assays were
performed in at least triplicates for each condition.

T Cell Arrest to EECM-BMEC-Like Cells Under Flow

[0125] EECM-BMEC-like cells were seeded in cloning
rings placed on collagen-1V (10 pg/ml) coated Ibidi p-dishes
(Ibidi) at a density of 100'000/cm?. EECM-BMEC-like cells
were stimulated with 0.1 ng/ml recombinant human IL-1f3
for 16 h at 37° C. (5% CO,). Live cell imaging was done as
described (41). In brief, Th1* cells were perfused over
EECM-BMEC-like cell monolayers and allowed to accu-
mulate for 4 min using low shear stress (0.1 dyn/cm?).
Thereafter, flow was increased to physiological shear stress
(1.5 dyn/cm?). Thirty seconds after increasing shear stress,
the number of arrested Th1* cells was counted.

In Vitro Live Cell Imaging

[0126] EECM-BMEC-like cells were cultured in cloning
rings placed on collagen IV (10 pg/ml)-coated Ibidi p-dishes
(Ibidi) at a density of 75'000/cm*. EECM-BMEC-like cells
were stimulated with 0.1 ng/ml recombinant human TNF-
o+2 TU/mL IFN-y for 16 h at 37° C. (5% CO,) diluted in
conditioned medium from SMLC. Fluorescencently-la-
belled Th1* cells were allowed to accumulate on the EECM-
BMEC-like cell monolayer at a low flow rate of 0.1 dyne/
cm? for 4 min from the first frame after the first Th1* cells
appeared in the field of view (accumulation phase until 3
min55 s). After the accumulation phase of precisely 3 min 55
sec, the flow rate was set to the physiological level of 1.5
dyne/cm® for 16 min (shear phase). The dynamic T-cell
interactions with the EECM-BMEC-like cell monolayers
under the physiological flow were recorded at a 10x mag-
nification with a Zeiss Axiocam MRm camera. During the
recording, 1 image was acquired every 5 s, then the video
was exported with a frame rate of 30 images/s. T-cell
behavior on the EECM-BMEC-like cell monolayer was
categorized as described previously (37). In brief, T cells
found to polarize upon arrest and to migrate across the
EECM-BMEC-like cells monolayer with or without prior
crawling or probing on the EECM-BMEC-like cells were
categorized as “diapedesis”. T cells that crawled on the
surface of the EECM-BMEC-like cells for the entire obser-
vation time were categorized as “crawling”. T cells that
remained stationary without displacing beyond a distance
exceeding their own diameter and presenting dynamic cel-
lular protrusions were categorized as “probing”.
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Statistical Analysis

[0127] Statistical analyses comprising calculation of
degrees of freedom were done using GraphPad Prism 7
software (Graphpad software, La Jolla, CA, USA). Data are
shown as the mean+SD. To compare two groups, statistical
significance was assessed by paired or unpaired t-test, while
more groups were analyzed by one-way ANOVA followed
by Tukey’s multiple comparison test (p<0.05=*, p<0.01="*%,
p<0.001=***_ p<0.0001=****) The respective statistical
methodology used for each assay is specified in correspond-
ing Brief Description of the Drawings.

Results:

BMEC-Like Cells Differentiated by Unconditioned Medium
Method (UMM) or Defined Medium Method (DMM) are
not Suitable for Studying Immune Cell Interactions

[0128] We first explored if BMEC-like cells differentiated
by the UMM or DMM express and display cytokine-induced
upregulation of adhesion molecules described for the BBB
in vivo (4). To this end, we performed flow cytometry
analysis of non-stimulated (NS) or proinflammatory cyto-
kine-stimulated (10 ng/ml. TNF-0+200 IU/mL IFN-y)
BMEC-like cells differentiated by UMM or DMM for the
BBB adhesion molecules ICAM-1, ICAM-2, VCAM-1,
P-selectin, E-selectin, and the junctional molecules CD99
and PECAM-1. UMM- and DMM-differentiated BMEC-
like cells expressed CD99, PECAM-1 and ICAM-1, the
latter only being further increased after stimulation with
pro-inflammatory cytokines (FIG. 1A, B, E). At the same
time, UMM- and DMM -differentiated BMEC-like cells did
not stain positive for ICAM-2, VCAM-1, E-selectin, or
P-selectin. Since RA has been reported to inhibit upregula-
tion of endothelial VCAM-1 in vitro (42), we asked if
omitting RA treatment influences the adhesion molecule
profile of UMM- and DMM-differentiated BMEC-like cells.
Completely omitting RA treatment during the whole differ-
entiation process allowed for enhanced cytokine-induced
upregulation of ICAM-1 on UMM- or DMM-differentiated
BMEC-like cells, but did not affect lack of detection of
P-selectin, E-selectin, ICAM-2, and VCAM-1 (FIG. 1C, D,
E; FIG. 7). Thus, the well-established methods for differen-
tiating hiPSC-derived BMEC-like cells are not well suited
for modeling immune cell interactions at the BBB.
hiPSC-Derived ECs Display a BBB Immune Phenotype but
Lack Barrier Properties

[0129] We have previously shown that human CD34*
cord-blood stem cells can be differentiated into CD34*
endothelial progenitor cells (EPCs) and finally by co-culture
with pericytes into brain-like endothelial cells (BLECs) that
display endothelial adhesion molecule expression similar to
that observed in vivo (15, 31). Therefore, we first asked if
hiPSC-derived naive ECs could exhibit a mature immune
phenotype with respect to expression of endothelial adhe-
sion molecules. To this end, we generated CD34*CD31*
EPCs from hiPSCs using an established protocol (FIG. 3A)
(32, 33) and transitioned them to naive ECs by 6 days of
culture in the EC culture medium (hECSR medium: human
endothelial serum-free medium+1xB-27 supplement+20
ng/ml bFGF) and investigated cell surface expression of
adhesion molecules. Under NS conditions, hiPSC-derived
ECs expressed ICAM-1, ICAM-2, E-selectin, CD99, and
PECAM-1, while under pro-inflammatory cytokine (1
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ng/ml. TNF-a+20 IU/mL IFN-y)-stimulated conditions,
ICAM-1 was upregulated, as expected (FIG. 2A, B, FIG.
8A). In addition, we found that hiPSC-derived ECs
expressed VCAM-1 and P-selectin upon pro-inflammatory
cytokine stimulation (FIG. 2A, B, FIG. 8A). Thus, these
naive ECs may be suitable for modeling aspects of the BBB
immune phenotype. However, since these ECs were not
specified to a BMEC-like fate, barrier characteristics of
hiPSC-derived naive ECs as measured by transendothelial
electrical resistance (TEER) and permeability to the small
molecule tracer sodium fluorescein with an average molecu-
lar weight of 0.37 kDa (Pe,,,;), were minimal. We failed to
detect a measurable TEER across the naive EC monolayer
and detected a high permeability to sodium fluorescein (FIG.
3F, P1; Pey,y: 2-10x1073 cm/min). Thus, while hiPSC-
derived ECs exhibit improved adhesion molecule expression
compared to UMM- and DMM-differentiated BMEC-like
cells, they fail to establish barrier properties characteristic of
the BBB.

Extended Passaging Drives Naive hiPSC-Derived ECs to
BMEC-Like Cells

[0130] Since studying immune cell interactions at the
BBB requires both adhesion molecule phenotypes and tight
junction phenotypes critical to the process of T-cell diape-
desis, we next aimed to identify strategies to drive the
development of barrier properties in hiP SC-derived EC
monolayers. When EPCs were transitioned to ECs, a mixed
population of ZO-1*/VE-cadherin* ECs and VE-cadherin™®®
cells resulted (FIG. 2C). Thus, despite the presence of
junction-associated ZO-1- and adherens junction-associated
VE-cadherin-expressing cells, even a minimal barrier could
not be detected as a complete EC monolayer could not form.
Since EPCs have been reported to have the capacity to
differentiate to both ECs and smooth muscle cells, depend-
ing on the medium used for differentiation (32), PECAM-
17¢¢ cells were tested to determine if they expressed
a-smooth muscle actin (a-SMA). Indeed, the majority of
PECAM-1"2¢ cells stained positive for a-SMA (FIG. 8B, C),
underscoring that a fraction of the EPCs differentiated to
smooth muscle-like cells (SMLCs) despite being cultured in
EC-inductive medium.

[0131] We therefore aimed to generate pure naive EC
monolayers to test the hypothesis that reducing SMLC
contamination in the EC monolayers would improve their
basal barrier properties. Careful microscopic observation of
the EC cultures during the detachment process when per-
forming standard culture passaging showed that ECs
detached earlier compared to non-ECs (FIG. 3B). Selective
passaging of the preferentially-detached ECs yielded EC
monolayers with enriched purity that by passage 2, devel-
oped elevated TEER (at day 6 after passaging: 62.4+9.0
Qxcm?) and ~10-fold lower permeability (Pe,, -~(0.279+0.
124)x10> cm/min) when compared to naive ECs (FIG. 3E,
F). These ECs formed by the extended endothelial cell
culture method (EECM), also maintain barrier characteris-
tics over several passages. EECM-differentiated ECs
showed increased purity of VE-cadherin™ cells (FIG. 9) and
stable barrier characteristics with TEER above 60 Qxcm?
and low permeability to sodium fluorescein (Pe,,<(0.
32+0.1)x107® cm/min) until at least passage 5 (FIG. 3E, F).
The barrier properties of EECM-differentiated ECs are com-
parable to or even tighter than those measured in primary
human brain microvascular endothelial cells (13, 28), and
similar to those observed in BLECs differentiated from

Page 102 of 128



US 2023/0375530 Al

primary CD34" progenitors (15). Correlating with the
enhanced barrier properties upon passage, the passage 2-4
EECM-differentiated ECs exhibited increased expression of
claudin-5 and improved junctional localization of both
occludin and claudin-5 when compared to passage 1 naive
ECs (FIG. 3C). Western blotting confirmed expression of
adherens and tight junction-associated proteins (VE-cad-
herin, occludin, claudin-5, ZO-1), Von Willebrand factor
(vWF), and caveolin-1, with claudin-5 abundance increasing
after extended passage culture (FIG. 10A, B). Thus,
improved barrier properties as measured by TEER and
Pey, are likely a result of improved EC purity and
improved expression and localization of important BBB
tight junction proteins occludin and claudin-5. We further
confirmed that the EECM differentiation protocol works
independently of hiPSC origin using the fibroblast-repro-
grammed IMR90-4 line (FIG. 10C-E). In addition, immu-
nofluorescence staining of passage 5 ECs showed that these
ECs develop a flat morphology with flat nuclei which overall
resembles the typical morphology of brain endothelial cells
(FIG. 3C, D, FIG. 11). Since EECM-differentiated ECs
formed a diffusion barrier as marked by a low Pe,, ., value,
and showed cellular and junctional morphology reminiscent
of that observed for BBB endothelium in vivo, we term the
cells generated by this new protocol EECM-BMEC-like
cells.

Astrocytes and Pericytes Affect Morphology but not
Diffusion Barrier Characteristics of EECM-BMEC-Like
Cells

[0132] Barrier properties of brain endothelial cells are not
intrinsic and rather rely on developmental cues and continu-
ous cross-talk with cells from the neurovascular unit such as
pericytes and astrocytes. Indeed, previous observations from
us and others have shown that astrocyte or pericyte co-
culture can induce barrier characteristics in BLECs and
hiPSC-derived BMEC-like cells (15, 38, 43). To determine
if barrier properties of EECM-BMEC-like cells (passages
3-5) could be improved by co-culture with astrocytes or
pericytes, we grew EECM-BMEC-like cells (passages 3-5)
on Transwell filters and co-cultured them for 6 days with
bovine pericytes (bovine-PC, (15)), a human brain pericyte
cell line (HBPCT, (34)), a human astrocyte cell line (hAST,
(35)), or hiPSC-derived astrocytes (iPSC_AC, (29)) in the
lower chamber (FIG. 4A). We also tested RA treatment for
the first 2 days of passage 3 since RA has been reported to
improve barrier properties of hiPSC-derived BMEC-like
cells (23). Barrier characteristics of monocultured EECM-
BMEC-like cells were not enhanced by co-culture or RA
treatment as indicated by indistinguishable TEER and NaFI
permeability measurements (FIG. 4B, C; FIG. 12). Immu-
nofluorescent detection of VE-cadherin, claudin-5, and
occludin did not reveal any obvious differences in staining
levels or junctional localization upon co-culture with hiPSC-
derived astrocytes or the human brain pericyte cell line.
However, EECM-BMEC-like cells exhibited a higher den-
sity cell monolayer and a more elongated morphology
compared to the monoculture condition (FIG. 4D-F). Thus,
EECM-BMEC-like cells respond to factors secreted by
astrocytes and pericytes, but these factors did not enhance
diffusion barrier properties.

[0133] To understand the relevance of culture medium
composition on barrier properties of EECM-BMEC-like
cells, we also employed ECM-5 medium, which we have
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previously used in the human CD34* cord-blood stem
cells-derived BLECs model (15). Culturing EECM-BMEC-
like cells (passage 3-5) in the presence of bovine pericytes
in ECM-5 medium improved barrier properties as shown by
the significant reduction of their permeability to NaF1 when
compared to monoculture conditions (FIG. 6G). However,
irrespective of monoculture or co-culture, Pe,,. was
extremely high when compared to EECM-BMEC-like cells
cultured in hECSR medium (FIG. 12G vs FIG. 4C; ECM-5
monoculture 2.875+0.641x10~* cm/min, ECM-5 bovine
pericyte co-culture 1.180+0.424x107> cm/min, hECSR
monoculture 0.221+0.064x10~> cm/min, hECSR bovine
pericyte co-culture 0.223+0.058x107> cm/min). Thus,
hESCR medium plays an important role in driving barrier
formation in EECM-BMEC-like cells.

[0134] We next tested if differentiating cells in the poten-
tially more plastic, early stages of EPC-to-EC transition (i.e.,
first several days of culture after EPC purification by MACS,
FIG. 3A) were more responsive to RA treatment or secreted
factors present in pericyte-conditioned medium (PCM).
After EPC purification, EPCs were cultured with either RA
for 3 days or PCM for 6 days and then upon reaching
passage 2, the resulting ECs were seeded onto Transwell
filters. Comparing the TEER and permeability for NaFl, we
found that neither RA nor PCM pre-treatment improved
barrier properties. Instead, PCM pre-treatment increased the
Pe,,z; of the EECM-BMEC-like cell monolayer (FIG. 13).
Given the minimal impact of co-cultured astrocytes, peri-
cytes and RA treatment on the barrier properties in EECM-
BMEC-like cells, these conditions were not further investi-
gated.

