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SUMMARY

The blood-brain barrier (BBB) is essential for maintaining the homeostasis of the central nervous system.
However, the processes of BBB formation in humans remain unclear. Here, using single-cell spatiotemporal
transcriptomics, we investigate human BBB development from 6 to 21 gestational weeks (GWs) and observe
widespread expression of BBB-specific transporters in all brain-endothelial subclusters during develop-
ment. We determine the onset of the human BBB-like transcriptional signature at GW8 and prove that neural
cells can induce the expression of BBB-specific transporters in brain endothelial cells (ECs) via CADHERIN-2
(CDH2). We also demonstrate that neural progenitor cells promote the proliferation of mural cells. Concom-
itant with the initiation of the BBB-like transcriptional signature, communication signals between ECs and
mural cells begin to intensify. In addition, we reveal conserved BBB development between humans and
mice and demonstrate that H2A.Z.1 regulates angiogenesis and BBB development. Collectively, these find-
ings provide unique insights into understanding human BBB ontogeny and identifying therapeutic targets for
BBB-related disorders.

INTRODUCTION

The realization of blood-brain barrier (BBB) functions depends
on the special multicellular structure called the neurovascular
unit (NVU), which includes endothelial cells (ECs), mural cells,
neural cells, and glial cells (in particular, astrocytes), among
others." However, due to the complexity of multi-cellular interac-
tions, fully understanding the establishment process of the BBB
remains a huge challenge.

In mouse studies, it was found that neural progenitor cells
(NPCs) can regulate the vascularization of the CNS via the
Whnt/p-catenin pathway.”® Previous studies in humans have
characterized brain vascular cells across development, adult-
hood, and disease.*”” However, it remains unclear how the
BBB is established in the human brain. Therefore, comprehen-
sive and systematic investigations are required to understand
the initiation, dynamics, characteristics, and spatial distribution
of these cell types during human BBB development.
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Single-cell spatial enhanced-resolution omics sequencing
(scStereo-seq) has proven to be a powerful tool for understand-
ing human BBB development.®° Meanwhile, multiplexed error-
robust fluorescence in situ hybridization (MERFISH) offers robust
capabilities for dissecting the refined structure of the BBB.'%""

In this study, we constructed a comprehensive spatiotemporal
transcriptomic atlas of the human BBB from 6 to 21 gestational
weeks (GWs) by combining single-cell RNA sequencing
(scRNA-seq) and spatial transcriptomics (scStereo-seq and
MERFISH) technologies. We classified NVU-related cell types
and explored their dynamic changes, interactions, and contribu-
tions to BBB development.

RESULTS

Single-cell spatiotemporal transcriptomic atlas of
human BBB development

To study human BBB development, we first profiled single-cell
transcriptomes of the yolk sac and head tissues at GW6 (Carne-
gie stage 12 [CS12)), as well as cerebral cortices at multiple GWs
(i.e., GW8, GW10, GW12, GW16, and GW21) from 11 human em-
bryos. Due to the low proportion of ECs, we utilized fluores-
cence-activated cell sorting (FACS) to enrich CD31* ECs and
sequenced both CD31* ECs and other CD31™ cells (Figures 1A
and S1A; Table S1). After strict quality control and batch-effect
correction by Harmony, ' 82,887 cells were profiled and group-
ed into 14 major cell types, with high correlation similarities
between samples of the same stages and tissue types
(Figures 1B and S1B-S1E). According to classic marker genes,
they were identified as ECs (CDH5), mural cells (PDGFRB), fibro-
blasts (TWIST1), epithelial cells (EPCAM), megakaryocyte
progenitors (MKPs; GP9), erythrocytes (ALAS2), myeloblasts
(LYZ), macrophages (MRCT1), microglia (C3), lymphocytes
(NKG?7), NPCs (HESb), astrocytes (GFAP), oligodendrocyte pre-
cursor cells (OPCs; OLIG1), and neurons (DCX) (Figures 1B, S1F,
and S1G; Table S2).

To determine the spatial localization of these cell types in the
cerebral cortex, we used Tangram'® to map them onto our pub-
lished human brain scStereo-seq data,® (Figures 1C and S1M;
Table S3). In addition, to observe the more refined BBB structure
of NVU-associated cell types, we also conducted MERFISH ex-
periments. Both scStereo-seq and MERFISH were performed
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across critical developmental stages (GW6-GW16) of the human
BBB (Figure 1D; Tables S3 and S6). Quality control analysis re-
vealed that not only do the respective biological replicate sam-
ples within each technology at the same time point exhibit high
reproducibility, but there is also a high correlation between these
two technologies at identical time points (Figures STH-S1L).
Overall, we constructed a spatiotemporal transcriptomic atlas
of human BBB development at single-cell resolution.

Molecular characteristics of EC subclusters

As ECs are the core components of the NVU, we first explored
their cell heterogeneity and reclustered them into ten subclusters
(Figures 1E and S2A). Notably, we identified two extra-brain early
EC subclusters, namely early artery and early vein ECs, which ex-
hibited robust expression of tissue-remodeling regulators (MDK
and CD24) yet lacked expression of the brain-specific endothelial
marker MFSD2A."~'® Meanwhile, we further characterized the
precursor population of brain ECs: plexus ECs,"” termed
plexus-like ECs,'”~'® which initiated expression of MFSD2A. Our
work confirmed its presence in human transcriptomic datasets.?°
In addition, we also characterized seven other brain EC subclus-
ters. Proliferating ECs were distinguished by high expression of
proliferation markers (MKI67 and UBE2C).”'>*' MT ECs showed
pronounced enrichment of mitochondrial-associated genes (e.g.,
TTN and SMG1).” Vein ECs highly expressed ADGRG6, DUSP23,
and SELE, whereas angiogenic capillary ECs were marked by
known marker genes (PGF, LXN, CXCR4, and APLN),”*'* as
well as newly identified genes, such as LY6H, CHST1, and
CYTL1. Capillary ECs highly expressed canonical capillary
markers: CA4,°>?° SLC16A1,”" and SLCO1A2.”' For arterial
ECs, we identified two subclusters, artery-1 and artery-2 ECs,
which expressed the arterial marker genes GJA4 and CXCL12.
Owing to the specific expression of LTBP4” and FBLNS5,'®
artery-2 ECs were classified as a more mature subcluster
(Figures 1F and S2B-S2D). Notably, highlighting these marker
genes in the uniform manifold approximation and projection
(UMAP) visualization demonstrated that these clusters represent
pseudo-arbitrary distinctions (Figures 1E and S2B).

Spatiotemporal dynamic changes of EC subclusters
To investigate cortical vascularization, we first explored the
spatiotemporal changes in EC subclusters. At GW6, early and

Figure 1. Spatiotemporal transcriptomic profiles of the developing human cerebrovasculature
(A) Schematic illustration of regions, periods, and study design of sequencing. For 10x Genomics scRNA-seq, FACS was applied to increase the proportion of
CD31* ECs in GW8-GW21 cerebral cortices. For the spatial transcriptome, GW6-GW16 heads were used for sequencing of scStereo-seq and MERFISH (1,000

genes). Details are shown in Table S1.

(B) Uniform manifold approximation and projection (UMAP) showing 82,887 cells, colored by clusters. The major cell types (left) are displayed in different colors,
and the marker genes of each type are shown in italics. Three UMAPs (right), showing the information of cell cycle score, dissected region, and GW.

C) Spatial visualization of major cell types at GW6-GW16 using scStereo-seq.

D) Spatial visualization of major cell types at GW6-GW16 using MERFISH.
E) UMAP visualization showing the re-clustered EC subclusters.

G) Area chart showing proportion changes of different EC subclusters from GW6 to GW21.

H) Spatial visualization of EC subclusters at GW6-GW16 using scStereo-seq. Bar plots displaying ratios of EC subclusters in different stages.

1) Spatial visualization of EC subclusters at GW6-GW16 using MERFISH. Bar plots showing ratios of EC subclusters in different stages.

(J) Spatial visualization of distribution of plexus EC in GW6 heads by scStereo-seq and MERFISH.

(K) Bar plots displaying distribution of plexus EC of GW6 brain outside by scStereo-seq and MERFISH.

YS, yolk sac; EC, endothelial cell; NPC, neural progenitor cell; OPC, oligodendrocyte precursor cell; MKP, megakaryocyte progenitor; S, scStereo-seq; M,
MERFISH; Prolif, proliferating; Angio cap, angiogenic capillary. See also Figures S1 and S2 and Tables S1, S2, S3, and S6.
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(F) Dot plot showing the marker genes used for identifying EC subclusters.
(
(
(
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plexus ECs accounted for the majority. From GW8 onward, the
proportion of early ECs sharply declined, coinciding with the
expansion of brain EC subclusters (Figure 1G). Based on
the scRNA-seq data, we analyzed the developmental trajectory
of the EC subclusters, wherein plexus ECs appeared earlier,
while artery-2 ECs appeared later (Figures S2E-S2H). Interest-
ingly, the developmental trajectory showed that plexus ECs first
transitioned into venous ECs, which subsequently differentiated
into two branches, namely angiogenic capillary and capillary/ar-
tery ECs, along with the cell proliferation process (Figures S2G
and S2H)."®

Moreover, spatial visualization further verified the existence of
these EC subclusters and revealed that their proportion changes
with development (Figures 1H, 11, S2I, and S2J). Meanwhile, we
also analyzed the distribution of plexus ECs outside the brain. As
expected, plexus ECs were enriched in the perineural region
(Figures 1J and 1K). These results indicate that human brain
vascularization begins at GW6.

Characteristics of BBB initiation and development in
human ECs
To explore the transcriptional characteristics of BBB initiation
and development, we first detected the expression patterns
of BBB-specific transporter-related genes®® (Figure 2A;
Table S5). Interestingly, these transporter-related genes
were absent in extra-brain EC subclusters, and weakly ex-
pressed in plexus ECs. Strikingly, these genes were ubiqui-
tously expressed in EC subclusters within the brain. Mean-
while, we also investigated these genes in a published adult
human EC dataset.” Notably, we found that these genes
were weakly or barely expressed in the large artery subclus-
ter, except for the ATP-binding cassette (ABC) family-related
genes (Figure 2A).%°

Furthermore, we examined the expression score of BBB-spe-
cific transporter-related genes in EC subclusters at different
stages, from GW5 to adult, using our data, the data from Zeng
et al.,*° and adult data from Walchli et al.” Temporal analysis of
these gene scores across GW5-adulthood datasets revealed
negligible expression at GW5-GW?7, followed by obvious upre-
gulation at GW8 (Figure 2B). Based on the spatial data, we veri-
fied the above results by lighting and scoring the transporter-
related gene set (Figures 2C, 2D, and S3C-S3E). Finally, the

¢? CellP’ress

above conclusions were also validated by immunofluorescence
staining (Figures 2E-2l).

In addition, proteins that are related to tight junction (TJ), ad-
herens junction (AJ), and junctional adhesion molecule (JAM)
also contribute to the physical barrier of the BBB." We found
that the expression levels of CLDN5 in ECs inside the brain
were higher than those outside the brain (Figure S3A). We found
that the expression scores of TJ-related genes were low in EC
subclusters from GW5 to GW7, whereas their expression scores
exhibited a marked upregulation starting at GW8 (Figures S3B,
S3C, S3D, and S3F). Meanwhile, we observed that transcyto-
sis-associated gene expression scores were low at GW5, fol-
lowed by a progressive increase commencing at GW6, with sub-
sequent stabilization after GW10. Intriguingly, these genes
remained highly expressed in adulthood (Figure S3B).'*283"
Taken together, these results suggest that human brain ECs
begin to acquire a BBB-like transcriptional signature from GW8.

Neural cells induce the expression of BBB-specific
transporters in ECs via activation of the CDH2-CDH2
pathway

Neural cells have been reported to play indispensable roles in
BBB development.”®*?*® To investigate whether different neu-
ral-cell-enriched regions had variant effects on BBB develop-
ment, we divided the cerebral cortex into an NPC-enriched
zone (NPZ, ventricular and subventricular zones) and a neuron-
enriched zone (NZ, intermediate zone and cortical plate)
(Figure S4A).>* Spatial analysis revealed that, from GW6 to
GW186, the proportion of neural cells was very high, and the adja-
cent cell types around ECs were mainly NPCs and neurons
(Figures 3A, 3B, and S4B).

