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A broad range of brain pathologies critically relies on the vasculature, and 
cerebrovascular disease is a leading cause of death worldwide. However, the cellular 
and molecular architecture of the human brain vasculature remains incompletely 
understood1. Here we performed single-cell RNA sequencing analysis of 606,380 
freshly isolated endothelial cells, perivascular cells and other tissue-derived cells 
from 117 samples, from 68 human fetuses and adult patients to construct a molecular 
atlas of the developing fetal, adult control and diseased human brain vasculature.  
We identify extensive molecular heterogeneity of the vasculature of healthy fetal and 
adult human brains and across five vascular-dependent central nervous system (CNS) 
pathologies, including brain tumours and brain vascular malformations. We identify 
alteration of arteriovenous differentiation and reactivated fetal as well as conserved 
dysregulated genes and pathways in the diseased vasculature. Pathological endothelial 
cells display a loss of CNS-specific properties and reveal an upregulation of MHC class 
II molecules, indicating atypical features of CNS endothelial cells. Cell–cell interaction 
analyses predict substantial endothelial-to-perivascular cell ligand–receptor cross-talk, 
including immune-related and angiogenic pathways, thereby revealing a central role 
for the endothelium within brain neurovascular unit signalling networks. Our single-cell 
brain atlas provides insights into the molecular architecture and heterogeneity of  
the developing, adult/control and diseased human brain vasculature and serves as a 
powerful reference for future studies.

The brain vasculature is important for both the proper functioning 
of the normal brain as well as for a variety of vascular-dependent CNS 
pathologies such as brain tumours, brain vascular malformations, 
stroke and neurodegenerative diseases1–9. A better understanding of 
the underlying cellular and molecular mechanisms and architecture of 
the vasculature during brain development, in the healthy adult brain, 
as well as in vascular-dependent brain diseases, has broad implica-
tions for both the biological understanding as well as the therapeutic 
targeting of the pathological brain vasculature10–15. Vascular growth and 
network formation, involving endothelial cells (ECs) and other cells of 
the neurovascular unit (NVU), are highly dynamic during brain develop-
ment, almost quiescent in the healthy adult brain and reactivated in a 
variety of angiogenesis-dependent brain pathologies, including brain 
tumours and brain vascular malformations3,7,16–21, thereby activating 

ECs and perivascular cells (PVCs) of the NVU and other tissue-derived 
cells (hereafter collectively referred to as PVCs). However, it is unclear 
which molecular signalling cascades are reactivated and how they 
regulate brain tumour and brain vascular malformation vasculariza-
tion and growth.

The CNS vasculature has unique features such as the blood–brain bar-
rier (BBB) and the NVU22–24. During development, various CNS-specific 
and general signalling pathways drive CNS angiogenesis3,7,23,25–27. The 
brain vasculature also displays an arteriovenous (AV) endothelial hierar-
chy similar to peripheral vascular beds28–30. Developmentally regulated 
signalling axes in ECs are thought to contribute to the establishment of 
CNS-specific properties as well as AV specification of the endothelium 
in the healthy adult brain and to their alteration in disease13,14. Over 
the past years, single-cell transcriptome atlases of human peripheral 
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organs31–33, the human brain vasculature34–37, and the mouse brain and 
peripheral vasculature28,38 were established. Nevertheless, a landscape 
of the human brain vasculature at the single-cell level across fetal devel-
opment, adulthood and various vascular-dependent diseases with a 
focus on the brain vascular endothelium is lacking. Here we created 
a comprehensive molecular atlas of the human brain vasculature 
using single-cell RNA sequencing (scRNA-seq) analysis in the devel-
oping, adult/control and diseased human brain (Fig. 1a, Extended Data 
Fig. 1 and Supplementary Methods). We identified extensive hetero-
geneity among ECs as well as common hallmarks across a spectrum of 

multiple brain pathologies, including commonly regulated angiogenic 
signalling pathways that significantly overlap with the fetal signalling 
axes, altered AV specification and CNS specificity, upregulation of MHC 
class II signalling and strong EC–EC/EC–PVC communication networks.

Constructing a sc-atlas of the human brain vasculature
We constructed a human brain vasculature single-cell atlas (sc-atlas) 
using samples from fetal as well as adult control (undiseased atlas) 
and diseased brains, including adult brain vascular malformations and 
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Fig. 1 | Construction of a molecular sc-atlas of the human brain vasculature 
and reactivation of fetal programmes in pathological brain vascular ECs.  
a, Schematic of the experimental workflow including scRNA-seq, computational 
analysis summary and validation experiments. b, Expression heat map of the 
top ranking marker genes in the indicated tissues. For the colour scale, red 
shows high expression, white shows intermediate expression and blue shows 
low expression. c–f, Dotplot heatmap of the fetal versus adult/control brain 
endothelium (c); pathological (path.) versus adult/control brain endothelium 
(d); brain vascular malformations (brain vasc. mal.) versus adult/control brain 
endothelium (e); and brain tumours versus adult/control brain endothelium  
(f) signatures based on differential gene expression analyses. g–n, IF imaging 

of tissue sections from the indicated entities, stained for PLVAP (red; g–j), ESM1 
(red; k–n) and CD31 (green). Nuclei are stained with DAPI (blue). The arrowheads 
indicate expression of PLVAP or ESM1 in blood-vessel ECs in the different tissues, 
and the arrows indicate the absence of expression in blood-vessel ECs in the 
different tissues. For g–n, scale bars, 50 μm. o, The overlap between the 2,313 
significant pathways enriched in fetal brain ECs as compared to adult/control 
brain ECs and the 1,409 significant gene sets enriched in pathological brain  
ECs as compared to adult/control brain ECs. ECM, extracellular matrix; NVL, 
neurovascular link; periph., periphery; RPCA, reciprocal principal component 
analysis; UMAP, uniform manifold approximation and projection.
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brain tumours (diseased atlas). We acquired freshly isolated cells (both 
fluorescence-activated cell sorting (FACS)-sorted ECs and unsorted 
ECs and PVCs; Supplementary Tables 1–4) from 8 individual fetuses39–41 
and from 61 adult brain samples (from 61 individual patients), cover-
ing adult temporal lobe (TL) controls and adult vascular-dependent 
pathologies, including brain vascular malformations, namely, brain 
AV malformation (AVM)36,42, and brain tumours, notably, lower-grade 
glioma (LGG)22,43, glioblastoma (GBM)22,44,45, lung cancer brain metasta-
sis (MET)22,46 and meningioma (MEN)47 (Fig. 1a, Extended Data Fig. 1a,b 
and Supplementary Tables 1–4). Brain tissue samples were dissociated 
into single-cell suspensions, which were either FACS-sorted for ECs 
(CD31+CD45−) or processed as unsorted samples to examine all cells 
of the NVU (Fig. 1a). Single-cell transcriptomes were collected using 
the 10x Genomics Chromium system48 and analysed. CD31+CD45− ECs 
showed consistent expression of classical endothelial markers, such 
as CD31, VWF and CLDN5, while not expressing PVC markers (Supple-
mentary Fig. 1a–o), thereby confirming the purity of EC isolations. 
In summary, 606,380 single cells, including 304,016 sorted ECs and 
302,364 unsorted ECs and PVCs, passed the quality-control criteria 
(Fig. 1a and Supplementary Tables 3–5). The number of sorted ECs 
analysed here substantially exceeds the number of ECs analysed using 
scRNA-seq36,37 or single-nucleus RNA-seq34,35 in previous studies, and we 
directly compared single-cell transcriptomics of sorted ECs from the 
vasculature of the fetal and adult brain and of various brain pathologies. 
Notably, we report higher numbers of sorted ECs and of unsorted ECs 
and PVCs in the different brain entities compared with previous stud-
ies34–37,49, enabling us to assess EC heterogeneity across development, 
adulthood and disease at a high resolution.

To address the role of the endothelium within the brain NVU across 
different entities, fetal, adult/control and pathological unsorted EC and 
PVC transcriptomes from 31 patients were analysed (Fig. 1a and Sup-
plementary Fig. 2a–f). We identified 18 major brain cell types, including 
all known vascular, perivascular and other tissue-derived cell types in 
the human brain. The detected cell type distributions within the NVU 
differed between the fetal, adult control and pathological brain samples 
(Supplementary Figs. 2e–g and 3a–n and Supplementary Tables 10–16). 
Key signatures and differentially expressed genes (DEGs) were validated 
using bulk RNA-seq, RNAscope, spatial transcriptomics, immunofluo-
rescence (IF) and imaging mass cytometry (IMC) (Fig. 1a).