Adhesion Molecule Phenotype of EECM-BMEC-Like Cells

[0135] We next asked if the extended passaging of naive
ECs to EECM-BMEC-like cells affected the adhesion mol-
ecule repertoire observed for naive ECs in FIG. 2. Much like
naive ECs, EECM-BMEC-like cells expressed cell surface
ICAM-1, ICAM-2, CD99, PECAM-1, E-selectin, and P-se-
lectin under NS conditions (FIG. 5A, B, C; FIG. 14).
Proinflammatory cytokine (1 ng/mL TNF-c+20 IU/mL IFN-
y) stimulation induced upregulated expression of ICAM-1
and P-selectin, but did not change the levels of ICAM-2 and
CD99 (FIGS. 5A and 5B). With this adhesion molecule
phenotype, EECM-BMEC-like cells differ substantially
from UMM- or DMM-differentiated BMEC-like cells and
resemble brain like endothelial cells (BLECs, (15)) and
primary human brain endothelial cells previously shown to
express BBB adhesion molecules (44) (FIG. 15). We also
confirmed ALCAM and MCAM expression by EECM-
BMEC-like cells using immunostaining (FIG. 16). In con-
trast to the findings with naive ECs, we found only subtle
upregulation of VCAM-1 on TNF-o/IFN-y-stimulated
EECM-BMEC-like cells (FIG. 5A, B, C and FIG. 14A) or
1 ng/mL IL-1B-stimulated EECM-BMEC-like cells (FIG.
14B). TNF-o/IFN-y-or IL-1p-stimulated EECM-BMEC-
like cells showed similar levels of cell surface ICAM-1 and
VCAM-1 (FIG. 17). Moreover, increasing the concentration
of proinflammatory cytokines or using different combina-
tions thereof resulted in disruption of EECM-BMEC-like
cell monolayers (FIG. 18) rather than increasing the
endothelial surface staining for ICAM-1 and VCAM-1.
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EECM-BMEC-Like Cells Express VCAM-1 and Functional
ICAM-1

[0136] Since EECM-BMEC-like cells possess both barrier
and immune phenotypes that would potentially be valuable
for investigating immune cell interactions with the BBB, we
wished to determine the functional relevance of endothelial
ICAM-1 and VCAM-1 on EECM-BMEC-like cells. To this
end, we investigated the adhesion of Th1* cells on NS and
TNF-o/IFN-y-stimulated and IL-1f3-stimulated EECM-
BMEC-like cells (passages 3-5) under static conditions.
Cytokine stimulation significantly increased the numbers of
Th1* cells adhering to EECM-BMEC-like cell monolayers
(FIG. 5D). Antibody-mediated blocking of endothelial
ICAM-1 and its respective 2-integrin ligand on Th1* cells
significantly reduced adhesion of Thl* cells to cytokine
stimulated EECM-BMEC-like cells (FIG. 5E). Antibody-
mediated blocking of adbl-integrins on Thl* cells also
reduced adhesion of Thl* cells to cytokine stimulated
EECM-BMEC-like cells, but blocking of the endothelial
adbl-integrin ligand VCAM-1 did not significantly reduce
Th1* adhesion (FIG. 5E). a4bl-integrin-mediated arrest of
Th1* cells was also confirmed on cytokine-stimulated
EECM-BMEC-like cells under physiological flow (FIG.
5F). Taken together, these data demonstrate that EECM-
BMEC-like cells express functional ICAM-1 supporting
[2-integrin-dependent adhesion of Thl* cells. Further,
EECM-BMEC-like cells also support ad4bl-integrin-medi-
ated arrest of Th1* cells, where VCAM-1 does not visibly
contribute to this process.

Smooth Muscle-Like Cells (SMLCs) Induce Robust
Functional VCAM-1 Expression on EECM-BMEC-Like
Cells

[0137] As the ad4-integrin/VCAM-1 interaction, in addi-
tion to LFA-1/ICAM-1, has been reported to mediate CNS
entry of T and B cells in CNS autoimmunity (6, 45), we
explored further strategies to enhance expression of
VCAM-1 on EECM-BMEC-like cells. In peripheral
endothelial cell cultures, co-culture with smooth muscle
cells was shown to enhance endothelial VCAM-1 expression
(46). Therefore, we asked if hiPSC-derived SMLCs could
increase the expression of VCAM-1 in EECM-BMEC-like
cells. Human iPSC-derived smooth muscle-like cells
(SMLCs) were obtained by continued culture of adherent
cells after selective detachment of endothelial cells for
derivation of EECM-BMEC-like cells (FIG. 3A, B). These
SMLCs expressed proteins characteristic of smooth muscle
cells, including a-SMA, calponin, and smooth muscle pro-
tein-22a (FIG. 19). Next, the SMLCs were co-cultured with
EECM-BMEC-like cells (passage 3-5) on Transwell filters
for 6 days and VCAM-1 staining on EECM-BMEC-like
cells was compared before and after cytokine stimulation.
We found that co-culture of EECM-BMEC-like cells with
SMLCs significantly increased cell surface expression of
VCAM-1 after TNF-o/IFN-y-stimulation, while there was
no overt change to cell surface levels of ICAM-1, ICAM-2,
PECAM-1, CD99, E-selectin or P-selectin under either NS
or stimulated conditions compared with monocultured
EECM-BMEC-like cells (FIG. 6A vs. FIG. 5A and FIG. 6C;
FIG. 20). IL-1p3-stimulation also showed similar effects on
cell surface ICAM-1 and VCAM-1 staining of SMLC co-
cultured EECM-BMEC-like cells (FIG. 21). Interestingly,
the SMLC co-culture could be replaced by providing con-
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ditioned medium (CM) from SMLCs to the abluminal side
of EECM-BMEC-like cells monolayers (FIG. 6B; FIG. 20).
Immunofluorescence staining of EECM-BMEC-like cells
cultured in the presence of SMLC co-culture or SMLC-
derived CM confirmed increased induction of VCAM-1
after cytokine stimulation (FIG. 6D; FIG. 22).

[0138] Considering the SMILC-enhanced cell surface
expression of VCAM-1 on EECM-BMEC-like cells, we
next asked if VCAM-1 would now play a role in Th1* cell
adhesion to EECM-BMEC-like cells. As observed in the
adhesion assays with monocultured EECM-BMEC-like
cells, antibody-mediated blocking of endothelial ICAM-1 or
its Th1* ligand, f2-integrin, significantly reduced adhesion
to SMLC-derived CM enhanced EECM-BMEC-like cells
(FIG. 6E). However, in key contrast to monocultured
EECM-BMEC-like cells, antibody-mediated blocking of
endothelial VCAM-1 in addition to its ligand, a4-integrin,
on Thl* cells significantly decreased T cell adhesion to
EECM-BMEC-like cells indicating that SML.C-derived CM
enhanced VCAM-1 expression on EECM-BMEC-like cells
to levels of functional relevance.

[0139] Since smooth muscle cells can increase endothelial
permeability in the periphery (46), we also examined if
SMLC derived factors would impair barrier properties of the
EECM-BMEC-like cells. Although both co-culture of
EECM-BMEC-like cells with SMLC or SMLC-derived CM
enhanced variability of permeability measures, there was no
significant effect on barrier characteristics of EECM-
BMEC-like cells as determined by TEER values or perme-
ability to NaFl (FIG. 6G, H). Furthermore, co-culture of
EECM-BMEC-like cells with SMLC did not change the
junctional localization of VE-cadherin, PECAM-1, ZO-1,
claudin-5, or occludin (FIG. 6F). Taken together, SMLC-
enhanced EECM-BMEC-like cells retain the barrier prop-
erties while displaying an optimized cell adhesion molecule
phenotype, thus making them a highly suitable model to
study immune cell interactions with the human BBB in vitro.
To verify their capability to fully support immune cell
migration, we investigated the interaction of human Th1*
cells superfused over TNF-o/IFN-y stimulated EECM-
BMEC-like cell monolayers under physiological flow. In
vitro live cell imaging demonstrated that Th1* cells arrest
and polarize on EECM-BMEC-like cell monolayers. This
was followed by Th1* crawling and probing prior to cross-
ing the EECM-BMEC-like cell monolayers (FIG. 61), as
observed by us previously on CD34* derived BLECs (37).
The EECM-BMEC-like cells thus allow for the observation
of the individual steps of the multi-step T-cell extravasation
cascade across the BBB.

Discussion

[0140] We set out to identify a human in vitro BBB model
that is suitable for the study of BBB-immune cell interac-
tions, which are important in CNS immune surveillance and
neuroinflammatory diseases (3, 4, 47, 48). Human BBB
models have been generated from diverse sources, including
primary or immortalized brain ECs (10, 49, 50) and cord
blood-derived endothelial progenitors (15, 51). We focused,
however, on models generated from hiPSCs, as they offer
benefits in scalability and the potential for studying immune
cell interactions in an autologous fashion. We first evaluated
well-established protocols for generating hiPSC-derived
BMEC-like cells via the UMM and DMM (17, 23). These,
and similar methods generate cells that achieve very high
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TEER, express known BBB solute and efflux transporters,
and yield molecular permeabilities that correlate well with in
vivo observations and these BMEC-like cells are therefore
well suited to study small and large molecule permeability
(14, 17, 21, 23, 52-55). However, we found that BMEC-like
cells differentiated by the UMM and DMM do not express
all adhesion molecules shown to mediate the interaction of
immune cells with the BBB (4, 8, 48, 56-58), and thus an
alternative approach is required to examine such interac-
tions. We therefore evaluated the immune cell adhesion
molecule profile of naive ECs differentiated from hiPSC-
derived EPCs (32), and observed basal or pro-inflammatory
cytokine-inducible expression of ICAM-1, ICAM-2,
VCAM-1, E-selectin, P-selectin, CD99 and PECAM-1.
However, these cells did not develop a passive barrier
characteristic of the BBB. By contrast, after extended cul-
ture, the resulting cells displayed well-developed tight junc-
tions, moderate TEER, and a flat cellular morphology and
junctional architecture characteristic of primary BMECs.
Importantly, after extended culture, the resulting cells
retained an immune cell adhesion molecule profile similar to
primary BMECs (26, 27, 59), and expressed ICAM-1,
ICAM-2, E-selectin, P-selectin, CD99, and PECAM-1. Pro-
inflammatory cytokine stimulation led to upregulation of
ICAM-1 and P-selectin and induction of VCAM-1 that
could be further enhanced by SMLC co-culture or SMLC-
derived conditioned medium treatment. Non-inflammatory
expression of E-selectin on EECM-BMEC-like cells may be
due to mechanisms involved in growth of EECM-BMEC-
like cells as previously reported (60) and must be considered
when using EECM-BMEC-like cells to study immune cell
trafficking across the non-inflamed BBB, which does not
show constitutive E-selectin expression in vivo.

[0141] We confirmed the functionality of ICAM-1 and
VCAM-1 in our model by employing blocking antibodies
and observed reduced Th1* cell adhesion. While EECM-
BMEC-like cells have weaker barrier properties than UMM-
or DMM-differentiated BMEC-like cells, they are similar to
other human stem cell-derived models (15, 18, 51) and
primary mouse BMECs (61, 62), and have stronger barrier
properties than immortalized human or rodent cell lines (10,
50, 63). EECM-BMEC-like cells are similar to recently
reported hiPSC-derived brain capillary-like endothelial cells
(BCLECs) (18) as both proceed through an EPC interme-
diate and develop a moderate TEER of approximately 60-80
Qxcm?®. However, in contrast to the work of Praca et al. (18)
we found that EECM-BMEC-like cells demonstrated pro-
inflammatory cytokine-inducible expression of VCAM-1, a
prerequisite for studying immune cell interactions with the
BBB (4, 6). Taken together, while other hiPSC-derived BBB
models are likely better suited to evaluate drug permeability,
drug efflux, and nutrient transport, EECM-BMEC-like cells
have a robust adhesion molecule profile, functionally inter-
act with Th1* cells, and have good paracellular barrier
properties, making this model well-suited to study immune
cell-BBB interactions.

[0142] The EECM-BMEC-like cell differentiation proto-
col was adapted from an existing method to generate CD34*
CD31* EPCs from hiPSCs via small molecule activation of
canonical Wnt signaling (32). Prior work demonstrated that
culturing these endothelial progenitors for 10 days in EGM-
2, a widely-used endothelial cell medium that contains
serum and several growth factors (EGF, IGF, bFGF, and
VEGF), yielded ECs with TNFa-inducible expression of
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ICAM-1 and TEER of approximately 40 Qxcm? (32). We
therefore asked whether hECSR, a serum-free medium con-
taining B-27 supplement and bFGF that has been previously
used to culture BMEC-like cells (17), would enhance the
barrier phenotype of the resulting ECs without compromis-
ing the robust immune cell adhesion molecule profile we
observed. We found that after extended culture, the resulting
ECs developed increased TEER of 60-80 Qxcm?® and
reduced NaF1 permeability, phenotypes attributable both to
improved EC monolayer purity and improvements to clau-
din-5 and occludin expression and junctional localization.
Importantly, the presence of continuous localization of
occludin to tight junctions, a hallmark of BBB endothelium
(64), suggests specification of these naive ECs to a barrier
forming, BMEC-like phenotype. RA treatment or co-culture
of the resulting EECM-BMEC-like cells with pericytes or
astrocytes did not lead to further improvements in barrier
properties, and conversely, culturing these cells in serum-
and mitogen-rich ECM-5 medium yielded markedly higher
sodium fluorescein permeability. In contrast, Praca et al. (18)
generated brain capillary-like endothelial cells (BCLECs)
from similar hiPSC-derived mesodermal endothelial pro-
genitors using EGM-2 medium, and found that VEGE,
Wnt3a, and RA supplementation increased TEER from
approximately 20 to 60 Qxcm?, decreased Lucifer yellow
permeability, increased claudin-5 abundance, and increased
efflux transporter and solute carrier transcript expression
(18). Together, these observations suggest a strong depen-
dence of endothelial barrier properties on basal cell culture
medium, and that extended culture in minimal hECSR
medium is sufficient to generate cells with a robust paracel-
lular barrier in the absence of co-culture or additional
exogenous factors. We note, however, that co-culture or
supplementation of Wnts, RA, or other factors with known
roles in BBB development (65, 66) could potentially
improve aspects of BBB phenotype in EECM-BMEC-like
cells, but the barrier properties, junctional architecture, and
immune cell adhesion molecule profile of the present model
is well suited for the intended application. In fact, a major
advantage of the EECM-BMEC-like model is the presence
of functional VCAM-1, which plays a major role in the
capture of T cells on endothelium via a4f1 integrin binding
(4, 6). While recent work demonstrated TNFa-inducible
expression of VCAM-1 in BMEC-like cells differentiated
via the UMM, maintained under flow in collagen channels,
and assayed after fixation and permeabilization (22), we did
not observe cell surface VCAM-1 expression in UMM or
DMM-differentiated BMEC-like cells. Further, cytokine-
inducible expression of VCAM-1 in ECs differentiated from
hiPSC-derived endothelial progenitors has been variable,
with some reports of positive (67) and negative (18, 68)
results and our monocultured EECM-BMEC-like cells only
exhibited a modest response to inflammatory stimulation.
Given the importance of mural cells in endothelial function
and previous observations that smooth muscle cell-EC inter-
actions induce VCAM-1 in peripheral ECs (46), we asked
whether hiPSC-derived SMLCs could modulate VCAM-1
expression. Indeed, we found that co-culturing EECM-
BMEC-like cells with hiPSC-derived SMLCs or SMLC-
derived conditioned medium improved VCAM-1 inducibil-
ity on EECM-BMEC-like cells without significantly
influencing barrier properties. Furthermore, VCAM-1 func-
tionally contributed to Th1* cell adhesion to SMLC-en-
hanced EECM-BMEC-like cells as assessed using a
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VCAM-1 blocking antibody. Importantly, the SMLCs are a
byproduct generated during the EECM-BMEC-like cell dif-
ferentiation and as such, do not require independent differ-
entiation of multiple cell types in parallel and are derived
from the same hiPSC line as the EECM-BMEC-like cells,
which should make this system readily applied to isogenic
disease modeling. Taken together, EECM-BMEC-like cells
represent a novel hiPSC-derived in vitro model of the BBB
possessing key molecular and functional attributes required
to evaluate interactions of immune cells with the BBB.