To understand how neural cells influence BBB development in
ECs, we performed a cell-cell communication analysis between
ECs and other major cell types®® and screened ligand-receptor
(LR) pairs of neural cell types specific to ECs. Meanwhile, we
also added the Wnt7 family-related LR pairs that were reported
to be essential for early CNS vascularization in mice,” but these
interactions were relatively weak during human brain BBB devel-
opment. Notably, we detected a strong CDH2-CDH2 interaction
between neural cells and ECs, and such an interaction was re-
ported to be involved in the regulation of p-catenin (Figures 3C,
S4C, and S4D; Table S4).°”* From GW6 to GW21, NPCs and

Figure 2. The changes in the expression of BBB-related genes in EC subclusters during BBB development
(A) Violin plot showing expression of BBB-related transporter-related genes in each EC subcluster from embryonic/fetal to adult stage.
(B) Boxplot displaying the score of expression of transporter-related genes in EC subclusters from GWS5 to adult, including our data (red box), data from Zeng

|.30(

et al green box), and data from Walchli et al.” (blue box).

(C) Spatial visualization of representative transporter-related gene expression of transcripts using MERFISH in ECs at GW6-GW16.
(D) Spatial visualization of expression score of transporter-related genes in ECs at GW6-GW16 using MERFISH. These enlarged boxes label more detailed

subregions.

(E) Representative immunofluorescence staining for CD31 and MFSD2A in human brain at GW6 and cerebral cortices at GW7-GW21. For adult stage, CD31,
MFSD2A, and SLC16A1 antibodies were used for immunostaining in human cerebral cortex.
(F) Line chart showing normalized intensity of MFSD2A in CD31* cells at GW6-GW21 and normalized intensity of MFSD2A in SLC16A1*CD31* cells at the

adult stage.

(G) Representative immunofluorescence staining for CD31, MFSD2A, and GJAS in human cerebral cortex at the adult stage.
(H) Representative immunofluorescence staining for CD31 and SLC1A4 in human brain at GW6 and cerebral cortices at GW7-GW21 and adult stage.

(I) Line chart displaying normalized intensity of SLC1A4 in CD31* cells.

In (F) and (I), n = 6 independent repeated experiments. Bars represent mean + SEM. Unpaired two-tailed ¢ test: n.s., not significant, *p < 0.05, *p < 0.01,
***p < 0.001. In (B) and (D), the transporter-related genes (Table S5) were used to calculate module scores by AddModuleScore function from Seurat. For detailed
procedures, please refer to the “BBB scores” description in the STAR Methods. Adu, adult; CP, cortical plate; 1Z, intermediate zone; VZ, ventricular zone; SVZ,
subventricular zone. See also Figure S3 and Table S5.
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Figure 3. Neural cells contribute to BBB-specific transporter expression
(A) Bar plots showing ratios of cell types adjacent to ECs in different stages based on scStereo-seq.
(B) Spatial visualization of ECs, NPCs, and neurons in different stages.

(legend continued on next page)
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neurons accounted for the main contribution to the CDH2-CDH2
pathway (Figure S4E). The spatial transcriptomics results
demonstrated that, at GW6, both the NPCs/neurons and ECs ex-
hibited weak CDH2-CDH2 signals. However, starting from GW8,
both the NZ and NPZ regions displayed strong signals
(Figure 3D). We further calculated the spatial interaction strength
of CDH2-CDH2 between NPCs/neurons and ECs using
CMMOT.®® The results also revealed weak spatial interaction
strength at GW6 that markedly intensified from GW8 in both
cortical zones (Figure 3E). Immunofluorescence staining experi-
ments were performed to further confirm these results
(Figures 3F, 3G, and S4F).

First, we divided the ECs into CDH2-positive and CDH2-nega-
tive groups. Compared with CDH2-negative ECs, CDH2-positive
ECs exhibited stronger BBB properties (Figure 3H). Moreover,
genes downstream of the f-catenin pathway associated with
the BBB (i.e., CTNNBT1, LEF1, and JUN)'® were also significantly
activated in CDH2-positive ECs (Figure 3S). Next, we validated
these results using in vitro co-culture experiments, in which hu-
man embryonic stem cell (hESC)-derived differentiated NPCs or
neurons were co-cultured with a human brain EC cell line. Using
immunofluorescence staining, we observed that CDH2 signals
are detectable at EC-NPC/neuron junctions in the co-culture
system (Figure S4G). Next, amplification-based single-molecule
fluorescence in situ hybridization (asmFISH) experiments were
performed to validate transcriptomic-level alterations of BBB-
related transporter genes. Compared with ECs in the non-co-
culture groups, co-cultured ECs significantly upregulated BBB-
specific transporter-related genes (i.e., MFSD2A and SLC1A4),
and this upregulation was abolished by CDH2 knockdown (KD)
in neural cells (Figures 3I-3L and S5C-S5F). We also verified
the KD efficiency of CDH2 in neural cells through western blot-
ting (Figures S5A and S5B). Meanwhile, immunofluorescence
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staining experiments revealed that, compared with the control
groups, expression levels of BBB-related transporter proteins
(i.e., MFSD2A, SLC1A4, GLUT1, and ABCG2) were significantly
increased in the co-culture groups, whereas CDH2 KD groups
exhibited markedly decreased protein expression levels
(Figures 3M-3R and S5G-S5L). To assess whether the
B-catenin signaling pathway is specifically activated, nuclear
p-catenin was analyzed by immunofluorescence staining.
Compared with control groups, the co-culture groups displayed
a significant accumulation of nuclear-p-catenin, whereas the
CDH2 KD groups showed diminished nuclear localization
(Figures 3T, 3U, S5M, and S5N). Similarly, the B-catenin down-
stream-activated transcription factor JUN showed congruent re-
sults (Figures S50 and S5P). Therefore, the results suggest that
neural cells can specifically activate the f-catenin signaling
pathway via upstream CADHERIN-2 (CDH2) signaling, which
further promotes the expression of BBB-specific transporter
genes in ECs.

NPCs promote mural cell proliferation

Mural cells are necessary for BBB formation and essential for
BBB integrity.>® To delineate the mural cell heterogeneity, we
identified five distinct subclusters (Figures 4A and S6A-S6E).
Surprisingly, we found that proliferating mural cells were
mainly distributed in the NPZ (Figures 4B, 4C, and S6F-S6l),
which was corroborated by immunofluorescence staining
(Figures 4D, 4E, S6J, and S6K). This spatial correlation sug-
gested that NPCs may affect the proliferation of mural cells. By
analyzing scRNA-seq data, we identified NPC-mural-cell-spe-
cific PDGFD-PDGFRB LR pair (Figure 4F; Table S4). It has
been reported that PDGFD can promote the proliferation of
PDGFRB-positive cells."*" Using spatial data, we found that
PDGFD was mainly expressed in NPCs within NPZ

(C) Dot plot showing the specific pathways of neural cells toward ECs and the Wnt7 pathways.
(D) Spatial visualization of CDH2-CDH2 pathway between NPCs/neurons and ECs using MERFISH. The pink and blue dots represent the expression of CDH2

transcripts in NPCs/neurons and ECs, respectively.

(E) Spatial visualization of interaction strength of the CDH2-CDH2 LR pair between NPCs/neurons and ECs using MERFISH. For detailed procedures, please refer

to the “COMMOT”*® description in the STAR Methods.

(F) Representative immunofluorescence images for CD31, CDH2, and SOX2 in GW8 human cerebral cortex. The yellow arrows show the boundary of the

interaction between SOX2*CDH2* NPCs and CD31*CDH2* ECs.

(G) Representative immunofluorescence images for CD31, CDH2, and TUJ1 in GW12 human cerebral cortex. The yellow arrow shows the boundary of the

interaction between TUJ1*CDH2* neurons and CD31*CDH2* ECs.

(H) The dot plot showing the expression of BBB-related genes in CDH2-negative and CDH2-positive ECs.
(I) asmFISH of MFSD2A and PECAM?1 in human-brain-derived ECs or ECs and ES-derived NPCs of co-culture.
(

J) Quantification of transcripts of MFSD2A in PECAM1* cells.

K) asmFISH of SLC1A4 and PECAM?1 in human-brain-derived ECs or ECs and ES-derived NPCs of co-culture.

L) Quantification of transcripts of SLC1A4 in PECAM1* cells.

M) Immunostaining for MFSD2A and CD31 in human-brain-derived ECs or ECs and ES-derived NPCs of co-culture.
N) Quantification of the normalized intensity of MFSD2A on the surface of CD31* cells.

P) Quantification of the normalized intensity of SLC1A4 in the surface of CD31* cells.
Q) Immunostaining for GLUT1 and CD31 in human-brain-derived ECs or ECs and ES-derived NPCs of co-culture.
R) Quantification of the normalized intensity of GLUT1 on the surface of CD31* cells.

(
(
(
(
(O) Immunostaining for SLC1A4 and CD31 in human-brain-derived ECs or ECs and ES-derived NPCs of co-culture.
(
(
(
(

S) The dot plot showing the expression of Wnt downstream-related genes in CDH2™ and CDH2* ECs.
(T) Immunostaining for p-catenin and CD31 in human-brain-derived ECs or ECs and ES-derived NPCs of co-culture. Arrowheads indicating nuclear-

p-catenin*CD31* cells.
(U) Ratio of nuclear-p-catenin"CD31" cells in CD31* cells.

In (J) and (L), each point represents quantification of transcripts in PECAM1* cells. 30 cells were counted in 6 independent repeated experiments. In (N), (P), and
(R), each point represents the normalized fluorescence density of one cell. 30 cells were counted in 6 independent repeated experiments. In (U), n = 6 independent
repeated experiments. Bars represent mean + SEM. Unpaired two-tailed t test: **p < 0.01, **p < 0.001. NPZ, NPC-enriched zone; NZ, neuron-enriched zone. See
also Figures S4 and S5 and Tables S4 and S7.
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Figure 4. NPCs promote the proliferation of mural cells
(A) UMAP visualization showing the re-clustered mural cell subclusters.
(B) Spatial visualization of mural cell subclusters in NPZ and NZ of GW8-GW16 cerebral cortices.

(legend continued on next page)
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(Figures 4G, 4H, S6L, and S6M). Immunofluorescence staining
confirmed this result (Figures 41 and 4J). Moreover, through
spatial transcriptomics and immunofluorescence, we demon-
strated the specific ligand (PDGFD)-receptor (PDGFRB) expres-
sion between NPCs and mural cells (Figures 4K and 4L).

To determine whether the PDGFD-PDGFRB pathway could
promote mural cell proliferation, we conducted a series of in vivo
and in vitro experiments to validate its role. First, we performed in
utero electroporation experiments, and the results showed that
overexpression of PDGFD in NPCs resulted in enhanced prolifer-
ation of mural cells in the NPZ, while concurrent PDGFRB
blockade abolished this effect (Figures 4M and 4N). Next,
in vitro, we found that adding the supernatant of NPCs promoted
the proliferation of pericytes, whereas using the supernatant of
NPCs with PDGFD KD weakened proliferation (Figures 40 and
4P). Finally, we performed pericyte proliferation assays with
PDGFD protein and PDGFRB inhibitor treatment and found
that, compared with the control group, adding PDGFD protein
significantly promoted pericyte proliferation, whereas the further
addition of the PDGFRB inhibitor markedly suppressed this ef-
fect. This result indicated that PDGFD could promote pericyte
proliferation through the PDGFRB receptor pathway in vitro
(Figures 4Q and 4R). Consistently, the ELISA assay demon-
strated that NPCs secreted PDGFD protein, and PDGFD KD
significantly reduced PDGFD protein levels in the supernatant
(Figure S6N). Overall, we proved that NPCs could secrete
PDGFD to promote the proliferation of mural cells through a se-
ries of functional experiments in vitro and in vivo.