We next compared ECs in the sorted samples across entities and 
found that ECs from different entities exhibited prominent tran-
scriptomic heterogeneity (Extended Data Fig. 1c,f) as well as distinct 
gene expression signatures (Fig. 1b–f, Extended Data Fig. 1d,e,g,h and 
Supplementary Fig. 5). We defined major EC signatures, including a 
human fetal CNS (and peripheral) signature characterizing CNS and 
periphery-specific markers of the fetal vasculature (Extended Data 
Fig. 1g and Supplementary Table 6), a human fetal/developmental CNS/
brain signature revealing properties of the developing and mature 
human brain vasculature, and a pathological signature of the diseased 
brain vasculature including a brain vascular malformation and a brain 
tumour signature (Fig. 1d–f, Supplementary Fig. 5a–c and Supplemen-
tary Table 25). The fetal and pathological brain EC signatures revealed 
differential expression of the well-known angiogenic markers PLVAP 
and ESM136,38,50–56, which we confirmed in the fetal and diseased brain 
entities using IF analysis36,38,52–56 (Fig. 1g–n and Extended Data Fig. 2).

Although all of the entities revealed distinct EC markers, some EC 
markers were conserved across two or more entities (such as ADIRF, 
EGR1, PLPP1 and ANGPT2) (Fig. 1b, Extended Data Fig. 1e,h and Sup-
plementary Tables 8 and 9).

Reactivation of fetal programmes in pathological  
brain ECs
We further assessed the differences in ECs across developmental stages 
and in pathological conditions (Supplementary Tables 7 and 25). DEGs 

between the fetal and adult/control stage and between the adult/control 
and pathological brain showed developmental and pathology-specific 
gene and pathway enrichments (Supplementary Fig. 5d–f), providing 
insights into functional specialization of the human brain vascula-
ture across development, homeostasis and disease (Supplementary 
Fig. 5). Using various approaches, including statistical regression, we 
found no evidence that age and sex57–59 are confounders of our findings 
(Supplementary Tables 13 and 14). The top differentially regulated 
pathways in both fetal versus adult/control as well as in pathologi-
cal versus adult/control brain EC signatures belonged to five main 
groups, including development and neurovascular link3, cell–cell/
extracellular-matrix-related processes, immune-related processes, 
angiogenesis and metabolism (Supplementary Fig. 5d–f). Notably, 
of the 1,409 differentially regulated pathways in pathology versus 
adult/control brain ECs, more than half (997) also showed differential 
regulation in fetal versus adult/control brain ECs (Fig. 1o and Supple-
mentary Fig. 5f), highlighting the importance of developmental path-
ways in vascular-dependent brain pathologies. Bulk RNA-seq analysis 
confirmed the scRNA-seq findings, including the dysregulated path-
ways across pathologies (Supplementary Fig. 6 and Supplementary 
Table 26). Together, these data indicate that signalling axes driving 
vascular growth during fetal brain development are silenced in the 
adult control brain and reactivated in the vasculature of brain tumours 
and brain vascular malformations and that common dysregulated 
pathways are observed in the pathological brain vascular endothelium 
across diseases.

Inter-tissue heterogeneity and AV zonation of brain ECs
To further address EC heterogeneity across different brain entities at 
the single-cell level, we pooled, integrated and batch-corrected (using 
RPCA)60–63, clustered and visualized all fetal (21,512), adult/control 
(76,125) and pathological (145,884) sorted brain EC transcriptomes 
from 43 patients (Fig. 2a and Supplementary Figs. 7a–e and 9). Brain 
vascular ECs are organized along the human brain AV axis, referred to 
as AV zonation28,64–69. Endothelial clusters were biologically annotated 
using DEGs across entities, and we identified 44 EC subclusters (Fig. 2e, 
Supplementary Fig. 7 and Supplementary Table 18) that were arranged 
according to AV zonation, which we grouped into 14 major EC clusters 
for further downstream analysis (Fig. 2a and Supplementary Fig. 7a,h).

We characterized AV zonation markers28,70 with arterial (subclustered 
into large artery, artery, arteriole) and venous (subclustered into large 
vein, vein, venule) clusters located at the opposite ends of the uniform 
manifold approximation and projection (UMAP), separated by major 
capillary clusters (subdivided into capillary and angiogenic capillary) in 
the fetal, adult and pathological brains (Fig. 2a,e, Supplementary Figs. 7 
and 10 and Supplementary Tables 18 and 19), providing unprecedented 
transcriptional resolution by AV zonation34–36.

While we confirmed differential expression of known marker genes 
of AV specification28,38, we also identified AV-zonation markers that 
have not to our knowledge been identified previously in the human 
brain: LTBP4 (large arteries); ADAMTS1 (arteries); VSIR, AIF1L, CD320 
and others (arterioles); SLC38A5, BSG, SLC16A1 and SLCO1A2 (capil-
laries); JAM2, PRCP, PRSS23 and RAMP3 (venules); PTGDS, POSTN and 
DNASE1L3 (veins); CCL2 (large veins); and PLVAP, ESM1 and CA2 (angio-
genic capillaries) (Fig. 2e, Supplementary Fig. 7i and Supplementary 
Tables 18 and 19). PLVAP and ESM1 were among the top markers of the 
angiogenic capillary cluster and we confirmed PLVAP and ESM1 expres-
sion in diseased brain entities and in the fetal brain, indicating its role 
in developmental and pathological vascular growth50,51. Indeed, PLVAP 
and ESM1 exhibited RNA and protein expression in human fetal brain 
and human brain vascular malformation/tumour ECs on the basis of 
RNAscope and IF analysis (Extended Data Fig. 2).

We also assigned EC clusters outside AV zonation, notably (proliferat-
ing) stem-to-endothelial cell transdifferentiating (stem-to-EC) clusters 
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Fig. 2 | Inter-tissue heterogeneity and AV zonation of brain vascular ECs.  
a, UMAP plot of the 243,521 integrated/batch corrected fetal, adult/control and 
pathological brain ECs across 5 (fetal), 9 (adult/control) and 29 (pathological) 
individuals (Supplementary Table 3), colour coded by EC AV specification, and 
UMAP plots split by tissue of origin: fetal brain (5 individuals), adult/control 
brain (9 individuals) and brain pathologies (29 individuals). b–d, The relative 
abundance of EC subtypes (AV specification cluster) from the indicated tissue 
of origin. b–d are coloured according to the colour code in a (Supplementary 
Table 10). The number of individuals analysed was as follows: n = 43 (all entities), 
n = 5 (fetal brain), n = 9 (adult/control brain (TL)), n = 29 (all pathological brains), 
n = 5 (brain vascular malformations), n = 24 (brain tumours), n = 5 (AVM), n = 6 
(LGG), n = 8 (GBM), n = 5 (MET) and n = 5 (MEN). e, The top ranking marker gene 
expression levels in different EC subtypes. For the colour scale, red shows  
high expression, white shows intermediate expression and blue shows low 
expression. Angio., angiogenic; prolif., proliferating. f, The overlap between 

human and mouse AV specification markers (of large artery, artery, arteriole, 
capillary, venule and large vein) and endothelial (EC) markers (top). Bottom,  
the percentage of common, human-specific and mouse-specific cell/AV 
specification markers. Astro, astrocytes; micro/macro, microglia/macrophages; 
neuro, neurons; PC, pericytes. g, Scatter plot showing the differential incoming 
and outgoing interaction strength of pathways in angiogenic capillaries, 
identifying signalling changes in those cells in pathological as compared to the 
control conditions. h, The number of statistically significant ligand–receptor 
interactions between EC subtypes in fetal versus adult/control brains (left) and 
pathological (path.) versus adult/control brains (right). The circle plots show  
a differential analysis of the intercellular signalling interactions; red indicates 
upregulation and blue indicates downregulation. i,j,k, The overall signalling 
patterns of different EC subtypes in fetal (i), adult/control ( j) and pathological 
(k) brains. Grey bars indicate signalling strength.
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and (proliferating) endothelial-to-mesenchymal transition (EndoMT) 
clusters (Fig. 2e and Supplementary Fig. 7a,i), for which we identified 
specific molecular markers. We found proliferating ECs (such as TOP2A 
and MKI67) in the fetal (3.54%), adult (0.4%) and pathological brains 
(1.37%) (Fig. 2e, Supplementary Fig. 7i and Supplementary Table 19). 
We identified EndoMT clusters expressing both mesenchymal (such as 
APOE, ACTA2 and TAGLN) and endothelial markers71 (Fig. 2e, Supplemen-
tary Fig. 7i and Extended Data Fig. 2qi–bii,gii–jii′). Notably, we observed 
two subsets of EndoMT ECs (proliferating EndoMT and EndoMT) that 
were increased in certain pathologies (MEN > LGG > GBM). Prolifer-
ating EndoMT ECs expressed both EndoMT and proliferation mark-
ers (for example, ACTA2 and MKI67) (Fig. 2e, Supplementary Fig. 7i 
and Supplementary Tables 8 and 9). Using RNAscope, IF and IMC, 
we found ACTA2+CD31+CLDN5+ co-expressing but PDGFRβ− (sug-
gesting no pericyte identity) ECs across pathologies (Extended Data  
Fig. 2qi–bii,gii–jii′,kii–qii