[0143] Cellular and molecular mechanisms mediating
immune cell trafficking across the BBB have largely been
studied in mouse models (4). Human in vitro BBB models
have however been essential to confirm the translational
importance of these mechanisms and verify novel therapeu-
tic targets for inhibiting immune cell trafficking into the
CNS in neuroinflammatory diseases in humans (12, 31, 62).
Primary human brain microvascular endothelial cells
(hBMECs) have proven especially useful to study immune
cell/BBB interactions and have allowed the identification of
additional molecules expressed on the BBB like ALCAM
(12, 26), MCAM (69), and ninjurin-1 (70, 71), which seem
to contribute to the recruitment of pathogenic T cells and
myeloid cells into the CNS in the context of neuroinflam-
mation. However, primary human brain microvascular
endothelial cells mainly originate from surgical specimens,
limiting the ability to establish patient-derived in vitro BBB
model from diseases where biopsy or surgery is not com-
mon. The contribution of BBB alterations mediating
immune cell trafficking has been largely studied in autopsy
brain samples. Indeed adhesion molecules like ICAM-1,
VCAM-1, ALCAM, MCAM,; and ninjurin-1 were reported
to be upregulated on brain endothelial cells in neuroinflam-
matory diseases such as multiple sclerosis (12, 26, 59,
69-72). However, direct contribution of these endothelial
adhesion molecules to disease pathogenesis remains
unknown since autopsy brain samples mainly reflect
advanced stages of the disease and robust and reproducible
functional assays using autopsy samples is quite difficult.
Our novel EECM-BMEC-like cells, which possess proper
adhesion molecules, open the field to study functional con-
tributions of patient-derived brain endothelium in mediating
altered immune cell migration into the CNS. Furthermore,
isolating immune cells from the very same donors will
facilitate the study immune cell migration across the BBB in
an entirely autologous fashion. This will eventually also
allow for novel observations on how antigen-specific pro-
cesses may contribute to immune cell/BBB interactions
including BBB disruption or antigen presentation by brain
endothelium in human neurological disorders (73).

[0144] In conclusion, EECM-BMEC-like cells establish
an in vitro BBB model that resembles primary brain micro-
vascular endothelial cells in morphology, molecular junc-
tional architecture, diffusion barrier characteristics, and
adhesion molecule profile. This is thus the first model
specifically adapted to study the role of the BBB in CNS
immunity including immune cell migration across the BBB
during CNS immune surveillance or inflammation. Employ-
ing patient-derived or genetically modified hiPSCs in con-
cert with the EECM-BMEC-like cell differentiation protocol
will facilitate study of the contribution of BBB impairment
to CNS disorders ranging from multiple sclerosis to
Alzheimer’s disease. Employing immune cells from the very
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same donors will enable the unique opportunity to study
immune cell interactions with the BBB in an autologous
fashion.
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Example 2: Wnt Signaling Mediates Acquisition of
Blood-Brain Barrier Properties in Naive
Endothelium Derived from Human Pluripotent
Stem Cells

[0220] Example 2 demonstrates and additional embodi-
ment of the present invention. In this example, the inventors
provide an additional method of producing BMEC-like cells
for use in a blood brain barrier model that have a CNS EC
phenotype having barrier properties. The inventors found
that Wnt activation in hPSC-derived, naive endothelial pro-
genitors drives development of a CNS EC-like phenotype.
The inventors found that many aspects of the CNS EC
phenotype, including the canonical GLUT-1, claudin-5, and
PLVAP expression effects, were regulated by CHIR 99021,
a small molecule agonist of Wnt/B-catenin signaling. Wnt
ligands and conditioned media from neural cells produced a
more limited response, as did CHIR treatment in matured
ECs. Whole-transcriptome analysis revealed definitive
endothelial identity of the resulting cells and CHIR-upregu-
lated expression of known CNS EC transcripts, including
LEF1, APCDDI1, AXIN2, SLC2A1, CLDNS, LSR, ABCG2,
SOX7, and ZIC3. The inventors also observed an unex-
pected CHIR-mediated upregulation of caveolin-1, which
did not, however, correlate with increased uptake of a
dextran tracer. The inventors found cell-autonomous Wnt
activation in hPSC-derived naive endothelial progenitors is
sufficient to establish many aspects of the CNS barrier EC
phenotype, and established a model system for further
systematic investigation of putative barriergenic cues.

[0221] Briefly, the protocol to produce endothelial pro-
genitor cells (EPCs) from hPSCs is depicted in FIG. 23A. To
achieve mesoderm specification, this method employs an
initial activation of Wnt/f-catenin signaling with CHIR
99021 (CHIR), a small molecule inhibitor of glycogen
synthase kinase-3 (GSK-3), which results in inhibition of
GSK-3p-mediated p-catenin degradation. After 5 days of
expansion, the resulting cultures contained a mixed popu-
lation of CD34*CD31* EPCs and CD34~CD31~ non-EPCs
(FIG. 23B-C). Magnetic-activated cell sorting (MACS) was
used to isolate CD31" cells from this mixed culture and
these cells were plated on collagen IV-coated plates in
hESCR medium. The inventors demonstrated this method
could induce GLUT-1 expression in the resulting ECs. After
6 days of treatment, a significant increase in the fraction of
GLUT-1* ECs in Wnt3a-treated cultures compared to con-
trols was observed (FIG. 23D-E). Consistent with previous
observations (Example 1), the inventors also detected a
population of calponin* smooth muscle protein 22-a* puta-
tive smooth muscle-like cells (SMLCs) outside the endothe-
lial colonies (FIG. 23F) and these SMLCs expressed
GLUT-1 in both control and Wnt3a-treated conditions (FIG.
23D). Molecular hallmarks of CNS EC barriergenesis are (i)
acquisition of expression of the glucose transporter GLUT-1,
(i) loss of plasmalemma vesicle-associated protein
(PLVAP), and (iii) upregulation of claudin-5 (Cho et al.,
2017; Daneman et al., 2009; Kuhnert et al., 2010; Umans et
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al., 2017; Wang et al., 2019), which was demonstrated in the
EC derived cells of this method.

[0222] CHIR treatment robustly induced several canonical
CNS EC molecular phenotypes, including a marked induc-
tion of GLUT-1, upregulation of claudin-5, and downregu-
lation of PLVAP, which correlated with differential gene
expression in RNA-seq data. Further, using RNA-seq and
Western blotting, the inventors also identified LSR (angulin-
1) as CHIR-induced in this system, supporting the notion
that this highly CNS EC-enriched tricellular tight junction
protein (Daneman et al., 2010a; Sohet et al., 2015) is
Whnt-regulated. In RNA-seq data, the inventors observed
differential expression of known CNS EC-enriched/depleted
and Wnt-regulated genes including upregulated LEF1,
AXIN2, APCDDIJ, ABCG2, SOX7, and ZIC3 and down-
regulated PLVAP, FABP4, and SMAD®6.

[0223] Endothelial cells (ECs) in the central nervous sys-
tem (CNS) acquire their specialized blood-brain barrier
(BBB) properties in response to extrinsic signals, with
Whnt/f-catenin signaling coordinating multiple aspects of
this process. Our knowledge of CNS EC development has
been advanced largely by animal models, and human
pluripotent stem cells (hPSCs) offer the opportunity to
examine BBB development in an in vitro human system.
Here we show that activation of Wnt signaling in hPSC-
derived naive endothelial progenitors, but not in matured
ECs, leads to robust acquisition of canonical BBB pheno-
types including expression of GLUT-1, increased claudin-5,
decreased PLVAP and decreased permeability. RNA-seq
revealed a transcriptome profile resembling ECs with CNS-
like characteristics, including Wnt-upregulated expression
of LEF1, APCDD1, and ZIC3. Together, our work defines
effects of Wnt activation in naive ECs and establishes an
improved hPSC-based model for interrogation of CNS bar-
riergenesis.

[0224] In the central nervous system (CNS), vascular
endothelial cells (ECs) are highly specialized, with complex
tight junctions, expression of a spectrum of nutrient and
efflux transporters, low rates of vesicle trafficking, no
fenestrae, and low expression of immune cell adhesion
molecules (Reese and Karnovsky, 1967; Obermeier et al.,
2013). ECs bearing these attributes, often referred to as the
blood-brain barrier (BBB), work in concert with the other
brain barriers to facilitate the tight regulation of the CNS
microenvironment required for proper neuronal function
(Daneman and Engelhardt, 2017; Profaci et al., 2020).
During development, the Wnt/f-catenin signaling pathway
drives both CNS angiogenesis, during which vascular
sprouts originating from the perineural vascular plexus
invade the developing neural tube, and the coupled process
of barriergenesis by which resulting ECs begin to acquire
BBB properties (Liebner et al., 2008; Stenman et al., 2008;
Daneman et al., 2009; Engelhardt and Liebner, 2014; Umans
et al., 2017). Specifically, neural progenitor-derived Wnt7a
and Wnt7b ligands signal through Frizzled receptors and the
obligate co-receptors RECK and GPR124 (ADGRA2) on
endothelial cells (Kuhnert et al., 2010; Cullen et al., 2011;
Vanhollebeke et al., 2015; Cho et al., 2017; Eubelen et al.,
2018; Vallon et al., 2018). Other ligands function analo-
gously in the retina (Norrin) (Ye et al., 2009; Wang et al.,
2012) and potentially in the dorsal neural tube (Daneman et
al., 2009). Furthermore, Wnt/[3-catenin signaling is required
for maintenance of CNS EC barrier properties in adulthood
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(Tran et al., 2016), with astrocytes as a major source of Wnt7
ligands (He et al., 2018; Vanlandewijck et al., 2018; Guérit
et al., 2021).

[0225] Molecular hallmarks of Wnt-mediated CNS EC
barriergenesis are (i) acquisition of glucose transporter
GLUT-1 expression, (ii) loss of plasmalemma vesicle-asso-
ciated protein (PLVAP), and (iii) upregulation of claudin-5
(Daneman et al., 2009; Kuhnert et al., 2010; Cho et al., 2017,
Umans et al., 2017; Wang et al., 2019). Notably, the Wnt-
mediated switch between the “leaky” EC phenotype (GLUT-
1~ PLVAP* claudin-5"") and the barrier EC phenotype
(GLUT-1* PLVAP~ claudin-5"¢") correlates with reduced
permeability to molecular tracers (Wang et al., 2012; Cho et
al,, 2017) and is conserved in multiple contexts. For
instance, medulloblastomas that produce Wnt-inhibitory
factors have leaky vessels (Phoenix et al., 2016). Moreover,
vasculature perfusing circumventricular organs is leaky due
to low levels of Wnt signaling (Benz et al., 2019; Wang et
al., 2019). Notably, ectopic activation of Wnt in ECs of
circumventricular organs induces GLUT-1 and suppresses
PLVAP (Benz et al., 2019; Wang et al., 2019). However,
similar ectopic activation of Wnt in liver and lung ECs
produces only very minor barriergenic effects (Munji et al.,
2019), and Wnt activation in cultured primary mouse brain
ECs does not prevent culture-induced loss of barrier-asso-
ciated gene expression (Sabbagh and Nathans, 2020). The
reasons for the apparent context-dependent impacts of Wnt
activation in ECs remain unclear and motivate systematic
examination of this process in a simplified model system.
Further, given species differences in brain EC transporter
expression (Uchida et al., 2011), drug permeability
(Syvénen et al., 2009), and gene expression (Song et al.,
2020), this process warrants investigation in human cells to
complement mouse in vivo studies.

[0226] Prior studies have evaluated the impact of Wnt
activation in immortalized human brain ECs and observed
only modest effects on barrier phenotype (Paolinelli et al.,
2013; Laksitorini et al., 2019). Combined with the afore-
mentioned deficits observed in primary adult mouse brain
endothelial cells that are not rescued by ectopic Wnt acti-
vation (Sabbagh and Nathans, 2020), one possibility is that
mature, adult endothelium is largely refractory to Wnt
activation, and that Wnt responsiveness is a property of
immature endothelial cells analogous to those in the perineu-
ral vascular plexus. Human pluripotent stem cells (hPSCs)
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offer a potential human model system for investigation of
molecular mechanisms of BBB phenotype acquisition.
However, currently available hPSC-based models of CNS
endothelial-like cells are not well suited for modeling the
BBB developmental progression as they do not follow a
developmentally-relevant differentiation trajectory, lack
definitive endothelial identity, or have been incompletely
characterized with respect to the role of developmental
signaling pathways (Lippmann et al., 2020; Workman and
Svendsen, 2020). As a potential alternative, hPSCs can also
be used to generate immature, naive endothelial progenitors
(Lian et al., 2014) that could be used to better explore the
induction of BBB phenotypes. For example, we recently
reported that extended culture of such hPSC-derived
endothelial progenitors in a minimal medium yielded ECs
with improved BBB tight junction protein expression and
localization which led to improved paracellular barrier prop-
erties (Nishihara et al., 2020). However, as shown below,
these cells exhibit high expression of PLVAP and little
expression of GLUT-1, indicating the need for additional
cues to drive CNS EC specification.

[0227] In this work, we tested the hypothesis that activa-
tion of Wnt/p-catenin signaling in hPSC-derived, naive
endothelial progenitors would drive development of a CNS
EC-like phenotype. We found that many aspects of the CNS
EC phenotype, including the canonical GLUT-1, claudin-5,
and PLVAP expression effects, were regulated by CHIR
99021, a small molecule agonist of Wnt/[3-catenin signaling.
Wnt ligands and conditioned media from neural progenitors
produced a more limited response, as did CHIR treatment in
matured ECs. Whole-transcriptome analysis revealed defini-
tive endothelial identity of the resulting cells and CHIR-
upregulated expression of known CNS EC transcripts,
including LEF1, APCDDI1, AXIN2, SLC2A1, CLDNS,
LSR, ABCG2, SOX7, and ZIC3. We also observed an
unexpected CHIR-mediated upregulation of caveolin-1,
which did not, however, correlate with increased uptake of
a dextran tracer. Thus, we provide evidence that Wnt acti-
vation in hPSC-derived naive endothelial progenitors is
sufficient to induce many aspects of the CNS barrier EC
phenotype, and we establish a model system for further
systematic investigation of putative barriergenic cues.

