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Proinflammatory immune cells disrupt 
angiogenesis and promote germinal matrix 
hemorrhage in prenatal human brain

Jiapei Chen1,2, Elizabeth E. Crouch    2,3,4, Miriam E. Zawadzki5,6,7, 
Kyle A. Jacobs    8, Lakyn N. Mayo    8,9, Jennifer Ja-Yoon Choi    1, Pin-Yeh Lin1, 
Saba Shaikh    10, Jessica Tsui10, Susana Gonzalez-Granero11, Shamari Waller1, 
Avani Kelekar1, Gugene Kang12,13, Edward J. Valenzuela3,4, 
Janeth Ochoa Birrueta3,4, Loukas N. Diafos3,4, Kaylee Wedderburn-Pugh2,14, 
Barbara Di Marco15, Wenlong Xia16, Claudia Z. Han17, Nicole G. Coufal18, 
Christopher K. Glass17, Stephen P. J. Fancy    2,16, Julieta Alfonso15, 
Arnold R. Kriegstein    2,4,13,16, Michael C. Oldham    2,12,13, 
Jose Manuel Garcia-Verdugo    11, Matthew L. Kutys    2,8,9, Maria K. Lehtinen    5,7, 
Alexis J. Combes1,10 & Eric J. Huang    1,2,4,13,19 

Germinal matrix hemorrhage (GMH) is a d ev as ta ting n eu ro de ve lo p
mental condition affecting preterm infants, but why blood vessels in this 
brain region are vulnerable to rupture remains unknown. Here we show 
that microglia in prenatal mouse and human brain interact with nascent 
vasculature in an agedependent manner and that ablation of these cells in 
mice reduces angiogenesis in the ganglionic eminences, which correspond 
to the human germinal matrix. C    o  n   s i   s  t ent w    i  t h these findings, singlecell 
transcriptomics and flow cytometry show that distinct subsets of CD45+ 
cells from control preterm infants employ diverse signaling mechanisms to 
promote vascular network formation. In contrast, CD45+ cells from infants 
with GMH harbor activated neutrophils and monocytes that produce proinfl 
ammatory factors, including azurocidin 1, elastase and CXCL16, to disrupt 
vascular integrity and cause hemorrhage in ganglionic eminences. These 
results underscore the brain’s innate immune cells in regionspecific 
angiogenesis and how aberrant activation of these immune cells promotes 
GMH in preterm infants.

Germinal matrix, also known as the ganglionic eminences (GEs), is 
enriched with neural progenitors that give rise to GABAergic neurons 
in prenatal human brain1–3. Aside from being a neurogenic niche, GEs 
exhibit active angiogenesis where an ensemble of endothelial and mural 
cells utilize a repertoire of signaling mechanisms to facilitate cell–cell 
communication and maturation of the nascent vasculature4,5. Interest
ingly, ~20–40% of preterm infants born before 30 gestational weeks 
(GW) develop spontaneous hemorrhage in GEs, also known as germinal 

matrix hemorrhage (GMH), which can cause devastating neurodevel
opmental sequelae6–9. While immaturity of the brain vasculature and 
hemodynamic changes have been implicated as possible causes for 
GMH10,11, the exact mechanism remains unclear.

One area of investigation focuses on the brain’s innate immune 
cells microglia and their contributions to angiogenesis during  
prenatal brain development. In mice, Runx1+ myeloid progenitors 
colonize the brain parenchyma between embryonic day (E)8.5 and E9.5 
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promote vascular network formation18, whereas in postnatal mouse 
somatosensory cortex (CTX), microglia interact with the established 
vasculature in areas lacking astrocytic endfeet19. Although bacterial 
infection can activate the microglia inflammasome pathway in neonatal 

and undergo further specification into microglia12–15. Fatemapping 
and transcriptomic analyses reveal a distinct population of CD206+ 
macrophages that give rise to borderassociated macrophages (BAMs) 
in the mature brain16,17. In the prenatal mouse hindbrain, macrophages 
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brain20, it remains unclear how inflammation disrupts the homeostatic 
interaction between microglia and blood vessels to promote GMH10,11.

Here, we leverage singlecell transcriptomics and highdimensional 
cytometry to interrogate the molecular and cellular characteristics of 
CD45+ immune cells isolated from control preterm infants and infants 
with GMH. Our results show that distinct subsets of CD45+ cells employ 
diverse signaling mechanisms to promote vascular development in 
GEs during the second trimester. In contrast, CD45+ cells from preterm 
infants with GMH harbor activated neutrophils and monocytes that 
produce bactericidal factors azurocidin 1 (AZU1), elastase (ELANE) 
and chemokine CXCL16, which can disrupt vascular integrity and cause 
hemorrhage in the GEs of embryonic mouse brain. These results reveal 
previously unappreciated role of the brain’s innate immune cells in 
regionspecific angiogenesis and how aberrant activation of these 
immune cells lead to GMH in preterm infants.

Results
Immune cell–vasculature interactions in the prenatal brain
To characterize the interaction between microglia and blood vessels 
in the prenatal human brain, we used lightsheet microscopic imaging 
on optically cleared coronal sections from the germinal matrix and 
frontal CTX at GW20 and GW35 (Extended Data Fig. 1a and Supple
mentary Table 1). Using IBA1 as a generic marker for macrophages/
microglia and CD31 for endothelial cells, we showed that blood vessels 
in the cortical plate were oriented perpendicular to the pial surface, 
whereas blood vessels in the ventricular zone and subventricular zone  
(VZ/SVZ) of the pallium and GEs exhibited complex branches parallel to 
the ventricular surfaces (Fig. 1a,b and Extended Data Fig. 1b). Notably, 
the blood vessel area showed agedependent increases in both regions 
but was significantly higher in the GEs compared with the cortical plate 
at GW20–23 (Fig. 1c). In addition, the vascular branch point density in 
the GEs was higher than those in the cortical plate at GW14–23 (Fig. 1d). 
Correlatively, IBA1+ cell density was much higher in GEs at GW20–23 
(Fig. 1e). A higher percentage of IBA1+ cells was identified inside the 
blood vessels in the VZ/SVZ of GEs than those in the cortical plate at 
GW14–23, whereas more extravascular IBA1+ cells directly touched the 
blood vessels in the VZ/SVZ of GEs at GW20–23 (Fig. 1b,f,g). Consist
ent with these results, immunogold electron microscopy (IEM) using 
IBA1 antibody captured different features of IBA1+ cells in relation with 

blood vessels, including those traveling near, through or embedded 
within endothelial cells in cortical plate, VZ/SVZ of the pallium and 
GEs at GW17–22 (Fig. 1h(i–viii) and Extended Data Fig. 1c–g), and those 
resided in the perivascular spaces in GE (Fig. 1h(ix)). Within GE, IBA1+ 
microglia were adjacent to or surrounding neural progenitors or neuro
blasts (Fig. 1h(x–xiii)). Together, these results suggested a continuous 
transition of IBA1+ cells from inside the vascular lumen to perivascular 
spaces that was more prominent in the VZ/SVZ of GEs during prenatal 
human brain development.

Macrophages/microglia promote angiogenesis in mouse GE
Similar to human GEs at GW20–23, the blood vessel density in the 
E13.5–17.5 mouse brain was higher in the GEs than in the cortical plate 
(Extended Data Fig. 2a,b). Although vascular branch point density 
did not differ between the two regions, the density of IBA1+ cells was 
higher in GEs than in the cortical plate at E17.5 and postnatal day 0 (P0) 
(Extended Data Fig. 2c,d). Furthermore, a higher percentage of IBA1+ 
cells resided inside the vascular lumen or touching blood vessels in 
GEs at E13.5 than in the cortical plate (Extended Data Fig. 2e–g). To 
determine whether microglia precursors can undergo transendothelial 
migration from the circulation into the brain parenchyma, we con
ducted ex vivo live imaging in the lateral GE (LGE) of E12.5 Cx3cr1+/GFP 
reporter mice while visualizing blood vessels via intraplacental injec
tion of Texas Red dextran (Fig. 2a(i))21. Consistent with its role in immune 
surveillance, many Cx3cr1+/GFP cells were highly motile near the perivas
cular region in the LGE (Fig. 2a(ii–iii) and Supplementary Video 1),  
with some extending processes into the vascular lumen to engulf dex
tran (Fig. 2a(iii)). A total of 8 of 94 Cx3cr1+/GFP cells (recorded across nine 
embryos) were found in the vessel proper, and at least one crossed the 
primitive blood–brain barrier (BBB) in LGE at E12.5 (Fig. 2a(iv)and Sup
plementary Video 2). Over half of the recorded Cx3cr1+/GFP cells in LGE 
contacted blood vessels (Extended Data Fig. 2h and Supplementary 
Video 3). Consistent with these results, IEM showed that IBA1+ cells 
directly contacted endothelial cells with primitive adherens junction 
and lacked definitive basement membrane in medial GE (MGE) at E12.5 
(Fig. 2b).

To determine how macrophages/microglia affect angiogenesis, 
we deleted the mouse Csf1r gene, which supports the survival of these 
cells22. As expected, Csf1r−/− embryos showed a complete loss of IBA1+ 

Fig. 1 | Macrophages/microglia interact with nascent vasculature in the 
second trimester human brain. a, Left: coronal sections of prenatal human 
brain at GW20 and GW35, highlighting the GEs, VZ/SVZ of the pallium and cortical 
plate (CP). Middle: the lightsheet images in optically cleared coronal sections 
show the intricate interactions between IBA1+ cells and CD31+ endothelial cells in 
CP, VZ/SVZ of pallium and GEs. Right: IMARIS 3D images reveal the morphology 
of CD31+ endothelial cells in each brain region. LV, lateral ventricle. b, Confocal 
images and IMARIS 3D rendering of IBA1+ cells interacting with CD31+ endothelial 
cells in the GE and CP at GW17, GW21, GW24 and GW38. Images highlighted by 
white boxes are enlarged and represented in IMARIS 3D images in panels below 
(white letters a–h). c,d, Quantification of blood vessel and vascular branch point 
densities in the GE and CP in the prenatal human brain. e–g, Quantification of 

the density of IBA1+ cells, the percentage of IBA1+ cells inside blood vessels and 
the percentage of extravascular IBA1+ cells touching blood vessels with cell 
body in the GE and CP. h, IEM using the IBA1 antibody shows macrophages and 
microglia inside blood vessels with primitive basal lamina and in the perivascular 
milieu in the MGE of prenatal human brain at GW21. The arrows in (iii) indicate 
primitive adherens junction in endothelial cells, and the arrowheads in (xii) 
indicate IBA1+microglia engulfing neuroblasts. The images in h are from one 
GW21 prenatal human brain. ENDO, endothelial cell. The same experiments were 
performed in another second trimester case at GW17 with the similar results. 
Statistics in c–g use a twotailed, unpaired Student’s ttest, and the data represent 
the mean ± standard error of the mean. n.s., not significant. n indicates the 
number of independent biological samples used for quantification.

Fig. 2 | Macrophages/microglia are required for angiogenesis in the 
ventricular zone of the GEs. a. Live imaging of Cx3cr1+/GFP macrophages/
microglia with nascent vasculature in the GEs. (i) Schematic diagrams of imaging 
setup for E12.5 LGE in Cx3cr1+/GFP mice. The embryo remains attached to placenta 
while bathed in artificial cerebrospinal fluid (aCSF). (ii) Max projection of an 
in vivo twophoton image with Cx3cr1+/GFP cells in LGE associated with blood 
vessels illuminated with Texas Red dextran. (iii) Still frames of timelapse images 
of three highlighted Cx3cr1+/GFP cells, with no. 1 extending the process into the 
blood vessel and taking up dextran (white arrow), no. 2 rolling within the blood 
vessel before releasing into the circulation and no. 3 moving along the surface 
of a blood vessel. (iv) Extravasation of a Cx3cr1+/GFP cell between the lumen and 
abluminal side. Orthogonal views show the macrophage against one vessel wall 

on the luminal side at time 0 min and against the vessel wall on the abluminal side 
at 20:26 min. b, IEM using IBA1 antibody shows IBA1+ macrophages and microglia 
directly attached to the endothelial cells in MGE of E12.5 mouse brain. This was 
performed in three biological replicates. c,e,g, Loss of CSF1R leads to complete 
ablation of IBA1+ cells in GE (c), VZ/SVZ of the pallium (e) and the cortical plate 
(CP) (g). The red boxes in the schematic diagrams show the regions captured in 
confocal images. d,f,h, Quantification of densities of IBA+ cells and IB4+ blood 
vessels in the VZ of GE (d), the SVZ/VZ of pallium (f) and the CP (h). The dashed 
lines indicate the regions in which blood vessel quantifications are performed. 
Statistics in d, f and h use a twotailed, unpaired Student’s ttest, and the data 
represent the mean ± standard error of the mean. n.s., not significant. n indicates 
the number of independent biological samples used for quantification.
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cells in GE, pallium and cortical plate at E13.5 and E17.5, while IBA1+ 
cells were partially depleted in Csf1r+/− embryos. Intriguingly, Csf1r−/− 
embryos showed reduced vascular density in the VZ of GE but not in 
VZ/SVZ of pallium or in the cortical plate (Fig. 2c–h). To determine 
whether microglia have stagedependent effects on angiogenesis, 

we intraperitoneally injected wildtype pregnant dams with CSF1R 
inhibitor PLX5622 (50 mg kg−1) for seven consecutive days starting at 
E6.5, E10.5 or E12.5 to deplete myeloid cells. We then collected embryos 
1 day after the last injection at E13.5, E17.5 or P0 (Extended Data Fig. 3a). 
All three regimens significantly reduced IBA1+ cell density in the GE, 
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pallium and cortical plate (Extended Data Fig. 3b–g). Interestingly, 
IBA1+ cell depletion from E6.5 to E12.5 did not alter vascular density 
in the VZ of GE, whereas depletion from E10.5 to E16.5 or from E12.5 
to E18.5 significantly reduced vascular density in the same region 
(Extended Data Fig. 3c). In contrast, IBA1+ cell depletion did not 
decrease vascular density in the VZ/SVZ of pallium or cortical plate 
(Extended Data Fig. 3d–g). These results support that microglia and 
macrophages have regionspecific and agedependent effects in pro
moting angiogenesis in GEs.