5), indicating the presence of EndoMT ECs in 
the diseased vasculature. In GBMs and METs, we observed stem-to-EC 
clusters that expressed classical EC markers (such as CD31, CLDN5, 
CDH5 and VWF) to a lower level compared with other EC clusters, as well 
as some markers of (tumour) stem cells (Fig. 2e, Extended Data Fig. 3 
and Supplementary Fig. 7i), suggesting ECs undergoing stem-to-EC 
transdifferentiation. In GBMs, we identified a stem-to-EC cluster 
expressing the GBM stemness markers SOX2, PTPRZ1, POUR3F2 and 
OLIG172,73, and EC markers74,75 (Supplementary Fig. 7i and Extended Data 
Fig. 3a–i,ai–ni′). In METs, we noted a previously undescribed stem-to-EC 
population that co-expressed EC markers and stem cell markers of 
lung cancers (for example, SOX2, EPCAM, CD44 and SFTPB)76 (Extended 
Data Fig. 3n–v,gi–zi′ and Supplementary Fig. 7i). In GBMs and METs, 
we identified groups of stem-to-ECs that co-expressed stemness (for 
example, SOX2, PTPRZ1, EPCAM1 and SFTPB) and proliferation markers 
(for example, MKI67, BEX1, HMGB2 and UBE2C) (Fig. 2e and Extended 
Data Fig. 3). To validate the stem-to-EC clusters in GBM and MET, we 
used double immunostaining for EC and stemness markers. In GBM, 
we found SOX2+CD31+ and PTPRZ1+CD31+ co-expressing ECs, whereas, 
in MET, we observed EPCAM+CD31+ and SFTBP+CD31+ co-expressing 
ECs (Extended Data Fig. 3). The confirmation of tumour stemness 
marker enrichment in a subset of tumour ECs suggests the presence 
of stem-to-ECs in GBM and MET vasculature.

We next addressed the distributions of EC clusters between the 
fetal, adult/control and pathological brains. Capillaries accounted 
for around 60.5% of ECs, arterial ECs accounted for 18.2% and venous 
ECs accounted for 16.2%, in agreement with previous studies3,17. We 
further uncovered previously unrecognized EC heterogeneity across 
a wide range of human brain tissues (Fig. 2b–d, Supplementary Fig. 10 
and Supplementary Tables 10–16). Angiogenic capillary proportions 
were significantly higher in the fetal brain and in brain tumours 
(GBM > MET > MEN > LGG), illustrating their angiogenic capacity3,13,22,77, 
whereas brain vascular malformations (AVM) revealed significantly 
elevated proportions of venous clusters, indicating their venous char-
acter78,79 (Fig. 2c,d, Supplementary Fig. 10 and Supplementary Table 12). 
We next evaluated whether AV-zonation markers were conserved across 
species34–36,49,80 (Supplementary Fig. 4). Although the overall structure 
of AV zonation was conserved between human and mouse, the number 
of conserved AV-zonation genes in the different AV compartments was 
low. Accordingly, we found the highest proportion of human-specific 
AV-zonation markers in small > large-calibre and venous > arterial vessel 
ECs (Fig. 2f, Supplementary Fig. 4zxxix,zxxx and Supplementary Table 17), 
and we validated these human-specific markers referring to the Human 
Protein Atlas (HPA)35,81–83 (Supplementary Fig. 8).

In the brain NVU, mapping of our dataset to the freshly isolated mouse 
dataset70 revealed high transcriptomic similarity between species for 
ECs and PVCs84 (Supplementary Fig. 4zxvii–xvix). We further observed 
that neurons and astrocytes showed the greatest transcriptional diver-
gence (Fig. 2f and Supplementary Table 17), while ECs and oligodendro-
cytes displayed the highest percentage of human-specific markers, in 

agreement with previous studies34–36. These species-specific differences 
along AV-zonation suggest fundamental disparities in brain vascular 
properties, indicating the necessity to directly study sorted/enriched 
ECs and PVCs of the human brain vasculature at the single-cell level.

As EC clusters reside in close proximity to each other along the AV 
tree, we next inferred cell–cell communication pathways85,86. Differen-
tial analysis revealed increased cellular cross-talk among EC clusters 
in pathological and fetal ECs, highlighting a key role for angiogenic 
capillaries. Angiogenic capillaries displayed upregulation of several 
signalling pathways, including the five above-mentioned groups in 
both the diseased and fetal (versus adult/control) brain (Fig. 2g–k and 
Supplementary Fig. 11), highlighting this cluster as a major signalling 
mediator within brain EC networks.

Alteration of AV specification in pathological brain ECs
Failure of proper AV specification in brain vascular malformations and 
formation of tortuous arteries and veins in brain tumours has been 
reported77,87, but AV specification in brain pathologies and fetal (brain) 
development remains poorly understood. We ordered ECs along a 
one-dimensional transcriptional gradient using Monocle88 and TSCAN89 
to examine the AV axis in the different entities. Whereas arterial and 
venous markers peaked at opposite ends, capillary markers showed 
peaks in the mid-section throughout all entities (Fig. 3b,f,j, Extended 
Data Fig. 4b,f,j,n,r,v and Supplementary Fig. 13III), indicating that in 
silico pseudospace and pseudotime recapitulate in vivo anatomical 
topography of EC clusters in the human brain vasculature28,38. We 
observed AV zonation throughout the fetal, control and pathological 
brains, but observed a partial alteration of EC ordering along the AV 
axis in disease (Fig. 3b,c,f,g,j,k and Extended Data Fig. 4).

We defined an AV signature comprising genes revealing significant 
expression gradients of ECs along the AV axis (Fig. 3d,h,l and Extended 
Data Fig. 4d,h,l,p,t,x). The seamless zonation continuum was recapitu-
lated in all entities but again showed alteration in pathologies. While 
AV markers revealed a clear distinction between AV compartments in 
the fetal and adult/control brain, showing specific markers of large 
arteries (for example, VEGFC, FBLN5), arterioles (such as LGALS3, AIF1L), 
capillaries (for example, SLC35A5, MFSD2A), angiogenic capillaries 
(such as ESM1, ANGPT2), venules (for example,  JAM2 and PRCP) and 
large veins (such as SELE and SELP), some zonation markers showed a 
less-specific presence in pathologies (Figs. 2 and 3d,h,l and Extended 
Data Fig. 4d,h,l,p,t,x).

Whereas almost all fetal and pathological ECs were quite similar 
to temporal-lobe EC clusters60, small-calibre vessel ECs were more 
different compared with their healthy temporal lobe counterparts 
(Extended Data Fig. 4zv–zviii), probably pertaining to a higher vulner-
ability of small-calibre vessel ECs to alterations in the local tissue micro-
environment38.

To further address lineage relationships in AV specification, we 
referred to RNA velocity90,91 and diffusion map92, revealing vectors 
from multiple EC clusters towards the angiogenic capillary cluster in 
angiogenic entities (tumours > fetal brain > vascular malformations), 
whereas, in vascular malformations, we observed vectors from various 
EC clusters towards venous clusters (Fig. 3a,e,i, Extended Data Fig. 5 
and Supplementary Fig. 13). These results indicate that RNA velocity 
can suggest timeline relationships among human brain vascular ECs23,29.