The crosstalk between ECs and mural cells

The signaling communication between ECs and mural cells is
crucial for the maturation of the BBB.?"**“*> ECs play a critical
role in recruiting mural cells through a series of signals.**** We de-
tected that the speculated interactions of classic recruitment
signaling pathways (e.g., PDGFB-PDGFRB, Delta-like ligand
[DLL]4-NOTCH3, and JAG1-NOTCH3)***>**" from ECs to mural
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cells began to strengthen at GW8 (Figures 5A and S7B-S7D).
These findings were corroborated by MERFISH (Figures 5B, 5C,
and S7E) and immunofluorescence staining (Figure 5D). Notably,
we found that, from GWS8, the expression of recruitment-related
LR pairs between ECs and mural cells in the NZ region was higher
than that in the NPZ region (Figures 5B, 5C, and S7E).

Interestingly, we revealed that ECs in the NZ had higher scores
for TJ-related genes and BBB-specific transporter-related
genes (Figures 5E-5H). As development progressed, prolifer-
ating ECs exhibited a higher localization preference in the NPZ
region, while other EC subclusters predominantly occupied the
NZ region (Figure S7F). Furthermore, the NZ region contained
a higher proportion of mature mural cell subclusters (e.g., PC-1
and PC-2) within the perivascular compartment compared with
the NPZ region. In contrast, proliferating mural cells showed
obviously enriched perivascular localization in NPZ (Figures 5l
and S7QG).

Meanwhile, we found that, from GW8 onward, the speculative
interaction strength of the PDGFB-PDGFRB between ECs and
mural cells progressively increased during development, with
stronger interactions in the NZ than in the NPZ (Figure 5J). These
results suggested that neurons might affect the distribution of
these subclusters. Thus, we investigated the signaling pathways
underlying the recruitment of mural cells by neurons and de-
tected higher expression levels of DLL3 in neurons than in ECs
(Figures S7A and S7B). As previously reported, DLL3 is an inhib-
itory ligand in the Notch signaling pathway“*~°% however, its po-
tential involvement in mural cell recruitment remains to be further
investigated.

Next, we analyzed the signaling interactions between mural
cells and ECs (Figures S7C and S7D). Notably, mural cells could
secrete a range of signals associated with the maturation of the
BBB in ECs, " including TGFB signaling (Figures 5K and S7H),”’
ANGPT2-TEK signaling (Figure 5L),°>°® and extracellular matrix
(ECM)-related signaling (i.e., collagen, laminin, and fibronectin)
(Figures S71-S7L).>* More importantly, spatial transcriptomic

(C) Bar plots showing the ratio of mural cell subclusters in NZ: in NPZ of GW8-GW16 cerebral cortices.

(D) Representative immunofluorescence images for PDGFRB and KI67 in cerebral cortex at GW16.

(E) Bar graph showing the ratio of KI67*PDGFRB* cells in NPZ and NZ of GW16 cerebral cortex.

(F) Upper, chord plot showing pathway of PDGFD-PDGFRB between other major cell types and mural cell at GW16 using Cell Chat; lower, violin plot showing the

expression of PDGFD and PDGFRB in other major cell types and mural cell.

(
(
(
(

G) Spatial visualization of expression of PDGFD in cerebral cortices of GW8-GW16.

H) Bar plot showing the ratio of PDGFD* cells in NZ: in NPZ of GW8-GW16 cerebral cortices.

1) Representative immunofluorescence images for PDGFD and SOX2 in cerebral cortex at GW16.

J) Quantification of the normalized intensity of PDGFD in SOX2~ cells in NZ and SOX2* cells in NPZ.

(K) Spatial visualization of PDGFD-PDGFRB pathway between NPCs and mural cells using MERFISH. The pink dots represent the expression of PDGFD
transcripts in NPCs, and blue dots represent the expression of PDGFRB transcripts in mural cells.

(L) Representative immunofluorescence images for NESTIN, PDGFD, and PDGFRB in GW16 NPZ of human cerebral cortex. The yellow arrows show the
boundary of the interaction between NESTIN*PDGFD* NPCs and PDGFRB™* mural cells.

(M) Control plasmids with PBS, Pdgfd overexpression plasmids with PBS, and Pdgfd overexpression plasmids with a PDGFRB inhibitor were electroporated into
E13.5 embryonic mouse brains, respectively, and the brains were harvested at E16.5 for anti-PDGFRB, KI67, and CD31 immunostaining.

(N) Quantification of ratio of KI67*PDGFRB* cells in PDGFRB* cells.

(P) Quantification of ratio of KI67*PDGFRB™ cells in PDGFRB™ cells.

)
(O) Immunostaining for KI67 and PDGFRB in human-brain-derived pericytes with distinct medium.

(Q) Human brain-derived pericytes were subjected to immunofluorescence staining for KI67 and PDGFRB following treatment with PBS, PDGFD, or PDGFD

combined with a PDGFRB inhibitor.
(R) Quantification of ratio of KI67*PDGFRB" cells in PDGFRB™ cells.

In (E), n = 5 independent repeated experiments. In (J), each point represents the normalized fluorescence density of one cell. 30 cells were counted in 6 inde-
pendent repeated experiments. In (N), (P), and (R), n = 6 independent repeated experiments. Bars represent mean + SEM. Unpaired two-tailed ¢ test: **p < 0.01,
***p < 0.001. MC, mural cell; PC, pericyte. See also Figure S6 and Tables S2, S3, S4, and S7.
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analyses confirmed progressive pathway activation during BBB
ontogeny (Figures 5M-50). Finally, immunofluorescence stain-
ing validated these LR expressions between mural cells and
ECs (Figures 5P, 5Q, and S7M). Collectively, these findings
demonstrate that enhanced EC-mural cell crosstalk initiates at
GWS8 and exhibits spatial heterogeneity, with stronger intercel-
lular communication in the NZ versus the NPZ.

BBB development is relatively conserved between
humans and mice

According to the corresponding periods of human and mouse
development in a previous study (Figure 6A),°®> we used FACS
to enrich mouse CD31-positive cells from heads at embryonic
day 10.5 (E10.5) and cerebral cortices at E13.5 to postnatal
day 20 (P20) for scRNA-seq. After quality control (Figure S8A;
Table S1) and clustering (Figures S8B and S8C), 39,635 mouse
ECs were subjected to subsequent comparative analysis. Based
on the expression patterns of classical marker genes, > '® mouse
ECs were classified into ten subclusters (Figures S8D and S8E;
Table S2). It is interesting to note that during the integration pro-
cess of human and mouse EC subclusters, at P20, the two
mouse subclusters—mCapillary-A and mArtery ECs—failed to
mix well with human ECs, potentially attributable to the absence
of age-matched human samples (Figures 6B and S8F).

We also analyzed the developmental trajectory of mouse EC
subclusters. Analysis revealed overall similarities to that of hu-
man ECs (Figures S8G-S8I). Furthermore, we compared the
developmental trajectories between human and mouse ECs.*®
The results demonstrated that human ECs differentiate from
capillary ECs into artery-1 ECs and subsequently into artery-2
ECs, whereas mouse ECs progress from mCapillary-A ECs to
mArtery ECs (Figures 6C-6E).

Pearson correlation analysis of BBB-related genes (Table S5)
demonstrated strong human-mouse correspondence between
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GW8-GW21 and E13.5-P2 ECs (Figure 6F). Next, we analyzed
the expression of representative BBB-related genes in human
and mouse ECs across different developmental stages, where
human adult data” and P60 mouse data'® were obtained from
the published studies. These datasets revealed conserved
developmental regulation (Figure 6G). In addition, the expression
pattern of transporter-related genes in EC subclusters is also
consistent between humans and mice (Figures 2A and S8J).

We next compared the correlation of BBB-related genes be-
tween human and mouse EC subclusters and detected a high
similarity during development (Figure S8K). Moreover, we per-
formed a differential expression analysis of BBB-related genes
between human and mouse ECs. Intriguingly, we identified the
differentially expressed genes between humans and mice
(Figure 6H). Immunofluorescence validation confirmed the high
expression of INSR®” in human ECs of the cerebral cortex
(Figures 61 and 6J). Taken together, these results show that
BBB development is generally conserved between humans
and mice.

Deletion of H2A.Z.1 in ECs affects angiogenesis and
disrupts BBB development

Notably, the comparison between human and mouse ECs iden-
tified a key gene, H2AFZ (H2afz), encoding H2A.Z.1, which was
highly expressed in the early developmental stages of human
and mouse EC subclusters (i.e., early ECs, plexus ECs, and
proliferating ECs) (Figure 7A). Immunofluorescence staining
further confirmed robust H2A.Z.1 expression in cortical ECs of
both species (Figures 7B and 7C). In addition, it has been re-
ported that H2A.Z.1 is involved in regulating the Wnt signaling
pathway downstream.’® Given the importance of the Wnt
signaling pathway for CNS vascularization,”® we hypothesized
a potential regulatory function for H2A.Z.1 in early BBB
development.

Figure 5. The crosstalk between ECs and mural cells

(A) Dot plot showing signaling pathways of recruitment from ECs to mural cells.

(B) Spatial visualization of the PDGFB-PDGFRB pathway between ECs and mural cells at GW6-GW16 using MERFISH. The pink dots represent the expression of
PDGFB transcripts in ECs, and the blue dots represent the expression of PDGFRB transcripts in mural cells.

(C) Spatial visualization of DLL4-NOTCH3 pathway between ECs and mural cells at GW6-GW16 using MERFISH. The pink dots represent the expression of DLL4
transcripts in ECs, and the blue dots represent the expression of NOTCH3 transcripts in mural cells.

(D) Immunostaining for CD31, PDGFB, and PDGFRB in cerebral cortex at GW8.

(E) Spatial visualization of the scores of TJ genes in NPZ and NZ in cerebral cortices of GW10 and GW12.

(F) The bar charts showing the proportion of EC with TJ gene scores greater than —0.1 in NPZ and NZ in cerebral cortices of GW8-GW16.

(G) Spatial visualization of transporter-related gene scores in NPZ and NZ in cerebral cortices of GW10 and GW12.

(H) The bar charts showing the proportion of EC with transporter-related gene scores greater than —0.1 in NPZ and NZ in cerebral cortices of GW8-GW16.

(I) Ratio of perivascular subclusters of mural cells in NZ: in NPZ at GW8-GW16.

(J) Spatial visualization of interaction strength of the PDGFB-PDGFRB LR pair between ECs and mural cells using MERFISH.

(K) Upper, chord plot showing TGFB signaling pathway between mural cell subclusters (ligand) and EC subclusters (receptor) using Cell Chat; lower, violin plot
showing the expression of TGFB1 and TGFBR2 in mural cell and EC subclusters.

(L) Upper, chord plot showing ANGPT2-TEK signaling pathway between mural cell subclusters (ligand) and EC subclusters (receptor) using Cell Chat; lower, violin
plot showing the expression of ANGPT2 and TEK in mural cell and EC subclusters.

(M) Spatial visualization of TGFB1-TGFBR2 pathway between mural cells and ECs at GW6-GW16 using MERFISH. The pink dots represent the expression of
TGFBT1 transcripts in mural cells, and the blue dots represent the expression of TGFBR2 transcripts in ECs.

(N) Spatial visualization of ANGPT2-TEK pathway between mural cells and ECs at GW6-GW16 using MERFISH. The pink dots represent the expression of
ANGPT2 transcripts in mural cells, and the blue dots represent the expression of TEK transcripts in ECs.

(O) Spatial visualization of interaction strength of the TGFB1-TGFBR2 LR pair between mural cells and ECs using MERFISH.

(P) Representative immunofluorescence images for PDGFRB, TGFB1, CD31, and TGFBR2 in GW16 human cerebral cortex. The yellow arrows show the
boundary of the interaction between PDGFRB*TGFB1* mural cells and CD31*TGFBR2* ECs.

(Q) Representative immunofluorescence images for PDGFRB, ANGPT2, CD31, and TIE2 in GW16 human cerebral cortex. The yellow arrows show the boundary
of the interaction between PDGFRB*ANGPT2* mural cells and CD31*TIE2* ECs.

See also Figure S7 and Tables S4 and S5.
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Figure 6. BBB development of ECs is approximately conserved in humans and mice

(A) Overview of the developmental stages for comparison between human and mouse.

(B) Visualization of hEC and mEC subclusters (to show the cell types more clearly, 12,030 hECs and 11,820 randomly selected mECs were used for 2D display)
using Seurat.

(C) A trajectory tree of hEC subclusters predicted by CAPITAL. Nodes in the trajectory tree correspond to clusters consistent with those in Figure 1E.