CD45+ cells and angiogenesis in prenatal human brain
To determine whether microglia and their progenitors could also 
regulate vascular development in prenatal human brain, we used 
fluorescenceactivated cell sorting (FACS) to isolate CD45+ cells from 
the GE and cortical plate at GW15–23 and subjected these cells for bulk 
and singlecell RNA sequencing (scRNAseq), highdimensional flow 
cytometry, and coculture with human umbilical vein endothelial cells 
(HUVEC) in Matrigel (Fig. 3a). For bulk RNA sequencing (RNAseq), we 
collected CD45+ cells from 17 samples from the CTX and four samples 
from the GE and CD45− cells from three samples (as negative controls) 
(Extended Data Fig. 4a,b and Supplementary Table 1b). Our results 
showed that CD45+ cells were highly enriched in canonical micro
glia genes, including AIF1, TMEM119, SPI1, CX3CR1, CSF1R and IRF8 
(Extended Data Fig. 4c,d) and genes identified in other subtypes of 
microglia, including LYVE1 (BAM), TREM2 and APOE (diseaseassociated 
microglia)17,23,24. In contrast, CD45− cells were enriched in genes related 
to proliferation (CDK4 and PCNA) or neural progenitors (OLIG2, SOX2 
and HOPX) (Extended Data Fig. 4c and Supplementary Table 2). Gene 
set enrichment analysis (GSEA) confirmed that CD45− cells consisted 
of radial glia, immature neurons and oligodendrocytes, whereas CD45+ 
cells mostly consisted of microglia and macrophages that expressed 
genes related to cell adhesion (ITGB2, ITGAL, ITGAM and ADAM8), 
chemotaxis (CCRL2 and CCL5) and endothelial cellrelated functions 

(PLVAP and GATA2)4 (Extended Data Fig. 4e). In addition, GW14–19 
CD45+ cells showed higher expression of genes related to aerobic 
respiration (DLD, NDUFB6 and MDH1), whereas GW20–23 CD45+ 
cells showed enrichment of genes involved in blood vessel develop
ment (SOX18, CCN1, CCN2, APLNR, FN1 and TMEM204) (Fig. 3b,c and  
Supplementary Table 3).

To test whether CD45+ cells could promote vascular development, 
we cocultured CD45+ cells with HUVEC in Matrigel. To visualize CD45+ 
cells, we incubated them with AAV–CMV–GFP (Extended Data Fig. 4f). 
In the absence of CD45+ cells, HUVEC showed modest branching mor
phogenesis at 20,000 cells per well (Supplementary Video 4). Interest
ingly, adding 10,000 or 20,000 CD45+ cells from GW20–23 prenatal 
human brain to 20,000 HUVEC increased both average and total branch 
length even after 48 h in culture, suggesting a role for CD45+ cells in 
promoting vascular branching morphogenesis (Fig. 3d,e, Extended 
Data Fig. 4g,h and Supplementary Video 5). In contrast, CD45+ cells 
or CD45− cells from GW14–19 human brain samples did not enhance 
branching morphogenesis in HUVEC (Fig. 3d,e, Extended Data Fig. 4g–i 
and Supplementary Videos 6 and 7).

scRNA-seq reveals GE-enriched CD45+ cell subtypes
To further characterize CD45+ subtypes, we performed scRNAseq 
on FACSisolated CD45+ cells from GE and cortical plate at GW17–23  
(Supplementary Table 1c). After quality control, we obtained 60,595 
cells, with 56,108 reads and 1,654 genes per cell (Extended Data 
Fig. 5a,b). Clustering identified 11 subtypes, including 3 homeostatic 
microglia subtypes (c1a, c1b and c1c), whitematterassociated micro
glia (c2), cell cycle microglia (c3), vasculatureassociated microglia 
(VAM, c4), monocytes (c5), HLA+ myeloid cells (c6), neuronassociated 
microglia (c7), T cells (c8) and B cells (c9) (Fig. 4a,b and Supplementary 
Table 4). The homeostatic microglia clusters were enriched in canonical 
microglia genes such as AIF1 and CX3CR1 (Fig. 4b and Extended Data 
Fig. 5c). Whitematterassociated microglia (c2) were transcriptomically 

Fig. 4 | Single-cell transcriptomics reveal subtypes of CD45+ cells and their 
interactions with endothelial cells in prenatal human brain. a, UMAP plot 
highlighting 11 distinct CD45+ cell subtypes. b, A heat map of marker gene 
expressions that define each subtype of CD45+ cells. MG, microglia; WM, white 
matter. c, A distribution plot comparing the relative abundance of each CD45+ 
subtype in GE versus CTX. d, GSEA analysis of the bulk RNAseq data reveal GO 
terms defined by genes enriched in GE versus CTX. e, A volcano plot showing 
DEGs identified by pseudobulked scRNAseq data in GE versus CTX and the GO 
terms they define. Adjusted P values and fold changes were calculated using 
DESeq2. By default in DESeq2, the P values attained by the Wald test are corrected 
for multiple testing using the Benjamini–Hochberg method. The genes shown 
were filtered to be below the adjusted P value of 0.05 and above a fold change of 
1.2 between CTX and GE comparisons (highlighted by the dashed lines). The data 
in a–c and e are from five independent biological samples at GW17–23. The data 
in d are from 21 independent biological samples at GW15–23. f, Confocal images 

from GE and CTX of GW19 and GW23 human brain validating the presence of HLA+ 
cells in GE (yellow arrowheads) but not in CTX. White lines in ‘GE’ panels indicate 
the ventricular surface, whereas white lines in ‘Cortex’ panels indicate the pia 
surface. g, Confocal images of VAM markers SCL2A1 and CLDN5 (RNAscope 
probes) in IBA1+ cells in GE (yellow arrowheads) but not in CTX of GW17 and GW21 
human brains. White lines indicate the section planes for the orthogonal views of 
CLND5+; IBA1+ vasculatureassociated MG (right and bottom panels). h, Confocal 
images of monocyte markers JAML and LYZ (RNAscope probes) in S100A9+  
cells in GE (yellow arrowheads) but not in CTX of GW17 and GW21 human brains.  
i, Quantification of the density of HLA+ cells, VAM and monocytes in GE and 
CTX of prenatal human brain. n.s., not significant. Statistics in i use a twotailed, 
unpaired Student’s ttest, and the data represent the mean ± standard error of 
the mean. n indicates the number of independent biological samples used for 
quantification.

Fig. 3 | Stage-dependent role of CD45+ immune cells in promoting vascular 
morphogenesis. a, Schematic diagrams showing the strategy to isolate 
CD45+;CD11b+ immune cells from the CTX and GE of prenatal human brain 
from GW15–23. These CD45+;CD11b+ cells are subjected to bulk RNAseq and 
scRNAseq, followed by bioinformatics analyses. The transcriptomic data are 
validated using immunohistochemistry (IHC), immunofluorescence microscopy 
(IF) and RNAscopebased in situ hybridization. Finally, CD45+;CD11b+ cells are 
further characterized using highdimensional flow cytometry and 3D Matrigel 
HUVEC assays. b, A volcano plot showing the genes enriched in CD45+ cells from 
GW20–23 (right) and those enriched in cells from GW14–19 (left). Adjusted  
P values and fold changes were calculated using DESeq2. By default in DESeq2, 
the P values attained by the Wald test are corrected for multiple testing using 
the Benjamini–Hochberg method. The genes shown were filtered to be below 
the adjusted P value of 0.05 and above a fold change of 1.2 between GW14–19 

and GW20–23 comparisons (highlighted by the dashed lines). c, GSEA reveals 
GO terms enriched in CD45+ cells from GW14–19 and GW20–23. The data in b 
and c are from 21 independent biological samples. NES, normalized enrichment 
score; FDR, false discovery rate. d, Images taken from InCucyte S3 Live Imaging 
Device of HUVEC in Matrigelbased branching morphogenesis at 3, 6, 12, 24 and 
48 h after plating. The conditions include 20,000 HUVEC alone and 20,000 
HUVEC cocultured with 20,000 GW14–19 or GW20–23 CD45+ cells from prenatal 
human brain. e, Quantification of average and total endothelial branch lengths 
formed by HUVEC. Statistics use a twotailed, unpaired Student’s ttest, and the 
data represent the mean ± standard error of the mean. The P values represent 
comparisons between HUVEC coincubated with CD45+ cells versus HUVEC 
only. Not significant comparisons are not shown. n indicates the number of 
independent biological samples used for quantification. For each biological 
sample, at least three technical replicates are used.
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Fig. 5 | High-dimensional flow cytometry characterizes subtypes of CD45+ 
immune cells in prenatal human brain. a, Gating strategy used in high
dimensional flow cytometry to distinguish nine different immune cell types, 
including T cells, B cells, neutrophils, eosinophils, microglia, BAM, classical 
monocytes (cMono), nonclassical monocytes (ncMono) and dendritic cells 
(DCs). Briefly, within single live CD45+ immune cells, CD3e and CD19/20 positively 
gate T cells and B cells, respectively. From CD3e−;CD19/20− cells, CD15+;CD16+ cells 
are gated as neutrophils and CD15+;CD16− cells are gated as eosinophils. Among 
CD15− cells, microglia no. 1 are gated as CX3CR1hi;CD14lo. All the remaining cells 
that not designated as microglia no. 1 then proceed to the next gating, in which 
CD64hi;CD14lo cells are gated as microglia no. 2, and CD64lo;CD14hi cells are gated 
as cMono. Within CD64−;CD14− cells, CD16+ cells are gated asn ncMono. CD11c and 
HLADR markers confirm that HLADR+ cells are not likely to be DCs. b, A heat map 

showing expression levels of cell surface markers in each immune cell subtype 
from highdimensional flow cytometry. c–e, Feature plots (c) and violin plots 
showing the expression of FCGR1A (CD64) (d) and MRC1 (CD206) (e) transcripts 
based on scRNAseq data in Fig. 4a. MG, microglia; WM, white matter. f, Relative 
abundance of different immune cell subtypes among all CD45+ cells. g,h, Gating 
strategy for CD45+;CD31+ cells and the relative abundance of CD45+;CD31+ cells 
among all CD45+ cells. i, Mean fluorescence intensity (MFI) of HLADR in microglia 
no. 1, microglia no. 2, cMono and ncMono. Statistics in i use a oneway analysis of 
variance with a Mann–Whitney test, and the data represent the mean ± standard 
error of the mean. For the box and whisker plots in f–h, the center lines denote the 
median values (50th percentile), the boxes contain the 25–75th percentiles of the 
dataset, and the whiskers mark the minimal and maximal values. The data in b and 
f–i are from eight independent biological samples.



Nature Neuroscience

Article https://doi.org/10.1038/s41593-024-01769-2

similar to the previously defined proliferative regionassociated micro
glia (SPP1, GPNMB and CLEC7A)23,25 and diseaseassociated microglia 
(TREM2)24 and were abundant near white matter tracts in the internal 
capsule (Extended Data Fig. 5d). Cell cycle microglia (c3) were enriched 
in proliferation genes (MKI67, TOP2A and AURKA), whereas T and B 
cells showed highlevel expressions of IL7R and MS4A1, respectively. 
Neuronassociated microglia (c7) were enriched in neuronal genes 
(STMN2, NRXN1, DCX and CAMK2N1), as previously reported23,25 (Fig. 4b 
and Extended Data Fig. 5c). VAM (c4) expressed canonical microglia 
genes, such as P2RY12 and AIF1, and endothelial genes (CLDN5, MFSD2A, 
SLC2A1, ITM2A, IGFBP7), which could potentially enable these microglia 
to migrate along the vasculature or across the primitive BBB (Fig. 1h(i–ix)  
and Extended Data Fig. 5c). Finally, monocytes (c5) expressed LYZ,  
JAML and S100A9, and HLA+ myeloid cells (c6) expressed CD74, HLA-DP 
and HLA-DR (Fig. 4b and Extended Data Fig. 5c), though S100A9  
has been detected in neutrophils in other singlecell datasets26,27.

Next, we projected published datasets on embryonic microglia, 
including CD45int;CD11b+;DRAQ5+ cells from GW9–18 human brain28, 
CD45lo;CD11b+;CX3CR1hi;CD64+ cells from GW10–12 brainstem and 
CTX29 and CD45+;CD11b+;Cx3cr1+ cells from E14.5 mouse brain23,25, 
onto our scRNAseq Uniform Manifold Approximation and Projection 
(UMAP) (Extended Data Fig. 5e). These comparisons confirmed the 
broad repertoire of immune cells captured in our dataset. We also 
compared the relative abundance of immune cell subtypes in the 
GE and CTX and found that c1a homeostatic microglia and c6 HLA+ 
myeloid cells were preferentially located in the GE, whereas homeo
static microglia c1b and c1c were preferentially located in the CTX 
(Fig. 4c and Extended Data Fig. 5f). Differentially expressed genes 
(DEGs) and GSEA in CD45+ cells from the CTX showed enrichment for 
Gene Ontology (GO) terms including chemotaxis (CH25H, CX3CR1, 
CCL3), regulation of cell death (CEBPB, TLR4, TNF) and neuron projec
tion guidance (GO 0097485), whereas CD45+ cells from the GE were 
enriched for GO terms including antigen processing and presentation 
(HLA-DRA, HLA-DPA1, HLA-DRB1; GO 0019884), plasma lipoprotein 
assembly (APOC1, APOC2, ABCA1) and sister chromatid segregation 
(GO 0000819) (Fig. 4d,e and Supplementary Table 5). Microscopy 
combining antibodies and RNAscope probes for specific immune cell 
subtypes confirmed more abundant HLA+ cells (c6) and CLDN5+;SLC2A
1+;IGFBP7+;MFSD2A+;IBA1+ VAM (c4) inside the blood vessels in the GE 
than in the CTX (Fig. 4f,i and Extended Data Fig. 5g), whereas the num
ber of JAML+;LYZ+;S100A9+ monocytes showed no regional differences 
(Fig. 4h,i). Collectively, these results provide the first comprehensive 
analysis of CD45+ immune cell subtypes and their interactions with 
blood vessels in cortical plates and GE of the prenatal human brain. 
Combined with IBA1 IEM data and live imaging data (Figs. 1h and 2a,b), 
this scRNAseq dataset probably captures CD45+ immune cells from 
their intravascular states to transendothelial migration and, finally, 
becoming homeostatic microglia.