We next addressed whether EC markers of AV clusters were conserved 
between vascular beds or expressed in a more tissue-specific manner38. 
While we identified multiple conserved markers for large arteries and 
large veins, capillaries were more tissue/entity specific, indicating a 
more pronounced transcriptional heterogeneity of the capillary bed 
across the different brain tissues38. Accordingly, capillaries showed 
more tissue-specific markers than large-calibre vessels (Fig. 3m–p), 
indicating a higher susceptibility of capillary ECs to the local tissue 
microenvironment.
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Alteration of CNS specificity in pathological brain ECs
We next examined CNS-specific properties distinguishing brain ECs 
from ECs outside the CNS3,5. Bulk RNA-seq analysis in mice revealed a 
BBB-enriched transcriptome93, but how the human brain EC CNS prop-
erties differ at the single-cell level and whether they are heterogeneous 
across developmental stages and in disease remains largely unclear. The 
development of the human fetal BBB (occurring between gestational 

week 8 and 18)39,40,94 is controversial41,95. We therefore studied human 
fetal BBB development at a high resolution. Referring to a human/
mouse BBB signature (Supplementary Table 20 and Extended Data 
Fig. 6a–j), we observed an increased BBB signature expression with 
increased gestational age (Extended Data Fig. 6b–j), in agreement 
with a previous study96. Along the AV compartments, the BBB signa-
ture revealed a higher expression in small- versus large-calibre vessels 
across developmental stages (Extended Data Fig. 6d), in agreement 
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Fig. 3 | Alteration of AV specification in pathological brain vascular ECs. 
a,e,i, UMAP plots of human brain ECs isolated from fetal brains (21,512 ECs  
from 5 individuals; a), adult/control brains (76,125 ECs from 9 individuals;  
e) and pathological brains (145,884 ECs from 29 individuals; i), coloured by AV 
specification. RNA velocity streamlines and partition-based graph abstraction 
(PAGA) vectors extended by velocity-inferred directionality are superimposed 
onto the UMAPs. b,f,j, UMAP plots of human brain ECs isolated from fetal 
brains (b), adult/control brains (f) and pathological brains ( j), coloured by 
pseudotime. The red line, which was drawn manually, indicates the major 
trajectory flow. c,g,k, Pseudotime order of ECs, colour coded according to  
AV specification from fetal brains (c), control adult/control brains (g) and 

pathological brains (k). d,h,l, Heat map of adult/control brain EC AV specification 
signature gene expression in human brain ECs isolated from fetal brains (d), 
adult/control brains (h) and pathological brains (l). A, arterial; C, capillary;  
V, venous. m,n,o, Common and tissue-specific markers in ECs from large 
arteries (m), capillaries (n) and large veins (o) in different tissue types (fetal 
brain, adult/control brain, brain vascular malformations and brain tumours). 
The red boxes highlight conserved markers between ECs from different tissues; 
the blue boxes highlight tissue-specific markers. Dots are coloured as defined 
in the legend. p, Three-dimensional principal component analysis visualization 
of pairwise Jaccard similarity coefficients between the indicated ECs from the 
different tissues.



Nature  |  www.nature.com  |  7

with previous findings97 and probably pertaining to the susceptibility 
of capillaries to the local microenvironment38.

Next, to address molecular differences of CNS and peripheral ECs at 
the single-cell level, we defined a human adult and fetal CNS signature 
(Fig. 4a–f, Supplementary Fig. 14l–q and Supplementary Table 20). 
These include known BBB (MFSD2A98 and CLDN5 99) and capillary 
markers (CA428,100 and SPOCK238), as well as novel genes enriched in 
the CNS vasculature such as SPOCK3, BSG and CD320 (Supplemen-
tary Fig. 14b,e and Supplementary Table 20). The adult and fetal CNS 
signatures showed elevated expression with increasing gestational 
age and in small- versus large-calibre vessels across developmental 
stages, reminiscent of the BBB signature expression pattern (Fig. 4g 
and Extended Data Fig. 6d).

CNS properties were observed in the fetal and adult brains, whereas 
alteration of the CNS signature and concomitant acquisition of the 
peripheral signature was seen in pathologies (Fig. 4a–f and Sup-
plementary Figs. 14 and 15). Comparing the CNS signature between 
pathological and adult/control brain ECs, we found downregulation of 
SLC2A1, which is dysregulated in neurodegenerative conditions69; the 
lipid transporter MFSD2A, which is expressed in brain ECs and restricts 
caveolae-mediated transcytosis at the BBB98,101,102; and the BBB marker 
CLDN5 (Fig. 4d–f and Supplementary Table 20), therefore suggest-
ing BBB alteration in pathologies22. The CNS signature was highest in 
the temporal lobe, followed by intra-axial primary brain tumours and 
fetal brain (LGG > fetal brain > GBM), brain vascular malformations, 
intra-axial secondary brain tumour MET and extra-axial brain tumour 
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grade glioma (l and r), metastasis (m and s) and meningioma (n and t). For i–t, 
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MEN, whereas the peripheral signature followed an inversed pattern 
(Fig. 4e,f and Supplementary Fig. 14p,q).

We next addressed CNS-specific properties along the AV axis. In 
the fetal and adult brain, the CNS signature was mainly expressed by 
small-calibre vessels, while the peripheral signature was predomi-
nantly present in large arteries and large veins. We observed a similar 
pattern in pathological brains with, however, a notable decrease in 
cells expressing the CNS signature (most pronounced for angiogenic 
capillaries > capillaries), paralleled by an increase in cells expressing 
the peripheral signature predominantly for angiogenic capillaries and 
large-calibre vessels (Fig. 4g and Supplementary Fig. 14h).

We next examined how the CNS, BBB and peripheral signatures 
changed along the AV axis in each pathological entity. The CNS and BBB 
signatures were downregulated in every pathology with a similar pat-
tern to that described above and reaching the highest baseline values 
of CNS specificity at the capillary and arteriole levels, with the capil-
laries being the cluster mostly affected by pathologies38 (Fig. 4g and 
Supplementary Fig. 14h), probably pertaining to the influence of the 
local microenvironment for small-calibre vessels. The peripheral signa-
ture was upregulated in disease, peaking for AVM > MEN > MET > GBM 
and lower expression for LGG, predominantly affecting large-calibre 
vessels and angiogenic capillaries (Fig. 4h and Supplementary Figs. 14 
and 15). These data indicate that CNS ECs acquire CNS-specific prop-
erties during fetal-to-adult transition and take on a peripheral EC  
signature in disease conditions.

The CNS and BBB signatures are tightly linked to a functional BBB 
in vivo103 and BBB dysfunction affects the CNS properties of ECs93. We 
therefore investigated the human and mouse BBB dysfunction modules, 
with the latter being upregulated in CNS ECs after various disease trig-
gers in the mouse brain, shifting CNS ECs into peripheral EC-like states93. 
We found that the human and mouse BBB dysfunction modules were 
upregulated in human brain tumours and brain vascular malformations 
as well as in the fetal brain (Supplementary Fig. 16a–n), probably due 
to pathways related to BBB dysfunction93. Both the human and mouse 
BBB dysfunction modules were highest in AVM > GBM > MET > MEN 
(Supplementary Fig. 16a–n). The BBB dysfunction modules expres-
sion along the AV axis revealed enrichment in large-calibre vessels and 
angiogenic capillaries, mimicking the peripheral signature expres-
sion, again indicating that pathological CNS ECs take on a peripheral 
endothelial gene expression93 (Supplementary Fig. 16h–n). Comparison 
to BBB dysfunction modules in human Alzheimer’s disease35, Hunting-
ton’s disease34 and AVMs36 revealed some overlap with the human and 
mouse BBB dysfunction modules93 (Supplementary Fig. 16o–s and 
Supplementary Table 21), indicating common and distinct features 
among brain diseases.

We confirmed decreased expression of the CNS-signature genes 
SPOCK3, BSG, CD320, PPP1R14A and SLC38A5 in all brain tumours and 
brain vascular malformations (Fig. 4h–x and Extended Data Figs. 6k–t′4, 
9 and 10) using IF and IMC, thereby highlighting the alteration of CNS 
properties in the diseased human cerebrovasculature.

Upregulation of MHC class II in pathological brain ECs
We identified EC populations expressing the MHC class II genes CD74, 
HLA-DRB5, HLA-DMA, HLA-DPA1 and HLA-DRA in pathological CNS tis-
sues. This antigen-presenting signature, indicating possible immune 
functions of human brain ECs, prompted us to investigate the heteroge-
neity of MHC class II transcripts between tissues at the single-cell level.

scRNA-seq identified endothelial MHC class II expression in periph-
eral human and mouse tissues31,100, but assessment of MHC class II 
expression in human brain vascular beds at the single-cell level is 
lacking. To assess MHC class II gene expression across brain develop-
ment and disease, we defined a human MHC class II signature includ-
ing MHC class II receptors (Fig. 5d and Supplementary Table 22). The 
MHC class II signature was upregulated in pathologies, and low in the 

fetal brain (Fig. 5a–f and Extended Data Fig. 9), in agreement with a 
previous study31. We found that the MHC class II signature was high-
est in AVM > MEN > MET, followed by LGG > GBM, the temporal lobe 
and the fetal brain, grossly following the peripheral signature expres-
sion gradient (Fig. 5f). We examined MHC class II signature expression 
patterns according to AV zonation. Whereas, in the fetal brain, only 
very few ECs (large arteries and arterioles) expressed the MHC class II 
signature, mainly large-calibre vessel (large arteries and large veins) 
ECs expressed a signature of genes involved in MHC class II-mediated 
antigen presentation in the adult brain (Fig. 5a–c,g).

The MHC class II signature was upregulated in all pathologies accord-
ing to the pattern described above38 (Fig. 5a–c,g–z). We observed a 
partial overlap of the MHC class II and peripheral signatures and of the 
BBB dysfunction module with a common predominance in large-calibre 
vessels, but a more widespread/stronger expression of the peripheral 
signature and BBB dysfunction module in angiogenic capillaries con-
sistent with previous findings69. These data suggest that pathological 
CNS ECs upregulate MHC class II receptors in brain tumours and brain 
vascular malformations.