(D) A trajectory tree of mEC subclusters predicted by CAPITAL. Nodes in the trajectory tree correspond to clusters consistent with those in Figure S8D.

(E) An aligned tree of the trajectories of clusters, where each pair of clusters in a node denotes the clusters shown in (C) and (D).

(F) Correlation of different stages of BBB development in human and mouse ECs.

(G) Violin plots showing expression of representative BBB-related genes in human and mouse ECs. Data on human adult ECs were derived from this published
study,” while data for mouse ECs at P60 were obtained from another study.'®

(H) Heatmap showing representative DEGs expression of BBB between hEC and mEC subclusters.

(legend continued on next page)
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To investigate H2A.Z.1’s role in BBB development, we con-
structed endothelial-specific H2afz knockout (KO) mice
(Figure S9A). We found that conditional H2afz KO in ECs disrup-
ted cerebral cortical angiogenesis (Figures S9B-S9F). Moreover,
we detected BBB-related indicators and found that leakage
increased after H2afz KO in ECs at E15.5 (Figures 7D, 7E, S9G,
and S9H). To explore the reasons, we first performed immunoflu-
orescence staining assays and detected no evident change in
the TJ-related protein CLAUDIN5S upon H2afz KO in ECs at
E15.5 (Figures S9K and S9L). In contrast, the transporter-related
proteins MFSD2A'* and GLUT1 decreased significantly
(Figures 7F-7I). Simultaneously, we assessed transcytosis in
ECs by immunofluorescence staining for caveolin-1 (CAV-1),
which was significantly upregulated following H2afz KO, sug-
gesting enhanced transcytosis as a driver of vascular leakage
(Figures S9l and S9J). Furthermore, we isolated cerebrovascular
ECs and analyzed the expression of MFSD2A, GLUT1, and
CAV-1 proteins after H2afz KO in ECs via western blot
(Figures 7J and 7K). The results were concordant with the immu-
nofluorescence staining data.

Moreover, we further utilized transmission electron micro-
scopy (TEM) to examine the impact of H2afz endothelial KO on
the BBB. To evaluate whether H2afz affects endothelial transcy-
tosis, we employed TEM to visualize transcytotic vesicles in ce-
rebrovascular endothelia following H2afz KO in ECs at E17.5. For
quantification, trans-endothelial vesicles were classified into
three categories: type 1 vesicles are those luminal membrane-
connected, type 2 vesicles are fully formed vesicles undergoing
cytoplasmic transport, and type 3 vesicles are abluminal mem-
brane connected. Compared with the control group, all three
types of transcytotic vesicles were significantly increased in
cerebrovascular endothelia of H2afz conditional KO mice
(Figures 7L and 7M). Additionally, TEM observations revealed
no ultrastructural abnormalities in the TJs of brain ECs (contin-
uous electron-dense linear structures) (Figure S9M).

Previous studies have reported the involvement of H2afz in
cellular proliferation.”®°° In this study, we also observed that
H2afz endothelial-specific KO in E15.5 mice significantly attenu-
ated the proliferation in both cerebral cortex and peripheral or-
gan ECs (Figures SON-S9Q). These results suggest that the con-
ditional KO of H2afz in ECs may broadly disrupt EC homeostasis,
thereby disrupting BBB development. Meanwhile, we observed
that, at P2 and P7, H2afz endothelial-specific mice exhibited
sustained leakage (Figures S9R-S9U). Immunofluorescence
staining revealed that, at P7, the protein expression levels of
the transporters MFSD2A and GLUT1 in ECs were significantly
reduced following H2afz KO in ECs (Figures S10A-S10D),
whereas CAV-1 expression was increased (Figures S10E and
S10F). Next, we examined endothelial TJ function and transcyto-
sis in P14 mice following horseradish peroxidase (HRP) injection.
Using TEM, we observed that, in both the control and H2afz
endothelial-specific KO groups, HRP was halted at the TJs,
creating a distinct boundary between HRP-positive and HRP-
negative regions, with no leakage through the TJs detected
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(Figure S10G). Furthermore, we revealed that endothelial-spe-
cific KO of H2afz resulted in a significant increase in HRP-posi-
tive vesicle numbers compared with the control group, demon-
strating enhanced transcytosis activity (Figures S10H and
S10l). These results indicate that conditional KO of H2afz in
ECs continues to affect postnatal vascular homeostasis and im-
pairs BBB development. Given that the endothelial-specific KO
of H2afz impacted the expression of BBB-related transporters,
we further investigated potential alterations in blood-to-brain
metabolic transport using CY3-labeled glutamine (GIn)°'~%* and
found that, upon KO of H2afz in ECs, the intensity of GIn-Cy3
in the brain significantly decreased (Figures 7N and 70).

p-catenin is essential for BBB development® and for the regu-
lation of BBB-related transporters.>>%* Therefore, we specu-
lated whether H2A.Z.1 could affect the p-catenin signaling
pathway.”® First, immunofluorescence staining revealed that
p-catenin-specifically activated effectors, including nuclear-
B-catenin, TCF1, and LEF1, were significantly reduced in ECs
following H2afz endothelial-specific KO (Figures 7P, 7Q, and
S10J-S10M). Concurrently, western blot analysis demonstrated
that the expression levels of Wnt downstream-activated
signaling proteins, TCF1 and LEF1, were also markedly
decreased (Figures 7R and 7S). H2A.Z.1 can regulate down-
stream gene expression by recruiting certain proteins.®® There-
fore, we performed experiments to verify whether H2A.Z.1 inter-
acts with p-catenin. Co-immunoprecipitation experiments
revealed that H2A.Z.1 could indeed interact with B-catenin
(Figures 7T-7W). In addition, using chromatin immunoprecipita-
tion (ChIP) experiments, we revealed that both H2A.Z.1 and
p-catenin could bind to the promoter region of Mfsd2a to regu-
late its expression (Figures STON and S100). After H2afz KD in
ECs, the binding of p-catenin to the promoter region of Mfsd2a
weakened, whereas after overexpressing H2afz, the binding
strengthened (Figures S10P and S10Q). However, Ctnnb1 (en-
coding p-catenin) KD had no significant effect on the binding of
H2A.Z.1 to the promoter region of Mfsd2a (Figure S10R). In sum-
mary, our study demonstrates that the conditional KO of H2afz in
ECs impairs EC homeostasis, and this imbalance subsequently
disrupts angiogenesis and BBB development.

DISCUSSION
As the BBB is crucial for normal development of the brain,®°" it
is vital to explore the mechanisms regulating BBB formation.
Previous studies in mice mainly focus on certain molecules in
specific cell types.”*°*7"° |n studies of developing human brain
vascular research, only brain ECs and mural cells have been
examined.”>" However, the initiation and establishment of the
BBB in the human brain remain unclear. In this work, we estab-
lished a spatiotemporal developmental atlas of the human BBB
and explored the molecular mechanisms underlying BBB initia-
tion and development.

We identified the initiation of a BBB-like transcriptional signa-
ture in humans at GW8. Previous investigations have utilized

(I) Representative immunofluorescence images for INSR and CD31 in GW12 human and E18.5 mouse cerebral cortex.
(J) Normalized intensity of INSR in CD317 cells in GW12 human and E18.5 mouse cerebral cortices.
In (J), n = 5 independent repeated experiments. Unpaired two-tailed t test: **p < 0.001.

h, human; m, mouse. See also Figure S8 and Tables S1, S2, and S5.
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Figure 7. H2A.Z.1 regulates BBB development
(A) Violin plots showing expression trends of H2AFZ/H2afz in hECs and mECs. Data of human adult ECs were derived from this published study,” and data for
mouse ECs at P60 were obtained from another study.'®

(legend continued on next page)
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immunostaining to examine the expression of certain BBB-
related markers at specific time points,71'72 but it is impossible
to systematically investigate the precise changes in the molecu-
lar characteristics of ECs during BBB development. Single-cell
spatiotemporal transcriptome analysis revealed that vasculari-
zation of the human brain commenced at GW6, but ECs do not
exhibit BBB-like properties at this stage. Interestingly, we found
that most transporter-related genes were ubiquitously ex-
pressed in embryonic and fetal EC subclusters, whereas in adult-
hood, their expression became more specialized.

It has been reported that ligands secreted by NPCs, such as
VEGF”® and Wnt,>>%° are essential for the initial vascularization
of the CNS. In this study, we newly identified a non-Wnt signal,
CADHERIN-2 (CDH2), expressed by neural cells, which was
found to activate the p-catenin signaling pathway®”-*® and sub-
sequently induce the expression of BBB-specific transporters
in ECs. These findings broaden our understanding of neural-
cell-mediated induction of BBB development in ECs.

Moreover, we have revealed the regulatory roles of NPCs in
mural cell development. We found that NPCs could promote
the proliferation of mural cells through the secretion of
PDGFD.*""*7"> Previous studies have reported that PDGFB KO
exhibits a phenocopy of PDGFRB KO, i.e., the absence of mural
cells in the brain parenchyma.®*"%"” However, our finding that
PDGFD secreted by NPCs can promote mural cell proliferation
is not contradictory to previous research, as mural cells also
require additional factors to regulate their subsequent develop-
ment after their formation in the brain.

More importantly, we discovered that, following initiation of the
BBB-like transcriptomic signature (GW8), signaling crosstalk be-
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tween ECs and mural cells strengthened. Compared with the
NPZ, the NZ showed higher EC-mural cell signaling interactions
and greater BBB maturity. In addition, we revealed that the special-
ization patterns of vascular development and BBB development
are generally conserved between humans and mice and identified
a critical molecule, H2A.Z.1. Through a series of in vivo validation
experiments, we demonstrated that conditional KO of H2afz in
ECs broadly impairs endothelial homeostasis, and these imbal-
ances subsequently disrupt angiogenesis and BBB development.

In summary, our study provides insights into the regulation of
BBB development through NVU-related cell interactions, which
may provide potential targets and conceptual frameworks for
the treatment of BBB-related diseases (Figure S10S).

Limitations of the study

First, owing to the high dropout rate of the spatial transcriptome,
the integration method between scRNA-seq and spatial tran-
scriptomics needs to be improved. Second, as transporter-
related genes are generally expressed in developmental ECs
but gradually specialize in adulthood, the underlying mechanism
needs to be further investigated. Third, due to current limitations
in sequencing technologies, even scRNA-seq cannot capture
many low-abundance genes (e.g., numerous receptor genes),
which may result in missing critical LR interaction pairs.

RESOURCE AVAILABILITY

Lead contact
Further queries and reagent requests may be directed to and will be fulfilled by
the lead contact, Jianwei Jiao (jwjiao@ioz.ac.cn).

(B) Representative immunofluorescence images for CD31 and H2A.Z.1 in human cerebral cortex at GW8. Imaris 3D reconstruction showing the expression of

CD31 and H2A.Z.1.

(C) Representative immunofluorescence images for CD31 and H2A.Z.1 in mouse cerebral cortex at E13.5. Imaris 3D reconstruction showing the expression of

CD31 and H2A.Z.1.

(D) Sulfo-NHS-LC-biotin and CD31 staining of cortical sections from E15.5 H2afz"" and H2afz°*°T®¥ mice.

(E) Quantification of normalized intensity of sulfo-NHS-LC-biotin in CD31

regions in (D).

(F) Cortical sections from E15.5 H2afz"" and H2afz°*©®¥ mice were co-stained with MFSD2A and CD31 antibodies. Imaris 3D reconstruction showing the

expression of MFSD2A co-localized with CD31.
(G) Quantification of normalized intensity of MFSD2A in CD31* cells in (F).

(H) Cortical sections from E15.5 H2afz"" and H2afz°*®"®" mice were co-stained with GLUT1 and CD31 antibodies. Imaris 3D reconstruction showing the

expression of GLUT1 co-localized with CD31.
(I) Quantification of normalized intensity of GLUT1 in CD31* cells in (H).

(J) E15.5 cerebrovascular ECs in H2afz"" and H2afz®°(™% mice were isolated via FACS and lysed for immunoblotting (IB) with the indicated antibodies.

(K) Quantitation of the protein levels of MFSD2A, GLUT1, and CAV-1 in (J).