Flow cytometry validates immune cell subtypes
To further validate immune cell subtypes, we performed 
highdimensional flow cytometry by applying 16 cell surface mark
ers on CD45+ cells from the second trimester prenatal human brain. 
After gating for CD45+ immune cells, we identified nine immune cell 
subtypes, including two groups of microglia. The first group, micro
glia no. 1, was defined by CX3CR1hi;CD14− expression, as previously 
described in human and mice30,31, and the second group, microglia no. 
2, was defined by CD64hi;CD14lo that included BAM based on relatively 
high expression of CD206 (ref. 16,17) (Fig. 5a,b). In addition, we identi
fied classical monocytes (CD64lo;CD14hi), nonclassical monocytes 
(CD64−CD14−;CD16+), dendritic cells (CD64−;CD14−;CD16−;HLADR+;CD
11c+), T cells, B cells, eosinophils and neutrophils (Fig. 5a,b). Similar to 
adult mouse brain31, several cell surface proteins identified in microglia 
and BAM, including CD64 (encoded by FCGR1A) and CD206 (encoded 
by MRC1), were expressed in homeostatic microglia clusters 1a, 1b and 
1c in our scRNAseq dataset (Fig. 5c–e). Based on flow cytometry data, 
microglia no. 1 and microglia no. 2 each represented ~40% of the entire 
CD45+ immune cells in prenatal human brain, whereas T cells and B 
cells each represented ~1–2% and monocytes and dendritic cells each 
represented less than 1% (Fig. 5f). To reconcile the VAM (c4) cluster 
from our scRNAseq with results from highdimensional cytometry, 
we showed that 5–15% of CD45+ cells coexpressed CD31, a canonical 
endothelial cell marker (Fig. 5g). Among CD45+;CD31+ cells, micro
glia no. 2 comprised ~50%, and only ~10% were classical monocytes or 
microglia no. 1 (Fig. 5h). Finally, we showed that classical monocytes 
expressed the highest levels of HLADR, followed by microglia no. 1 
and no. 2 (Fig. 4j). Thus, the majority of HLA+ myeloid cells (c6) in our 
scRNAseq dataset most likely consisted of classical monocytes and 
some microglia.

To understand how immune cells regulate angiogenesis in prenatal 
human brain, we used CellPhoneDB to predict cell–cell communica
tion via ligand–receptor pairs between CD45+ cells and endothelial 
cells at the same gestational ages4,32. This approach showed that at 
GW14–19, all endothelial cell subtypes, including tip cells, mitotic, 
venous, arterial and capillary endothelial cells, had extensive cell–cell 
communications with one another4. However, only VAM (c4) among 
CD45+ cells exhibited cell–cell communication with endothelial cells 
(Extended Data Fig. 6a). By GW20–23, most CD45+ subtypes showed 
cell–cell communication with endothelial cells, consistent with the 
stagedependent role of CD45+ cell to promote endothelial branch 
formation in Matrigel (Fig. 3d,e). Next, we used NicheNet to predict 
ligand–target gene links between these two cell types33, focusing on 
HLA+ myeloid cells (c6), monocytes, VAM and homeostatic microglia 
(c1a) in the GE. Our results showed that at GW14–19, both HLA+ myeloid 
cells and monocytes showed robust interactions with all endothelial 
cell subtypes (Extended Data Fig. 6b). By GW20–23, monocytes exhib
ited the most robust signaling pathways in interacting with endothelial 

Fig. 6 | Single-cell transcriptomics in CD45+ cells from GMH cases reveal 
activated neutrophils. a, Gross images of a control prenatal brain (GW23) 
and a brain with GMH (GW24). b, IBA1+ cells and their relationship with CD31+ 
endothelial cells in the GE and cortical plate (CP) of control and GMH human 
brains. c, Quantification of densities of blood vessels and vascular branch points 
in the GE and CP of control and GMH cases. d, Quantification of IBA1+ cells and 
percentage of intravascular IBA1+ cells in the GE and CP of control and GMH 
cases. e, UMAP comparing CD45+ subtypes from GMH cases and agematched 
control. MG, microglia; WM, white matter. f, A distribution plot comparing the 
relative abundance of CD45+ subtype in control versus GMH cases. g, A volcano 
plot showing DEGs and GO terms identified by pseudobulked scRNAseq data 
in CD45+ cells from GMH versus control cases. The adjusted P values and fold 
changes were calculated using DESeq2. By default in DESeq2, the P values 
attained by the Wald test are corrected for multiple testing using the Benjamini–
Hochberg method. The dashed lines indicate cutoffs for Pvalue of 0.05 and 
fold change of 1.2. The data from e, f and g are from two independent biological 

samples in each condition (control, GMH). h–i, Immunohistochemical stain for 
ELANE show increased number of neutrophils in the GE and CP of GMH cases. j, 
Experimental setup of in vitro vascular permeeability assay using 3D microfluidic 
microvessels. k, Fluorescence micrographs of VE–cadherin and actin in control 
and AZU1treated microvessels. l, Quantification of vascular permeability in 
control and AZU1treated microvessels. m, Images of HUVEC in Matrigelbased 
branching morphogenesis. n,o, Quantification of average and total endothelial 
branch lengths formed by HUVEC in Matrigelbased assays, showing neutrophil 
proteins (AZU1, ELANE) can suppress CD45+ cellmediated (n) or VEGFmediated 
(o) vascular morphogenesis. Statistics in c, d, i, l, n and o use a twotailed, 
unpaired Student’s ttest, and the data represent the mean ± standard error of 
the mean. n.s., not significant. In n, the P values represent comparisons between 
HUVEC coincubated with CD45+ cells versus HUVEC only. In o, the P values 
represent comparisons between VEGFprimed HUVEC treated with AZU1 or 
ELANE versus VEGFprimed HUVEC only.
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cells in the GE. The most prominent ligand–target gene link was ITGB2 
from monocytes and ICAM2 receptor from endothelial cells34. Addi
tional ligands included VEGFB (Vascular Endothelial Growth Factor B), 
IGF1 (Insulin Like Growth Factor 1), TGFB1 (Transforming Growth Factor 
Beta 1), TNF (Tumor Necrosis Factor), CXCL16 and IL1B (Interleukin 1 
Beta), among these VEGF (25 ng ml−1) and IGF1 (5 ng ml−1) increased 
endothelial cell branch lengths in Matrigel35 (Extended Data Fig. 6c).

GMH harbors activated neutrophils and monocytes
To characterize how interactions between immune cell subtypes and 
vasculature could contribute to the pathogenesis of GMH, we found 

that vascular area and branch points were reduced in GE but not in 
the cortical plate of GMH cases (Fig. 6a–c). GMH cases also showed 
significantly lower percentage of IBA1+ cells inside the vascular lumen 
in the GE but not in the cortical plate (Fig. 6d). To investigate the com
position of immune cells in GMH cases, we performed scRNAseq on 
FACSisolated CD45+ cells in the GE and CTX from two 24–25 GW GMH 
cases and two agematched controls (Fig. 6e and Supplementary 
Table 1). After quality control, we obtained 35,275 cells with 42,052 
reads and 2,098 genes per cell (Extended Data Fig. 7a,b). Clustering 
yielded 11 subtypes with similar marker genes as those found in the 
scRNAseq dataset from control CD45+ cells (Fig. 6e, Extended Data 
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Fig. 7c and Supplementary Table 6). Compared with the controls, GMH 
cases showed significant reduction in homeostatic microglia (c1a, c1b) 
but modest increases in cell cycle microglia (c3), monocytes (c5) and 
T cells (c8) (Fig. 6f). Furthermore, CD45+ cells in GMH cases contained a 
markedly expanded population of neutrophils (c9) that expressed high 
abundance of ELANE, AZU1 and DEFA4, which encode for antimicrobial 
factors elastase, AZU1 and defensin alpha 4, respectively (Fig. 6e–g 
and Extended Data Fig. 7d). Neutrophils in GMH cases also showed 
increased expression of cell cycle gene MKI67, a wellestablished marker 
for activated neutrophils (Extended Data Fig. 7c)36,37. Immunostaining 
showed increases in ELANE+ cells in the GE and the cortical plate of GMH 
cases, many coexpressed CD16 (Fig. 6h,i and Extended Data Fig. 7e).

Pseudobulk analyses of DEG in CD45+ cells from GMH cases showed 
downregulation of homeostatic microglia genes (CX3CR1, P2RY12, IGF1 
and SALL1) and integrins (ITGAVand ITGAX) and upregulation of genes 
in the complement pathway (C1QA, C1QB and C1QC), monocytes (CD14, 
S100A9 and S100A8), neutrophils (AZU1, ELANE, MPO and DEFA4) and 
chemokine CXCL16 (Fig. 6g and Supplementary Table 7). Gene burden 
score and DEG analyses revealed transcriptomic changes existed in all 
CD45+ subtypes, including VAM, monocytes, HLA+ myeloid cells and 
neutrophils, as well as homeostatic microglia (Extended Data Fig. 7f–q). 
GO analysis of DEGs in VAM, monocytes, HLA+ myeloid cells and neu
trophils from GMH cases revealed upregulation of cellular stress, 
neutrophil degranulation and phagosomes, as well as downregulation 
of leukocyte migration and cellular response to cytokine stimulus 
(Extended Data Fig. 7s,t and Supplementary Table 7).

ELANE, CXCL16 and S1PR1 disrupt vascular integrity
To investigate whether ELANE and AZU1 produced by the neutro
phils may negatively impact angiogenesis in GMH38, we generated 
threedimensional (3D) microvessels by seeding human microvascular 
endothelial cells (hMVECs) into a microfluidic channel surrounded by 
collagen (Fig. 6j)39. We then flowed AZU1 (100 μg ml−1) intraluminally 
for 18 h. This treatment significantly disrupted VE–cadherin complexes 
between endothelial cells and increased microvessel permeability, allow
ing fluorescently labeled 70 kDa dextran to leak into the interstitial matrix 
(Fig. 6k,l). Next, we showed that treatment with AZU1 or ELANE suppresses 
branching morphogenesis in HUVEC mediated by CD45+ cells or by VEGF 
(Fig. 6m–o). To characterize how the signaling pathways between immune 
and endothelial cells might contribute to hemorrhage in GMH cases, we 
used NicheNet to identify several ligands enriched in CD45+ cells from 
GMH cases that could promote vascular dysfunction (Fig. 7a–c). Among 
these, CXCL16mediated signaling pathways have broad implications in 
inflammation under several disease conditions40,41. Indeed, expression of 
CXCL16 was increased in several CD45+ subtypes, especially monocytes 
(Fig. 7c) and a significant increase in CXCL16+;S100A9+ monocytes in the 
GE of GMH cases, but not in control cases (Fig. 7d,e). Furthermore, simi
lar to AZU1, CXCL16 and ELANE (both at 20 μg ml−1) disrupted vascular 
endothelial cadherin (VE–cadherin) junctional complexes and increased 
vascular permeability in 3D microvessels (Fig. 7f,g), and CXCL16 (10 
μg ml−1) alone suppressed VEGFmediated vascular morphogenesis in 
3D Matrigelbased assays (Fig. 7h,i).

Further search for CXCL16 signaling partners showed that CXCL16 
receptor CXCR6 was nearly undetectable in endothelial cells from 
control and GMH cases. However, S1PR1 was differentially expressed 
by endothelial cells from GMH cases (Fig. 7j). Since the S1P gradient 
provides a spatial cue for the trafficking of immune cells and the locali
zation of S1PR1 is dynamically regulated in vascular cells42,43, we hypoth
esized that dysregulated S1PR1 signaling in endothelial cells from GMH 
cases could disrupt homeostatic interactions between immune cells 
and the nascent vasculature. To test this, we deleted S1PR1 in endothe
lial cells using Cdh5−Cre (Cdh5−Cre;S1pr1fl/fl)44. At E12.5, Cdh5−Cre;S1pr1fl/fl  
mice expressed tight junction protein ZO1 (also known as tight junc
tion protein 1 or TJP1) in their nascent vasculature and had comparable 
proliferation rates in IBA1+ cells as controls (Extended Data Fig. 8a,b). 

However, E12.5 Cdh5−Cre;S1pr1fl/fl mice showed a significant increase in 
IBA1+ cells and decrease in the percentage of IBA1+ cells attached to the 
extravascular surface of the blood vessels in GE but not in the cortical 
plate (Fig. 7k,l). Similarly, transmission electron microscopy (TEM) 
showed that myeloid cells in the GE of E12.5 Cdh5−Cre;S1pr1fl/fl mice 
appeared to have migrated across endothelial cells into the brain paren
chyma (Fig. 7m(i–iv)). Furthermore, IBA1+ cells from Cdh5−Cre;S1pr1fl/fl 
mice contained significantly more abundant CD68+ vesicles in GE but 
not in the cortical plate (Fig. 7n,o) and showed increased expression 
of CXCL16 and CD16, similar to findings in GMH cases (Fig. 7p–q and 
Extended Data Fig. 8c–e). Consistent with these results, many CD45+ 
subtypes in GMH upregulated inflammationrelated genes ITGB2 and 
FCGR3A (encodes CD16) and downregulated angiogenic factors IGF1 
and TNF (Extended Data Fig. 8f–h). These results support that loss of 
S1PR1 in endothelial cells can activate IBA1+ cells, thereby upregulating 
their CD16 and CXCL16 expression.