Materials and Methods:
[0228]

TABLE 6

Resources

Reagent
type

Designation

Additional
information

Source or

reference Identifier

Cell line

Cell line

Cell line

iPSC: IMR90-4

iPSC: WTCl11

iPSC: CS03iCTRn2

RRID:
CVCL_C437

Available from
WiCell; (Jaffe
et al., 2008)
Available from
Gladstone
Institutes;
(Kreitzer et al.,
2013)
Available from
Cedars Sinai
iPSC Core

RRID:
CVCL_Y&803

Cell line iPSC: 19-9-11-7TGP-
ishcat3

hESC: H9-7TGP-ishcat2

Laboratory
stock
Laboratory
stock

Cell line
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32
TABLE 6-continued
Resources
Reagent Source or Additional
type Designation reference Identifier information
(Lian et al.,
2013)
Cell line hESC: H9-CDHS5-eGFP  Laboratory
stock
(Bao et al.,
2017)
Antibody Anti-CD31-FITC Miltenyi Biotec ~ Cat# 130-117-
(mouse IgGl, clone 390
AC128)
Antibody Anti-CD31-APC (mouse Miltenyi Biotec ~ Cat# 130-119-
IgGl, clone AC128) 891
Antibody Anti-CD34-FITC Miltenyi Biotec ~ Cat# 130-113-
(mouse IgG2a, clone 178
AC136)
Antibody Anti-p-catenin-Alexa BD Biosciences  Cat# 562505 1:100 (ICC)
Fluor 488 (mouse IgG1,
clone 14)
Antibody Anti-GLUT-1 (mouse Invitrogen Cat# MAS- 1:100 (ICC)
IgG2a, clone SPM498) 11315 1:500 (WB)
Antibody Anti-calponin (mouse Sigma-Aldrich Cat¥# C2687 1:15000
IgGl, clone hCP) (ICC)
Antibody Anti-SM22a (rabbit Abcam Cat# ab10146 1:1000 (ICC)
polyclonal)
Antibody Anti-claudin-5 (mouse Invitrogen Cat# 35-2500 1:100 (ICC)
IgGl, clone 4C3C2) 1:500 (WB)
Antibody Anti-caveolin-1 (rabbit  Cell Signaling Cat# 3238 1:500 (ICC)
polyclonal) Technology
Antibody Anti-CD31 (rabbit Lab Vision Cat# RB- 1:100 (ICC)
polyclonal) 10333-P
Antibody Anti-Ki67 (mouse IgG1, BD Biosciences  Cat# 550609 1:100 (ICC)
clone B56)
Antibody Anti-VE-cadherin Santa Cruz Cat# sc-52751 1:100 (ICC)
(mouse IgG2a, clone Biotechnology 1:250 (WB)
BV9)
Antibody Anti-B-actin (rabbit IgG, Cell Signaling Cat# 4970 1:1000 (WB)
clone 13ES) Technology
Antibody Anti-PLVAP (rabbit Prestige Cat# 1:200 (ICC)
polyclonal) Antibodies HPA002279 1:250 (WB)
Antibody Anti-LSR (rabbit Prestige Cat# 1:250 (WB)
polyclonal) Antibodies HPA007270
Antibody Alexa Fluor 488 goat Invitrogen Cat# A-11001 1:200 (ICC)
anti-mouse IgG
Antibody Alexa Fluor 647 goat Invitrogen Cat# A-21245 1:200 (ICC)
anti-rabbit IgG
Antibody Alexa Fluor 488 goat Invitrogen Cat# A-21121 1:200 (ICC)
anti-mouse IgG1
Antibody Alexa Fluor 647 goat Invitrogen Cat# A-21241 1:200 (ICC)
anti-mouse IgG2a
Antibody Alexa Fluor 555 goat Invitrogen Cat# A-21428 1:200 (ICC)
anti-rabbit IgG
Antibody IRDye 800CW goat LI-COR Cat# 926-32210  1:5000 (WB)
anti-mouse IgG Biosciences
Antibody ~ IRDye 800CW goat LI-COR Cat# 926-32211  1:5000 (WB)
anti-rabbit IgG Biosciences
Antibody IRDye 680RD goat anti- LI-COR Cat# 926-68071  1:5000 (WB)
rabbit IgG Biosciences
Commercial RNeasy Plus Micro Kit  Qiagen Cat# 74034
assay or kit
Chemical CHIR 99021 Tocris Cat¥# 4423
compound
or drug
Chemical Vybrant DyeCycle Invitrogen Cat# V35004
compound Green Stain
or drug
Chemical Dextran, Alexa Fluor Invitrogen Cat# D22910
compound 488; 10,000 MW,
or drug Anionic, Fixable
Software or RSEM (Li and Dewey, v1.3.3
algorithm 2011)
Software or Bowtie2 (Langmead and v2.4.2
algorithm Salzberg, 2012)
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TABLE 6-continued

Nov. 23,2023

Resources
Reagent Source or Additional
type Designation reference Identifier information
Software or R R Foundation v3.6.3
algorithm
Software or DESeq2 (Love et al., v1.26.0
algorithm 2014)
Software or  biomaRt (Durinck et al., v2.42.1
algorithm 2009)
Software or  FIJI/Image] (Schindelin et v2.0.0-rc-68
algorithm al., 2019)
Software or Image Studio LI-COR v5.2
algorithm Biosciences
Software or  Flowlo BD Biosciences v10.7.1
algorithm
Software or  IMP Pro SAS Institute v14.0.0
algorithm
Software or  Prism GraphPad v5.0.1
algorithm Software

hPSC Maintenance

[0229] Tissue culture plates were coated with Matrigel,
Growth Factor Reduced (Corning, Glendale, AZ). A 2.5 mg
aliquot of Matrigel was thawed and resuspended in 30 mL
DMEM/F-12 (Life Technologies, Carlsbad, CA), and the
resulting solution used to coat plates at 8.7 pg/cm® (1 mL per
well for 6-well plates; 0.5 mL per well for 12-well plates).
Plates were incubated at 37° C. for at least 1 h prior to use.
hPSCs were maintained on Matrigel-coated plates in E8
medium (STEMCELL Technologies, Vancouver, Canada) at
37° C., 5% CO,. hPSC lines used were: IMR90-4 iPSC,
WTCI11 iPSC, CS03iCTRn2 iPSC, H9-CDHS5-eGFP hESC,
H9-7TGP-ishcat2 hESC, and 19-9-11-7TGP-ishcat3 iPSC.
Medium was changed daily. When hPSC colonies began to
touch, typically at approximately 70-80% confluence, cells
were passaged using Versene (Life Technologies). Briefly,
cells were washed once with Versene, then incubated with
Versene for 7 min at 37° C. Versene was removed and cells
were dissociated into colonies by gentle spraying with E8
medium. Cells were transferred at a split ratio of 1:12 to a
new Matrigel-coated plate containing E8 medium.

Endothelial Progenitor Cell Differentiation

[0230] EPCs were differentiated according previously
published protocols (Lian et al., 2014; Bao et al., 2016;
Nishihara et al., 2020) with slight modifications. On day -3
(D-3), hPSCs were treated with Accutase (Innovative Cell
Technologies, San Diego, CA) for 7 min at 37° C. The
resulting single cell suspension was transferred to 4x vol-
ume of DMEM/F-12 (Life Technologies) and centrifuged
for 5 min, 200xg. Cell number was quantified using a
hemocytometer. Cells were resuspended in E8 medium
supplemented with 10 pM ROCK inhibitor Y-27632 dihy-
drochloride (Tocris, Bristol, United Kingdom) and seeded
on Matrigel-coated 12-well plates at a density of (1.5-2.5)x
10* cells/cm?, 1 mL per well. Cells were maintained at 37°
C., 5% CO,. On the following two days (D-2 and D-1), the
medium was replaced with E8 medium. The following day
(DO), differentiation was initiated by changing the medium
to LaSR medium (Advanced DMEM/F-12 [Life Technolo-
gies], 2.5 mM GlutaMAX [Life Technologies], and 60
png/ml, 1-ascorbic acid 2-phosphate magnesium [Sigma-
Aldrich, St. Louis, MOJ) supplemented with 7-8 uM CHIR
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99021 (Tocris), 2 mL per well. The following day (D1),
medium was replaced with LaSR medium supplemented
with 7-8 uM CHIR 99021, 2 mL per well. On the following
three days (D2, D3, and D4), the medium was replaced with
pre-warmed LaSR medium (without CHIR), 2 mL per well.

[0231] On D5, EPCs were isolated using CD31 magnetic
activated cell sorting (MACS). Cells were treated with
Accutase for 15-20 min at 37° C. The resulting cell suspen-
sion was passed through a 40 um cell strainer into an equal
volume of DMEM (Life Technologies) supplemented with
10% FBS (Peak Serum, Wellington, CO) and centrifuged for
5 min, 200xg. Cell number was quantified using a hemo-
cytometer. Cells were resuspended in MACS buffer (Dul-
becco’s phosphate buffered saline without Ca and Mg
[DPBS; Life Technologies] supplemented with 0.5% bovine
serum albumin [Sigma-Aldrich] and 2 mM EDTA [Sigma-
Aldrich]) at a concentration of 107 cells per 100 uL. The
CD31-FITC antibody (Miltenyi Biotec, Auburn, CA) was
added to the cell suspension at a dilution of 1:50. The cell
suspension was incubated for 30 min at room temperature,
protected from light. The cell suspension was brought to a
volume of 15 ml. with MACS buffer and centrifuged for 5
min, 200xg. The supernatant was aspirated and the pellet
resuspended in MACS buffer at a concentration of 107 cells
per 100 pL. The FITC Selection Cocktail from the EasySep
Human FITC Positive Selection Kit (STEMCELL Technolo-
gies) was added at a dilution of 1:10 and the cell suspension
was incubated for 20 min at room temperature, protected
from light. The Dextran RapidSpheres (magnetic particles)
solution from the Selection Kit was added at a dilution of
1:20 and the cell suspension was incubated for an additional
15 min at room temperature.

[0232] The cell suspension was brought to a total volume
of 2.5 mL with MACS buffer (for total cell number less than
2x10%, the approximate maximum yield from two 12-well
plates; for a larger number of plates/cells, a total volume of
5 mL was used). 2.5 mL of cell suspension was transferred
to a sterile 5 mL round-bottom flow cytometry tube and
placed in the EasySep magnet (STEMCELL Technologies)
for 5 min. The magnet was inverted to pour off the super-
natant, the flow tube removed, the retained cells resuspended
in 2.5 mL of MACS buffer, and the flow tube placed back in
the magnet for 5 min. This step was repeated 3 times, and the
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resulting cell suspension transferred to a centrifuge tube, and
centrifuged for 5 min, 200xg. Cell number was quantified
using a hemocytometer. Resulting EPCs were used directly
for experiments as described below or cryopreserved in
hECSR medium supplemented with 30% FBS and 10%
DMSO for later use. hESCR medium is Human endothelial
serum-free medium (Life Technologies) supplemented with
1xB-27 supplement (Life Technologies) and 20 ng/ml FGF2
(Waisman Biomanufacturing, Madison, WI).

Neural Rosette Differentiation

[0233] Neural rosettes were differentiated according to a
previously published protocol (Lippmann et al., 2014) with
slight modifications. On D-1, IMR90-4 hPSCs were disso-
ciated with Accutase and seeded on Matrigel-coated plates
in E8 medium supplemented with ROCK inhibitor as
described above, except the cell seeding density was 5x10°
cells/cm?. The following day (DO), medium was replaced
with E6 medium (DMEM/F-12 supplemented with 64 mg/L
1-ascorbic acid 2-phosphate magnesium, 14 pg/I sodium
selenium, 543 mg/L sodium bicarbonate, 19.4 mg/L insulin
[Roche, Penzberg, Germany], and 10.7 mg/L holo-transfer-
rin [Sigma-Aldrich]) prepared according to (Chen et al.,
2011). Medium was replaced daily with E6 medium on D1
through DS. On D6, medium was replaced with hECSR
medium lacking FGF2. The following day (D7), the result-
ing neural rosette-conditioned medium (NR-CM) was har-
vested and stored at 4° C., and fresh hECSR medium lacking
FGF2 was replaced. NR-CM was likewise harvested on D8,
D9, and D10. The resulting NR-CM aliquots were pooled,
passed through a 0.2 um filter, supplemented with 20 ng/mL
FGF2, and used for experiments as described below.

Astrocyte Differentiation

[0234] Astrocytes were differentiated via an hPSC-derived
EZ sphere intermediate according to previously published
protocols (Ebert et al., 2013; Sareen et al., 2014; Canfield et
al., 2017). Briefly, CS03iCTRn2 hPSCs were dissociated
with Versene and colonies were transferred to an ultra-low
attachment T-25 flask containing EZ sphere culture medium
(a mixture of DMEM and F-12 medium in a 7:3 ratio
supplemented with 1xB-27 supplement minus vitamin A
[Life Technologies], 2 pg/ml. heparin [Sigma-Aldrich], 100
ng/ml. EGF [Peprotech], 100 ng/ml. FGF2, and 1x antibi-
otic-antimycotic [Life Technologies]). Half of the volume of
EZ sphere culture medium was replaced on Mondays,
Wednesdays, and Fridays. EZ spheres were passaged every
Friday by mechanical dissociation with 2-4 passes on a
Mcllwain Tissue Chopper (Campden Instruments, Lough-
borough, United Kingdom), with half of the resulting aggre-
gates returned to the flask and half discarded. To convert EZ
spheres into astrospheres, which are neural stem cell aggre-
gates with enhanced astrocyte differentiation potential,
medium was changed to DMEM/F-12 supplemented with 1x
N-2 supplement (Life Technologies), 2 pg/mL heparin, 1x
MEM-non-essential amino acids solution (Life Technolo-
gies), and 0.5 uM all-trans retinoic acid (Sigma-Aldrich) and
replaced daily for 11 days. The resulting spheres were
passaged as described above and returned to EZ sphere
culture medium, which was replaced on Mondays, Wednes-
days, and Fridays. Astrospheres were passaged on Fridays as
described above and cultured for at least 30 passages prior
to initiating astrocyte differentiation. To differentiate astro-
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cytes, astrospheres were treated with Accutase for 10-15 min
at 37° C., followed by gentle pipetting to dissociate and
singularize the cells. The resulting single cell suspension
was transferred to 4x volume of DMEM/F-12 and centri-
fuged for 5 min, 200xg. Cell number was quantified using a
hemocytometer. Cells were resuspended in EZ sphere cul-
ture medium and seeded on Matrigel-coated plates at
approximately 2.5x10* cells/cm®. The following day,
medium was changed to astrocyte differentiation medium
(DMEM/F-12 supplemented with 1x N-2 supplement, 2
png/ml heparin, and 1x MEM-non-essential amino acids
solution). This medium was replaced every other day for 2
weeks. Medium was then replaced with hECSR medium
lacking FGF2. The following day, the resulting astrocyte-
conditioned medium (Astro-CM) was harvested and stored
at 4° C., and fresh hECSR medium lacking FGF2 was
replaced. Astro-CM was likewise harvested on the following
3 days. The resulting Astro-CM aliquots were pooled,
passed through a 0.2 pm filter, supplemented with 20 ng/mL
FGF2, and used for experiments as described below.