(L) TEM images showing transcytotic vesicles in endothelium of E17.5 H2afz™" and H2afz**°("®¥ mice. Left: transcytotic vesicles are categorized into three types:
luminal (arrows) or abluminal (arrowheads) membrane-connected and cytoplasmic vesicles (asterisks).
(M) Quantification of transcytotic vesicular density in TEM images, normalized by EC area.

(
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(

Quantification of normalized intensity of GIn-cy3 in CD31~ regions in (N).

Q
R
(S) Quantitation of the protein levels of TCF1 and LEF1 in (R).

Quantification of ratio of nuclear-g-catenin*CD31" cells in CD31* cells.

N) Glutamine (GIn)-Cy3 and VEGFR2 staining of cortical sections from P2 H2afz"" and H2afz°<°e¥ mice.
Cortical sections from E15.5 H2afz"" and H2afz*“°("®¥ mice were co-stained with p-catenin and CD31 antibodies.

E15.5 cerebrovascular ECs in H2afz"" and H2afz°*©™" mice were isolated via FACS and lysed for IB with the indicated antibodies.

(T) bEnd.3 cells were infected with FLAG-H2afz and HA-Ctnnb1 overexpression lentivirus for 3 days and harvested for anti-FLAG immunoprecipitation (IP)

followed by IB with the indicated antibodies.

(U) Quantitation of the protein levels of hemagglutinin (HA) and FLAG of IB group in (T).
(V) bEnd.3 cells were infected with HA-Ctnnb1 and FLAG-H2afz overexpression lentivirus for 3 days and harvested for anti-HA IP followed by IB with the indicated

antibodies.
(W) Quantitation of the protein levels of FLAG and HA of IB group in (V).

In (U) and (W), n = 3 independent repeated experiments. In (E), (G), (1), (K), (M), (O), (Q), and (S), n = 6 independent repeated experiments. Bars represent mean +
SEM. Unpaired two-tailed t test: n.s., not significant, “o < 0.05, *p < 0.01, ***p < 0.001. L,luminal; EC, endothelium; Ab, abluminal. See also Figures S9 and S10.
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Reagents generated in this study are available, upon reasonable request, with
a completed materials transfer agreement. All the reagents in this study are
included in the key resources table.

Data and code availability

o The raw sequence data generated in this study have been deposited in
the Genome Sequence Archive Human’® at the National Genomics
Data Center (2020), Beijing Institute of Genomics (China National Center
for Bioinformation), Chinese Academy of Sciences, and the accession
numbers are listed below. Human scRNA-seq data: HRA005468,
HRAO000714, HRA000715, HRA000718, and HRA000719; human
scStereo-seq data®s HRA004776, HRA003401, HRA005014,
HRA004685, HRA004686, HRA004968, HRA002261, HRA004969,
and HRAO004257. They are publicly accessible at http://bigd.big.ac.
cn/gsa-human. Human MERFISH data reported in this paper have
been deposited in the OMIX, China National Center for
Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sci-
ences (https://ngdc.cncb.ac.cn/omix: accession no. OMIX011810).

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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Cat #:8480; RRID: AB_11127855

Cat #: 2230; RRID: AB_823558

Cat #: 2203; RRID: AB_2199302

Cat #: 3267; RRID: AB_2275453

Cat #: 20536-1-AP; RRID: AB_10700003

PE rat anti-mouse-CD31 Biolegend Cat #: 102408; RRID: AB_312903
PE mouse anti-human-CD31 Biolegend Cat #: 303106; RRID: AB_314331
Biological samples

See Table S1 this paper N/A

Chemicals, peptides, and recombinant proteins

Alexa Fluor™ 555 Cadaverine Invitrogen Cat #: A30677

EZ-link Sulfo-NHS-LC-Biotin
Glutamine-Cy3
PDGFD ELISA Kit

el Cell Stem Cell 33, 1-19.e1-e10, May 7, 2026

Thermo Fisher Scientific
RuixiBio
Abebio

Cat #: A39257
Cat #: R-R-0213
Cat #: AE28224HU
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
PDGF-DD Protein MCE Cat #: HY-P7280
PDGFR inhibitor Selleck Cat #: S1536
Horseradish peroxidase (HRP) Sigma-Aldrich Cat #: P8250-5KU
3,3'-diaminobenzidine (DAB) Sigma-Aldrich Cat #: D8001

SlowFade Gold Antifade Mountant
Anti-HA-Magnetic Beads
Anti-DDDDKmAb-Magnetic Beads
Endothelial Cell Medium

Matrigel Matrix

Essential 8™ Flex medium
DMEM/F12 medium

Neurobasal medium

N-2 supplement

B27 supplement without vitamin A
Gluta MAX

Leukemia Inhibitory Factor human
Dorsomorphin

SB431542

CHIR99021

Compound E

Accutase

dbcAMP

ascorbic acid

BDNF

GDNF

DMEM, high glucose

Fetal Bovine Serum (FBS)
Penicillin/Streptomycin

Pericyte Medium

Thermo Fisher Scientific
MBL

MBL

ScienCell

Corning

GIBCO

Invitrogen

Invitrogen

GIBCO

GIBCO

GIBCO

Millipore
Sigma-Aldrich

Tocris Bioscience
Stemgent

R&D Systems
Thermo Fisher Scientific
Selleck
Sigma-Aldrich
PeproTech
PeproTech

GIBCO

GIBCO

Invitrogen, 15070063
ScienCell

Cat #: S36940
Cat #: M132-11
Cat #: M185-11
Cat #: 1001

Cat #: 354277
Cat #: A1517001
Cat #: 11330-032
Cat #: 21103-049
Cat #: 17502-048
Cat #: 12587010
Cat #: 35050061
Cat #: LIF1010
Cat #: P5499

Cat #: 1614

Cat #: 04-0004-10
Cat #: 6476

Cat #: A1110501
Cat #: S7858

Cat #: A8960
Cat #: 450-02
Cat #: 450-10
Cat #: 11995-065
Cat #: 10099-141C
Cat #: 15070063
Cat #: 1201

Collagenase I Sigma-Aldrich Cat #: C6885-1G

DNase | Roche Cat #: 11284932001

Dispase Il Roche Cat #: 04942078001

Red Blood Cell Lysis Buffer Invitrogen Cat #: 00-4333-57

Collagen, Type | solution from rat tail Sigma-Aldrich Cat #: C3867-1VL

Quick antigen repair solution for frozen sections Beyotime Cat #: PO090

Deposited data

Human scRNA-seq data this paper GSA-human: HRA005468,
HRA000714, HRA000715,
HRA000718, HRA000719

MERFISH data this paper OMIX-human: OMIX011810

Human scStereo-seq data

our published paper®

GSA-human: HRA004776,
HRA003401, HRA005014,
HRA004685, HRA004686,
HRA004968, HRA002261,
HRA004969, HRA004257

Experimental models: Cell lines

H9

hCMEC/D3

human brain vascular pericyte
bEnd.3

WiCell Research Institute
Millipore

ScienCell

ATCC

WAO09

Cat #: SCC066
Cat #: 1200

Cat #: CRL-2299

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental models: Organisms/strains

H2afz/H2afv floxed mice (B6.Cg-
H2821tm1.1Hko H2azztm1.1Hk0)

Tek-Cre mice

RIKEN BioResource
Research Center

Jackson Laboratory

Stock No: RBRC05765

Stock No: 008863

Oligonucleotides

See Table S7 this paper N/A

Recombinant DNA

Flag-Control this paper N/A

Flag-Pdgfd this paper N/A

Flag-H2afz this paper N/A

HA-Ctnnb1 this paper N/A

Software and algorithms

ZEN Zeiss https://www.zeiss.com/microscopy/en/
products/software/zeiss-zen.html

GraphPad Prism GraphPad https://www.graphpad.com

Photoshop CC Adobe https://www.adobe.com/products/

Cell Ranger (v5.0.1)
Seurat (v4.3.0)
DoubletFinder (v2.0.3)

Harmony (v0.1.0)
Webserver
dittoSeq (v1.6.0)
ggplot2 (v3.4.4)
Monocle2 (v2.14.0)

CellChat (v1.1.3)
Pheatmap_1.0.12
R

StereoMap (v2.1.0)

SAW (v6.1)
Tangram (v1.0.4)
CAPITAL (v1.1.2)
mousipy (v0.1.5)
Cellpose (v2.2.3)
Voyager (v1.8.1)
COMMOT (v 0.0.3)

10x Genomics

Hao et al.”

McGinnis et al.?®

Korsunsky et al.’?
Zhou et al.?’
Bunis et al.®
Wickham®®

Qiu et al.®

Jin et al.®®
N/A

Gong et al.®®
N/A

Gong et al.®®

Biancalani et al.?®

Sugihara et al.*®

Stefan Peidli

Pachitariu and Stringer®”

Moses et al.®®

Cang et al.*®

photoshop.html
https://www.10xgenomics.com
https://satijalab.org/seurat/

https://github.com/chris-mcginnis-
ucsf/DoubletFinder

https://github.com/immunogenomics/harmony
https://metascape.org/gp/index.html#/main/step1
https://github.com/dtm2451/dittoSeq
https://ggplot2.tidyverse.org/

https://cole-trapnell-lab.github.io/
monocle-release/docs/

https://github.com/sqjin/CellChat
https://rdrr.io/cran/pheatmap/
https://www.r-project.org/

https://www.stomics.tech/products/
BioinfoTools/OfflineSoftware/list. html

https://github.com/STOmics/SAW
https://github.com/broadinstitute/Tangram
https://github.com/ykat0/capital
https://github.com/stefanpeidli/mousipy
https://github.com/MouselLand/cellpose
https://github.com/pachterlab/voyager
https://github.com/zcang/COMMOT

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples collection

The normally developing human fetuses were obtained at Peking University Third Hospital and Tongzhou Maternal and Child Health
Hospital of Beijing. The collection and utilization of human fetal materials strictly comply with laws and ethical regulations, and are
approved by the Reproductive Study Ethics Committee of Peking University Third Hospital and the institutional review board (ethics
committee) of the Institute of Zoology. The informed consent was signed with the donors before the collection of tissue from human
fetuses. The donor signs an informed consent form before collecting human fetal tissue. All plans comply with the Interim Measures
for the Administration of Human Genetic Resources, administered by the Ministry of Science and Technology of China. The detailed
information of human samples, such as developmental stage, gender, and replication, is shown in Table S1. The adult cerebral cortex
tissues of human were provided by the Chinese Brain Bank Center.
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Mice

H2afz/H2afv floxed mice (B6.Cg-H2az1"™- ko Hogazotm1-1Hko) \yere purchased from RIKEN BioResource Research Center through
the National Bio-Resource Project of the Ministry of Education, Culture, Sports, Science and Technology. To generate H2afz floxed
mice (H2afz"™), C57BL/6J mice (purchased from Vital River) were crossed with H2afz/H2afv floxed mice, and then the F1 generations
were mated to each other to obtain H2afz"" mice. H2afz*°(™¥ (conditional deletion) mice were generated by crossing H2afz"" mice
with Tek-Cre mice (obtained from The Jackson Laboratory). All experimental procedures followed by the Animal Committee of the
Institute of Zoology, Chinese Academy of Sciences, China.

Cell cultures

H9 human ESCs were cultured in Matrigel Matrix (Corning, #: 354277)-coated 6-well plates (Corning) in Essential 8™ Flex medium
(GIBCO, #: A1517001). The human brain microvascular endothelial cell line hCMEC/DS3 cells were maintained in Endothelial Cell Me-
dium (ScienCell, #: 1001). The human brain vascular pericytes were cultured in Collagen, Type | solution from rat tail (Sigma-Aldrich,
#: C3867-1VL)-coated 10cm dish (Corning) in Pericyte Medium (ScienCell, #: 1201). The mouse brain endothelial cell line bEnd.3 cells
were cultured in DMEM (GIBCO, #: 11995-065) containing 10% FBS (GIBCO, #: 10099-141C) and 1% Penicillin/Streptomycin
(Invitrogen, 15070063). The medium was changed every two days and all cells were cultured in 5% CO2 under 37 °C.