Exposure to ELANE and CXCL16 promotes hemorrhage in GE
To examine the role of neutrophil and monocytederived factors 
in vivo, we intraperitoneally injected wildtype timedpregnant dams 
with ELANE and CXCL16 (each at 3 μg g−1body weight or ~40 μg ml−1) 
at E12.5 and collected embryos at E13.5 or injected at E13.5 and E15.5 
and collected embryos at E17.5 (Fig. 8a). ELISA assays showed sig
nificantly higher concentration of ELANE and CXCL16 in ELANE/
CXCL16treated E13.5 pregnant dams but no detectable increase in 
ELANE/CXCL16treated E17.5 pregnant dams (Fig. 8b). Histopatho
logical examinations revealed that injection of ELANE/CXCL16 at E12.5 
significantly reduced vascular area and disrupted vascular integrity, 
resulting in the accumulation of Ter119+ red blood cells in VZ of GE at 
E13.5 but not in VZ/SVZ of the pallium or in the cortical plate (Fig. 8c,d). 
Three out of seven ELANE/CXCL16treated E13.5 embryos showed intra
ventricular hemorrhage (Extended Data Fig. 9a,b). Although E17.5 
embryos from pregnant dams injected with ELANE/CXCL16 did not 
show obvious hemorrhage, they exhibited reduced vascular areas in 
the VZ of GE but not in the VZ/SVZ of the pallium or in the cortical plate 
(Fig. 8e,f and Extended Data Fig. 9a,b). In addition, IBA1+ cells in these 
embryos exhibited ameboid morphology in VZ of GE and lateral ventri
cle but no definitive increase in IBA1+ cell density (Fig. 8e,f). Together, 
these results support that a proinflammatory factors produced by 
activated immune cells can indeed damage the nascent vasculature 
and facilitate hemorrhage in GEs (Fig. 8g).

Discussion
Our results uncover several key mechanisms on how the brain’s immune 
cells regulate angiogenesis in the prenatal brain. First, in prenatal 
mouse and human brain, nascent vasculatures in the GEs exhibit com
plex branching morphogenesis and are associated with more IBA1+ 
microglia and macrophages (Fig. 1 and Extended Data Figs. 1 and 2). 
Interestingly, ablation of IBA1+ cells in the embryonic mouse brain 
shows that these immune cells have regionspecific and agedependent 
role in promoting the formation of a complex vascular network in 
the GE but not in the cortical plate or in the VZ/SVZ of pallium (Fig. 2 
and Extended Data Fig. 3). Consistent with these results, CD45+ cells 
from GW20−23 human brain exhibit transcriptomic features that are 
proangiogenic and are indeed more effective in promoting vascular 
morphogenesis in HUVEC cells than those from GW14–19 (Fig. 3). 
scRNAseq and highdimensional cytometry analyses of CD45+ cells 
from GW14–23 human brain further reveal specific CD45+ subtypes, 
including HLA+ myeloid cells, monocytes and VAM and how these cells 
utilize diverse signaling pathways to promote angiogenesis (Figs. 4 and 
5 and Extended Data Figs. 5 and 6). Compared with previously published 
datasets from prenatal human and mouse brain24,25,29, our results not 
only capture the developmental trajectory of CD45+ cells, but they also 
provide insights into the mechanisms employed by subsets of CD45+ 
cells to promote angiogenesis in the GEs.
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Fig. 7 | Dysregulated CXCL16−S1PR1 signaling disrupts angiogenesis in 
GE. a,b, A wheel plot (a) and heat map (b) from NicheNet analysis reveal 
ligand–receptor pairs between CD45+ immune cells and CD31+ endothelial 
cells dysregulated in GMH cases. The color intensity in the heat map indicates 
interaction potential (b). c, Violin plots show upregulated CXCL16 expression in 
most CD45+ subtypes in GMH cases. The data from a–c are from two independent 
biological samples in control and GMH cases. MG, microglia. WM, white matter. 
d,e, Images (d) and quantification (e) of Cxcl16+ and S100A9+ cells in GEs of 
control and GMH cases. Arrows in d indicate CXCL16+ and S100A9+ cells.  
f,g, Images (f) and quantification (g) of ELANE/CXCL16treated microvessels 
show disorganization of VE–cadherin and actin and increased vascular 
permeability. h,i, Images (h) and quantification (i) of HUVEC branching 
morphogenesis treated with VEGF or VEGFand CXCL16. j, Violin plots show the 
expression of CXCR6 and S1PR1 in endothelial cells from control or GMH samples. 
k, Confocal and IMARIS 3D images of IBA1+ cells interacting with IB4+ vasculature 

in E12.5 control and Cdh5−Cre;S1pr1fl/fl mice. White boxes indicate areas in the 
confocal images where enlarged IMARIS 3D images are captured. l, IBA1+ cell 
density and the percentage of IBA1+ cells touching blood vessels in the GE and 
cortical plate (CP) of E12.5 control and Cdh5−Cre;S1pr1fl/fl mice. m, TEM shows 
myeloid cells inside the vascular lumen and in the brain parenchyma in the MGE 
of E12.5 control and Cdh5−Cre;S1pr1fl/fl mice. The subdivisions (i–iv) show further 
magnification of TEM images. n,o, Confocal images and quantification show 
increased volume of CD68+ vesicles in IBA1+ cells in the GE of Cdh5−Cre;S1pr1fl/fl  
mice (n) compared with the agematched control (o). The dotted white lines 
define boundaries of the GE and CP where IBA1+ cells are quantified. p,q, Confocal 
images and quantification show increased density of CXCL16+ cells in the GE of 
Cdh5−Cre;S1pr1fl/fl mice (p) compared with agematched control (q). Statistics in c, 
e, g, i, l, o and q use a twotailed, unpaired Student’s ttest, and the data represent 
the mean ± standard error of the mean. n.s., not significant. n indicates the 
number of independent biological samples used for quantification.
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Fig. 8 | Proinflammatory factors ELANE and CXCL16 disrupt vasculature in 
GEs to promote hemorrhage in embryonic mouse brain. a, Schematic diagram 
showing two schedules of ELANE and CXCL16 intraperitoneal (IP) injection in 
pregnant mouse dams for embryonic brain tissue collection at E13.5 and E17.5.  
b, ELANE and CXCL16 protein concentrations in the plasma of PBSinjected 
control and ELANE/CXCL16injected pregnant dams. c, Immunostaining with IB4 
and Ter119 show leaked red blood cells in the GE but not in VZ/SVZ of the pallium 
or cortical plate (CP) of control or ELANE/CXCL16injected embryos at E13.5. d, 
Quantifications of densities of blood vessels and leaked red blood cells (RBC) in 
VZ of the GE, VZ/SVZ of the pallium and CP in control of PBSinjected or ELANE/
CXCL16injected embryos at E13.5. e, Immunostaining with IB4 and IBA1 show 
reduced vascular density and increased ameboid morphology in IBA1+ cells in 
VZ of the GE but not in VZ/SVZ of the pallium or CP in ELANE/CXCL16injected 

embryos at E17.5. f, Quantifications of densities of blood vessels and IBA1+ cells 
in VZ of the GE, VZ/SVZ of the pallium and CP in noninjected control of PBS
injected or ELANE/CXCL16injected embryos at E17.5. Statistics in b, d and f use a 
twotailed, unpaired Student’s ttest; n.s., not significant. n indicates the number 
of independent biological samples used for quantification. g, Left: schematic 
diagram depicting how subsets of CD45+ immune cells, including monocytes 
(gray), HLA+ myeloid cells (purple) and VAM (light blue) interact with the 
nascent vasculature to promote angiogenesis in the germinal matrix during the 
second trimester in prenatal human brain. Right: activated neutrophils produce 
bactericidal factors, such as ELANE and AZU1, whereas activated monocytes 
produce CXCL16 to create a proinflammatory milieu that disrupts nascent 
vasculature and promotes GMH. MG, microglia.
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Our results uncover at least two mechanisms by which perturba
tions to immune–endothelial cell interactions contribute to GMH. First, 
activated neutrophils produce bactericidal factors, including ELANE 
and AZU1, that can disrupt the integrity of nascent vasculature in the GE 
of GMH cases (Fig. 6). Furthermore, AZU1 can disrupt vascular barrier 
permeability in microvessels as well as VEGF− and CD45+ cellmediated 
vascular morphogenesis (Fig. 6j–o). Second, aside from the bacteri
cidal factors produced by activated neutrophils, many subtypes of 
CD45+ cells exhibit prominent transcriptomic changes suggesting their 
immune activation. Among signaling pathways identified in activated 
CD45+ subtypes, upregulation of CXCL16 in CD45+ cells, especially in 
monocytes (Figs. 6g and 7d,e), probably disrupts vascular integrity40. 
Indeed, intraperitoneal injection of ELANE and CXCL16 in pregnant 
dams at E12.5 disrupts vascular integrity and leads to hemorrhage in 
GE and lateral ventricle but not in the VZ/SVZ of the pallium or in the 
cortical plate at E13.5 (Fig. 8 and Extended Data Fig. 9). In contrast, 
injecting pregnant dams with ELANE and CXCL16 at E13.5 and E15.5 
reduces vascular density in VZ of the GE at E17.5 without causing appar
ent hemorrhage (Fig. 8e,f).

Finally, our results show that the expression of S1PR1 is upregu
lated in endothelial cells from GMH cases (Fig. 7j), which most likely 
disrupts the S1P gradient required for the migration of immune cells 
across vascular barriers42,43. Indeed, endothelial cellspecific knockout 
of S1PR1 in embryonic mice leads to prominent infiltration of periph
eral immune cells, including many that express CD68 and CXCL16 
(Fig. 7n–q). These results suggest that CXCL16 and S1PR1 may consti
tute reciprocal interactions between immune cells and endothelial 
cells. As such, upregulation of CXCL16 in subsets of CD45+ cells and 
disruption of S1PR1 in endothelial cells could propagate a vicious cycle 
that exacerbates the egress of activated peripheral immune cells across 
the primitive BBB in GMH.

Despite the robust evidence that immune activation in preterm 
infants could contribute to the pathogenesis of GMH, there are several 
caveats to our study. First, our recent study shows that during the sec
ond trimester, nascent vasculatures in the GEs contain an ensemble of 
immature endothelial and mural cells that exhibit dynamic transcrip
tomic and metabolic profiles4. It is possible that these vascular cells, 
when challenged with exogenous insults, such as hypoxia and/or acti
vated immune cells, may exhibit selective vulnerability to exacerbate 
hemorrhage. Second, given the intricate interplay among immune 
cells, vascular cells and neural stem/progenitor cells, it is possible that 
infection, inflammation and/or hypoxic–ischemic injury could disrupt 
this tripartite relationship and negatively impact the homeostatic 
interactions between angiogenesis and neurogenesis in GEs. Finally, 
given the high prevalence of comorbidities in preterm infants45–47, the 
causes for GMH in these patients are likely to be multifactorial. Indeed, 
our study shows that preterm infants with GMH exhibit a wide range 
of clinical features with variable lengths of postnatal survival (Supple
mentary Table 1) and several with low number of ELANE+ neutrophils 
close to those in agematched controls (Fig. 6h,i). Future studies are 
needed to identify additional factors that could also contribute to the 
pathogenesis of GMH in these cases.
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Methods
Human tissue collection
Deidentified agematched control cases (n = 29) and cases with GMH 
(n = 16) of both sexes were collected from the Autopsy Service in the 
Department of Pathology at the University of California, San Francisco  
(UCSF) and La Fe Biobank (Supplementary Table 1) with previous 
patient consent in strict observance of the legal and institutional ethical 
regulations. The autopsy consent and all protocols for human prena
tal brain tissue procurement were approved by the Human Gamete, 
Embryo and Stem Cell Research Committee (Institutional Review Board 
GESCR no. 1002693) at the UCSF and by the University of California, 
San Diego Institutional Review Board (IRB 171379). All cases received 
diagnostic evaluations by a boardcertified neuropathologist to be 
control or GMH. For immunohistochemistry and RNAscope, tissues 
were fixed with 4% paraformaldehyde (PFA) for 2 days, cryoprotected 
in a 30% sucrose gradient, embedded in optimal cutting temperature 
(OCT) media and cut at 30 μm with a Leica cryostat and mounted onto 
glass slides.

Animals
Mice. All experiments were conducted in accordance with the UCSF 
Institutional Animal Care and Use Committee guidelines (protocol 
no. AN169548). Mouse husbandry conditions, including ambient 
temperature, humidity and dark/light cycle followed the guidelines 
established by UCSF LARC (Laboratory Animal Resource Center). Mice 
carrying deletion of exon 5 of the mouse colony stimulating factor 
1 receptor gene (Csf1r+/−) were obtained from the Jackson Laborato
ries (B6.Cg-Csf1rtm1.1Jwp/J, JAX #028064). Timedpregnant mice (E12.5) 
were bred using female CD1 animals (Charles River Laboratories) and 
male Cx3cr1GFP (B6.129P2(Cg)Cx3cr1tm1Litt/J, JAX #005582) to visualize 
macrophages with green flourescent protein (GFP) in twophoton 
live imaging. E12.5 Cdh5-Cre/+;S1pr1fl/fl mice and agematched control 
litter mates were provided by Dr. Julieta Alfonso (DKFZ). For histology, 
mice were perfused with 4% PFA before extraction of their brains, fixed 
in 4% PFA for 24 h, cryoprotected with 30% sucrose, embedded in OCT 
and sectioned at 20 μm coronally with a cryostat and mounted onto 
glass slides.

PLX5622 injections. Colony stimulating factor 1 receptor (CSF1R) 
antagonist, PLX5622 (Plexxikon) was dissolved in DMSO:PEG400: 
KolliphorRH40:PBS. Wildtype pregnant dams were intraperitoneal 
injected with 250 μl PLX5622 solution (50 mg kg−1) daily for seven 
consecutive days starting at E6.5, E10.5 or E12.5. Mouse embryos were 
collected 1 day after the final injection at E13.5, E17.5 or P0 for histo
logical analyses.