Endothelial Cell Culture and Treatment

[0235] Collagen IV (Sigma-Aldrich) was dissolved in 0.5
mg/ml. acetic acid to a final concentration of 1 mg/mlL..
Collagen IV-coated plates were prepared by diluting a
volume of this stock solution 1:100 in water, adding the
resulting solution to tissue culture plates, or #1.5 glass
bottom plates (Cellvis, Sunnyvale, CA) for cells intended for
confocal imaging (1 mL per well for 6-well plates, 0.5 mL
per well for 12-well plates, 0.25 mL per well for 24-well
plates), and incubating the plates for 1 h at RT. Collagen IV
coating solution was removed and EPCs obtained as
described above were suspended in hECSR medium and
plated at approximately 3x10* cells/cm®. In some experi-
ments, cells were suspended in NR-CM or Astro-CM. In
some experiments, ligands and small molecules were added
to hECSR medium: CHIR 99021 (Tocris) was used at 4 uM
except where indicated; DMSO (Sigma-Aldrich) was used
as a vehicle control for CHIR; Wnt3a (R&D Systems) was
used at 20 ng/mL; Wnt7a (Peprotech, Rocky Hill, NJ) was
used at 50 ng/mL; Wnt7b (Abnova, Tapei, Taiwan) was used
at 50 ng/mL; R-spondin 1 (Rspo1; Peprotech) was used at 50
ng/mL; doxycycline was used at 1, 2, or 4 pug/mlL. The
hECSR medium or CM, including any ligands or small
molecules, was replaced every other day until confluent
(typically 6 days). We denote this time point “Passage 1.”
[0236] For extended culture, ECs were selectively disso-
ciated and replated as previously described (Nishihara et al.,
2020). Cells were incubated with Accutase until endothelial
cells appeared round, typically 2-3 min at 37° C. The plate
was tapped to release the ECs while SMLCs remained
attached, and the EC-enriched cell suspension transferred to
4x volume of DMEM/F-12 and centrifuged for 5 min,
200xg. Cells were resuspended in hECSR medium and
seeded on a new collagen IV-coated plate at approximately
3x10* cells/cm?. hECSR medium was replaced every other
day until confluent (typically 6 days). The selective disso-
ciation and seeding described above was repeated, and
hECSR medium was again replaced every other day until
confluent (typically 6 days). We denote this time point
“Passage 3.” In one experiment, these steps were repeated
for another two passages. Except where indicated, CHIR
99021 or vehicle (DMSO) was included in the hECSR
medium for the entire duration of culture.
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RNA-seq

[0237] RNA-seq was performed on ECs and SMLCs from
the IMR90-4 hPSC line. Four independent differentiations
were performed, with DMSO-, CHIR-, and Wnt7a/b-treated
ECs at Passage 1 analyzed from all four differentiations.
DMSO- and CHIR-treated ECs at Passage 3 were analyzed
from three of the four differentiations. DMSO-treated
SMLCs at Passage 1 were analyzed from two of the four
differentiations. Fluorescence-activated cell sorting (FACS)
was used to isolate CD31" ECs and CD31~ SMLCs from
mixed Passage 1 cultures. Cells were incubated with
Accutase for 10 min at 37° C., passed through 40 um cell
strainers into 4x volume of DMEM/F-12, and centrifuged
for 5 min, 200xg. Cells were resuspended in MACS buffer
and incubated with CD31-APC antibody (Miltenyi Biotec)
for 30 min at 4° C., protected from light. The cell suspension
was brought to a volume of 15 mL with MACS buffer and
centrifuged at 4° C. for 5 min, 200xg. Cells were resus-
pended in MACS buffer containing 2 pg/mlL 4',6-diamidino-
2-phenylindole (DAPI; Life Technologies). A BD FACSAria
11T Cell Sorter (BD Biosciences, San Jose, CA) was used to
isolate DAPI"CD31* cells (live ECs) and DAPI"CD31~
cells (live SMLCs). The resulting cell suspensions were
centrifuged at 4° C. for 5 min, 200xg, and cell pellets
immediately processed for RNA extraction as described
below.

[0238] RNA was isolated using the RNeasy Plus Micro Kit
(Qiagen, Germantown, MD). Buffer RLT Plus supplemented
with 1% f-mercaptoethanol was used to lyse cells (pellets
from FACS of Passage 1 cells, or directly on plates for
Passage 3 ECs). Lysates were passed through gDNA Elimi-
nator spin columns, loaded onto RNeasy MinElute spin
columns, washed with provided buffers according to manu-
facturer instructions, and eluted with RNase-free water.
Sample concentrations were determined using a NanoDrop
spectrophotometer (Thermo Scientific, Waltham, MA) and
RNA quality assayed using an Agilent 2100 Bioanalyzer
with Agilent RNA 6000 Pico Kit (Agilent, Santa Clara, CA).
First-strand c¢cDNA synthesis was performed using the
SMART-Seq v4 Ultra Low Input RNA kit (Takara Bio,
Mountain View, CA) with 5 ng input RNA followed by 9
cycles of PCR amplification and library preparation using
the Nextera XT DNA Library Prep Kit (Illumina, San Diego,
CA). Sequencing was performed on a NovaSeq 6000 (Illu-
mina), with approximately 40-60 million 150 bp paired-end
reads obtained for each sample.

[0239] FASTQ files were aligned to the human genome
(hg38) and transcript abundances quantified using RSEM
(v13.3) (Li and Dewey, 2011) calling bowtie2 (v2.4.2)
(Langmead and Salzberg, 2012). Estimated counts from
RSEM were input to DESeq2 (v1.26.0) (Love et al., 2014)
implemented in R (v3.6.3) for differential expression analy-
sis. Elsewhere, transcript abundances are presented as tran-
scripts per million (TPM). Differentiation pairing as
described above was included in the DESeq2 designs. The
Wald test with Benjamini-Hochberg correction was used to
generate adjusted P-values. Principal component analysis
was performed on counts after the DESeq2 variance stabi-
lizing transformation. Bulk RNA-seq data from the literature
(FASTQ files; see Table 7) were obtained from the Gene
Expression Omnibus (GEO). These FASTQ files were
aligned to the mouse genome (mm10) and transcript abun-
dances quantified as described above. DESeq2 was used for
differential expression analysis as described above. For
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direct comparison of human and mouse data, the biomaRt
package (v2.42.1) (Durinck et al., 2009) and Ensembl data-
base (Yates et al., 2019) was used to map human gene names
to mouse homologs. Venn diagrams were generated using
the tool available at bioinformatice.psb.ugent.be/webtools/
Venr/. To identify solute carrier and efflux transporter genes
highly expressed at the human BBB in vivo, we used five
human brain scRNA-seq datasets (see Table 7) integrated in
a previous meta-analysis (Gastfriend et al., 2021). SLC and
ABC genes with average expression greater than 100 TPM
in endothelial cells across the five independent datasets were
selected.

[0240] RNA-seq data have been deposited in GEO under
accession number GSE173206 (National Center for Bio-
technology Information (NCBI), U.S.A.).

Immunocytochemistry

[0241] Immunocytochemistry was performed in 24-well
plates. Cells were washed once with 500 pL. DPBS and fixed
with 500 pL cold (-20° C.) methanol for 5 min, except cells
intended for calponin/SM22a and CD31/Ki67 detection,
which were fixed with 500 pL of 4% paraformaldehyde for
15 min. Cells were washed three times with 500 pL. DPBS
and blocked in 150 puL. DPBS supplemented with 10% goat
serum (Life Technologies) for 1 h at room temperature,
except cells intended for calponin/SM22a. detection, which
were blocked and permeabilized in DPBS supplemented
with 3% BSA and 0.1% Triton X-100, or cells intended for
CD31/Ki67 detection, which were blocked and permeabi-
lized in DPBS supplemented with 5% non-fat dry milk and
0.4% Triton X-100. Primary antibodies diluted in 150 pL of
the above blocking solutions (see Table 6 for antibody
information) were added to cells and incubated overnight at
4° C. on a rocking platform. Cells were washed three times
with 500 pl. DPBS. Secondary antibodies diluted in 150 pl,
of the above blocking solutions (see Table 6 for antibody
information) were added to cells and incubated for 1 h at
room temperature on a rocking platform, protected from
light. Cells were washed three times with 500 ul. DPBS,
followed by 5 min incubation with 500 pL DPBS plus 4 uM
Hoechst 33342 (Life Technologies). Images were acquired
using an Eclipse Ti2-E epifluorescence microscope (Nikon,
Tokyo, Japan) with a 20x objective or an A1R-Si+ confocal
microscope (Nikon) with a 100x oil objective. Confocal
images were acquired with 1 um slice spacing.

[0242] Images were analyzed using FIJI (Imagel) soft-
ware. For epifluorescence images, 5 fields (20x) were ana-
lyzed per well, with 3-4 wells per treatment condition. For
quantification of cell number, EC colonies were manually
outlined, and the Analyze Particles function was used to
estimate the number of nuclei within the EC colonies. Nuclei
outside the EC colonies were manually counted. EC purity
(% EC) was calculated as the number of nuclei within EC
colonies relative to total nuclei. To estimate % GLUT-1*
ECs, cells within the EC colonies with membrane-localized
GLUT-1 immunoreactivity (e.g., arrowheads in FIG. 24B)
were manually counted. To estimate % Ki67* ECs, cells
within the EC colonies with at least one nuclear-localized
Ki67 punctum were manually counted. For quantification of
fluorescence intensity in epifluorescence images, EC colo-
nies were manually outlined, and the Measure function was
used to obtain the mean fluorescence intensity for each
image channel (fluorophore). A cell-free area of the plate
was similarly quantified for background subtraction. Fol-
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lowing background subtraction, the mean fluorescence
intensity of each protein of interest was normalized to the
mean fluorescence intensity of Hoechst to correct for effects
of cell density. For confocal images, 3-4 fields (100x)
containing only VE-cadherin* ECs were analyzed per well,
with 4 wells per treatment condition. The first slice with
visible nuclei (closest to glass) was defined as Z=0, and the
Measure function was used to obtain the mean fluorescence
intensity for each image channel (fluorophore) in each slice
from 7Z=0 to Z=7 um. A cell-free area of the plate was
similarly quantified for background subtraction. After back-
ground subtraction, to approximate total abundance (area
under the fluorescence versus Z curve, AUC) for each
channel, mean fluorescence intensities were summed across
all slices. AUC for the proteins of interest were normalized
to Hoechst AUC.

Cell Cycle Analysis

[0243] Passage 1 cultures were dissociated by treatment
with Accutase for 10 min at 37° C. Cell suspensions were
passed through 40 pum cell strainers into 4x volume of
DMEM/F-12 and centrifuged for 5 min, 200xg. Approxi-
mately 5x10° cells per replicate were resuspended in MACS
buffer and incubated with the CD31-APC antibody (Milte-
nyi Biotec) for 30 min at 4° C., protected from light. Cell
suspensions were brought to a volume of 5 mLL with MACS
buffer and centrifuged at 4° C. for 5 min, 200xg. Cells were
resuspended in 500 pl. MACS buffer containing 2 pg/mlL
DAPI and 0.5 pL. Vybrant DyeCycle Green Stain (Invitro-
gen) and incubated at room temperature for 1 h, protected
from light. Cells were analyzed on an Attune NxT flow
cytometer (Invitrogen). FlowJo software (BD Biosciences)
was used to gate CD31" cells and quantify the percentage of
S/G2/M phase cells.

Western Blotting

[0244] To enrich samples from Passage 1 cultures for ECs,
the Accutase-based selective dissociation method described
above was employed. Dissociated cells were centrifuged for
5 min, 200xg, and resulting cell pellets were lysed in RIPA
buffer (Rockland Immunochemicals, Pottstown, PA) supple-
mented with 1x Halt Protease Inhibitor Cocktail (Thermo
Scientific). Passage 3 cells were lysed with the above buffer
directly on plates. Lysates were centrifuged at 4° C. for 5
min, 14,000xg, and protein concentration in supernatants
quantified using the Pierce BCA Protein Assay Kit (Thermo
Scientific). Equal amounts of protein were diluted to equal
volume with water, mixed with sample buffer, and heated at
95° C. for 5 min, except lysates intended for GLUT-1
Western blotting, which were not heated. Samples were
resolved on 4-12% Tris-Glycine gels and transferred to
nitrocellulose membranes. Membranes were blocked for 1 h
in tris-buffered saline plus 0.1% Tween-20 (TBST) supple-
mented with 5% non-fat dry milk. Primary antibodies (see
Table 6 for antibody information) diluted in TBST plus 5%
non-fat dry milk were added to membranes and incubated
overnight at 4° C. on a rocking platform. Membranes were
washed five times with TBST. Secondary antibodies (see
Table 6 for antibody information) diluted in TBST were
added to membranes and incubated for 1 h at room tem-
perature on a rocking platform, protected from light. Mem-
branes were washed five times with TBST and imaged using
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an Odyssey 9120 (LI-COR, Lincoln, NE). Band intensities
were quantified using Image Studio software (LI-COR).

Dextran Accumulation Assay

[0245] A fixable, Alexa Fluor 488-conjugated dextran with
an average molecular weight of kDa (Invitrogen) was used
as a tracer to estimate total fluid-phase endocytosis. Dextran
was added at 10 uM to the medium of Passage 1 cultures.
Plates were incubated on rotating platforms at 37° C. or 4°
C. for 2 h. Medium was removed and cells were washed
once with DPBS, and then incubated with Accutase for 10
min at 37° C. Cell suspensions were passed through 40 um
cell strainers into 4x volume of DMEM/F-12 and centri-
fuged for 5 min, 200xg. Cells were resuspended in MACS
buffer and incubated with the CD31-APC antibody (Milte-
nyi Biotec) for 30 min at 4° C., protected from light. Cell
suspensions were brought to a volume of 5 mL with MACS
buffer and centrifuged at 4° C. for 5 min, 200xg. Pellets were
resuspended in DPBS supplemented with 4% paraformal-
dehyde and incubated for 15 min at room temperature,
protected from light. Cells were centrifuged for 5 min,
200xg. Pellets were resuspended in MACS buffer and ana-
lyzed on a BD FACSCalibur flow cytometer (BD Biosci-
ences). FlowJo software was used to gate CD31™" cells and
quantify geometric mean fluorescence intensity and coefli-
cient of variation (CV) of dextran.

and Sodium

Transendothelial ~FElectrical Resistance

Fluorescein Permeability

[0246] Transwell inserts (6.5 mm diameter with 0.4 um
pore polyester filters) (Corning) were coated with 50 ul of a
solution of collagen IV (400 pug/ml) and fibronectin (100
png/mL) in water for 4 h at 37° C. Passage 3 DMSO- and
CHIR-treated ECs were seeded on Transwell inserts at 10°
cells/cm? in hECSR medium supplemented with DMSO or
CHIR. Medium volumes were 200 pL for the apical chamber
and 800 puL for the basolateral chamber. Beginning the day
after seeding, TEER was measured daily for 6 days using an
EVOM?2 epithelial voltohmmeter with STX2 chopstick elec-
trodes (World Precision Instruments, Sarasota, FL.). Medium
was replaced every other day. TEER values were corrected
by subtracting the resistance of a collagen IV/fibronectin-
coated Transwell insert without cells and multiplying by the
filter surface area of 0.33 cm®. Permeability of endothelial
monolayers to sodium fluorescein was assessed 6 days after
seeding cells on Transwell inserts. Medium in both apical
and basolateral chambers was replaced and cells returned to
the incubator for 1 h. Medium in apical chambers, including
the apical chamber of a collagen IV/fibronectin-coated Tran-
swell insert without cells, was then replaced with medium
supplemented with 10 pM sodium fluorescein (Sigma
Aldrich), and plates placed on an orbital platform in an
incubator. At 15, 30, 45, and 60 min, an 80 pL sample of the
basolateral chamber medium was withdrawn from each
Transwell, transferred to a 96-well plate, and 80 pL fresh
medium replaced in the basolateral chamber of each Tran-
swell. At 60 min, an 80 pl. sample of apical chamber
medium was also withdrawn from each Transwell and
transferred to the 96-well plate. 80 pl. of medium lacking
sodium fluorescein was also transferred to the 96-well plate
for background subtraction. Fluorescence intensity of all
samples was measured using an Infinite M1000 PRO plate
reader (Tecan, Mannedorf, Switzerland) with 485 nm exci-
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tation and 530 nm emission wavelengths. Background-
subtracted fluorescence intensity values at the 30, 45, and 60
min timepoints were corrected for sampling-induced dilu-
tion as previously described (Stebbins et al., 2016). The
endothelial permeability coefficient (P,), which is a concen-
tration-independent parameter corrected for the permeability
of a cell-free Transwell insert, was calculated as previously
described (Stebbins et al., 2016).