METHOD DETAILS

Preparation of cell suspensions of tissue samples

For human, the embryonic heads and the cerebral cortex of the brain were separated by stereomicroscope with dissecting forceps in
cold artificial cerebrospinal fluid. The tissues were cut into pieces and digested in DMEM (high glucose) (GIBCO, #: 11995-065) con-
taining 5 mg/ml collagenase Il (Sigma-Aldrich, #: C6885-1G) and 30 U/ml DNase | (Roche, #: 11284932001) for 15 min in 37 °C incu-
bator with shaking table. Then 2 U/ml Dispase Il (Roche, #: 04942078001) was added at 37 °C for 15 min. The cell suspension was
pipetted into single cells. After 300 g centrifugation, the erythrocytes were removed using lysis buffer (Invitrogen, #: 00-4333-57), the
cell suspension was next passed through a 40 pm cell filter for subsequent experiments.

For the digestion of head and cerebral cortex of mouse, we adapted previous study.®® Specifically, the tissues were cut into small
pieces using disinfected blades and were digested in DMEM (high glucose) with 5 mg/ml collagenase Il and 30 U/ml DNase | for 30-
60 min at 37 °C. The mixture was centrifuged at 300 g for 5 min and washed with DMEM (high glucose). Next, 25% BSA was added
and centrifuged at 1,360 g for 10 min. The myelin on the top was carefully removed, and the cells were washed with DMEM and centri-
fuged at 300 g for 5 min. The cells then were digested with 2 U/ml Dispase Il and 5 mg/ml collagenase Il for 30 min at 37 °C. After
spinning for 5 min at 300 g to remove the enzymes, cell suspension was passed through a 40 pm cell filter for subsequent
experiments.

Fluorescence-activated cell sorting (FACS)

In order to enrich endothelial cells and other vascular related cells, we referred to our previously published protocol.®° Briefly, the cell
suspension was washed three times with DPBS (Gibco, #: C14190500CP) and centrifuged at 300 g for 5 minutes each time. The cells
were incubated on ice for 30 min with PE-conjugated anti-human CD31 (BioLegend, #: 303106) or PE-conjugated anti-mouse CD31
(BioLegend, #: 102408) to label endothelial cells (1:100) in FACS buffer (2% FBS in DPBS). Cells were washed two times with FACS
buffer and 7-AAD (BioLegend, #: 420403) was added to exclude dead cells before subjected to FACS. Cells were sorted with a Beck-
man Coulter MoFlo XDP and the data were analyzed with the FlowdJo software (Version: 10.4).

scRNA-seq library preparation and sequencing

scRNA-seq library preparation and sequencing referred to the previous protocol.” In brief, the cells obtained from directly digested
cells or FACS sorted cells were loaded on Chromium Single cell Controller (10x Genomics) with the Chromium Single cell 3’kit V3 to
acquire about 8000 cells each sample. Then, the libraries were constructed and sequenced on an lllumina NovaSeq 6000 platform
(lllumina, San Diego) with a read length of 26bp for read 1 (cell barcode and UMI), 8 bp i7 index read (sample barcode), and 98 bp for
read 2 (actual RNA read) by Annoroad Gene Technology Co., Ltd (Beijing, China) and CapitalBio Technology Co., Ltd (Beijing, China).
Firstly, the reads were sequenced in fast run mode, which allowed for fine-tuning sample ratios in the following high-output runs.
Combining data from both flow cells, each cell generated approximately > 40000 reads.

MERFISH imaging experiment

The MERFISH experiment was conducted through the Vizgen MERSCOPE technology laboratory service. Compared with other
spatially resolved single-cell transcriptomics, Vizgen MERSCOPE technology has been shown to provide high specificity and sensi-
tivity even with larger gene panel sizes (1000 genes). Fresh frozen human embryonic/fetal samples of head were cut into 10 pm-thick
sections on a cryostat at —20 °C and placed onto a MERSCOPE slide (Vizgen 20400001). The tissue sections were fixed with 4% PFA
in 1x PBS for 30 minutes, washed 3 times with 5 ml 1x PBS and incubated with 70% ethanol at 4 °C overnight for tissue permeabi-
lization. Samples were then hybridized with a custom designed MERSCOPE Gene Panel Mix consisting of 1000 genes (Vizgen
20300141) in a 37 °C incubator for 36 hours. Following incubation, the tissues were washed with 5 ml formamide wash buffer at
47 °C for 30 minutes, twice and embedded into a hydrogel using the Gel Embedding Premix (Vizgen 20300004), ammonium
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persulfate (Sigma-Aldrich, 09913-100 G) and TEMED (N,N,N’, N’-tetramethylethylenediamine) (Sigma, T7024-25ML) from the
MERSCOPE Sample Prep Kit (10400012). After the gel mix solution solidified, the samples were cleared with clearing solution con-
sisting of 50 pl Proteinase K (NEB, P8107S) and 5 ml of Clearing Premix (Vizgen 20300003) at 37 °C overnight. After removing clearing
solution, the sample was stained with DAPI and Poly T Reagent (Vizgen 20300021) for 15 minutes at room temperature, washed for
10 minutes with 5 ml of Formamide Wash Buffer, and then imaged on the MERSCOPE system (Vizgen 10000001). A fully detailed,
step-by-step instruction on the MERFISH sample prep the full protocol is available at https://vizgen.com/resources/fresh-and-fixed-
frozen-tissue-sample-preparation/. Full instrumentation protocol is available at https://vizgen.com/ resources/merscope-
instrument/.

For the MERFISH gene panel, we selected 1000 genes for MERFISH experiments. The panel includes major cell-type and subclus-
ter markers, BBB-related genes, genes of LR pairs analyzed in this study (specifically major cell type to EC LR pairs, major cell type to
mural cell LR pairs, and EC and mural cell subcluster LR pairs), and several chemokine-related and meninges-related genes. The
detailed gene list is provided in Table S6.

RNA amplification-based single molecule in situ hybridization (asmFISH) assay

The SEERNA® FISH RNA Fluorescence in Situ Hybridization Kit used in this experiment was purchased from Suzhou Dynamic Bio-
systems Co., Ltd., and its methodology followed previously described research.’® We detected the expression of transporter genes
in co-cultured human ECs and human ESC-induced NPCs/neurons. In brief, fresh cells were first fixed with 4% PFA, followed by
dehydration through a graded ethanol series (70%, 85%, and 100%). Subsequently, the cells were permeabilized. Next, according
to the manufacturer’s instructions, the cells were subjected to the asmFISH in situ hybridization procedure, which included the
following steps: probe hybridization, post-hybridization washing, probe circularization, rolling circle amplification and fluorescent
probe hybridization. Finally, the slides were mounted with SlowFade Gold Antifade Mountant medium containing DAPI (Thermo
Fisher Scientific, S36940). Fluorescence images were acquired by Zeiss LSM880.

Immunostaining
The tissue blocks were fixed in 4% PFA solution at 4 °C for 24 to 48 hours and then were dehydrated in 30% sucrose solution for 24 to
48 hours. Next, they were embedded in OCT and the frozen sections were cut with a thickness of 20 to 40 pm. For immunostaining,
the sections were fixed in 4% PFA solution for 20 min, and washed three times with 1% PBST (1% Triton X-100 in 1M PBS) solution
for 10 min each time. The slices were then treated with Quick antigen repair solution for frozen sections (1X) (Beyotime, #: PO090) at
room temperature for 5 min. Thereafter, they were incubated in blocking solution (1% PBST supplemented with 5% BSA) for 1 hour at
room temperature. The slices were incubated with the primary antibodies with the staining solution (1% PBST supplemented with 1%
BSA) at 4 °C overnight. In the following day, the tissue sections were incubated with the fluorescent secondary antibodies and sub-
jected to Confocal images with a Zeiss

LSM 880. The following antibodies were used: mouse anti-CD31 (1:1000, Abcam, Cat #: ab9498), guinea pig anti-CD31 (1:1000,
Synaptic Systems, Cat #: HS-351004), rat anti-CD31 (1:1000, BD Biosciences, Cat #: 553370), rabbit anti-MFSD2A (1:1000, Cell
Signaling Technology, Cat #: 80302S), rabbit anti-SLC1A4 (1:1000, Novus, Cat #: NBP2-38226), rabbit anti-ABCG2 (1:1000, Abcam,
Cat #: ab207732), mouse anti-CLAUDIN5 (1:1000, Invitrogen, Cat #: 35-2500), rabbit anti-CADHERIN-2 (1:1000, Cell Signaling Tech-
nology, Cat #: 13116T), goat anti-SOX2 (1:1000, R&D Systems, Cat #: AF2018), mouse anti-TUJ1 (1:1000, Millipore, Cat #:
MAB1637), rabbit anti-c-JUN (1:1000, Cell Signaling Technology, Cat #: 9165), mouse anti-Human NESTIN (1:1000, R&D, Cat #:
MAB1259), rabbit anti-GLUT-1 (1:1000, Millipore, Cat #: 07-1401), goat anti-PDGFRB (1:100, R&D Systems, Cat #: AF385), rabbit
anti-KI67 (1:1000, Abcam, Cat #: ab15580), rabbit anti-PDGFD (1:1000, Abcam, Cat #: ab181845), rabbit anti-TGFB1 (1:1000, Ab-
cam, Cat #: ab215715), mouse anti-TGFBR2 (1:1000, Proteintech, Cat #: 66636-1-Ig), rabbit anti-ANGPT2 (1:1000, Abcam, Cat #:
ab276042), rabbit anti-TIE2 (1:1000, Abcam, Cat #: ab24859), mouse anti-COL1A1 (1:1000, Proteintech, Cat #: 66761-1-1g), rabbit
anti-ITGB1 (1:1000, Atlas Antibodies, Cat #: HPA059297), rat anti-PDGFB (1:500, Abcam, Cat #: ab107101), mouse anti-INSR
(1:1000, Invitrogen, Cat #: MA5-13783), rabbit anti-H2A.Z.1 (1:1000, Active Motif, Cat #: 39943), Isolectin B4 (1:1000, Fisher scientific,
Cat #: NC9918852), rabbit anti-VEGFR2 (1:1000, Cell Signaling Technology, Cat #: 2479), rabbit anti-p-catenin (1:1000, Cell Signaling
Technology, Cat #: 8480), rabbit anti-LEF1 (1:1000, Cell Signaling Technology, Cat #: 2230), rabbit anti-TCF1 (1:1000, Cell Signaling
Technology, Cat #: 2203), rabbit anti-CAV-1 (1:1000, Cell Signaling Technology, Cat #: 3267).

Plasmid constructs

shRNAs for the target genes were cloned into the pSicoR-GFP vector. The sequences were as follows: human CDH2 shRNA:
5’-GTGCAACAGTATACGTTAATA-3’, human PDGFD shRNA: 5-CGATGACTACTTTGTGGCTAA-3’, mouse HZ2afz shRNA:
5'-GGTAAGGCTGGAAAGGACT-3",°° mouse Ctnnb1 shRNA: 5-CCCAAGCCTTAGTAAACATAA-3.°" Mouse Control, Pdgfd and
H2afz; and Ctnnb1 were amplified by PCR and subcloned into the pCDH-copGFP-3Flag vector and the pCDH-copGFP-3HA vector,
respectively.

Lentivirus packaging and infection

For lentivirus packaging and infection, the method was described in the previous study.®® In brief, using GenEscort® Il (Nanjing
Weisen Biotechnology Company, #: WIS 2200), lentivirus was achieved by transfecting the core and packaging plasmids into
293FT cells. After 24h, 48h and 72h of transfection, the supernatant was collected. To remove cell debris, the supernatant containing

e5  Cell Stem Cell 33, 1-19.e1-e10, May 7, 2026


https://vizgen.com/resources/fresh-and-fixed-frozen-tissue-sample-preparation/
https://vizgen.com/resources/fresh-and-fixed-frozen-tissue-sample-preparation/
https://vizgen.com/%20resources/merscope-instrument/
https://vizgen.com/%20resources/merscope-instrument/

Please cite this article in press as: Li et al., Decoding the spatiotemporal development of the blood-brain barrier in human cortex, Cell Stem Cell (2026),
https://doi.org/10.1016/j.stem.2026.02.010

Cell Stem Cell ¢? Cell’ress

the virus was centrifuged at 3000 rpm for 5 min. Meanwhile, to improve infection efficiency, 2 pg/ml polybrene was added into the
culture medium.