Antibodies
Primary antibodies. The primary antibodies used in the procedure 
include: mouse antiCD31 (DAKO, M0823292, 1:200), sheep antiCD31 
(R&D Systems, AF806, 1:250), rabbit antiIBA1 (FUJIFILM Wako Shibayagi,  
01919741, 1:3,000), goat antiIBA1 (Novus Biological, NB1001028, 
1:250), fluoresceinlabeled isolectin B4 (Vector Laboratories, FL1201, 
1:50), rabbit antiZO1 (Thermo Fisher Scientific, 402200, 1:100), 
rat antiBrdU (Abcam, ab6326, 1:500), rabbit antiS100A9 (Abcam, 
ab63818, 1:500), mouse antiHLADR + DP + DQ (Abcam, ab7856, 
1:200), rabbit antiELANE (Abcam, ab131260, 1:1,000), mouse antiCD16 
(Santa Cruz Biotechnology, sc20052, 1:100), rat antiCD68 (BioRad, 
MCA1957, 1:3,000), goat antiCXCL16 (Thermo Fisher Scientific, PA5
47977, 1:50) and mouse antiVE–cadherin (Santa Cruz Biotechnology, 
sc9989, 1:300).

Secondary antibodies. The secondary antibodies used in the pro
cedure include: donkey antimouse Alexa Fluor 488 (Thermo Fisher 
Scientific, A21202, 1:300), donkey antisheep Alexa Fluor 488 (Thermo 
Fisher Scientific, A11015, 1:300), donkey antimouse Alexa Fluor 568 

(Thermo Fisher Scientific, A10037, 1:300), donkey antirat Alexa fluor 
594 (Thermo Fisher Scientific, A21209, 1:300), donkey antimouse 
Alexa Fluor 647 (Thermo Fisher Scientific, A31571, 1:300), donkey 
antirabbit Alexa Fluor 647 (Thermo Fisher Scientific, A31573, 1:300), 
donkey antigoat Alexa Fluor 647 (Thermo Fisher Scientific, A21447, 
1:300) and goat antimouse Alexa Fluor 647 (Thermo Fisher Scientific, 
A21236, 1:300).

Conjugated antibodies. The conjugated antibodies used in the 
procedure include: mouse antiCD45PECy7 (BD Biosciences, 
557748, 1:200), mouse antiCD11bFITC (Thermo Fisher Scientific, 
11011241, 1:200), mouse antiCD16PerCP Cy5.5 (BD Biosciences, 
560717, 1:200), mouse antiCD14APC (BD Biosciences, 561708, 
1:200), mouse antiCD141(BDCA3)FITC (Miltenyi Biotec, 130
113321, 1:40), mouse antiCD3BB700 (BD Biosciences, 566575, 
1:40), mouse antiCD11b(M1/70)PE (Invitrogen, 12011282, 
1:40), rat antiCX3CR1PE/Dazzle 594 (BioLegend, 341624, 1:20), 
mouse antiCD1cPE/Cyanine7 (BioLegend, 331516, 1:40), mouse 
antiCD163Alexa Fluor 647 (BioLegend, 333620, 1:40), Mouse 
antiCD11c(3.9)Alexa Fluor 700 (Invitrogen, 56011642, 1:10), mouse 
antiCD45(HI30)APCeFluor 780 (Invitrogen, 47045942, 1:40), 
mouse antiCD16Brilliant Violet 421 (BioLegend, 302037, 1:40), 
mouse antiCD31Brilliant Violet 605 (BioLegend, 303122, 1:40), 
mouse antiCD15(SSEA1)Brilliant Violet 650 (BioLegend, 323034, 
1:40), mouse antiCD14Brilliant Violet 711 (BioLegend, 301838, 1:40), 
mouse antiCD19Brilliant Violet 785 (BioLegend, 302240, 1:40), 
mouse antiCD20Brilliant Violet 785 (BioLegend, 302356, 1:40), 
mouse antiHLADRBUV395 (BD Biosciences, 564040, 1:40), mouse 
antiCD64BUV737 (BD Biosciences, 564425, 1:40), PECy7 mouse IgG1, κ 
isotype control (BD Biosciences, 557872, 1:200), Alexa Fluor 488 mouse 
IgG2a, κ isotype control (BD Biosciences, 557703, 1:200), PECy7 mouse 
IgG1, κ isotype control (BD Biosciences, 347202, 1:200) and APC mouse 
IgG1, κ isotype control (BD Biosciences, 555751, 1:200).

Immunohistochemical staining
C h r o m o g e n i c  i m m u n o h i s t o c h e m i s t r y  m e t h o d  u s i n g 
3,3′diaminobenzidine (DAB) was performed on our samples. The 
slides were equilibrated at room temperature for 2 h and baked at 60 °C 
for 30 min. The sections were rinsed in Tris buffered saline (TBS) and 
quenched with 10% methanol and 3% H202 in TBS for 10 min. Antigen 
retrieval was performed using 0.01 M sodium citrate buffer (pH 6.0) 
for 10 min at 95 °C. The sections were rinsed three times with TBS and 
incubated with TBS+ (10% goat serum and 0.2% Triton X100) blocking 
buffer for 1 h, followed by overnight incubation of primary antibodies 
at room temperature. Biotinylated secondaries were incubated for 2 h 
at room temperature and rinsed three times with TBS. The VECTASTAIN 
Elite ABC horse radish peroxidase (HRP) system with A (Avidin) and B 
(biotinylated HRP) complexes in TBS++++ (10% goat serum, 3% bovine 
serum albumin (BSA), 1% glycine and 0.4% Triton X100) was used to 
amplify staining specificity. The signals were developed in DAB reaction 
solution (0.05% DAB and 0.05% H202 in 0.1 M Tris, pH 8.0) and stopped 
with three washes in 0.1 M Tris (pH 8.0), ending with dehydration in 
100% ethanol and counterstaining using Nissl.

Immunofluorescent staining
Tissuemounted slides were defrosted overnight at 4 °C and then 
equilibrated to room temperature for 3 h. Antigen retrieval was per
formed on selected antigens with 10 mM sodium citrate buffer (pH 
6.0) at 95 °C for 10 min. The samples were then washed with TBS for 
5 min and repeated three times, before blocking with TBS++++ for 1 h. 
The slides were incubated with primary antibodies with denoted dilu
tions overnight at room temperature. Alexa fluorophoreconjugated 
secondary antibodies diluted in TBS++++ (1:300) were added on the 
following day for 2 h. The slides were then stained with DAPI and 
coverslipped.



Nature Neuroscience

Article https://doi.org/10.1038/s41593-024-01769-2

RNAscope
Humanspecific probes (JAML, LYZ, SLC2A1, CLDN5, SPP1, IGFBP7, 
MFSD2A and CXCL16) were obtained from Advanced Cell Diagnostics 
(ACD). The slides were taken from −80 °C, dried at 60 °C for 1 h and 
fixed in 4% PFA for 2 h. The sections were then washed with PBS and 
treated with H202 (ACD) for 10 min at room temperature. All sections 
were treated with target retrieval buffer (ACD) for 5 min at 98–100 °C, 
before dehydration with 100% ethanol and baking at 60 °C for 30 min. 
The sections were left to dry overnight at room temperature. The fol
lowing day, the sections were treated with protease III (ACD) for 15 min 
at 40 °C in the RNAscope hybridization oven before probe hybridiza
tion and amplification. All the following steps at 40 °C were conducted 
in the RNAscope hybridization oven oven. For hybridization, the sec
tions were incubated with the desired probes for 2 h at 40 °C, and then 
rinsed in 1× wash buffer (ACD) twice for 2 min each. For amplification, 
sections were incubated with Amp 1 (ACD) for 30 min at 40 °C and then 
rinsed twice in the wash buffer for 2 min each. This was repeated with 
Amp 2 (ACD) for 30 min and Amp 3 (ACD) for 15 min at 40 °C, with wash 
buffer rinsing between the incubations. HRPC1 (ACD) was then added 
for 15 min, followed by Opal Dye (1:100) for 30 min and, finally, a 15 min 
incubation with HRP blocker (ACD), all performed at 40 °C. In between 
all these steps, sections were rinsed twice for 2 min with 1× wash buffer. 
HRP signal, Opal Dye and HRP blocker steps were repeated for C2 and C3 
probes. This was followed by the immunofluorescent staining protocol 
outlined above without the antigen retrieval step.

Tissue clearing and immunofluorescent staining
The samples were optically cleared and immunostained following previ
ously published SHIELD and iDISCO protocols48,49. Some 1–2mmthick 
coronal sections were cut from 0.5% PFAfixed samples and incubated 
in 25% SHIELDbuffer solution and 50% SHIELDepoxy solution (both 
from Lifecanvas Technologies) at 4 °C with gentle shaking for 2 days. 
This was followed by an incubation with a 1:1 ratio of SHIELDON buffer 
(Lifecanvas Technologies) and SHIELDepoxy solution at 20 °C with 
gentle shaking for 1 day. The sections were then passively cleared 
with an SDSbased solution (300 mM sodium dodecyl sulfate, 10 mM 
boric acid and 100 mM sodium sulfite titrated to pH 9) at 55–60 °C with 
gentle shaking until tissue was transparent. After clearing, the samples 
were immunostained following iDISCObased steps. Briefly, sections 
were incubated in permeabilization solution (20% dimethyl sulfoxide 
(DMSO), 0.16% Triton X100 and 23 mg ml−1glycine in PBS) and then 
blocking solution (10% DMSO, 5% donkey serum and 0.168% Triton 
X100 in PBS) at 37 °C for 2 days in each solution. The sections were 
then incubated with primary antibodies in PTwH (0.2% Tween20 and 
0.01 mg ml−1heparin in PBS) with 5% DMSO and 3% donkey serum and 
secondary antibodies in PTwH with 3% donkey serum at 37 °C for 7 days 
in each antibody step with gentle shaking. The sections were washed 
in PTwH at room temperature for a day between the two antibody 
incubation steps. Finally, the sections were refractive indexmatched 
in EasyIndex (Lifecanvas Technologies) overnight at room temperature 
before imaging.

Agarose embedding and light-sheet imaging
Refractive indexmatched sections were embedded in 1.8% low 
meltingpoint agarose (Thermo Fisher) and emerged in EasyIndex (Lif
ecanvas Technologies) on custom made sample holders. The samples 
were imaged using an axially swept lightsheet microscope (SmartSPIM, 
Lifecanvas Technologies) equipped with a 3.6×, numerical aperture 
(NA) 0.2 detection objective (uniform axial resolution 3.2–4.0 μm) 
and a 2,048 × 2,048 sCMOS camera.

Confocal imaging, processing and quantifications
Confocal images were acquired on a Leica TCS SP8 confocal microscope 
using a 63× (NA 1.4) objective. We defined the VZ in GEs in E13.5 and E17.5 
mouse brain using the expression of Sox2, which delineates an active 

neurogenic niche with a layer of proliferative neural progenitors50 
(Extended Data Fig. 10a,b). For the pallium, we used phosphohistone 
3 and BrdU (2 h injection paradigm) to define the VZ/SVZ and corti
cal neuron marker Tbr1 to define the cortical plate (Extended Data 
Fig. 10a,c). The delineation of these structures was further assisted 
using Nisslstained images in atlases of prenatal mouse brain51,52. The 
images were processed and quantified using ImageJ (v2.0.0rc69/1.52i). 
A 3D rendering of vascular surfaces and microglia were generated using 
IMARIS (v9.8).

Two-photon live imaging of embryonic LGE
Timedpregnant mice (E12.5) were bred using female CD1 animals (CRL) 
and male Cx3cr1GFP (B6.129P2(Cg)Cx3cr1tm1Litt/J, Jax Stock no. 005582) 
to visualize macrophages using GFP and to maximize litter size. The 
dams were anesthetized with ketamine/xylazine (60–120 mg kg−1and 
5–10 mg kg−1, respectively, intraperitoneal) and placed on a heat
ing pad. A laparotomy was performed, and the embryos were gently 
exposed. Vasculature labeling was achieved by placental injection of 
~7.5 μl of 25 mg ml−1Texas Red dextran (70 kD, Thermo Fisher Scientific). 
Following a 10 min wait to allow the dextran to circulate, the samples 
with the placenta attached were transferred to an imaging chamber 
filled with artificial cerebrospinal fluid at 37 °C (CSHL formulation: 
https://cshprotocols.cshlp.org/content/2011/9/pdb.rec065730.full, 
119 mM NaCl, 2.5 mM KCl, 1 mM NaH2PO4, 26.2 mM NaHCO3, 1.3 mM 
MgCl2, 2.5 mM CaCl2 and modified glucose amount to 35 mM glucose). 
The developing skull and cerebral CTX were removed, exposing the 
lateral ventricle and LGE. Oxygenated (95:5 O2:CO2) and warmed  
artificial cerebrospinal fluid was continuously circulated in the  
imaging chamber.

Twophoton imaging of immune cells was performed using either 
resonantscanning (512 × 512 pixels per frame, 8.1 frames per second) or 
Galvoscanning (1,024 × 1,024 pixels per frame, 1.3 frames per second) 
with a twophoton microscope (Olympus MPERS Multiphoton Micro
scope) and a 25× objective (Olympus XLSLPLN25XSVMP2, 0.95 NA, 
8 mm WD), varying from 1× to 3× zoom. The recordings were between 
15 and 30 min in duration. Volume scanning was achieved using a piezo
electric scanner (nPFocus250). The laser power at 920 nm (Mai Tai 
DeepSee laser, Spectra Physics) measured below the objective was 
30–70 mW. The resonantscanning acquisitions were processed and 
registered using previously published code53. Galvoscanning acqui
sitions were processed and registered using previously published Fiji 
registration plugins54.