Statistics

[0247] Individual wells of cultured cells that underwent
identical experimental treatments are defined as replicates,
and all key experiments were repeated using multiple inde-
pendent hPSC differentiations. Detailed information about
replication strategy is provided in figure legends. Student’s
t test was used for comparison of means from two experi-
mental groups. One-way analysis of variance (ANOVA) was
used for comparison of means from three or more experi-

Nov. 23,2023

mental groups, followed by Dunnett’s post-hoc test for
comparison of multiple treatments to a single control, or
Tukey’s honest significant difference (HSD) post-hoc test
for multiple pairwise comparisons. When data from multiple
differentiations were combined, two-way ANOVA (one fac-
tor being the experimental treatment and one factor being
the differentiation) was used for comparison of means to
achieve blocking of differentiation-based variability, fol-
lowed by post-hoc tests as described above if more than two
experimental treatments were compared. For fluorescence
intensities (a.u.), two-way ANOVA was performed prior to
normalization of these values to the control group within
each differentiation (for visualization in plots). Statistical
tests were performed in JMP Pro (v15.0.0). For RNA-seq
differential expression analysis, the DESeq2 Wald test with
Benjamini-Hochberg correction was used to calculate P-val-
ues. Descriptions of the statistical tests used are provided in
figure legends.

TABLE 7

Published Datasets

Citation

Description Identifiers Source

(Sabbagh et al.,
2018)

(Munji et al.,
2019)

(Wang et al.,
2019)

(Sabbagh and
Nathans, 2020)

(Gastfriend et al.

2021)

Allen Institute,
2019

(Polioudakis et
al., 2019)

12/7/2023 12:14:18

Adult mouse GSM3040844  www.ncbi.nlm.nih.gov/
postnatal day 7 GSM3040845  geo/query/acc.cgi?acc=GSE111839
brain, liver, lung, GSM3040852
and kidney ECs  GSM3040853
GSM3040858
GSM3040859
GSM3040864
GSM3040865
Adult mouse GSM2498580  www.ncbi.nlm.nih.gov/
liver ECs GSM2498581  geo/query/acc.cgi?acc=GSE95201
(controls and B-  GSM2498582
catenin gain-of-  GSM2498583

function) GSM2498584
GSM2498585
GSM2498586
GSM2498587
Adult mouse GSM3455653  www.ncbi.nlm.nih.gov/
anterior and GSM3455654  geo/query/acc.cgi?acc=GSE122117
posterior GSM3455657
pituitary ECs GSM3455658

(controls and B-  GSM3455661
catenin gain-of-  GSM3455662

function) GSM3455665
GSM3455666
Adult mouse GSM4160534  www.ncbi.nlm.nih.gov/
brain ECs GSM4160535  geo/query/acc.cgi?acc=GSE118731

cultured in vitro  GSM4160536
(controls and B-  GSM4160537
catenin gain-of-  GSM4160538
function) GSM4160539
GSM4160540
GSM4160541
GSM4160542
GSM4160543

, Meta-analysis of

human brain

single cells

across multiple

developmental

stages and brain

regions

(enumerated

below)

Adult neocortex portal.brain-map.org/atlases-and-
data/rnaseq/human-multiple-
cortical-areas-smart-seq

GW17-18 solo.bmap.ucla.edu/shiny/webapp/

neocortex
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TABLE 7-continued
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Published Datasets

Citation Description Identifiers Source
(Han et al., 2020) Adult temporal GSM3980129  www.ncbi.nlm.nih.gov/
lobe and GSM4008656  geo/query/acc.cgi?acc=GSE134355
cerebellum GSM4008657
GSM4008658

(La Manno et al., GW6-11 ventral

www.ncbi.nlm.nih.gov/

expression of GLUT-1, claudin-5 or caveolin-1 (FIG. 24A-
C). Interestingly, Wnt7a, but not Wnt3a, also increased the
proportion of ECs compared to SMLCs (FIG. 24A,C). By
contrast, 4 uM CHIR robustly induced GLUT-1 expression

2016) midbrain geo/query/acc.cgi?acc=GSE76381
(Zhong et al., GW16-27 www.ncbi.nlm.nih.gov/

2020) hippocampus geo/query/acc.cgi?ace-GSE119212
Results:

[0248] Wnt Activation in hPSC-Derived Endothelial Pro-

genitors

[0249] We adapted an existing protocol to produce

endothelial progenitor cells (EPCs) from hPSCs (Lian et al.,
2014; Bao et al., 2016) (FIG. 23A). To achieve mesoderm
specification, this method employs an initial activation of
Whnt/f-catenin signaling with CHIR 99021 (CHIR), a small
molecule inhibitor of glycogen synthase kinase-3 (GSK-3),
which results in inhibition of GSK-3f3-mediated (-catenin
degradation. After 5 days of expansion, the resulting cultures
contained a mixed population of CD34*CD31* EPCs and
CD34-CD31-non-EPCs (FIG. 23B-C). We used magnetic-
activated cell sorting (MACS) to isolate CD31* cells from
this mixed culture and plated these cells on collagen IV-
coated plates in a minimal endothelial cell medium termed
hECSR (Nishihara et al., 2020). We first asked whether
Whnt3a, a ligand widely used to activate canonical Wnt/[3-
catenin signaling (Kim et al., 2005, 2008; Liebner et al.,
2008; Cecchelli et al., 2014; Praca et al., 2019), could induce
GLUT-1 expression in the resulting ECs. After 6 days of
treatment, we observed a significant increase in the fraction
of GLUT-1* ECs in Wnt3a-treated cultures compared to
controls (FIG. 23D-E). Consistent with previous observa-
tions (Nishihara et al., 2020), we also detected a population
of calponin™ smooth muscle protein 22-a.* putative smooth
muscle-like cells (SMLCs) outside the endothelial colonies
(FIG. 23F) and these SMLCs expressed GLUT-1 in both
control and Wnt3a-treated conditions (FIG. 23D).

[0250] Based on these promising results with Wnt3a, we
next tested several additional strategies for Wnt activation
and, in addition to GLUT-1, evaluated expression of two
other key proteins: claudin-5, which is known to be upregu-
lated in CNS ECs in response to Wnt (Benz et al., 2019), and
caveolin-1, given the low rate of caveolin-mediated tran-
scytosis in CNS compared to non-CNS ECs (Reese and
Karnovsky, 1967; Andreone et al., 2017). First, we tested
Wnt7a and Wnt7b, the ligands primarily responsible for Wnt
activation in CNS ECs in vivo (Daneman et al., 2009; Cho
etal., 2017). We also tested Wnt ligands in combination with
R-spondin 1 (Rspol), a potentiator of Wnt signaling that
inhibits the RNF43/ZNRF3-mediated negative feedback
mechanism by which Frizzled receptors are endocytosed
(Kim et al., 2005, 2008; Koo et al., 2012; Clevers et al.,
2014). Finally, we tested a low concentration (4 pM) of the
GSK-3 inhibitor CHIR because of its ability to activate Wnt
signaling in a receptor/co-receptor-independent manner. We
found that Wnt7a and the combination of Wnt7a and Wnt7b,
but not Wnt7b alone, slightly increased the fraction of
GLUT-1* ECs, while Rspol did not affect EC purity or
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in approximately 90% of ECs while increasing EC purity to
a level similar to that achieved with Wnt7a. Furthermore,
CHIR led to an approximately 1.5-fold increase in average
claudin-5 abundance and a nearly 30-fold increase in
GLUT-1 abundance, but also a 4-fold increase in caveolin-1
(FIG. 24A,C). We therefore titrated CHIR to determine an
optimal concentration for EC expansion, purity, GLUT-1
induction, and claudin-5 upregulation while limiting the
undesirable non-CNS-like increase in caveolin-1 abun-
dance. Although 2 uM CHIR did not lead to increased
caveolin-1 expression compared to vehicle control (DMSO),
it also did not elevate claudin-5 or GLUT-1 expression
compared to control and was less effective in increasing EC
number and EC purity than 4 pM CHIR (FIG. 25). On the
other hand, 6 uM CHIR further increased GLUT-1 abun-
dance but also further increased caveolin-1 abundance and
did not improve EC number, EC purity, or claudin-5 expres-
sion (FIG. 25). Therefore, we conducted further experiments
using 4 uM CHIR. We confirmed that the CHIR-mediated
increases in EC purity, EC number, and caveolin-1 and
GLUT-1 expression were conserved in an additional hPSC
line, although claudin-5 upregulation was not apparent (FIG.
26). We also used two hPSC lines with doxycycline-induc-
ible expression of short hairpin RNAs targeting CTNNB1
(B-catenin) to confirm that CHIR-mediated upregulation of
GLUT-1 in ECs was (-catenin-dependent. Indeed, doxycy-
cline treatment in combination with CHIR significantly
reduced GLUT-1 abundance in ECs derived from these
hPSC lines (FIG. 27). Finally, we confirmed that CHIR-
mediated increases in EC number were the result of
increased EC proliferation (FIG. 28). Together, these results
suggest that Wnt pathway activation, either with ligands or
CHIR, is capable of inducing CNS-like phenotypes in
hPSC-derived endothelial progenitors.

[0251] In the CNS, neural progenitors and astrocytes are
the primary sources of Wnt ligands resulting in induction
and maintenance of EC barrier properties. Because the
relatively weak response to Wnt ligands observed in our
system is potentially attributable to poor potency associated
with the recombinant proteins, we reasoned that relevant
cellular sources of Wnt ligands might be more effective in
activating Wnt in EPCs. To this end, we differentiated
hPSCs to neural rosettes, which are radially organized Pax6™*
neural progenitors, and astrocytes according to established
protocols (Ebert et al., 2013; Lippmann et al., 2014; Sareen
et al., 2014; Canfield et al., 2017). Importantly, RNA-seq
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data from the literature suggest that both hPSC-derived
neural rosettes and astrocytes express WNT7A (Vatine et al.,
2016; Shang et al.,, 2018). We collected neural rosette-
conditioned medium (NR-CM) and astrocyte-conditioned
medium (Astro-CM) and treated EPCs with these media for
6 days. Similar to our observations with Wnt7a, both NR-
CM and Astro-CM significantly increased the proportion of
ECs compared to SMLCs (FIG. 29A,C). NR-CM, but not
Astro-CM, also induced weak GLUT-1 expression in ECs,
reminiscent of the Wnt7a-induced phenotype, although this
induction was much weaker than in the CHIR-treated cells
(FIG. 29B,D). NR-CM and Astro-CM had variable effects
with respect to caveolin-1 and claudin-5 expression (FIG.
29D). In summary, NR-CM performed similarly to Wnt7a in
weakly inducing GLUT-1 expression and increasing EC
purity. The comparatively stronger response to CHIR may
suggest either that the potency or concentration of ligands is
insufficient, or that the EPCs lack the full machinery of
receptors and co-receptors necessary to transduce the Wnt
ligand signal (analyzed further below).

Effects of CHIR-Mediated Wnt Activation in Endothelial
Progenitors

[0252] Since CHIR elicited the most robust Wnt-mediated
response, we next asked whether other aspects of the CNS
EC barrier phenotype were CHIR-regulated. PLVAP, a pro-
tein that forms bridges across both caveolae and fenestrae
(Herrnberger et al., 2012), is one such canonically Wnt-
downregulated protein. We therefore first evaluated PLVAP
expression in Passage 1 control (DMSO) or CHIR-treated
ECs using confocal microscopy (FIG. 30A). We observed
numerous PLVAP* punctate vesicle-like structures in both
conditions, with CHIR treatment reducing PLVAP abun-
dance by approximately 20% (FIG. 30A-B). This effect was
not apparent in Western blots of Passage 1 ECs, likely due
to the relatively modest effect (FIG. 31A-B). However, after
two more passages (FIG. 23A), Passage 3 ECs demonstrated
a robust downregulation of PLVAP in CHIR-treated cells
compared to controls (FIG. 31C-D). We also used Western
blotting to confirm CHIR-mediated upregulation of GLUT-1
and claudin-5 both at Passage 1 and Passage 3 (FIG.
31A-D). We next evaluated expression of the tricellular tight
junction protein LSR (angulin-1) because of its enrichment
in CNS versus non-CNS ECs, and the temporal similarity
between LSR induction and the early stage of Wnt-mediated
CNS barriergenesis (Sohet et al., 2015). We found that CHIR
treatment led to a strong increase in LSR expression in both
Passage 1 and Passage 3 ECs (FIG. 31A-D), suggesting that
Whnt signaling upregulates multiple necessary components
of the CNS EC bicellular and tricellular junctions.

[0253] CHIR treatment produced two apparently compet-
ing changes in ECs related to vesicular transport: an
expected downregulation of PLVAP and an unexpected
upregulation of caveolin-1. We therefore asked whether the
rate of total fluid-phase endocytosis differed between CHIR-
treated and control ECs, using a fluorescently-labeled 10
kDa dextran as a tracer. After incubating Passage 1 cultures
with dextran for 2 h at 37° C., we used flow cytometry to
gate CD31* ECs and assess total dextran accumulation (FIG.
32A-B). We first confirmed that the process of dextran
internalization required the membrane fluidity of an endo-
cytosis-dependent process by carrying out the assay at 4° C.;
this condition indeed yielded a substantially decreased dex-
tran signal compared to 37° C. (FIG. 32B). In ECs incubated
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at 37° C., CHIR treatment did not change the geometric
mean dextran signal compared to DMSO (FIG. 32B,C), but
did cause a broadening of the distribution of dextran inten-
sities, indicative of sub-populations of cells with decreased
and increased dextran uptake (FIG. 32B,D). Importantly,
these results were consistent across three independent dif-
ferentiations (FIG. 32C-D). Thus, despite the generally
uniform elevation of caveolin-1 and decrease of PLVAP
observed by immunocytochemistry in CHIR-treated ECs,
our functional assay suggests neither an overall increase nor
decrease in total fluid-phase endocytosis. Instead, it indi-
cates that CHIR increases the heterogeneity of the EC
population with respect to the rate of endocytosis. We also
compared the paracellular barrier properties of DMSO- and
CHIR-treated ECs. Because Passage 1 cultures contain
SMLCs that preclude formation of a confluent endothelial
monolayer, we evaluated paracellular barrier properties of
Passage 3 ECs that had undergone selective dissociation and
replating (see Materials and Methods), a strategy that effec-
tively purifies the cultures (Nishihara et al., 2020). CHIR-
treated Passage 3 ECs had elevated transendothelial electri-
cal resistance (TEER) (FIG. 32E) and decreased
permeability to the small molecule tracer sodium fluorescein
(FIG. 32F). Together, these results are consistent with
CHIR-mediated increases to tight junction protein expres-
sion (e.g., claudin-5 and LSR) and suggest Wnt activation
leads to functional improvements to paracellular barrier in
this system.