We confirmed enrichment of MHC class II genes including CD74 and 
others in the pathological human cerebrovasculature using IF, IMC 
and RNAscope (Fig. 5h–w and Extended Data Figs 10, 11, 12r and 13).

Spatial transcriptomics confirmed spatial co-localization of MHC 
class II ligands and receptors on ECs in the temporal lobe and in GBM 
(Supplementary Fig. 18). MHC class II signalling seems to be mediated 
mainly by APP, COPA and MIF ligands and the CD74 receptor in AV clus-
ters (Supplementary Fig. 17), and APP–CD74, COPA–CD74 and MIF–CD74 
have been described as ligand–receptor pairs104,105.

A key role for ECs in the human brain NVU
Single-cell transcriptomics of unsorted ECs and PVCs offers the oppor-
tunity to address cellular cross-talk and the role of ECs within the NVU. 
To address cell–cell interactions across entities, we constructed ligand–
receptor interaction maps85,86. In the majority of entities, ECs were at 
the centre of the network displaying numerous interactions with other 
ECs and PVCs (Extended Data Fig. 12a–i and Supplementary Fig. 19), 
indicating a crucial role of ECs in NVU function and EC–PVC cross-talk. 
In fetal and adult/control brains, ECs showed most interactions with 
fibroblasts, pericytes and astrocytes (Extended Data Fig. 12a–f). In 
brain pathologies, ECs displayed increased interaction numbers as well 
as increased interactions with immune cells (Extended Data Fig. 12g–i 
and Supplementary Figs. 19 and 20). Intercellular signalling pathways 
were substantially increased in fetal and pathological ECs (and PVCs) 
(Extended Data Fig. 12j,k and Supplementary Fig. 20a–g). Cell–cell com-
munication analysis predicted upregulation of signalling pathways in 
the developing versus control brain as well as diseased versus control 
brain NVUs, including similar pathways as observed among EC clusters 
in EC–EC networks (Fig. 2i–k, Extended Data Fig. 12l–n and Supplemen-
tary Fig. 20k–n). Intercellular cross-talk analysis predicted a key role for 
the ECs within the fetal, adult/control and diseased brain NVU signalling 
networks (Extended Data Fig. 12l–n and Supplementary Fig. 20e–g).

During fetal brain development and in brain pathologies, we 
observed upregulation of ligands and receptors on ECs and PVCs as 
well as of the corresponding pathways, which partially overlapped with 
the ones in EC–EC cross-talk (Extended Data Fig. 12l–n), suggesting 
that these ligand–receptor interactions contribute to brain EC–PVC 
signalling.

On the basis of our observation of MHC class II signalling in EC–EC 
communication, we next addressed MHC class II signalling in EC–PVC 
intercellular cross-talk, which predicted elevated MHC class II signalling 
(predominantly in microglia and macrophages, ECs and tumour cells/
oligodendrocytes) in brain pathologies (Extended Data Fig. 12o,p,q and 
Supplementary Fig. 20h–j). Spatial transcriptomics confirmed spatial 
co-localization of MHC class II ligands and receptors on ECs and PVCs 
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(Supplementary Fig. 18) in the temporal lobe and in GBM, while IMC 
illustrated physical proximity between MHC class II-expressing ECs 
and microglia/macrophages across all entities (Extended Data Figs. 12r 
and 13). Notably, the APP–CD74, COPA–CD74 and MIF–CD74 ligand–
receptor pairs that were predicted to mediate MHC class II signalling 
in EC–EC interactions were also predicted ligand–receptor pairs in the 
developing, adult and diseased NVU (Supplementary Fig. 20h–j), with 
ECs notably strongly expressing CD74 (Supplementary Fig. 19e,j,o,t,y). 
These data suggest involvement of MHC class II in EC–immune cell 
interactions and indicate that the APP–CD74, COPA–CD74 and MIF–CD74 
ligand–receptor pairs contribute to NVU signalling.

Discussion
Here we generated a large-scale single-cell molecular atlas of the devel-
oping fetal, adult/control and diseased human brain vasculature at a 
very high resolution, using scRNA-seq, composed of 606,308 freshly 
isolated endothelial, perivascular and other tissue-derived cells cover-
ing a substantial diversity of human brain tissue.

We have provided molecular definitions of human brain cell types and 
their differences by brain developmental stage and pathology, thereby 
unravelling organizational principles of ECs and PVCs composing the 
human brain vasculature. Our experimental methodology relies on 
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transcriptional profiles of human cerebrovascular cells generated 
from fresh human neurosurgical resections and fresh fetal abortions, 
reducing the likelihood of transcriptional alterations associated with 
post-mortem tissue acquisition (Supplementary Discussion).

Our human vascular brain atlas provides a basis for understanding 
the organizing principles and single-cell heterogeneity of universal, 
specialized and activated endothelial and PVCs with broad implica-
tions for physiology and medicine, and serves as a powerful publicly 
available reference for the field.
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Data availability
All data are now accessible under Gene Expression Omnibus acces-
sion number GSE256493. An interactive website is available at https://
waelchli-lab-human-brain-vasculature-atlas.ethz.ch, https://brain-vasc.
cells.ucsc.edu and https://cellxgene.cziscience.com/collections/ 
c95ca269-68a7-47c5-82db-da227f31b598 on which the data can visual-
ized and downloaded.

Code availability
Most of our analyses are standard workflows and we have now deposited 
the source code at GitHub (https://github.com/Waelchli-lab/Single-
cell-atlas-of-the-human-brain-vasculature-accross-development- 
adulthood-and-disease) to improve reproducibility our results. The 
generated Seurat objects of FACS-sorted (CD31+CD45−) ECs for the 
individual entities can be downloaded from https://doi.org/10.5281/
zenodo.10058183, and for the overall merges from https://doi.org/ 
10.5281/zenodo.10057779. The generated Seurat objects of unsorted 
ECs and PVCs for individual entities can be downloaded from https://
doi.org/10.5281/zenodo.10058371, and for the overall merges from 
https://doi.org/10.5281/zenodo.10058563. The generated Monocle 
3 CDS pseudotime objects of FACS-sorted (CD31+CD45−) ECs can be 
downloaded from https://doi.org/10.5281/zenodo.10058766. The 
generated diffusion map objects of FACS-sorted (CD31+CD45−) ECs 
can be downloaded from https://doi.org/10.5281/zenodo.10060876. 
The generated RNA velocity objects of FACS-sorted (CD31+CD45−) ECs 
of individual pathological entities can be downloaded from https://
doi.org/10.5281/zenodo.10065659; the fetal and adult/control brains 
from https://doi.org/10.5281/zenodo.10066390; the overall merge of 
brain tumours from https://doi.org/10.5281/zenodo.10066538; and the 
overall merge of pathological entities from https://doi.org/10.5281/
zenodo.10066703.

Acknowledgements We thank N. Krayenbühl, M. Germans, O. Bozinov, P. Bijlenga, P.-Y. Dietrich 
and V. Dutoit for help with the human adult tissue asservation; the donors and the staff at the 
RCWIH Biobank, the Lunenfeld-Tanenbaum Research Institute, the Mount Sinai Hospital/UHN 

Department of Obstetrics and Gynaecology, and Maximilian Niit for help with the human fetal 
specimen asservation, preparation and IHC staining (https://biobank.lunenfeld.ca); E. Speck 
and the members of the Flow Cytometry Facility, Krembil Discovery Tower, University Health 
Network for help with the FACS sorting; G. Basi, J. Cirlan, C. Dumrese and M. Kisielow for help 
with the scRNA-seq experiments; A. M. Sababi and M. M. Saad for help with the computational 
analysis; J. L. Gorman for help with the IMC experiments; the members of the University Health 
Network, Laboratory Medicine-Pathology Research Program and Melanie Peralta for help with 
adult specimen preparation and IHC staining; N. C. Ji for help with the illustrations; A. Thomson 
for help with English proofreading; A. Keller, F. Kern, T. Nowakowski, E. Winkler, M. Kellis,  
N. Sun, A. Regev, G. Eraslan, F. J. Theis, J. Shin, M. Prinz, R. Sankowski, R. Adams, S. Teichmann,  
L. Yang, A. Maria Cujba and N. Huang for their scientific inputs and advice regarding 
computational integration methods, the covariates age and sex, and overall discussion of  
our manuscript and figures. We acknowledge the following financial support for the research, 
and/or publication of this Article: T.W. was supported by the OPO Foundation, the Swiss 
Cancer Research foundation (KFS-3880-02-2016-R, KFS-4758-02-2019-R), the Stiftung zur 
Krebsbekämpfung, the Kurt und Senta Herrmann Foundation, Forschungskredit of the 
University of Zurich, the Zurich Cancer League, the Theodor und Ida Herzog Egli Foundation, 
the Novartis Foundation for Medical-Biological Research and the HOPE Foundation; I.R. by the 
Canadian Institutes of Health Research (funding reference number 155922) and the Irwin & 
Mariel Michael and Family through the University Health Network Foundation; I.R. and T.W. by 
the Gill Family Charitable Trust through the University Health Network Foundation; P.P.M. by 
the Canadian Institutes of Health Research; G.D.B. by NRNB (US National Institute of Health, 
National Center for Research Resources grant number P41GM103504). IMC work was 
supported by an NSERC Discovery grant (RGPIN-2021-03404) and an Early Career Investigator 
Award from Ontario Institute for Cancer Research (IA-1-020) and the Canada Research Chairs 
program to H.W.J. This publication is part of the Human Cell Atlas, www.humancellatlas.org/
publications.