Human ESCs differentiation to human NPCs and Neurons

H9 human ESCs were fed fresh media daily and when the growth density reached 70%, the medium was replaced with neural dif-
ferentiation medium. The medium was composed of 50% DMEM/F12 medium (Invitrogen, #: 11330-032), 50% Neurobasal medium
(Invitrogen, #: 21103-049), 1 x N-2 supplement (GIBCO, #: 17502-048), 1 x B27 supplement without vitamin A (GIBCO, #: 12587010),
1 x GlutaMAX (GIBCO, #: 35050061), 10 ng/ml human Leukemia Inhibitory Factor (hLIF) (Millipore, #: LIF1010), 2uM dorsomorphin
(Sigma-Aldrich, #: P5499), 3uM SB431542 (Tocris Bioscience, #: 1614), 4uM CHIR99021 (Stemgent, #: 04-0004-10) and 0.1pM com-
pound E (R&D Systems, #: 6476). Fresh medium was replaced every other day. After 5 days, cells were digested into single cells with
Accutase (Thermo Fisher Scientific, #: A1110501) and maintained in Matrigel-coated plates in Neural Progenitor Cell Maintenance
Medium, which was composed of 50% DMEM/F12 medium, 50% Neurobasal medium, 1 x N-2 supplement, 1 x B27 supplement,
2 mM GlutaMAX, 10 ng/ml hLIF, 2uM SB431542 and 3uM CHIR99021. For neuronal differentiation, after maintained on Matrigel-
coated plates for 2 days, NPCs were cultured in DMEM/F12 medium containing 1 x N-2 supplement, 1 x B27 supplement,
200uM ascorbic acid (Sigma-Aldrich, #: A8960), 400uM dbcAMP (Selleck, #: S7858), 10 ng/ml GDNF (Peprotech, #: 450-10) and
10 ng/mI BDNF (Peprotech, #: 450-02). Cells were maintained in the above medium for 7 days and used for subsequent experiments.

Co-culture of human ECs and human ESC-induced NPCs/ neurons
After infecting human ESC-induced NPCs/ neurons with lentivirus for 2 days, the hCMEC/DS3 cells were added and co-cultured
3 days (human NPC/human neuron medium: human EC medium = 2:1) for subsequent experiments.

In utero electroporation with PDGFD knockdown or overexpression and PDGFR inhibitor treatment

The experimental procedures were performed as previously described. Briefly, control or overexpression plasmid (approximately
1500 ng/pL) were mixed with enhanced GFP plasmid at a 3:1 ratio (v/v). For experiment of PDGFD overexpression and PDGFR in-
hibitor treatment, the plasmid mixture was then combined with PBS or PDGFR inhibitor (Selleck, CP-673451, 0.5 mg/mL) at a 9:1 ratio
(v/v), followed by addition of 0.02% Fast Green (Millipore). The final solution was aspirated into glass capillaries for subsequent use.
Pregnant ICR mice at embryonic day 13.5 (E13.5) were anesthetized via intraperitoneal injection of tribromoethanol (400 mg/kg). The
abdominal cavity was surgically opened to expose the uterus. Approximately 1uL of the mixed plasmid solution was microinjected
into the lateral ventricle of fetal brains using glass capillaries. Electroporation was immediately performed on the fetal brains using a
manual BTX ECM 830 electroporator with platinum electrodes, applying five electrical pulses at 40 V (50 ms pulse duration, 950 ms
intervals). The uterine horns were carefully repositioned into the abdominal cavity. Embryonic brains were harvested at embryonic
day 16.5 (E16.5) for further phenotypic analysis.

Pericytes proliferation assay with human NPCs supernatant

Firstly, we infected human ESC-induced NPCs with lentivirus. After 48 hours, the supernatant was collected and divided into two
portions: one portion was used for ELISA, while the other portion was concentrated 10-fold using ultrafiltration tubes, mixed with
pericytes culture medium at a 1:3 (v/v) ratio, and subsequently employed for pericyte culture. After 48 hours, the cells were fixed
with paraformaldehyde for the next experiment.

Pericytes proliferation assay with PDGFD and PDGFR inhibitor treatment

First, pericytes were seeded in 24-well plates. When reaching 20% confluency, the supernatant was removed. One treatment group
was supplemented with PDGFD?*°* (MCE, HY-P7280; 50 ng/ml) in pericyte culture medium, while the other treatment group with
both PDGFD (50 ng/ml) and a PDGFR inhibitor (CP-673451, Selleck, S1536; 416 ng/ml).°> The control group was treated with an
equivalent volume of PBS in normal culture medium. After 48 hours of culture in their respective media, the cells were harvested
for subsequent experiments.

Enzyme linked immunosorbent assay (ELISA)
PDGFD protein levels in the supernatant of human ESC-induced NPCs infected with lentivirus were measured using a human PDGFD
ELISA Kit (Abebio, AE28224HU) according to the manufacturer’s instructions.

Transmission electron microscopy

P14 mice were administered horseradish peroxidase (HRP, 40 mg/ml, dissolved in PBS, Sigma-Aldrich, P8250) via retro-orbital in-
jection at a dose of 0.5 mg/g body weight. After 1 hour of circulation,®® brains were harvested and fixed sequentially in phosphate
buffer (PB) (0.1 M, pH 7.4) containing 4% PFA and 5% glutaraldehyde for 3 hours, followed by post-fixation in 4% PFA overnight.
Tissues were rinsed in PBS overnight and sectioned into 80-pm-thick free-floating coronal slices using a vibratome (Leica
VT12008S). Sections were incubated at room temperature for 45 minutes in 0.05 M tris-HCI buffer (pH 7.6) containing 3,3’-diamino-
benzidine (DAB, 0.5 mg/ml; Sigma-Aldrich, D8001) and 0.01% hydrogen peroxide. For mice without HRP injection, embryonic brains
were collected immediately after euthanasia. Tissues were fixed with 2.5% (v/v) glutaraldehyde and 2% paraformaldehyde (v/v) in PB
(0.1 M, pH 7.4), and dissected into small blocks without DAB staining. Then, the samples were washed two times in PB and two times
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in ddH20. Then samples were first immersed in 1% (w/v) OsO4 and 1.5% (w/v) potassium ferricyanide aqueous solution at 4°C for
2 h. After washing, tissues were dehydrated through graded alcohol (30%,50%,70%,80%,90%, 100%, 100%, 10min each) into pure
acetone (two times, 10 minutes each). Samples were infiltrated in graded mixture (3:1, 1:1, 1:3, v/v) of acetone and SPI-PON812 resin
(SPI-PON812: DDSA: NMA , 49: 16.5: 34.5, v/v/v), then changed pure resin. Finally, tissues were embedded in pure resin with 1.5%
BDMA and polymerized for 12h at 45°C, 48 h at 60°C. The ultrathin sections (70nm thick) were sectioned with microtome (Leica, EM
UCS6), picked upon 100-mesh formvar/carbon-coated copper grids, double-stained by uranyl acetate and lead citrate, and examined
by a transmission electron microscope (FEI Tecnai Spirit120kV) with the EMSIS CCD camera (VELETA).

Embryonic BBB permeability assay

First, for the injection of cadaverine-555 (Invitrogen, a30677) assay, we referred to published research.'*°’ For E15.5 fetal mice, we
performed laparotomy on E15.5 pregnant H2afz"" female mice (mated with H2afz "*(Tek-C"®) male mice) after anesthesia, and opened
the uterus of the female mice to expose the fetal mice. Next, we retained the umbilical cord to supply blood to the fetal mice, and then
used a microsyringe to inject 10ul cadaverine-555 (1mg/ml, dissolved in PBS) into the fetal liver of the mice. After 3 minutes of blood
circulation, we collected the brains of the fetal mice.

Second, for the injection of EZ-link Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific, A39257) assay, the method was referenced
from previous study.' For E15.5 fetal mice, we performed laparotomy on E15.5 pregnant H2afz"" female mice (mated with H2afz
fil+(Tek-Cre) male mice) after anesthesia, and opened the uterus of the female mice to expose the fetal mice. 25ul EZ-link Sulfo-
NHS-LC-Biotin (4 mg/ml, dissolved in PBS) was injected into the fetal liver of the mice. After 10 minutes of blood circulation, the brains
of fetal mice were collected and utilized for subsequent experiments.

Postnatal BBB permeability assay
P2 mice were injected 25ul cadaverine-555 (1 mg/ml, dissolved in PBS) into the abdominal cavity, and after 2 hours of blood circu-
lation, the brains were collected for further experiments.®”

P7 mice were administered 25l EZ-Link Sulfo-NHS-LC-Biotin (4 mg/ml, dissolved in PBS) via injection of left ventricle with a micro-
syringe. After 8 minutes of circulation, brains were collected for subsequent experiments.’*

Glutamine metabolism and homeostasis assay
40ul Glutamine-Cy3 (RuixiBio, R-R-0213, 2 mg/ml, dissolved in PBS) was injected into the abdominal cavity of P2 mice, after 2 hours
of circulation, the brains were collected for further experiments.

Immunoprecipitation

For immunoprecipitation, the co-transfected bEnd.3 cells were sonicated in RIPA buffer (Solarbio) containing 1x protease inhibitor
and centrifuged at 12,000 rpm for 15 minutes. Protein lysates from co-transfected cells were incubated with anti-Flag-tag or anti-HA-
tag magnetic beads overnight at 4 °C. Then, the magnetic beads were washed 6 times with pre-cooled washing buffer and boiled for
2 minutes with 1x loading buffer. The supernatant was used for next experimental analysis.

Western blotting

For western blotting of immunoprecipitation, the supernatant was separated with SDS/PAGE gel. And for western blotting of E15.5
cerebrovascular vessels in H2afz"" and H2afz°K°(™¥ mice, ECs digested and FACS-purified as described in the previous section
were sonicated in RIPA buffer (Solarbio) containing protease inhibitor and centrifuged at 12,000 rpm for 15 minutes. The lysates
were separated on SDS/PAGE gels. Proteins in gel were transferred onto nitrocellulose (NC) or polyvinylidene fluoride (PVDF) mem-
brane. The membrane was blocked with PBST (0.05% Tween20 in 1 x PBS) containing 5% milk for 1 h at room temperature and incu-
bated with primary antibodies overnight at 4 °C. On the next day, the membrane was washed three times with PBST, each time for
10 minutes and incubated with fluorescent conjugated secondary antibodies at room temperature for 1 h. The fluorescence intensity
of protein was scanned with an Odyssey fluorescent scanner.

Chromatin immunoprecipitation (ChIP)

The protocols were performed as previously described.’® Briefly, the bEnd.3 cells were co-infected with lentivirus for 12 h and re-
placed with fresh culture medium. Three days later, the cells were crosslinked with 1% formaldehyde at room temperature for 10 mi-
nutes, and the reaction was stopped with 2.5M glycine. Then the cells were washed twice with cold PBS and homogenized in buffer
1 (50 mM pH 7.5 HEPES-KOH, 10% glycerol, 0.25% Triton, 0.5% NP-40, 140 mM NaCl, 1 mM EDTA, and 1 x protease inhibitors) on a
shaking table at 4°C for 10 minutes. The samples were centrifugated at 4000 rpm at 4°C for 5 minutes before discarding the super-
natant and resuspended in buffer 2 (10 mM pH 8.0 Tris-HCI, 200 mM NaCl, 0.5 mM EGTA, 1 mM EDTA, and 1 x protease inhibitors) on
a shaking table at 4°C for 10 minutes. Next, the samples were centrifugated at 4000 rpm at 4°C for 5 minutes before discarding the
supernatant and sonicated in lysis buffer 3 (50 mM pH 8.1 Tris-HCI, 1% SDS, 10 mM EDTA, and 1 x protease inhibitors) using a son-
icator (Scientz-1ID, 15% power, ultrasonic treatment for 10 seconds, pause for 10 seconds) for 20 minutes. Then, the samples were
centrifuged at 12000 rpm for 10 minutes and the supernatant was incubated with 50 pul Protein A/G magnetic beads (Invitrogen) with
2 ug pre-coupled antibodies at 4°C for 12 h. The magnetic beads were washed three times with low-salt buffer (pH 8.1Tris-HCI, 0.1%
SDS, 1% Triton X-100, 150 mM NaCl, and 2 mM EDTA) and three times with high-salt buffer (pH 8.1 Tris-HCI, 0.1% SDS, 1% Triton

e7  Cell Stem Cell 33, 1-19.e1-e10, May 7, 2026



Please cite this article in press as: Li et al., Decoding the spatiotemporal development of the blood-brain barrier in human cortex, Cell Stem Cell (2026),
https://doi.org/10.1016/j.stem.2026.02.010