[0254] Given the relatively weak responses to Wnt acti-
vation in adult mouse liver ECs in vivo (Munji et al., 2019)
and adult mouse brain ECs cultured in vitro (Sabbagh and
Nathans, 2020), we sought to determine whether the imma-
ture, potentially more plastic state of hPSC-derived endothe-
lial progenitors contributed to the relatively robust CHIR-
mediated response we observed. To test this hypothesis, we
matured hPSC-derived ECs in vitro for 4 passages (until
approximately day 30) prior to initiating CHIR treatment for
6 days (FIG. 33A). The resulting Passage 5 DMSO-treated
ECs, which are analogous to EECM-BMEC-like cells we
previously reported (Nishihara et al., 2020), did not have
detectable GLUT-1 expression (FIG. 33B). Compared to
DMSO controls, the resulting CHIR-treated Passage 5 ECs
exhibited an approximately 1.5-fold increase in GLUT-1
abundance (FIG. 33B-C), a markedly weaker response than
the 10- to 40-fold increases routinely observed using the
same immunocytochemistry-based assay when CHIR treat-
ment was initiated immediately after MACS (FIGS. 24-26;
FIG. 29). Furthermore, CHIR treatment in matured ECs had
variable effects on claudin-5 expression (FIG. 33B-C) and
led to a slight decrease in EC number (FIG. 33D), rather than
the increases observed in both of these properties when
treatment was initiated immediately after MACS (FIG. 25;
FIG. 29). Together, these data suggest that early, naive
endothelial progenitors are more responsive to Wnt activa-
tion than more mature ECs derived by the same differen-
tiation protocol.

Comprehensive Profiling of the Wnt-Regulated Endothelial
Transcriptome

[0255] We turned next to RN A-sequencing as an unbiased
method to assess the impacts of Wnt activation on the EC
transcriptome. We performed four independent differentia-
tions and analyzed Passage 1 ECs treated with DMSO,
CHIR, or Wnt7a and Wnt7b (Wnt7a/b), using fluorescence-
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activated cell sorting (FACS) to isolate CD31* ECs from the
mixed EC/SMLC cultures. We also sequenced the SMLCs
from DMSO-treated cultures at Passage 1 from two of these
differentiations. DMSO- and CHIR-treated ECs at Passage 3
from three of these differentiations were also sequenced.
Principal component analysis of the resulting whole-tran-
scriptome profiles revealed that the two cell types (ECs and
SMLCs) segregated along principal component (PC) 1,
which explained 52% of the variance. In ECs, the effects of
passage number and treatment were reflected in PC 2, which
explained 20% of the variance (FIG. 34A). We next vali-
dated the endothelial identity of our cells; we observed that
canonical endothelial marker genes (including CDHS,
CD34, PECAM1, CLDNS, ERG, and FLI1) were enriched
in ECs compared to SMLCs and had high absolute abun-
dance, on the order of 100-1,000 transcripts per million
(TPM) (FIG. 34B). SMLCs expressed mesenchymal (mural/
fibroblast)-related transcripts (including PDGFRB, CSPG4,
PDGFRA, TBX2, CNN1, and COLIA1), which ECs gener-
ally lacked, although we did observe slight enrichment of
some of these genes in Passage 1 DMSO-treated ECs, likely
reflective of a small amount of SMLC contamination despite
CD31 FACS (FIG. 34B). SMLCs also expressed SLC2A1
consistent with protein-level observations (FIG. 23D). We
also observed little to no expression of the epithelial genes
CDH1, EPCAM, CLDNI1, CLDN3 (Castro Dias et al.,
2019), CLDN4, and CLDNG6, reflecting the definitive
endothelial nature of the cells (FIG. 34B).

[0256] First comparing CHIR- and DMSO-treated ECs at
Passage 1, we identified 1,369 significantly upregulated
genes and 2,037 significantly downregulated genes (FIG.
34C). CHIR-upregulated genes included SLC2A1, CLDNS,
LSR, and CAV1, consistent with protein-level assays.
PLVAP was downregulated, as were a number of mesen-
chymal genes (TAGLN, COLIA1), again reflective of slight
contamination of SMLC transcripts in the DMSO-treated
EC samples (FIG. 34C-D). Additionally, important down-
stream effectors of Wnt signaling were upregulated, includ-
ing the transcription factors LEF1 and TCF7, the negative
regulator AXIN2, and the negative regulator APCDDI,
which is known to modulate Wnt-regulated barriergenesis in
retinal endothelium (Mazzoni et al., 2017) (FIG. 34C-D).
We also found that the transcription factors ZIC3, which is
highly enriched in brain and retinal ECs in vivo and down-
stream of Frizzled4 signaling (Wang et al., 2012; Sabbagh et
al.,, 2018), and SOX7, which acts cooperatively with SOX17
and SOX18 in retinal angiogenesis (Zhou et al., 2015), were
upregulated by CHIR in our system (FIG. 34D). Additional
CHIR-upregulated genes included ABCG2 (encoding the
efflux transporter Breast Cancer Resistance Protein, BCRP),
and APLN, a tip cell marker enriched in postnatal day 7
murine brain ECs compared to those of other organs, and
subsequently downregulated in adulthood (Sabbagh et al.,
2018; Sabbagh and Nathans, 2020) (FIG. 34C). Finally, we
detected CHIR-mediated downregulation of the fatty acid-
binding protein-encoding FABP4, which is depleted in brain
ECs compared to those of peripheral organs (Sabbagh et al.,
2018). We also observed similar downregulation of
SMADG6, which is depleted in brain ECs compared to lung
ECs and is a putative negative regulator of BMP-mediated
angiogenesis (Mouillesseaux et al., 2016; Vanlandewijck et
al., 2018) (FIG. 34D). Many of these CHIR-mediated gene
expression changes persisted at Passage 3, including
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SLC2A1, LSR, LEF1, AXIN2, APCDDI, ZIC3, and
ABCG2 upregulation and PLVAP downregulation (FIG.
34E; FIG. 35A).

[0257] We made similar comparisons (i) between Wnt7a/
b-treated and control (DMSO-treated) ECs at Passage 1, and
(i1) between control ECs at Passage 3 versus Passage 1 (FIG.
34E; FIG. 35B-C). Consistent with the weak response
observed by immunocytochemistry, there were fewer
Wnt7a/b-mediated gene expression changes compared to
those elicited by CHIR, with 241 upregulated and 420
downregulated genes (FIG. 35B). In general, however, these
changes were consistent with CHIR-mediated changes, with
104 concordantly upregulated genes, 302 concordantly
downregulated genes, and only 23 discordantly regulated
genes (FIG. 34E). Of note, treatment with Wnt7a/b, but not
CHIR, upregulated SOX17, a Wnt target gene required for
BBB function (Corada et al., 2018). Extended culture to
Passage 3 in the absence of exogeneous Wnt activation led
to 1,521 upregulated genes, including CLDN5 and CAV1,
consistent with previously-reported protein-level observa-
tions in EECM-BMEC-like cells (Nishihara et al., 2020),
which are analogous to Passage 3 DMSO-treated cells. We
also observed 1,625 downregulated genes, including PLVAP
(FIG. 35C). SLC2A1, however, was not upregulated at
Passage 3 (FIG. 35C), concordant with absence of GLUT-1
protein expression in the control ECs (FIG. 33B). To further
understand the strengths and limitations of this model sys-
tem both as a readout of early developmental changes in
CNS ECs (Passage 1 cells) or as a source of CNS-like ECs
for use in downstream modeling applications, we evaluated
absolute transcript abundance and effects of treatment or
passage number on 53 characteristic CNS EC genes encom-
passing tight junction components, vesicle trafficking
machinery, solute carriers, and ATP-binding cassette (ABC)
efflux transporters selected based on high expression in
human brain endothelial cells from a meta-analysis of single
cell RNA-seq data (Gastfriend et al., 2021) (FIG. 35D).
While ECs expressed CLDNS, TIP1, TJP2, OLCN, and
LSR, they lacked MARVELD?2 (encoding tricellulin) under
all conditions. ECs under all conditions also lacked
MFSD2A and, despite CHIR-mediated downregulation of
PLVAP, retained high absolute expression of this and other
caveolae-associated genes. Finally, while many solute car-
riers and ABC transporters were expressed (SLC2AI,
SLC3A2, SLC16A1, SLC38A2, ABCG2), others expressed
at the in vivo human BBB were not (SLC5A3, SLC7A11,
SLC38A3, SLCO1A2, ABCB1) (FIG. 35D). Thus, while
CHIR treatment yields ECs with certain elements of CNS-
like character, additional molecular signals are likely nec-
essary to improve other aspects of the in vivo CNS EC
phenotype.

[0258] To partially address the hypothesis that the weak
response of ECs to Wnt7a/b, NR-CM, and Astro-CM is due
to a lack of necessary Wnt receptors and/or co-receptors, we
used RNA-seq data from Passage 1 DMSO-treated ECs to
evaluate expression of transcripts encoding these and other
components of the canonical Wnt signaling pathway. FZD4
and FZD6 were highly expressed and enriched compared to
all other Frizzleds (FIG. 36), consistent with data from
murine brain ECs in vivo (Daneman et al., 2009). RECK and
ADGRAZ2 (GPR124) were moderately expressed at a level
similar to LRP6 (on the order of 40 TPM), while little to no
LRPS was expressed (FIG. 36). Taken together, however,
these data suggest that the hPSC-derived ECs express much
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of the machinery necessary to transduce the signal from
Wnt7a/b ligands, but possibilities remain that the proteins
encoded by the evaluated transcripts are absent, or at too low
an abundance, for a robust response, motivating the use of
CHIR to bypass the cell surface Wnt pathway components
for robust induction of barriergenesis via -catenin stabili-
zation.

The Wnt-Regulated Endothelial Transcriptome in Multiple
Contexts

[0259] To globally assess whether CHIR-mediated gene
expression changes in our system are characteristic of the
responses observed in ECs in vivo and similar to those
observed in other in vitro contexts, we compared our RNA-
seq dataset to those of studies that employed a genetic
strategy for [-catenin stabilization (the Ctnnblflex3 allele) in
adult mouse ECs in several contexts: (i) pituitary ECs, which
acquire some BBB-like properties upon f-catenin stabiliza-
tion (Wang et al., 2019); (ii) liver ECs, which exhibit little
to no barriergenic response to [-catenin stabilization (Munji
et al., 2019); (iii) brain ECs briefly cultured in vitro, which
rapidly lose their BBB-specific gene expression profile even
with f-catenin stabilization (Sabbagh and Nathans, 2020),
and offer the most direct comparison to our in vitro model
system. Upon recombination, the Ctnnblflex3 allele pro-
duces a dominant mutant $-catenin lacking residues that are
phosphorylated by GSK-3f to target [3-catenin for degrada-
tion (Harada et al., 1999); as such, this strategy for ligand-
and receptor-independent Wnt activation by [-catenin sta-
bilization is directly analogous to CHIR treatment.

[0260] We first used literature RNA-seq data from post-
natal day 7 murine brain, liver, lung, and kidney ECs
(Sabbagh et al., 2018) to define core sets of genes in brain
ECs that are differentially expressed compared to all three of
the other organs (FIG. 37A-B). Using the resulting sets of
1094 brain-enriched and 506 brain-depleted genes, we asked
how many genes in our Passage 1 ECs were concordantly-
regulated by CHIR: 130 of the brain-enriched genes were
CHIR-upregulated and 116 of the brain-depleted genes were
CHIR-downregulated (FIG. 37C). In pituitary ECs with
[-catenin stabilization, 102 of the brain enriched genes were
upregulated with and 48 of the brain depleted genes were
downregulated (FIG. 37D). Compared with the pituitary
ECs, there were far fewer concordantly-regulated genes in
liver ECs with f-catenin stabilization, with 25 upregulated
and 1 downregulated (FIG. 37E). Finally, cultured primary
mouse brain ECs with -catenin stabilization exhibited 72
upregulated and 16 downregulated genes (FIG. 37F). The
only gene concordantly-regulated in all four comparisons
was the canonical Wnt target AXIN2. Several additional
genes were concordantly upregulated in three of four,
including TCF7, FAM107A, NKD1, TNFRSF19, GLUL,
SLC30A1, and ABCBI1, which was the only gene concor-
dantly regulated in all comparisons except the hPSC-derived
ECs (FIG. 37G). Several canonical target genes were shared
by the hPSC-derived EC and pituitary EC systems, includ-
ing APCDD1, LEF1, CLDNS5, and SLC2A1; also in this
category were LSR, the zinc/manganese transporter
SLC39A8, and 12 additional genes (FIG. 37G). Notably, the
caveolae inhibitor MFSD2A was robustly upregulated by
[-catenin in pituitary ECs, but not in any other context (FIG.
37C-F), suggesting other brain-derived factors may cooper-
ate with Wnt to regulate expression of this important inhibi-
tor of caveolin-mediated transcytosis. In sum, the data
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suggest that the hPSC-derived ECs responded to Wnt acti-
vation in a fashion that led to modest induction of CNS
transcriptional programs and that the response was most
similar to the pituitary 3-catenin stabilization model. Impor-
tantly, this analysis also supports the hypothesis that imma-
ture endothelium is highly responsive to Wnt activation
where mature (adult) endothelium is largely refractory
except in regions proximal to barrier-forming regions.

Discussion

[0261] The Wnt/B-catenin signaling pathway plays a cen-
tral role in CNS angiogenesis and in establishing the unique
properties of CNS ECs (Liebner et al., 2008; Stenman et al.,
2008; Daneman et al., 2009; Kuhnert et al., 2010; Cullen et
al., 2011; Vanhollebeke et al., 2015; Cho et al., 2017). In this
work, we investigated the role of Wnt/-catenin signaling on
induction of BBB properties in a human EC model, using
naive endothelial progenitors derived from hPSCs. We rea-
soned that these immature EPCs (Lian et al., 2014) would be
similar to the immature endothelium in the perineural vas-
cular plexus and thus competent to acquire CNS EC phe-
notypes in response to Wnt activation. We evaluated several
strategies to activate Wnt, including the widely used ligand
Wnt3a (Liebner et al., 2008), the neural progenitor- and
astrocyte-derived ligands Wnt7a and Wnt7b, which are the
two Wnt ligands primarily responsible for the Wnt-depen-
dent effects of CNS angiogenesis and barriergenesis
observed in vivo (Daneman et al., 2009; Cho et al., 2017),
neural rosette- and astrocyte-CM as putative cellular sources
of Wnt ligands, and the GSK-3 inhibitor CHIR.