Author contributions T.W. had the idea for the study. T.W. and I.R. conceived the study. T.W. 
designed the experiments, wrote the manuscript, analysed the data, designed the figures and 
made the figures with M.G. with the help of M.S.; I.R., T.W., L.R., K.S., M.B., P.K., G.Z. and T.V. 
acquired the tissue. M.G., M.S., S.S. and S.V. performed the cell isolation experiments. T.W. and 
K.F. developed the initial isolation experiments. M.G. (majority of the analysis), M.S., H.Z., D.R.G. 
and H.R. performed the single-cell data processing and analysed the data with T.W.; T.W. and 
G.D.B. supervised the data analysis and interpreted data. R.S. and T.K. helped with single-cell 
data processing. M.G., M.S. and G.D.B. developed the computational methods with the help of 
T.W.; S.T., S.S., R.W. and K.Y. performed the IF stainings and RNA scope experiments, and S.T., 
R.W., K.Y., M.G., M.S., J.E.F. and T.W. analysed and interpreted the data. M.S., R.W., J.E.F. and T.W. 
selected the final IF images. A.D. E.L.Y.C. and H.W.J. performed the IMC staining, and A.D., M.S., 
H.W.J. and T.W. analysed and interpreted the data. M.S., H.W.J. and T.W. selected the final IMC 
images. T.W., I.R., G.D.B. and P.P.M. acquired funding. T.W., P.P.M., I.R. and G.D.B. edited the final 
version of the manuscript. M.G., M.S. and J.B. helped edit the manuscript. P.P.M., K.D.B., J.E.F., 
M.L.S., P.B.D., P.C., V.T., G.Z., T.V., I.R. and G.D.B. provided critical inputs to the manuscript. T.W. 
supervised all of the research. All of the authors read and approved the final manuscript.

Competing interests The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at 
https://doi.org/10.1038/s41586-024-07493-y.
Correspondence and requests for materials should be addressed to Thomas Wälchli.
Peer review information Nature thanks Konstantin Khodosevich and the other, anonymous, 
reviewer(s) for their contribution to the peer review of this work. Peer reviewer reports are 
available.
Reprints and permissions information is available at http://www.nature.com/reprints.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE256493
https://waelchli-lab-human-brain-vasculature-atlas.ethz.ch
https://waelchli-lab-human-brain-vasculature-atlas.ethz.ch
https://brain-vasc.cells.ucsc.edu
https://brain-vasc.cells.ucsc.edu
https://cellxgene.cziscience.com/collections/c95ca269-68a7-47c5-82db-da227f31b598
https://cellxgene.cziscience.com/collections/c95ca269-68a7-47c5-82db-da227f31b598
https://github.com/Waelchli-lab/Single-cell-atlas-of-the-human-brain-vasculature-accross-development-adulthood-and-disease
https://github.com/Waelchli-lab/Single-cell-atlas-of-the-human-brain-vasculature-accross-development-adulthood-and-disease
https://github.com/Waelchli-lab/Single-cell-atlas-of-the-human-brain-vasculature-accross-development-adulthood-and-disease
https://doi.org/10.5281/zenodo.10058183
https://doi.org/10.5281/zenodo.10058183
https://doi.org/10.5281/zenodo.10057779
https://doi.org/10.5281/zenodo.10057779
https://doi.org/10.5281/zenodo.10058371
https://doi.org/10.5281/zenodo.10058371
https://doi.org/10.5281/zenodo.10058563
https://doi.org/10.5281/zenodo.10058766
https://doi.org/10.5281/zenodo.10060876
https://doi.org/10.5281/zenodo.10065659
https://doi.org/10.5281/zenodo.10065659
https://doi.org/10.5281/zenodo.10066390
https://doi.org/10.5281/zenodo.10066538
https://doi.org/10.5281/zenodo.10066703
https://doi.org/10.5281/zenodo.10066703
https://biobank.lunenfeld.ca
http://www.humancellatlas.org/publications
http://www.humancellatlas.org/publications
https://doi.org/10.1038/s41586-024-07493-y
http://www.nature.com/reprints


Extended Data Fig. 1 | Construction of a molecular single-cell atlas of the 
human brain vasculature across development, adulthood and disease  
and of the fetal peripheral vasculature - studied entities and inter-tissue 
heterogeneity. Figure shows studied entities and inter-tissue heterogeneity  
of sorted vascular endothelial cells. a,b, Scheme of the different tissue types 
present in the study with respective sample/patient numbers of fetal (a) and 
adult (b) origins. c, Piechart showing relative abundance and percentage of  
ECs from each tissue collected. d, Composite UMAP plots of sorted and in 

silico-quality checked (ECs, coloured by tissue of origin. e, Violin plots of the 
expression of the top marker genes of each tissue type, percentage of cells 
expressing the marker gene is indicated on the right. f, Endothelial cells 
transcriptome correlation heatmap and hierarchical clustering of all tissues 
analysed. g, Dotplot heatmap of the fetal brain vs fetal periphery endothelial 
signature. h, Expression heatmap of top ranking marker genes in the indicated 
tissues. Colour scale: red, high expression; white, intermediate expression; 
blue, low expression.
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Extended Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | Validation of angiogenic and EndoMT markers in 
vascular ECs of the fetal, adult and pathological brain vasculature using 
RNAscope, IF and IMC. a-g, Volcano plots showing the differential expression 
analysis comparing endothelial cells from adult/control brains (left) and the 
indicated entity (right) (Wald test, Benjamini Hochberg correction; P-value < 
0.05 and log2FC ≥ 0.25 coloured significant in red, PLVAP dot is coloured blue). 
Number of individuals analysed is as follows: Fetal brain=5, Adult/control brain 
(TL) = 9, AV malformations=5, AVM = 5, LGG = 6, GBM = 8, MET = 5, MEN = 5.  
h, Expression heatmap of the top 25 differentially expressed genes in adult/
control ECs (TL) vs. pathological brain ECs (PATH). i-di‘, Immunofluorescence 
(IF) and RNAscope imaging of tissue sections from the indicated entities, 
stained for PLVAP (red), (RNAscope: i-t; IF: u-di‘) and CD31 (green). Nuclei are 
stained with DAPI (blue). Arrowheads indicate ECs expressing PLVAP and 
dotted lines (RNAscope) delineate vascular structures in the different tissues. 
Scale bars: 50 μm in overviews (RNAscope); 50 μm in (IF) and 12.5 μm in zooms 
(RNAscope). ai-di‘, IF of fetal brain tissue sections from the indicated gestational 
ages, stained for PLVAP (red) and CD31 (green). Nuclei are stained with DAPI 
(blue). Arrowheads indicate ECs expressing PLVAP. Arrows indicate absence  
of expression in ECs. Scale bars: 20 μm. ei-bii, RNAscope imaging of tissue 
sections from the indicated entities, stained for ESM1 (red; ei-pi), ACTA2  