Cell Stem Cell ¢? Cell’ress

X-100, 500 mM NaCl, and 2 mM EDTA). Finally, chromatin complexes were eluted from the magnetic beads with TES buffer (50 mM
pH 8.0 Tris-HCI, 1% SDS, and 10 mM EDTA) at 65°C for 12 h. The DNA was purified using a TIANamp Genomic DNA Kit (Tiangen) and
performed real-time PCR with a 7500 real-time PCR system (Applied Biosystems). The primers that were used for ChIP-gPCR were
listed in Table S7

QUANTIFICATION AND STATISTICAL ANALYSIS

scRNA data processing

The raw reads files were processed using Cell Ranger (v5.0.1) by aligning reads to hg38 genome (GRCh38-2020-A) or mm-10
genome (mm-10-2020-A) to obtain gene counts matrix. For quality control, cells 1) with a high ratio of mitochondrial genes (more
than 20%); 2) less than 500 or over 7,000 detected genes; 3) less than 1,000 or over 30,000 detected counts were filtered in Seurat
(v4.3.0)." DoubletFinder (v2.0.3)? was used to remove potential doublets with default parameters for each sample. After filtering the
outliers, 82,887 cells were obtained for human samples and 48,636 cells for mouse samples. The further downstream analyses were
performed in Seurat. The NormalizeData function was used to normalize the count data with “LogNormalize” method. The top 2,000
variable genes were used to perform principal component analysis. RunHarmony function from Harmony (v0.1.0)* was used to cor-
rect batch-effect from different samples. Dimensional reduction was performed using the RunUMAP function with the first 30 dimen-
sions. Clusters of cells were identified by FindClusters function and marker genes of each cluster were found by FindAlIMarkers func-
tion with default parameters. Cell types were manually annotated using known cell-type-specific marker genes. The endothelial cells,
mural cells, neural progenitor cells and neuron cells were re-clustered and specific cell types were also identified based on classic
marker genes. CellCycleScoring function was used to calculate cell cycle score for each cell and G2/M score was shown for
each cell.

Spatial stereo-seq data pre-processing

The pre-process of raw reads files from Stereo-seq was followed by the previous publication.'® We also used bin50 for further anal-
ysis. The lasso tool from StereoMap (v2.1.0) (https://www.stomics.tech/products/BioinfoTools/OfflineSoftware/list.html) was used to
get the coordinates of cerebral cortex and lasso tool from SAW (v.6.1)"" was used to obtain the genes expression matrix. Then the
genes expression matrix was converted to a Seurat object for the downstream analyses. And we used NormalizeData function to
normalize the raw matrix with normalization.method = "LogNormalize" and scale.factor = 10,000.

Mapping cell types from scRNA-seq onto scStereo-seq

To identify the cell types of spatial transcriptomic data, we applied Tangram'? to align our single-cell clusters to spatial data.
computing a probabilistic spatial profile for each cell type. Specifically, we selected cell type marker genes (Table S3) that had a spe-
cific expression pattern in both scRNA-seq data and scStereo-seq data as the training genes. Before mapping, single-cell data was
randomly extracted based on cell type proportions to reduce the impact of excessive cell proportions on the results. And then we
used map_cells_to_space function with mode = “clusters” to project single cell data to space and project_cell_annotations function
to project cell annotations to spatial data. Ggplot2'® package was used to visualize the spatial data.

MERFISH data preprocessing and mapping cell types from scRNA-seq onto MERFISH
Cell segmentation of MERFISH data was performed using Cellpose (v2.2.3)%” from Vizgen Post-processing Tool (https://github.com/
Vizgen/vizgen-postprocessing). Firstly, we used MERSCOPE Vizualizer to select regions of the tissue to extract images to manually
annotate. Secondly, Cellpose2 Ul was used to annotate cell boundaries for the selected image patches based on nuclear staining
(DAPI) and cytosolic staining (Poly T). Thirdly, we retrained the base model with the manual annotations and then re-segmented
the original images using the refined model.

For downstream analysis, we filtered cells with fewer than 5 genes and segmentation volume less than 20 um?® and removed the
outliers using the function from Voyager (v1.8.1)® package.

Next, we employed Tangram to map our single-cell data to MERFISH data at cluster level, enabling the identification of cell types,
consistent with the approach used for the scStereo-seq data. The visualization of MERFISH data was performed using the relevant
functions from Voyager package.

Correlation Analysis

For the correlation analysis between biological replicate samples for different datasets, we first identified variable features using the
FindVariableFeatures function from Seurat. We then calculated the average expression of these genes in each sample using the
AverageExpression function. The Pearson correlation coefficients between samples were also computed using cor function and
visualized the results with Pheatmap.

Blood-brain barrier markers were used to analyze the correlation of endothelial cells between human and mouse. In brief, we used
AverageExpression from Seurat to calculate the averaged expression values of blood-brain barrier markers for each identity class.
And then used cor function from R® with default parameter to compute the correlation. Pheatmap (v1.0.12) (https://github.com/
raivokolde/pheatmap) package was used to visualize the result.
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Enrichment analysis
Metascape” was used to perform gene ontology enrichment analysis with input species set to Homo sapiens and using standard
parameters.

Gene expression pattern analysis

The heatmap of the expression pattern of the genes of interest was created using the DoHeatmap function from Seurat, and the color
scheme was adjusted according to the scaled gene expression level. The VInPlot and Dotplot function from Seurat were used to
generate an expression violin or dot plot of relevant genes across groups.

Gene expression quantification methods for scRNA-seq data

The dataset from Walchli et al.” was normalized using the LogNormalize method implemented in the Seurat package. As described in
their methods: “we performed the standard Seurat clustering (version 4.0.0 in R 4.2.2) workflow, as described below; raw expression
values were normalized and log transformed (normalization.method = ‘LogNormalize’).” Similarly, the dataset from Kalucka et al.'®
was also normalized using the NormalizeData function in Seurat, as stated in their methods: “The data were normalized using the
NormalizeData function as implemented in the Seurat package.” In our study, both the human and mouse datasets were processed
and normalized using the same LogNormalize approach in Seurat.

Cluster ratio analysis
The bar chart of cluster ratio in different groups was created by dittoSeq (v1.6.0)° package. The ggplot2° package was used to
generate the line chart that illustrates how the cluster ratio varies over the course of various development stages.

Trajectory analysis

Pseudotime trajectory analysis of human endothelial cells was performed using Monocle2 (v2.14.0).° Specifically, gene counts matrix
and cell types from Seurat were used to create a new CellDataSet object by newCellDataSet function. The top 600 cluster markers
calculated by FindAllMarkers function from Seurat were used for ordering cells in pseduotime. "DDRTree" method was used to run
dimensionality reduction. The differentiation trajectory was inferred by orderCells function by using state one as the root state. Dif-
ferential expression analysis among the psudotime was run by differentialGeneTest function with the default parameters. The expres-
sion pattern of the DEGs was shown using plot_genes_branched_heatmap function.

Analysis of public scRNA-seq datasets

Single-cell dataset of endothelial cells from developing adult human brain with cluster information was download from published
data.”*° For mouse brain endothelial cells, gene expression matrix was downloaded from ArrayExpress (accession number: E-
MTAB-8077)'® and further processed as described above.

Correlation Analysis

For the correlation analysis between biological replicate samples for different datasets, we first identified variable features using the
FindVariableFeatures function from Seurat. We then calculated the average expression of these genes in each sample using the
AverageExpression function. The Pearson correlation coefficients between samples were also computed using cor function and
visualized the results with Pheatmap.

The correlation analysis between scStereo-seq and MERFISH datasets. To assess transcriptional similarity between the scStereo-
seq and MERFISH datasets at the global expression level, we performed a pseudobulk-based cross-platform correlation analysis.
For each dataset, raw UMI counts were aggregated across within each sample to generate pseudobulk expression profiles. Only
genes detected in both platforms were retained. To minimize differences in library size and gene detection sensitivity, pseudobulk
counts were normalized using counts-per-million (CPM) followed by log(1+CPM) transformation. The platform-specific batch effects
were corrected using ComBat function from sva (v3.54.0)°° package. The Pearson correlation coefficients were then computed using
cor function and visualized the results with corrplot (0.95) function.

Blood-brain barrier markers were used to analyze the correlation of endothelial cells between human and mouse. In brief, we used
AverageExpression from Seurat to calculate the averaged expression values of blood-brain barrier markers for each identity class.
And then used cor function from R® with default parameter to compute the correlation. Pheatmap (v1.0.12) (https://github.com/
raivokolde/pheatmap) package was used to visualize the result.

Cell-cell communication analysis

We used CellChat (v1.1.3)° to infer cell-cell communication networks across all big cell types and all subclusters. Firstly, identify
OverExpressedGenes and identifyOverExpressedinteractions function were used to identify over-expressed signaling genes and
over-expressed ligand-receptor interactions. For big cell types, computeCommunProb function with raw.use = TRUE, population.
size = TRUE, type="truncatedMean" and trim = 0.5 was used to calculate communication probability between all big cell types. For
subclusters, computeCommunProb function with raw.use = TRUE, population.size = TRUE, type="truncatedMean" and trim = 0.25
was used to infer ligand-receptor interactions between subclusters. Next, we filtered cell-cell communication with minimum 5 cells
in each cell group and compute the communication probability on signaling pathway level with default parameters. Finally, we visualized
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the communication probabilities of pathways and ligand-receptor pairs by using the netAnalysis_signalingRole_heatmap and modified
netVisual_chord_gene function from CellChat.

BBB scores

The expression of BBB related genes, including tight junction genes and transport genes (Table S5) were used to calculate module
scores for ECs of scRNA-seq data, scStereo-seq data and MERFISH data by AddModuleScore function from Seurat. The results of
scRNA-seq data were visualized using box plot, the results of scStereo-seq data were visualized using point plot (bin50), and the
results of MERFISH data were visualized using scatter plot of cells to display the score of ECs. We also calculated the score propor-
tions of different brain regions at each developmental stage using different thresholds.

Cell-cell communication in spatial transcriptomics data

COMMOT (v 0.0.3)*° was adopted to infer cell-cell communication for MERFISH data. Briefly, we used the ligand-receptor database
from CellChat and then performed spatial communication inference by using spatial_communication function with 500 pm spatial
distance. The signaling direction was computed by communication_direction function with default parameters. The cell-cell commu-
nication score of interacting cell types was calculated by summing the interaction scores of the corresponding cells.

Cross-species analysis of endothelial cells

In order to explore the similarity of endothelial cells between human and mouse, the mouse endothelial cells were randomly extracted
based on the sample to make the number of endothelial cells approximately equal to the number of human endothelial cells. Briefly,
FindIntegrationAnchors function was applied to find a set of anchors between human and mouse endothelial cells. And computed
anchorset was used to perform dataset integration using IntegrateData function with dims = 1:10. The first 5 dimensions after running
principal component analysis were used as input to run uniform manifold approximation and projection for visualizing data.

Comparison of pseudotime trajectories between human and mouse

We used CAPITAL (v1.1.2)°° to compare pseudotime trajectories with tree alignment between human and mouse. Firstly, mousipy
(v0.1.5) (hitps://github.com/stefanpeidli/mousipy) package was used to translate mouse gene symbols to human gene symbols.
Secondly, we calculated a trajectory tree for each species by setting early vein cells as the root node. And then the alignment of
the two trajectory trees was run by tree_alignment function with default parameters. The similarity of gene expression dynamics be-
tween human and mouse was computed by genes_similarity_score with min_disp = 0.5.

Confocal imaging and statistical analysis

All the images were obtained by Zeiss LSM880 and processed with Photoshop CC 2021 (Adobe). The fluorescence density was
calculated with Zeiss ZEN 2012 (blue version) and Imaris 9.0. Vascular indexes were analyzed using Imaris 9.0. Quantitative data
was analyzed by two-tailed unpaired t test and showed as the mean + s.e.m. n.s., not significant; *P < 0.05; **P < 0.01;
***P < 0.001. All statistical analyses were conducted using GraphPad Prism 9.0.
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