TEM and IEM
For TEM, mouse embryos were fixed in 3% glutaraldehyde and 1% para
formaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) overnight. 
Following fixation, the tissues were processed through 2% osmium 
tetroxide and 4% uranyl acetate, then dehydrated and embedded 
in Eponate 12 resin (Ted Pella). Ultrathin sections were sectioned at 
70 nm thickness, collected on copper grids and imaged in a Phillips 
Tecnai10 transmission electron microscope using FEI software. For 
IBA1+ IEM, human prenatal brains at GW21 were fixed in 4% paraform
aldehyde for 7 days and then were cut into 0.5 cm coronal blocks. After 
selecting the region of interest, 100 μm sections were obtained with 
a vibratome (Leica VT1000 S). Preembedding immunogold staining 
was performed by incubating sections in 1:150 primary antibody rab
bit antiIba1 (WAKO) and in goat antirabbit colloidal goldconjugated 
secondary antibody (1:50; UltraSmall) as described previously55. Then 
the slice with the immunogold staining were postfixed with 1% osmium 
tetroxide with 7% glucose for 30 min, rinsed, dehydrated and embed
ded in araldite (Durcupan). Semithin sections (1.5 μm) were cut with 
an Ultracut UC6 (Leica), mounted on gelatincoated slides and stained 
with 1% toluidine blue. These sections were examined under a light 
microscope (Eclipse E200, Nikon). To identify individual cell types, 
ultrathin sections (70 nm) were cut, stained with lead citrate (Reynolds 
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solution) and examined under a transmission electron microscope 
(Tecnai Spirit G2, FEI). The images were acquired using Radius software 
(version 2.1) with a XAROSA digital camera (EMSIS GmbH).

In vitro cultures, angiogenesis assays and live imaging
HUVEC (ATCC) were cultured at 37 °C and 5% CO2 in an Endothelial 
Cell Growth Medium2 BulletKit (EGM2, Lonza) with the following 
supplements: fetal bovine serum, human recombinant epidermal 
growth factor, hFGFB, R3IGF1 (5 ng ml−1), VEGF (2 ng ml−1), hydro
cortisone, ascorbic acid, GA1000 and heparin. Only HUVEC between 
passages 2 and 6 were used in experiments. For in vitro angiogenesis 
assays, 96well plates were coated with undiluted Matrigel (growth 
factorreduced basement membrane matrix, Corning) and seeded 
with HUVEC in EGM2. At the same time, 10,000 or 20,000 CD45+ cells 
were added to each well for evaluating the role of immune cells in 
angiogenesis. Same densities of CD45− cells were used as controls. In 
experiments where CD45+ cells were labeled, the cells were transfected 
with AAV–CMV–GFP (Vector Biolabs) at 200 multiplicity of infection 
(MOI) and incubated at 37 °C for 30 min, before washing with PBS. In 
assays with recombinant proteins, the following concentrations were 
added: 25 ng ml−1VEGF (R&D Systems), 5 ng ml−1IGF1 (PeproTech), 
5 μg ml−1ELANE (R&D Systems)56, 20 μg ml−1AZU1 (R&D Systems) and 
10 μg ml−1CXCL16 (R&D Systems)57. From 0 to 48 h, vascular tube for
mations were imaged every 5–10 min using a 4× objective on Incucyte 
S3 LiveCell Analysis Systems (Essen BioScience).

Microvessel fabrication, vascular permeability measurement 
and imaging
Human dermal microvascular endothelial cells (hMVECDs, Lonza) 
were maintained in EGM2MV (microvascular) growth medium (Lonza) 
and used at passages 2–7. The cells were maintained at 37 °C in 5% CO2 
in a humidified incubator. Cellline authentication (performance, dif
ferentiation and STR profiling) was provided by Lonza. Mycoplasma 
testing was performed on cells using a Mycoplasma Polymerase Chain 
Reaction Detection Kit (Applied Biological Materials). Microvessels 
were fabricated as previously described39. Briefly, microfluidic devices 
were made using soft lithography. Polydimethylsiloxane (Sylgard 184, 
DowCorning) was mixed at a ratio of 10:1 (base:curing agent) and 
cured overnight at 60 °C on a silicon master. Polydimethylsiloxane 
was then cut from the silicon master, trimmed and surfaceactivated 
by plasma treatment for 30 s. The devices were then bonded to glass 
and treated with 0.01% polyʟlysine for 2 h, washed three times with 
water, treated with 1% glutaraldehyde for 15 min, washed three times 
with water and sterilized with 70% ethanol for 1 h. Steel acupuncture 
needles (160 μm diameter, Tai Chi) were sonicated in 70% ethanol for 
3 min and introduced into each sterile device. Assembled devices were 
dried in a vacuum desiccant chamber for at least 30 min. Collagen type 
I (Corning) solution in 10× Dulbecco’s modified Eagle medium and 
10× reconstitution buffer (0.26 M NaHCO3 and 0.2 M HEPES buffer) 
was titrated to pH 8.0 with 1 M NaOH to make a final concentration of 
2.8 mg ml−1collagen I. The collagen solution was then injected into the 
microfluidic devices and polymerized for 15 min at 37 °C. Sterile PBS 
was added to the devices overnight, then the needles were removed to 
create 160μmdiameter channels in the collagen gel. Growth medium 
was then added to the devices for at least 30 min before cell seeding. 
hMVECs were collected with 0.05% trypsin–EDTA and centrifuged 
at 200gfor 3 min. The cells were resuspended at 1 × 106 cells ml−1in 
EGM2MV, 50 μl of cell suspension was introduced into the devices and 
cells were allowed to adhere to collagen for 15 min before washing with 
growth medium. The devices were cultured on a lab rocker (variable 
speed rocker, VWR) to induce oscillatory shear stress (2 r.p.m., 30° 
tilt angle). The medium was changed every 24 h. Two days after seed
ing, devices were given EGM2MV media, which contained either (1) 
20 μg ml−1CXCL16 (R&D Systems) and 20 μg ml−1activated ELANE (R&D 
Systems) or (2) 100 μg ml−1AZU1 (R&D Systems).

Vascular permeability was quantified as previously described  
(Polachek et al., 2019). Briefly, 25 μg ml−1fluorescent dextran (fluorescein  
isothiocyanate dextran 70 kDa, SigmaAldrich) was introduced into 
the perfusion medium, and dextran diffusion was imaged in real time 
with a Yokogawa CSUX1 inverted spinningdisk Nikon TiE confocal 
microscope with a 10× air objective, 488 nm solidstate laser and a 
highresolution interline CCD (cMyo, Photometrics). A timelapse 
microscopy was then used to measure the flux of dextran into the  
collagen gel. Using MATLAB, the resulting diffusion profile was fitted to 
a dynamic massconservation equation, with the diffusivepermeability 
coefficient (PD) defined by J = PD(cvessel − cECM), where J is the mass flux of 
dextran, cvessel is the concentration of dextran in the vessel and cECM is the 
concentration of dextran in the perivascular extracellular matrix (ECM).

The devices were fixed immediately after barrier function 
measurements with 4% paraformaldehyde in PBS with calcium and  
magnesium at 37 °C for 15 min. The devices were rinsed three times with 
PBS, and the fixative was quenched with 100 mM glycine for 30 min. 
The devices were permeabilized with 0.25% Triton X100 in PBS for 
10 min and blocked with 2% bovine serum albumin in PBS for 1 h. Pri
mary and secondary antibodies were applied in 2% BSA in PBS for 1 h 
each and were rinsed with PBS for 30 min between each incubation. 
Immunostained devices were imaged using a 20× air objective on 
either a Yokogawa CSUW1 SoRA spinning disk confocal on a Nikon 
Ti2 microscope equipped with a sCMOS camera (ORCAFusion BT, 
Hamamatsu Photonics) or a CSU10 spinning disk confocal on a Nikon 
TiE microscope equipped with a CoolSnap HQ2 cooled chargecoupled 
camera (Photometrics).

FACS and high-dimensional flow cytometry
To isolate immune cells from prenatal human brain tissues, we adapted 
a previously published protocol4. Briefly, brain tissue was minced with 
a scalpel and digested with collagenase/dispase (3 mg ml−1, Sigma) for 
30 min at 37 °C with rotation, triturated in 2% fetal bovine serum in 
PBS with DNase (0.25 mg ml−1) and centrifuged through 22% Percoll 
(Sigma) to remove debris. The cells were then stained with acridine 
orange/propidium iodide (AO/PI) cell viability dye and counted with 
the Cellaca MX Highthroughput Automated Cell Counter (Nexelcom). 
Approximately 3 million cells were aliquoted from each sample into 
a 96vwell plate (Corning) and incubated with Zombie Aqua Fixable 
Viability Dye (Thermo) for 20 min on ice and in the dark. After viabil
ity dye incubation, the cells were washed with sort buffer (PBS/2% 
FCS/2 mM EDTA) and incubated with Human Fcx (BioLegend) to 
block nonspecific antibody binding. The cells were then washed with 
sort buffer and incubated with cell surface antibody mix diluted in  
Brilliant stain buffer (BD Biosciences) for 30 min on ice and in the dark. 
Following antibody stain, the cells were washed twice with sort buffer. 
The cells were then resuspended in fixation buffer (BD Bioscience) for 
20 min on ice and in the dark. The flow cytometry data were acquired 
using FACS Diva software v.7 (BD), and the data obtained were analyzed 
using FlowJo v10.8.2 (LLC).

In vitro angiogenesis assay and RNA-seq
Following Percoll centrifuge, the samples were incubated on ice for 
15 min with PECy7conjugated mouse antihCD45 (1:200, BD Bio
sciences). After washing, the samples were resuspended in HBSS 
buffer with DAPI (1:500, Thermo Fisher) to exclude dead cells. the 
cells were sorted using Becton Dickinson FACSAria with 13 psi pres
sure and 100 μm nozzle aperture. All FACS gates were set using unla
beled cells, singlecolor and isotype controls from human samples. 
FACSprocessed cells were immediately used for scRNAseq or angio
genesis assays. The FACS graphs were prepared using FlowJo (v10.6.2).

Bulk RNA-seq, analysis and GSEA
For each sample, RNA was extracted from 1,000 cells and loaded as 
input for complementary DNA amplification. cDNA concentration 
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was measured with NanoDrop and diluted to 0.4 ng μl−1. The ibraries 
were constructed using Takara SMARTseq (v4) and Illumina Nextera 
XT following the manufacturer’s instructions. The library pools were 
qualitycontrolled and normalized using Illumina MiniSeq before 
pairended (100 bp reads) sequencing with Illumina HiSeq4000. 
Finally, the reads were aligned to hg38 using STAR (v2.7.2.b). EdgeR 
(version 3.34.1) in R software was used to normalize raw counts and 
perform differential gene expression analyses. In addition, DESeq2 (ver
sion 1.32.0) was used to generate heat maps with variance stabilizing 
transformation. A GSEA was performed with biological pathways in GO 
(c5.go.bp) from MSigDB (https://www.gseamsigdb.org/gsea/msigdb/).

scRNA-seq
Sample preparation. The cells after FACS were processed with 
singlecell 3′ v3 and v3.1 kits (10x Genomics), following the manufac
turer’s instructions. In each sample, 10,000 cells were targeted for 
capture, and 12 cycles of thermal cycling were used for cDNA amplifi
cation and library amplification. The libraries were sequenced as per 
manufacturer recommendation on a NovaSeq S2 flow cell.

scRNA-seq data processing, UMAP visualization and clustering. 
Gene counts were obtained by aligning reads to the hg38 genome 
(refdatagexGRCh382020 A) using CellRanger (v.3.1.0) (10x Genomics).  
Only highquality cells were included for further analysis with the 
following criteria: number of genes per cell between 200 and 6,000, 
number of RNA molecules per cell less than 40,000 and mitochondrial 
RNAs per cell less than 5%. The doublets were checked with Scrublet, 
which predicted that minimal doublets were present in the dataset 
after filtering. After applying these quality control steps, the control 
samples yielded 56,314 cells, and the GMH samples yielded 17,187 cells. 
After filtering, the dataset was first batch corrected by sample using 
SCTransform from Seurat (version 4.1.0). A UMAP was then used to 
project the dataset into twodimensional space with the top 30 princi
pal components. Clustering was performed with the Louvain–Jaccard 
method, and top expressed genes in more than 50% of cells in each 
cluster were designated as marker genes.

scRNA-seq cell type annotation, differential gene expression and 
GO analysis. Cell types were annotated based on UMAP reduction and 
unbiased gene marker analysis using Seurat’s FindAllMarkers function. 
Genes expressed in >50% of cells in each cluster with log fold change 
>1.52 were selected as cell type markers. For pseudobulk differential 
expression analysis between control CD45+ cells from the GE and the 
CTX, as well as between CD45+ cells from control and GMH cases, we 
utilized Seurat’s builtin DESeq2 function and filtered to show only 
DEGs with false discovery rate (FDR) <0.05 and fold change >1.2. For GO 
analysis, we used Metascape to perform statistical overrepresentation 
tests for DEGs in each condition. GO biological processes were chosen 
to represent enriched functional properties. The processes with FDR 
<0.05 were considered to be significant.

scRNA-seq integration with published scRNA-seq data. Published 
or shared scRNAseq data were projected onto UMAP plots of our data
set using ProjecTILs according to its instructions58. The mouse genes 
were converted to human ortholog genes using Ensembl accordingly.

scRNA-seq ligand–receptor matching (CellphoneDB and 
NicheNet). For inputs into CellphoneDB (v2), normalized counts and 
their cell type information were exported from Seurat. Only ligands 
and receptors expressed in more than 25% of cells in each cluster were 
considered. A total of 3,000 cells were subsampled to produce the heat 
maps due to limited computational power, but they should accurately 
reflect the interaction frequencies between cell types. For NicheNet 
(v1.1.0)33, previously defined Seurat objects with their cell type informa
tion were used as inputs. Only ligands and receptors expressed in more 

than 20% of CD45+ cells or endothelial cells were considered. Only the 
top 200 differentially expressed target genes in >10% of the receiver 
cell type (that is, endothelial cells) were used for downstream analysis. 
Ligands from sender cells (that is, CD45+ cells) that were predicted to 
differentially regulate target gene expression in receiver cells were 
further filtered to only include those that were enriched in either the 
GE or in GMH cases. Both the width and the transparency of arrows in 
the circularized plots indicate interaction strengths between predicted 
ligand–receptor pairs.