[0262] We found that CHIR treatment robustly induced
several canonical CNS EC molecular phenotypes, including
a marked induction of GLUT-1, upregulation of claudin-5,
and downregulation of PLVAP, which correlated with dif-
ferential gene expression in RNA-seq data. We also
observed a functional decrease in paracellular permeability.
Further, using RNA-seq and Western blotting, we also
identified LSR (angulin-1) as CHIR-induced in this system,
supporting the notion that this highly CNS EC-enriched
tricellular tight junction protein (Daneman et al., 2010a;
Sohet et al., 2015) is Wnt-regulated. In RNA-seq data, we
observed differential expression of known CNS EC-en-
riched/depleted and Wnt-regulated genes including upregu-
lated LEF1, AXIN2, APCDD1, ABCG2, SOX7, and ZIC3
and downregulated PLVAP, FABP4, and SMADG. These
RNA-seq data should therefore be useful in generating
hypotheses of BBB-associated genes regulated by Wnt
activation in ECs, for future functional studies. Our work
also defines an important set of phenotypes for which Wnt
activation in ECs is not sufficient in our system: in the
context of vesicle trafficking, we observed caveolin-1
(CAV1) upregulation, no change in mean functional endo-
cytosis, virtually no expression of MFSD2A, and high
absolute PLVAP abundance despite CHIR-mediated down-
regulation. Given roles of brain pericytes in regulating
PLVAP, MFSD2A, and functional transcytosis (Armulik et
al., 2010; Daneman et al., 2010b; Ben-Zvi et al., 2014;
Stebbins et al., 2019), and the observation that MFSD2A is
Wht-regulated in pituitary ECs in vivo (Wang et al., 2019),
where pericytes are present, it is plausible that pericyte-
derived cues are necessary in addition to Wnts to achieve the
characteristically low rate of CNS EC pinocytosis. Next,
while ABCG2 (BCRP) was Wnt-induced in our system,
other hallmark efflux transporters were not Wnt-regulated
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and either expressed at low levels (e.g., ABCC4, encoding
MRP-4) or not expressed (e.g. ABCBI, encoding P-glyco-
protein). Notably however, Abcbla was Wnt-regulated in
the three other -catenin stabilization experiments from the
literature that we evaluated (Munyji et al., 2019; Wang et al.,
2019; Sabbagh and Nathans, 2020). Thus, pericyte-derived
cues, astrocyte-derived cues, and/or activation of the preg-
nane X or other nuclear receptors may be important for
complete acquisition of the complement of CNS EC efflux
transporters (Bauer et al., 2004; Berezowski et al., 2004;
Praca et al., 2019).

[0263] While several recombinant Wnt ligands and neural
rosette-CM elevated GLUT-1 expression in ECs, the mag-
nitude of this effect was small compared to the robust
induction of GLUT-1 observed with CHIR treatment. While
we observed moderate transcript-level expression RECK
and ADGRA2 (GPR124) in Passage 1 ECs, it is possible that
protein-level expression of these necessary Wnt7 corecep-
tors, or additional components necessary for Wnt signal
transduction, are not of sufficient abundance. For example,
absence of LRPS5 is a potential factor in the muted response
to Wnt ligands and CM because LRPS and LRP6 likely have
non-redundant functions, as evidenced by defects in retinal
barrier formation in Lrp5-knockout mice (Zhou et al., 2014).
Presence of GPR124 in naive endothelial progenitors is
consistent with ubiquitous expression in ECs in the mouse
embryo that is subsequently downregulated in non-CNS
endothelium; however, GPR124 enrichment in CNS ECs
can be observed as early as E12.5 (Kuhnert et al., 2010),
leaving open the possibility that during development other
neural tissue-derived signals upregulate or maintain RECK
and GPR124 expression. Furthermore, while ligand potency
or concentration may also play a role in the weak response,
we observed a consistent and highly potent EC-puritying
effect (i.e., reduction or elimination of the contaminating
SMLCs observed in control Passage 1 cultures) with Wnt7a
and both neural rosette- and astrocyte-CM. CHIR also
achieved this purifying effect and increased EC number,
suggesting that Wnt signaling plays a role in suppressing
proliferation of mesoderm-derived mural cells in this sys-
tem.

[0264] We also directly addressed the hypothesis that
immature ECs are more plastic, that is, more competent to
acquire BBB properties upon Wnt activation, than mature
ECs. This hypothesis is supported by existing observations
that ectopic expression of Wnt7a is sufficient to induce
GLUT-1 expression in non-CNS regions of the mouse
embryo (Stenman et al., 2008), but $-catenin stabilization in
adult mouse liver and lung ECs produces only a slight effect
(Munji et al., 2019). We repeated our CHIR treatment
paradigm in hPSC-derived ECs after an extended period of
in vitro culture, and observed much weaker induction of
GLUT-1 and no pro-proliferative effect. Thus, our results
support this hypothesis and suggest that the loss of BBB
developmental plasticity in ECs is an intrinsic, temporally-
controlled process rather than a result of the peripheral organ
environment. Interestingly, ECs in non-BBB-forming
regions of the CNS (i.e., CVOs), and in the anterior pituitary,
which is directly proximal to the CNS, retain some of their
plasticity in adulthood (Wang et al., 2019), possibly as the
result of a delicate balance between Wnt ligands and Wnt-
inhibitory factors in these regions. Our model should facili-
tate additional systematic examination of factors that may
enhance or attenuate EC Wnt responsiveness.
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[0265] Finally, our work establishes an improved hPSC-
based model for investigating mechanisms of BBB devel-
opment in naive ECs. hPSCs are an attractive model system
to complement in vivo animal studies because they (i) are
human, (ii) permit investigation of developmental processes
in contrast to primary or immortalized cells, (iii) are highly
scalable, (iv) can be derived from patients to facilitate
disease modeling and autologous coculture systems, and (v)
are genetically tractable. While widely used hPSC-based
BBB models are useful for measuring molecular permeabili-
ties and have been employed to understand genetic contri-
butions to barrier dysfunction (Vatine et al., 2016, 2019; Lim
et al., 2017), they have not been shown to proceed through
a definitive endothelial progenitor intermediate (Lippmann
et al,, 2012; Lu et al., 2021) and express epithelial-associ-
ated genes (Qian et al., 2017; Delsing et al., 2018; Vatine et
al., 2019; Lu et al., 2021). Thus, new models with devel-
opmentally relevant differentiation trajectories and defini-
tive endothelial phenotype are needed for improved under-
standing of developmental mechanisms. Motivated in part
by prior use of endothelial cells derived from hematopoietic
progenitors in human cord blood to generate BBB models
(Boyer-Di Ponio et al., 2014; Cecchelli et al., 2014), we and
others recently showed that hPSC-derived naive endothelial
progenitors or ECs are good candidates for such a system
(Praca et al., 2019; Nishihara et al., 2020; Roudnicky et al.,
2020a, 2020b). For example, Praca et al. showed that a
combination of VEGF, Wnt3a, and retinoic acid directed
EPCs to brain capillary-like ECs with moderate transend-
othelial electrical resistance (TEER) of ~60xcm®. We pre-
viously showed that BBB-like paracellular barrier charac-
teristics are induced in hPSC-EPC-derived ECs after
extended culture in a minimal medium. These so-called
EECM-BMEC-like cells had TEER and small molecule
permeability similar to primary human brain ECs, well-
developed tight junctions, and an immune cell adhesion
molecule profile similar to brain ECs in vivo (Nishihara et
al., 2020). In this study, we showed it was possible to use the
small molecule Wnt agonist CHIR to induce additional
hallmarks of CNS EC phenotype in hPSC-EPC-derived
ECs, including canonical GLUT-1, claudin-5, and PLVAP
effects (both Passage 1 and 3 CHIR-treated ECs). However,
it is important to note that despite the improvements in CNS
EC character with CHIR treatment, further improvements to
functional endocytosis, and efflux transporter and solute
carrier phenotype should be targets of future study and may
be facilitated by cocultures and/or additional molecular
factors. Along these lines, the Passage 1 CHIR-treated
CNS-like ECs would be at a differentiation stage well suited
to investigate cues subsequent to Wnt signaling that may be
key for the induction of additional CNS EC properties.
Alternatively, the Passage 3 CHIR-treated CNS-like ECs
may be suitable for other BBB modeling applications. In
summary, our work has defined the EC response to Wnt
activation in a simplified, human system and established a
new hPSC-derived in vitro model that will facilitate
improved understanding of endothelial barriergenesis.
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1. A method of producing a population of extended
endothelial culture method (EECM)-derived brain micro-
vascular endothelial cells (BMECs) (EECM-BMECs) from
a population of endothelial progenitor cells, the method
comprising:

(a) culturing a cell population of CD34+CD31+ endothe-
lial progenitor cells in serum-free endothelial medium
on collagen coated surface until confluent;

(b) selectively passaging the endothelial cells of (a) in
serum-free endothelial medium on collagen surface for
at least two passages;

(c) culturing the selectively passaged cells of (b) in
serum-free endothelial medium until confluent;

wherein the confluent monolayer is a population of CD31+
EECM-BMEC:s that express vascular endothelial (VE)-cad-
herin, ICAM-2, PECAM-1, and three or more adhesion
molecules selected from the group consisting of ICAM-1,
VCAM-1, E-selectin, P-selectin, and CD99.

2. The method of claim 1, wherein the CD31+ EECM-
BMECs express one or more blood-brain barrier markers
selected from the group consisting of occludin, claudin-5,
zonula occludens-1 (ZO-1), Von Willebrand factor (vWF),
and caveolin-1.

3. (canceled)

4. The method of claim 1, wherein culturing in step (a)
comprises:

(1) culturing the cell population in serum-free endothelial

medium on collagen coated surface in the presence of
a ROCK inhibitor, optionally for 24 hours; and

(i1) removing the ROCK inhibitor and culturing the cells
of (i) in serum-free endothelial medium on collagen
coated surface until confluent.

5. (canceled)

6. The method of claim 1, wherein the cells are cultured
on a surface comprising a permeable support within a tissue
culture system.

7. The method of claim 1, wherein in steps (b)-(c):

the serum-free endothelial medium comprises condi-

tioned medium from smooth muscle-like cells
(SMLCs); or

the cells are co-cultured with smooth muscle-like cells
(SMLCs),

and wherein the resulting EECM-BMECs express VCAM-1
on their surface.
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8.-9. (canceled)

10. The method of claim 1, wherein the CD31+ EECM-
BMECs express the adhesion molecules ICAM-1, VCAM-
1, E-selectin, P-selectin, and CD99 and the blood-brain
barrier markers occludin, claudin-5, ZO-1, vWF, and caveo-
lin-1.

11. The method of claim 1, wherein the CD31+ EECM-
BMEC:s further express ALCAM or MCAM.

12. The method of claim 1, wherein selectively passaging
comprises:

a) detaching and collecting the endothelial cells from the
culture plate, and wherein non-endothelial cells are
not-detached from the tissue culture plate; or

b) enriching for PECAM-1+ endothelial cells as opposed
to PECAM-1-smooth muscle-like cells.

13.-14. (canceled)

15. The method of claim 1, wherein culturing of the
CD31+ EECM-BMECs with at least one pro-inflammatory
cytokine increases the expression of ICAM-1, P-selectin,
VCAM-1 or a combination thereof on the surface of the
CD31+ EECM-BMECs cells.

16. The method of claim 1, wherein the endothelial
progenitor cells of step (a) are differentiated from pluripo-
tent stem cells.

17. A homogenous population of CD31* EECM-BMECs
obtained by the method of claim 1.

18. The CD31+ EECM-BMECs of claim 17, wherein the
CD31+ EECM-BMECs are characterized by:

(a) a lower permeability as compared to naive endothelial

cells;

(b) increased expression of claudin-5 as compared to
naive endothelial cells;

(c) improved localization of occludin and claudin-5 as
compared to naive endothelial cells; or

(d) any combination of (a)-(c).

19. An in vitro blood-brain barrier model for studying
immune cell migration and regulation comprising a conflu-
ent monolayer of the CD31+ EECM-BMECs of claim 17
cultured on a surface, optionally a collagen coated perme-
able membrane, within a system.

20. (canceled)

21. The in vitro blood-brain barrier model of claim 19,
wherein the model has a permeability of sodium fluorescein
of less than 1x10-3 cm/min.

22. Use of the in vitro blood-brain barrier model of claim
19 for identifying compounds that may alter the immuno-
logical properties or barrier properties of the blood-brain
barrier.

23. Use of the in vitro blood-brain barrier model of claim
19 for studying multi-step immune cell extravasation across
the blood-brain barrier.

24. A method of identifying therapeutic targets for the
treatment of neuroinflammatory or neurodegenerative dis-
eases or disorders, the method comprising:

(a) contacting the in vitro blood-brain barrier model of

claim 19 with a therapeutic target; and

(b) determining the disruption and/or restoration of the
blood-brain barrier model.

25. An isogenic blood-brain barrier model for a subject
having a neuroinflammatory or neurodegenerative disease,
the blood-brain barrier model comprising a confluent mono-
layer of the CD31+ EECM-BMECs of claim 17 cultured on
permeable surface within a tissue culture system, wherein
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the CD31+ EECM-BMECs are derived from endothelial
progenitor cells differentiated from pluripotent stem cells
derived from the subject.

26. A method for producing a cell population comprising
smooth muscle-like cells from a cell population comprising
CD34+CD31+ endothelial progenitor cells, the method
comprising the steps of:

(a) culturing a cell population of CD34+CD31+ endothe-
lial progenitor cells in serum-free endothelial medium
on collagen coated surface until confluent;

(b) selectively passaging the non-endothelial cells of (a);

(c) culturing the non-endothelial cells of (b) for about 6
days to about 10 days to produce PECAM-1-/a.-smooth
muscle actin+ smooth muscle-like cells.

27.-29. (canceled)

30. The method of claim 1, wherein step (a) comprises
culturing the CD34+CD31+ endothelial progenitor cells in
serum-free endothelial medium comprising a activator of
Whnt/B-catenin signaling.

31. The method of claim 30, wherein the activator of
Whnt/B-catenin signaling is a Gsk3 inhibitor, CHIR99021, or
one or more Wnt ligands.

32.-35. (canceled)

36. A method of producing a population of derived
extended endothelial cultured method brain microvascular
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endothelial cells (EECM-BMECs) from human pluripotent
stem cells, the method comprising:

(a) contacting cultured human pluripotent stem cells with
activator of Wnt/f-catenin signaling for a period of
about 2 days;

b) culturing the cells of (a) in the absence of the activator
for two to three days;

(c) separating the CD34+CD31+ endothelial progenitor
cells from step (b) from the CD34-CD31- non-EPCs;
and

(d) culturing the separated CD34+CD31+ endothelial
progenitor cells on coated plates in medium comprising
the activator of Wnt/f-catenin signaling for about 3
days to about 10 days to provide a confluent mono-
layer;

(e) selectively passaging the cells of step (d) in serum-free
endothelial medium on coated plates in medium com-
prising the activator on coated plates for at least one
additional passage to obtain a confluent population of
CD31+GLUTI+EECM-BMECs having a canonical
barrier phenotype.

37.-48. (canceled)
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