(red; qi-bii) and CD31 (green). Nuclei are stained with DAPI (blue). Boxed area is 
magnified on the right; arrowheads indicate ECs expressing ESM1 or ACTA2 
and dotted lines delineate vascular structures in the different tissues. Scale 
bars: 50 μm in overviews and 12.5 μm in zooms. cii-jii‘, IF of tissue sections from 
the indicated entities, stained for ESM1 (red; cii-fii‘), ACTA2 (red; gii-jii‘) and 
CD31 (green). Nuclei are stained with DAPI (blue). Boxed area is magnified on 
the right; arrowheads indicate ECs expressing ESM1 or ACTA2. Arrows indicate 
absence of expression in ECs. Scale bars: 80 μm in overviews and 20 μm in 
zooms. kii-q‘4, Mass cytometry (IMC) imaging of the indicated fetal, adult/
control and pathological brain tissue samples visualizing metal-conjugated 
ACTA2, PDGFRB, CD31 and CLDN5 primary antibodies out of all 39 stained 
panel (Supplementary Table 24). Overlay of pseudocolor images as well as 
individual channels of the different markers (white, overlap; cyan, ACTA2; 
green, PDGFRB; red, CD31; yellow, CLDN5; blue, DNA intercalator), Scale bars: 
250 μm in overviews, 50 μm in zooms. Arrowheads identify blood vessels ECs 
expressing the indicated markers in the different tissues. Arrows identify blood 
vessel ECs not expressing the indicated markers in the different tissues. rii-tii, 
Violin plots showing the expression of PLVAP (rii), ESM1 (sii) and ACTA2 (tii) in 
the indicated fetal brain (CNS), adult/control and pathological brain tissues.
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Extended Data Fig. 3 | Validation of stem-to-endothelial transdifferentiation 
in vascular ECs of glioblastoma and of lung cancer brain metastasis using IF. 
a,n, UMAP plot of glioblastoma (49,999 ECs from 8 individuals) (GBM) and  
lung cancer brain metastasis (23,962 ECs from 5 individuals) (MET) endothelial 
cells, coloured by AV specification. b-i, o-v, Violin plots showing the expression 
of the indicated endothelial- and stem cell specific markers in the different  
EC subtypes (AV clusters). j-m, ai-zi’, Immunofluorescence staining of SOX2 

( j,k, ai-hi‘), PTPRZ1 (l,m, ii-ni‘), EPCAM (w,x, oi-ti‘), SFTPB (y,z, ui-zi‘) (red) and 
CD31 (green) in the indicated tissue samples. Arrowheads identify blood 
vessels ECs expressing the indicated markers in the different tissues. Arrows 
identify blood vessel ECs not expressing the indicated markers in the different 
tissues. Boxed area is magnified on the right. Scale bars: 80 µm in overviews 
except for ci-ci‘,ki-ki‘, qi-qi‘, wi-wi‘ (200 µm), 20 µm in zooms except for di-di‘, 
li-li‘, ri-ri‘, xi-xi‘ (50 µm).



Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Alteration of AV-specification in pathological  
brain vascular ECs. UMAP plots of human brain ECs isolated from the brain 
arteriovenous malformations (20,305 ECs from 5 individuals) (a,b), all brain 
tumours (125,579 ECs from 24 individuals) (e,f), lower-grade glioma (17,373 ECs 
from 6 individuals) (i,j) glioblastoma (49,999 ECs from 8 individuals) (m,n), 
brain metastasis (23,962 ECs from 5 individuals) (q,r), and meningioma (34,245 
ECs from 5 individuals) (u,v) coloured by AV specification (a,e,i,m,q,u) and  
by pseudotime (b,f,j,n,r,v), the red line drawn manually indicates the major 
trajectory flow. c,g,k,o,s,w, Pseudotime order of ECs colour-coded according 
to AV specification from all theindicated entities. d,h,l,p,t,x, Heatmap of adult/
control brain ECs AV specification signature gene expression in human brain 
ECs isolated from the indicated entities. y-ziv, Sankey plot showing the predicted 

annotation of the ECs of the indicated entities as mapped to adult/control brain 
(TL) ECs. Unassigned cells are indicated in grey. zv, Sankey plot of pathological 
brain ECs, showing the predicted annotation (right nodes) – as mapped to 
adult/control brain (TL) ECs – of the AV clusters assigned based on top cluster 
marker analysis (left nodes). Unassigned cells are indicated in grey. zvii, Sankey 
plot of fetal brain ECs, showing the predicted annotation (right nodes) – as 
mapped to adult/control brain (TL) ECs – of the AV clusters assigned based on 
top cluster marker analysis (left nodes). Unassigned cells are indicated in grey. 
zvi,zviii, Barplots showing the composition of unassigned cells – based on 
mapping to adult/control brain (TL) ECs – in pathological brain ECs (zv) and 
fetal brain ECs (zvii).



Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Trajectory analysis of fetal, adult and pathological 
human brain vascular ECs via RNA velocity along the AV-zonation/
specification axis. a,f,k,p,u,z,a‘,f‘,k‘, UMAP plots of human brain ECs isolated 
from the indicated entities (fetal brains (21,512 ECs from 5 individuals) (a), adult/ 
control brains (76,125 ECs from 9 individuals) (f), pathological brains (145,884 
ECs from 29 individuals) (k), brain arteriovenous malformations (20,305 ECs 
from 5 individuals) (p), all brain tumours (125,579 ECs from 24 individuals) (u), 
lower-grade glioma (17,373 ECs from 6 individuals) (z) glioblastoma (49,999 ECs 
from 8 individuals) (a‘), brain metastasis (23,962 ECs from 5 individuals)  

(f‘), and meningioma (34,245 ECs from 5 individuals) (k‘)) coloured by AV 
specification, onto the UMAPs are superimposed RNA velocity streamlines 
extended by velocity-inferred directionality. b,g,l,q,v,zi,b‘,g‘,l‘, UMAP plots of 
the indicated entities, coloured by RNA velocity pseudotime. c,h,m,r,w,zii,c‘, 
h‘,m‘, UMAP plots of the indicated entities, coloured by RNA velocity length. 
d,i,n,s,x,ziii,d‘,i‘,n‘, UMAP plots of the indicated entities, coloured by RNA 
velocity confidence. e,j,o,t,y,ziv,e‘,j‘,o‘, UMAP plots of the indicated entities, 
coloured by AV specification, onto the UMAPs are superimposed RNA velocity 
PAGA vectors extended by velocity-inferred directionality.



Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Establishment of CNS, peripheral and BBB 
signatures in vascular ECs from the developing fetal to the adult brain 
vasculature. a, UMAP plots of the ECs from fetal brains in ascending fetal age 
ranging from gestational week 9 (444 ECs), gestational week 14.4 and 16.4 (3762 
ECs), gestational week 15.5 (18,314 ECs) to gestational week 18 (3601 ECs); plots 
are colour-coded for fetal CNS signature (green) and fetal peripheral signature 
(yellow). b, Dotplot heatmap of fetal CNS, fetal peripheral, and BBB signatures’ 
expression in fetal brains of indicated fetal age and adult/control brains 
(temporal lobes). c, Dotplot heatmap of fetal CNS signature genes’ expression 
in fetal brains of indicated fetal age and adult/control brains (temporal lobes). 
d, Dotplot heatmaps of fetal CNS and BBB signatures expression at the level of 
AV specification for the indicated entities. Colour scale: red, high expression; 
blue, low expression, whereas the dot size represents the percentage 

expression within the indicated entity. e-j, Violin plots showing the expression 
of selected CNS specific and BBB marker genes in fetal brains of indicated fetal 
age and adult/control brains (TL). Markers shown were further validated by IF 
and/or IMC. k-t’4 Mass cytometry (IMC) imaging of fetal brains of fetal age  
GW9 (k-l’4), GW14 (m-n’4), GW18 (o-p’4), GW21 (q-r’4) and adult/control brains 
(temporal lobe) (s-t’4) tissue samples using metal-conjugated antibodies. 
Representative pseudocolor images of combined and individual channels of 
the different markers (white, overlap; yellow, CLDN5; cyan, GLUT1; grey, BSG; 
red, CD31; blue, DNA intercalator), Scale bars: 250 μm in overviews, 50 μm in 
zooms. Shown are 5 antibodies stained for (Supplementary Table 24). Arrowheads 
identify blood vessels ECs expressing the indicated markers in the different 
tissues. Arrows identify blood vessel ECs not expressing the indicated markers 
in the different tissues.
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Extended Data Fig. 7 | Validation of CNS signature markers in vascular  
ECs of the developing fetal, adult and pathological brain vasculature 
using IF. a-zii‘, Immunofluorescence (IF) imaging of tissue sections from the 
indicated entities, stained for SPOCK3 (red; a-f‘), BSG (red; g-l‘, cii-fii‘), CD320 
(red; m-r‘, gii-jii‘), GPCPD1 (red; s-x‘), PPP1R141 (red; y-di‘), SLC38A5 (red; ei-ji‘, 
kii-nii‘), GLUT1 (red; ki‘-pi‘, oii-rii‘), OCLN (red; qi‘-vi‘, sii-vii‘), ZO-1 (red; wi-bii‘, 

wii-zii‘) and CD31 (green). Nuclei are stained with DAPI (blue). Arrowheads 
identify blood vessel ECs expressing the indicated markers in the different 
tissues. Arrows identify blood vessel ECs not expressing the indicated markers 
in the different tissues. Scale bars: 200 μm in overviews, 50 μm in zooms. aiii-fiii, 
Violin plots showing the expression of CNS-specific genes in the indicated 
adult control and pathological brain tissues.
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Extended Data Fig. 8 | Validation of CNS signature markers in vascular ECs 
of the developing fetal, adult and pathological brain vasculature using 
IMC. a-f, Violin plots showing the expression of CNS-specific and BBB marker 
genes in the indicated adult control and pathological brain tissues. Markers 
were further validated by IF and/or IMC. g-r‘4 Mass cytometry (IMC) imaging of 
the indicated adult control and pathological brain tissue samples using metal- 
conjugated antibodies. Representative pseudocolour images of combined and 

individual channels of the different markers (white, overlap; yellow, CLDN5; 
cyan, GLUT1; grey, BSG; red, CD31; blue, DNA intercalator), Scale bars: 250 μm 
in overviews, 50 μm in zooms. Shown are 5 antibodies stained for (Supplementary 
Table 24). Arrowheads identify blood vessels ECs expressing the indicated 
markers in the different tissues. Arrows identify blood vessel ECs not expressing 
the indicated markers in the different tissues.



Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Establishment of MHC class II and CNS signatures  
in vascular ECs from the developing fetal to the adult brain vasculature.  
a, UMAP plots of the ECs from fetal brains in ascending fetal age ranging  
from gestational week 9 (444 ECs), gestational week 14.4 and 16.4 (3762 ECs), 
gestational week 15.5 (18,314 ECs) to gestational week 18 (3601 ECs); plots are 
colour-coded for fetal CNS signature (green) and MHC class II signature (blue). 
b, Dotplot heatmap of MHC class II, fetal CNS and peripheral signatures 
expression in fetal brains of indicated fetal age and adult/control brains 
(temporal lobes). c, Dotplot heatmap of MHC class II signature genes’ expression 
in fetal brains of indicated fetal age and adult/control brains (temporal lobes). 
d, Dotplot heatmaps of MHC class II signature expression at the level of AV 
specification for the indicated entities. Colour scale: red, high expression; blue, 
low expression, whereas the dot size represents the percentage expression 

within the indicated entity. e-i, Violin plots showing the expression of MHC 
class II marker genes in fetal brains of indicated fetal age and adult/control 
brains. Markers shown were further validated by IF and/or IMC. j-s’4 Mass 
cytometry (IMC) imaging of fetal brains of fetal age GW9 ( j-k’4), GW14 (l-m’4), 
GW18 (n-o’4), GW21 (p-q’4) and adult/control brain (r-s’4) tissue samples  
using metal-conjugated primary and secondary antibodies. Representative 
pseudocolour images of combined and individual channels of the different 
markers (white, overlap; orange, CD74; cyan, pan-HLA-DR; green, oligo-HLA-D; 
red, CD31; blue, DNA intercalator), Scale bars: 250 μm in overviews, 50 μm  
in zooms. Shown are 5 antibodies stained for (Supplementary Table 24). 
Arrowheads identify blood vessels ECs expressing the indicated markers in the 
different tissues. Arrows identify blood vessel ECs not expressing the indicated 
markers in the different tissues.
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Extended Data Fig. 10 | Validation of MHC class II signature markers in  
vascular ECs of the developing fetal brain and periphery vasculature, and 
of the adult and pathological brain vasculature using RNAscope and IF. 
Immunofluorescence (IF) and RNAscope imaging of tissue sections from the 
indicated entities, stained for HLA-DPA1 (red; a-j‘, IF; oi-tii, RNAscope), HLA-DRA 
(red; k-t‘, IF), CD74 (red; u-di‘, IF; ui-zii, RNAscope), HLA-DRB5 (red; ei-ni‘, IF) and 

CD31 (green). Nuclei are stained with DAPI (blue). Arrowheads identify blood 
vessel ECs expressing the indicated markers, arrows identify blood vessel ECs 
not expressing the indicated markers in the different tissues and dotted lines 
(RNAscope) indicate vascular structures in the different tissues. Scale bars:  
50 μm in (IF), 50 μm in overviews (RNAscope) and 12.5 μm in zooms (RNAscope).
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Extended Data Fig. 11 | Validation of MHC class II signature markers in 
vascular ECs of the adult and pathological brain vasculature using IMC.  
a-e, Violin plots showing the expression of MHC class II marker genes in the 
indicated fetal brain (CNS), adult/control and pathological brain tissues. Markers 
shown were further validated by IF and/or IMC. f-q‘4 Mass cytometry (IMC) 
imaging of the indicated adult control and pathological brain tissue samples 
using metal-conjugated primary and secondary antibodies. Representative 

pseudocolor images of combined and individual channels of the different 
markers (white, overlap; orange, CD74; cyan, pan-HLA-DR; green, oligo-HLA-D; 
yellow, red, CD31), Scale bars: 250 μm in overviews, 50 μm in zooms. Shown are 
5 antibodies stained for (Supplementary Table 24). Arrowheads identify blood 
vessels ECs in close contact with immune cell expressing the indicated markers 
in the different tissues. Arrows identify blood vessel ECs not in close contact 
with immune cell expressing the indicated markers.



Extended Data Fig. 12 | See next page for caption.
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Extended Data Fig. 12 | A key role for vascular ECs in the human brain 
neurovascular unit across development, adulthood and disease, 
highlighting MHC class II mediated interactions. a,d,g, UMAP plots of 
endothelial and perivascular cells derived from fetal brains (40,557 cells from  
7 individuals) (a), adult/control brains (80,515 cells from 6 individuals) (d)  
and pathological brains (Arteriovenous malformations: 12,013 cells from  
3 individuals; Lower-grade glioma: 20,712 cells from 4 individuals; Glioblastoma: 
22,297 cells from 5 individuals; Metastasis: 9,204 cells from 3 individuals; 
Meningioma: 26,916 cells from 3 individuals) (g). b,e,h, Ligand and receptor 
analysis of fetal brain (b), adult control brain (e), and brain pathology (h) cells 
using CellphoneDB. Line thickness indicates the number of interactions between 
cell types. Tables summarize the number of interactions for each cell type.  
c,f,i, Heatmaps showing the number of ligand-receptor interactions between 
the different cells of fetal brains (c), adult/control brains (f), and pathological 
brains (i) computed using CellphoneDB. j,k, Circle plot showing differential 
analysis of strength of ligand receptor interactions in fetal over adult/control 
brains ( j) and pathology over adult/control brains (k), red indicating 

upregulation, while blue indicating downregulation. l-n, Heatmap showing 
overall signalling patterns of different cell types in adult control (o) and 
pathological (p) brains. o,p,q, Circle plots showing the strength of MHC class II 
signalling interactions between the different cell types of fetal brain (o), adult/
control brain (p), and pathological brain (q). r-r’6 Mass cytometry (IMC) imaging 
of metastasis tissue sample visualizing metal-conjugated CD74, pan-HLA-DR, 
oligo-HLA-D, CD68, CD11b, CD4, CD8 and CD31 primary antibodies and metal-
conjugated secondary stains, a subset of the antibody set (Supplementary 
Table 24) stains present in all images. Overlay of pseudocolor images as well as 
individual channels for CD74, pan-HLA-DR, oligo-HLA-D, CD68, CD11b and CD4, 
(white, overlap; orange, CD74; cyan, pan-HLA-DR; green, oligo-HLA-D; yellow, 
CD68; purple, CD11b; blue, CD4; grey, CD8; red, CD31), Scale bars = 50 μm. Shown 
are 8 antibodies stained for. Arrowheads identify blood vessel ECs in close 
contact with immune cell expressing the indicated markers in the different 
tissues. Arrows identify blood vessel ECs not in close contact with immune cell 
expressing the indicated markers.



Extended Data Fig. 13 | Validation of MHC class II mediated endothelial- 
immune cell interactions in the adult and pathological brain vasculature 
using IMC. a,d,g,j,m,p, Circle plots showing the strength of MHC class II 
signalling interactions between the different cell types of adult/control brain 
(a) arteriovenous malformation (d), lower-grade glioma (g), glioblastoma ( j), 
metastasis (m) and meningioma (p) cells. b-c’8, e-f’8, h-i’8, k-l’8, n-o’8, q-r’8, 
Mass cytometry (IMC) imaging of the indicated adult control and pathological 
brain tissue samples using metal-conjugated CD74, pan-HLA-DR, oligo-HLA-D, 
CD68, CD11b, CD4, CD8 and CD31 primary antibodies and metal-conjugated 

secondary stains. Overlay of pseudocolor images as well as individual channels 
of the different markers (white, overlap; orange, CD74; cyan, pan-HLA-DR; green, 
oligo-HLA-D; yellow, CD68; purple, CD11b; blue, CD4; grey, CD8; red, CD31), 
Scale bars: 250 μm in overviews, 50 μm in zooms. Shown are 5 antibodies stained 
for (Supplementary Table 24). Arrowheads identify blood vessels ECs in close 
contact with immune cell expressing the indicated markers in the different 
tissues. Arrows identify blood vessel ECs not in close contact with immune cells 
expressing the indicated markers.
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