Gene burden analyses. Gene burden scores were calculated as the 
total number of DEGs normalized over the number of genes expressed. 
The DEGs were filtered to have fold change above 1.2 and FDR below 
0.05. Each data point represents a pairwise comparison between a 
control sample and a GMH sample.

Statistics and reproducibility
The data distribution was assumed to be normal, but this was not 
formally tested. Animals were randomly assigned to the experimental 
groups. For all statistical analysis, a P value less than 0.05 was consid
ered significant. No statistical methods were used to predetermine 
sample sizes, but our sample sizes are similar to those reported in 
our previous publications3,4. No animals or data points were excluded 
from the analyses for any reason. Data collection and analysis were 
performed blinded to the conditions of the experiments and to the 
observers. The exact numbers of samples, including images and bio
logical replicates, are indicated in the figure legends. Statistical analy
ses were done using Prism 10 (GraphPad). For comparisons between 
two groups, if normally distributed, twotailed unpaired Student’s 
ttests were performed.

Software usage
The following software was used in this study: data collection: Leica 
TCS SP8, data analysis: Fiji (v2.0.0rc69/1.52i), IMARIS (v9.8), GraphPad 
Prism (v8.4.3), FlowJo (v10.6.2), R (v4.1.0), Rstudio (v1.1.463), Cell
phoneDB (v2), NicheNet (v1.1.0), DESeq2 (v1.32.0), STAR (v2.7.2.b), 
edgeR (v3.34.1), GSEA (v4.2.3), CellRanger (v.3.1.0), Seurat (v4.1.0) 
and ProjecTILs (v2.0).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All RNAseq data in this work are available through GEO (accession 
number PRJNA885959) and are publicly available as of the date of 
publication. Any FACS, flow cytometry, microscopy data, confocal or 
electron or other original data reported in this paper will be shared 
upon request.

Code availability
All scripts generated are available without restriction upon request. 
The registration and vascular segmentation algorithms used in this 
study were previously published and are available at Github via https://
github.com/LehtinenLab/Shipley2020 (ref. 53).
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Vector mapping of the nascent vasculature and 
ultrastructural analyses of their relationship with IBA1+ cells in the second 
trimester human brain. (a) Lateral view and coronal plane of prenatal 
human brain at gestational week 20 (GW20), highlighting the cortex (CTX) 
section that was used for tissue clearing (left column). A separate block from 
the ganglionic eminence (GE) was obtained from GW35 prenatal brain (right 
column). Tissue clearing process and index matching using SHIELD and iDISCO 
to render thick tissue sections optically transparent (right column). (b) Vector 
mapping of the orientations of the nascent vasculature in the ventricular 
zone and subventricular zone (VZ/SVZ) in GE and in the cortical plate (CP) at 
GW1419, GW2023, GW2428, and GW3339. The results are complied based 
on 3 independent biological samples for each age group. (c) Left panels: Tiled 
low magnification images of IBA1 immunogold stained sections that cover 
the cortical plate and VZ/SVZ in a GW17 human brain. (Right panels) Higher 
magnification images of the brain regions in panel c, which highlight the regions 

of cortical plate (i and ii) and VZ/SVZ (iii and iv) of the pallium. Arrows point to 
many IBA1+ cells near blood vessels or in the brain parenchyma. (d) IEM images 
highlighting IBA1+ cells (asterisks) near blood vessels in the cortical plate (iii) 
or their close proximity to neuroblasts in VZ/SVZ in the pallium (iiiiv) at GW17. 
(e) Left panels: Tiled low magnification images of IBA1 immunogold stained 
sections that cover the cortical plate and VZ/SVZ in a GW22 human brain. 
(Right panels) Higher magnification images of the brain regions in panel e, 
which highlight the regions of cortical plate (i and ii) and VZ/SVZ (iii and iv) of 
the pallium. Arrows point to many IBA1+ cells near blood vessels or in the brain 
parenchyma. (f) IEM images highlighting IBA1+ cells (asterisks) near blood vessels 
in the cortical plate (iii) or blood vessels in VZ/SVZ in the pallium (iiiiv) at GW22. 
(g) IEM images of the medial ganglion eminence (MGE) in a GW21 human brain 
highlighting IBA1+ macrophages or monocytes (panels iiv), IBA1+ neutrophils 
(vviii), and IBA1− immune cells (ixxi) inside blood vessels.
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Extended Data Fig. 2 | Macrophages/ microglia cells interact with nascent 
vasculature in the embryonic mouse brain. (a) Confocal images and IMARIS 
3D rendering of IBA1+ cells interacting with IB4+ vasculature in GE and CP at E13.5, 
E17.5, and P0 in pre and perinatal mouse brains. (b, c) Quantification of blood 
vessel and vascular branch point densities in GE and CP in the mouse brain.  
(d–g) Quantification of the density of IBA1+ cells, the percentage of IBA1+ cells 
inside blood vessels, and the percentage of IBA1+ cells touching the external 
surface of blood vessels with cell body or processes in GE and CP in the mouse 
brain. The number below each bar represents the number of biological replicates 

analyzed in each experiment. (h) Still image highlighting the full view of the 
lateral ganglionic eminence (LGE) in an E12.5 mouse embryo undergoing ex utero 
live imaging (i). A representative image showing three different behaviors of  
Cx3cr1+/GFP cells and quantification of these three different cell behaviors from 
a total of 97 cells from 9 mouse embryoes captured in live imaging. Statistics in 
panels b-g use twotailed, unpaired Student’s ttest, data represent mean ± SEM. 
ns, not significant. n indicates the number of independent biological samples 
used for quantification.
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Extended Data Fig. 3 | Macrophage/ microglia promote angiogenesis  
in the ventricular zone (VZ) of the ganglionic eminences. (a) Schematic 
diagram showing three schedules of CSF1R inhibitor PLX5622 injection in 
pregnant mouse dams. (b, d, f) Transient inhibition of CSF1R leads to significant 
depletion of IBA1+ cells in the VZ of GE (b), VZ/SVZ of the pallium (d), and the CP 
(f). (c, e, g) Quantification of densities of IBA+ cells and IB4+ blood vessels in the 

VZ of GE (c), VZ/SVZ of the pallium (e), and the CP (g). Dashed lines indicate the 
regions in which quantifications are performed. Statistics in panels c, e, and g 
use twotailed, unpaired Student’s ttest, data represent mean ± SEM. ns, not 
significant. n indicates the number of independent biological samples used for 
quantification.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Stage-dependent role of human CD45+ immune cells 
in promoting vascular morphogenesis. (a) Fluorescenceactivated cell sorting 
(FACS) gating strategy to select for CD45+;CD11b+ cells. (b) Isotype controls used 
in FACS. (c) Heatmap of critical differentially expressed genes in CD45− and CD45+ 
cells used in bulk RNAseq. (d) Volcano plot shows the genes enriched in CD45+ 
cells (right). Genes shown were filtered to be below adjusted pvalue of 0.05 and 
above fold change of 1.2 between CD45− and CD45+ cells. (e) Gene set enrichment 
analysis (GSEA) reveals gene ontology (GO) terms enriched in CD45− and CD45+ 
cells. Data from panels c-e are from 3 independent biological samples of CD45− 
cells, and 21 independent biological samples of CD45+ cells. (f) Images taken from 
InCucyte S3 Live Imaging Device of HUVEC and AAVCMVGFP transfected CD45+ 

cells from prenatal human brain samples at 18 and 40 hrs after plating.  
(g) Images taken from InCucyte S3 Live Imaging Device of HUVEC at 3, 6, 12, 
24 and 48 hrs after plating. The conditions include 20,000 HUVEC alone, and 
20,000 HUVEC cocultured with 10,000 GW1419 or GW2023 CD45+ cells from 
prenatal human brain. (h, i) Quantification of average and total endothelial 
branch lengths formed by HUVEC that are cocultured with CD45+ cells (h) or 
CD45− cells (i). Statistics in panels h and i use twotailed, unpaired Student’s 
ttest, data represent mean ± SEM. The P values represent comparisons 
between HUVECs coincubated with CD45+ cells vs HUVECs only. Not significant 
comparisons are not shown. n indicates the number of independent biological 
samples used for quantification.
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Extended Data Fig. 5 | Single-cell transcriptomics reveal subtypes of CD45+ 
cells and their regional specificity. (a-b) Quantifications of the number of 
genes, RNA molecules, and percentage of mitochondrial genes per cell, as well 
as predicted doublets from scRNAseq. Each dot represents one cell. (c) UMAP 
feature plots of marker gene expressions that define each subtype of CD45+ 
cells. (d) Confocal images of white matterassociated microglia marker SPP1 
(RNAscope probe) in IBA1+ cells in the internal capsule (IC) of GW14 and GW22 
human brains. (e) Projection of published scRNAseq datasets of microglia in 

prenatal human and mouse brain onto the UMAP plot of our scRNAseq. (f) UMAP 
plots show differences in the clustering of CD45+ cell subtypes from the cerebral 
cortex at GW1419 and GW2023 (arrowheads), and the clustering of CD45+ cell 
subtypes from the ganglionic eminences at GW1419 and GW2023 (arrows). Data 
from panels a-c, e, and f are from 5 independent biological samples. (g) Confocal 
images of VAM markers IGFBP7 and MFSD2A (RNAscope probes) in IBA1+ cells in 
GE and cortex of GW17 and GW21 human brains. The experiments in panels d and 
g were repeated in three independent biological replicates.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Bioinformatic analyses reveal potential signaling 
mechanisms that regulate the interactions between CD45+ immune cells and 
different subtypes of endothelial cells. (a) CellphoneDB analyses reveal stage
dependent communications via ligandreceptor pairs between CD45+ subtypes 
and CD31+ endothelial subtypes at GW1419 and GW2023. (b) NicheNet analyses 
predict signaling pathways used by homeostatic microglia (c1a), HLA+ myeloid 
cells, monocytes, and VAM to interact with endothelial subtypes at GW1419 and 
GW2023. Data from panels a and b are from 2 independent biological samples at 
GW1419, and 3 independent biological samples at GW2023. ENDO, endothelial 

cells. MG, microglia. (c) Quantification of average and total endothelial branch 
lengths formed by HUVEC in Matrigelbased assays. The conditions include EGM
2 media alone or addition of VEGF or IGF1, which is one of the ligands used by 
CD45+ cells identified by NicheNet. Statistics use twotailed, unpaired Student’s 
ttest, data represent mean ± SEM. The P values represent comparisons between 
HUVECs treated with VEGF or IGF1 vs no treatment. Not significant comparisons 
are not shown. n indicates the number of independent biological samples used 
for quantification.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Single-cell transcriptomics in CD45+ cells from GMH 
cases reveal activation of proinflammatory transcriptomic profiles in 
monocytes, HLA+ myeloid cells, vasculature-associated microglia (VAM), 
neutrophils, and other immune cell types. (a-b) Quantifications of the number 
of genes, RNA molecules, and percentage of mitochondrial genes per cell, as well 
as predicted doublets from scRNAseq in agematched CTRL and GMH cases. 
Each dot represents one cell. (c) UMAP feature plots of marker gene expressions 
that define each subtype of CD45+ cells. (d) UMAP feature plots of neutrophil 
transcripts ELANE, AZU1, and DEFA4 in CD45+ cells from CTRL or GMH cases. (e) 
Confocal images show higher abundance of ELANE+;CD16+ cells in the GE of GMH 
cases compared to agematched controls. This experiment was repeated in same 
number of independent biological replicates for control and GMH cases as in 
Fig. 5e. (f) Gene burden analyses of the relative abundance of DEGs in all immune 
cell types. Data are from 2 independent biological samples in each condition 
(Control, GMH) and represent mean ± SEM. Each data point represents one 
pairwise comparision between a control and a GMH sample.  

(g-q) Volcano plots show differentially expressed genes from GMH vs CTRL cases 
in all CD45+ cell subtypes, including homeostatic microglia (MG), white matter
associated microglia (MG), cell cycle microglia (MG), vasculatureassociated 
microglia (MG), monocytes, HLA+ myeloid cells, neuronassociated microglia 
(MG), T lymphocytes, and neutrophils. Adjusted Pvalues and fold changes 
were calculated from pseudobulked scRNAseq data using DESeq2. By default 
in DESeq2, Pvalues attained by the Wald test are corrected for multiple testing 
using the Benjamini and Hochberg method. Genes shown were filtered to be 
below adjusted pvalue of 0.05 and above fold change of 1.2 between CTRL and 
GMH comparisons. Vertical dashed lines indicate the boundary of significance 
in fold change. (s-t) Heatmap of GO terms in CD45+ cell subtypes highly 
associated with the GE vasculature, including monocytes, vasculatureassociated 
microglia (MG), HLA+ myeloid cells, and neutrophils, which are upregulated (s) 
or downregulated (t) in GMH cases compared to agematched controls. Data in 
all panels except e are from 2 independent biological samples in each condition 
(Control, GMH).
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Extended Data Fig. 8 | Dysregulated CXCL16-S1PR1 signaling disrupts 
angiogenesis in the GE. (a) Confocal images show expression of tight junction 
ZO1 in the GE of E12.5 CTRL and Cdh5−Cre;S1pr1fl/fl mice. (b) Confocal images  
show similar proliferation in IBA1+ cells in the GE and CP of CTRL and 
Cdh5−Cre;S1pr1fl/fl mice. (c–e) Confocal images and quantification show higher 
abundance of CD16+ cells in the GE of E12.5 Cdh5−Cre;S1pr1fl/fl mice (c) and in 
the GE of GW2425 human GMH cases (d, e), when compared to agematched 
controls. CD68+ vesicle volume in IBA1+ cells remains unchanged between 

agematched CTRL and GMH cases. n indicates the number of independent 
biological samples used for quantification. (f–h) Violin plots show upregulated 
(f), downregulated (g), and unchanged expressions (h) of key protein transcripts 
in most CD45+ cell subtypes from GMH cases, when compared to agematched 
CTRL cases. Statistics in panel e use twotailed, unpaired Student’s ttest, 
data represent mean ± SEM. ns, not significant. Data in panels f-h are from 2 
independent biological samples in each condition (Control, GMH).
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Extended Data Fig. 9 | Exposure to proinflammatory factors ELANE and 
CXCL16 promotes intraventricular hemorrhage in embryonic mouse 
brain. (a) Confocal microscopic images show intraventricular hemorrhage, 
characterized by the presence of Ter119+ red blood cells (RBCs) in the lateral 
ventricle adjacent to the medial ganglionic eminence (MGE). LV, lateral ventricle, 
IB4, isolectin B4, a vascular marker. (b) Quantification shows significantly higher 

numbers of RBCs and IBA1+ cells in the lateral ventricle, and subtle increases of 
RBCs and IBA1+ cells in the meninges over the cortical plate. Statistics use two
tailed, unpaired Student’s ttest, data represent mean ± SEM. ns, not significant.  
n indicates the number of independent biological samples used for 
quantification.
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Extended Data Fig. 10 | Confocal imaging, processing and quantifications of 
neural progenitors in GE and cortical plate. (a, b) We defined the ventricular 
zone (VZ) in ganglionic eminences (GE) in E13.5 and E17.5 mouse brain using the 
expression of Sox2, which delineates an active neurogenic niche with a layer of 

proliferative neural progenitors. (c) For the pallium, we used phosphohistone 
3 (PH3) and BrdU (2 hr injection paradigm) to define the ventricular zone/
subventricular zone (VZ/SVZ) and cortical neuron marker Tbr1 to define the 
cortical plate.
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in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 

Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 

AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 

Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Leica TCS SP8

Data analysis Fiji (v2.0.0-rc-69/1.52i); IMARIS (v9.8); GraphPad Prism (v8.4.3); FlowJo (v10.6.2); R (v4.1.0); Rstudio (v1.1.463); CellphoneDB (v2); NicheNet 

(v1.1.0); DESeq2 (v1.32.0); STAR (v2.7.2.b); edgeR (v3.34.1); GSEA (v4.2.3); CellRanger (v.3.1.0); Seurat (v4.1.0); ProjecTILs (v2.0)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 

reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 

- A description of any restrictions on data availability 

- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Bulk and single cell RNA-sequencing (scRNA-seq) data for CD45+ cells from the prenatal brain in homeostasis and germinal matrix hemorrhage have been deposited 

to the SRA (accession #PRJNA885959). Source data for Figures 1-7 and Extended Data Figures 1-7 are available with the paper. All data supporting the findings of 

this study are available within the article supplemental materials.
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 

and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender De-identified age-matched control cases (n=29) and cases with germinal matrix hemorrhage (n=16) of both sexes were 

collected from the Autopsy Service in the Department of Pathology at the University of California San Francisco (UCSF) and La 

Fe Biobank (see Supplementary Table S1 for details) with previous patient consent in strict observance of the legal and 

institutional ethical regulations. 

Reporting on race, ethnicity, or 

other socially relevant 

groupings

The ethnicity of the samples in UCSF pediatric brain bank includes 71% Caucasian, 23% Hispanic, and 6% Asian. This 

demographic data reflect the racial makeup of the greater Bay Area in California.

Population characteristics The ethnicity of the patients for UCSF Children's Hospital NICU includes Non-Hispanic White: 45.2%, Hispanic: 27.8%, Asian: 

15.2%, Black: 9.4%, American Indian: 1.2%, and Others: 0.4%.

Recruitment This study does not utilize recruitment plans to collect tissue samples. 

Ethics oversight The autopsy consent and all protocols for human prenatal brain tissue procurement were approved by the Human Gamete, 

Embryo and Stem Cell Research Committee (Institutional Review Board GESCR# 10-02693) at the University of California, San 

Francisco (UCSF) and by the UC San Diego Institutional Review Board (IRB 171379). 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No power analyses were used to predetermine sample sizes. Sample sizes were determined based on the lab's previous experience working 

with similar clinical data and mouse models. The determination of sample size is further assisted by prior literature using similar 

experimental paradigms that yielded interpretable results.

Data exclusions No data was excluded.

Replication For quantifications of both human and mouse samples, each data point represents a biological replicate. For human umbilical vein endothelial 

cell (HUVEC) assays in Matrigel, at least 5 biological replicates were assessed in each age group or condition, with at least 3 technical 

replications for each biological sample. The exact biological replicates for each dataset are indicated in the figure legends and online-only 

METHODS.

Randomization Mouse and human samples from both genders were used and all samples were randomly assigned to experimental groups. Experimental 

results were compared to both positive controls (when applicable) and with negative controls to determine background and specificity.

Blinding All immunohistochemical and in situ hybridization data collection and analyses were performed by blinded observers. For scRNA-seq data 

analyses, experimenters were blinded to group allocation during data acquisition and analysis.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 

system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Materials & experimental systems

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies

Antibodies used Primary antibodies for IHC: Mouse anti-CD31 (DAKO, M082329-2, 1:200), Sheep anti-CD31 (R&D Systems, AF806, 1:250), Rabbit anti-

IBA1 (FUJIFILM Wako Shibayagi, 019-19741, 1:3000), Goat anti-IBA1 (Novus Biological, NB100-1028, 1:250), Fluorescein labeled 

isolectin B4 (Vector Laboratories, FL-1201, 1:50), Rabbit anti-ZO-1 (Thermo Fisher Scientific, 40-2200, 1:100), Rat anti-BrdU (Abcam, 

ab6326, 1:500), Rabbit anti-S100A9 (Abcam, ab63818, 1:500), Mouse anti-HLA DR + DP + DQ (Abcam, ab7856, 1:200), Rabbit anti-

ELANE (Abcam, ab131260, 1:1000), Mouse anti-CD16 (Santa Cruz Biotechnology, sc-20052, 1:100), Rat anti-CD68 (Bio-Rad, 

MCA1957, 1:3000), Goat anti-CXCL16 (Thermo Fisher Scientific, PA5-47977, 1:50), Mouse anti-VE cadherin (Santa Cruz 

Biotechnology, sc-9989, 1:300) 

 

Secondary Antibodies for IHC: Donkey anti-mouse Alexa fluor 488 (Thermo Fisher Scientific, A-21202, 1:300), Donkey anti-sheep 

Alexa fluor 488 (Thermo Fisher Scientific, A-11015, 1:300), Donkey anti-mouse Alexa fluor 568 (Thermo Fisher Scientific, A-10037, 

1:300), Donkey anti-rat Alexa fluor 594 (Thermo Fisher Scientific, A-21209, 1:300), Donkey anti-mouse Alexa fluor 647 (Thermo Fisher 

Scientific, A-31571, 1:300), Donkey anti-rabbit Alexa fluor 647 (Thermo Fisher Scientific, A-31573, 1:300), Donkey anti-goat Alexa 

fluor 647 (Thermo Fisher Scientific, A-21447, 1:300), Goat anti-Mouse Alexa fluor 647 (Thermo Fisher Scientific, A-21236, 1:300) 

 

Conjugated Antibodies for Flow Cytometry: Mouse anti-CD45-PECy7 (BD Biosciences, 557748, 1:200), Mouse anti-CD11b-FITC 

(Thermo Fisher Scientific, 11-0112-41, 1:200), Mouse anti-CD16-PerCP Cy5.5 (BD Biosciences, 560717, 1:200), Mouse anti-CD14-APC 

(BD Biosciences, 561708, 1:200), Mouse anti-CD141(BDCA-3)-FITC (Miltenyi Biotec, 130-113-321, 1:40), Mouse anti-CD3-BB700 (BD 

Biosciences, 566575, 1:40), Mouse anti-CD11b(M1/70)-PE (Invitrogen, 12-0112-82, 1:40), Rat anti-CX3CR1-PE/Dazzle 594 (Biolegend, 

341624, 1:20), Mouse anti-CD1c-PE/Cyanine7 (Biolegend, 331516, 1:40), Mouse anti-CD163-Alexa Fluor 647 (Biolegend, 333620, 

1:40), Mouse anti-CD11c(3.9)-Alexa Fluor 700 (Invitrogen, 56-0116-42, 1:10), Mouse anti-CD45(HI30)-APC-eFluor 780 (Invitrogen, 

47-0459-42, 1:40), Mouse anti-CD16-Brilliant Violet 421 (Biolegend, 302037, 1:40), Mouse anti-CD31-Brilliant Violet 605 (Biolegend, 

303122, 1:40), Mouse anti-CD15(SSEA-1)-Brilliant Violet 650 (Biolegend, 323034, 1:40), Mouse anti-CD14-Brilliant Violet 711 

(Biolegend, 301838, 1:40), Mouse anti-CD19-Brilliant Violet 785 (Biolegend, 302240, 1:40), Mouse anti-CD20-Brilliant Violet 785 

(Biolegend, 302356, 1:40), Mouse anti-HLA-DR-BUV395 (BD Biosciences, 564040, 1:40), Mouse anti-CD64-BUV737 (BD Biosciences, 

564425, 1:40), PECy7 Mouse IgG1, κ Isotype Control (BD Biosciences, 557872, 1:200), Alexa Fluor 488 Mouse IgG2a, κ Isotype Control 

(BD Biosciences, 557703, 1:200), PECy7 Mouse IgG1, κ Isotype Control (BD Biosciences, 347202, 1:200), APC Mouse IgG1, κ Isotype 

Control (BD Biosciences, 555751, 1:200)

Validation Mouse anti-CD31 antibody (DAKO, M082329-2) was used to detect CD31 in human tissue (Georgopoulou et al., Nature Comm, 2021). 

Sheep anti-CD31 antibody (R&D Systems, AF806) was used to detect CD31 in human tissue (EI Crosse et al., Cell Stem Cell, 2020, 

Campostrin et al., Nature Protocol, 2021). Rabbit anti-Iba1 antibody (Wako, 019-19741) was used to detect Iba1 in mouse brain 

(Marina OZ et al., J Neurosci, 2012, Stowell RD, et al., Nature, 2019). Goat anti-Iba1 antibody (Novus Biologicals, NB100-1028) was  

used to detect Iba1 in mouse cells (Imai Y & Kohsaka S, Glia, 2002). Fluorescein labeled isolectin B4 antibody (Vector Laboratories, 

FL-1201) was used to detect blood vessels in the mouse brain (Gogiraju et al., Scientific Reports, 2023). Rabbit anti-ZO-1 antibody 

(Thermo Fisher Scientific, 40-2200) was validated using siRNA mediated knockdown of target protein and using cell treatment by the 

manufacturer to ensure the specifity of antigen binding. Rat anti-BrdU antibody (Abcam, ab6326) was used to detect proliferating 

cells in the embryonic mouse brain (Muralidharan et al., J Neurosci, 2022). Rabbit anti-S100A9 antibody (Abcam, ab63818) was 

validated to detect S100A9 in human tissue by multiple publications listed in the vendor's website. Mouse anti-HLA DR + DP + DQ 

antibody (Abcam, ab7856) was validated in multiple publications listed on the manufacturer's website to detect HLA DR + DP + DQ in 

human tissues. Rabbit anti-ELANE antibody (Abcam, ab131260) was validated to detect ELANE in human tissue by the vendor. Mouse 

anti-CD16 antibody (Santa Cruz Biotechnology, sc-20052) was validated to detect CD16 in human tissue by the vendor. Rat anti-CD68 

antibody (Bio-Rad, MCA1957) was used to detect CD68 in mouse brain tissue (Lopez et al., J Neurosci, 2011). Goat anti-CXCL16 

antibody (Thermo Fisher Scientific, PA5-47977) was validated to detect CXCL16 in human tissue by the vendor. Mouse anti-VE 

cadherin antibody (Santa Cruz Biotechnology, sc-9989) was used to detect VE cadherin in human endothelial cells (Ayalon et al., J Cell 

Biol, 1994).  

All conjugated antibodies used in flow cytometry from BD Biosciences (Mouse anti-CD45-PECy7 (557748), Mouse anti-CD16-PerCP 

Cy5.5 (560717), Mouse anti-CD14-APC (561708), Mouse anti-CD3-BB700 (566575), Mouse anti-HLA-DR-BUV395 (564040), Mouse 

anti-CD64-BUV737 (564425)) were validated with isotype controls using human immune cells by the vendor. All conjugated 

antibodies used in flow cytometry from Biolegend (Rat anti-CX3CR1-PE/Dazzle 594  (341624), Mouse anti-CD1c-PE/Cyanine7 

(331516), Mouse anti-CD163-Alexa Fluor 647 (333620), Mouse anti-CD16-Brilliant Violet 421 (302037), Mouse anti-CD31-Brilliant 

Violet 605 (303122), Mouse anti-CD15(SSEA-1)-Brilliant Violet 650 (323034), Mouse anti-CD14-Brilliant Violet 711 (301838), Mouse 

anti-CD19-Brilliant Violet 785 (302240), Mouse anti-CD20-Brilliant Violet 785 (302356)) were validated with isotype controls using 

human immune cells by the vendor. Mouse anti-CD11b-FITC antibody (Thermo Fisher Scientific, 11-0112-41) was used to sort CD11b

+ human cells in flow cytometry (Lima et al., Nat Comm, 2021, Fond et al., JCI, 2015). Mouse anti-CD141(BDCA-3)-FITC antibody 

(Miltenyi Biotec, 130-113-321) was used to sort CD141+ human cells in flow cytometry (Chu et al., J Exp Med, 2012). Mouse anti-

CD11b(M1/70)-PE antibody (Invitrogen, 12-0112-82) was used to sort CD11b+ human cells in flow cytometry (Miyamoto et al., Cell 

Reports, 2020, McKenzie et al., Cell Stem Cell, 2019). Mouse anti-CD11c(3.9)-Alexa Fluor 700 antibody (Invitrogen, 56-0116-42) was 

used to sort CD11c+ human cells in flow cytometry (Binnewies et al., Cell, 2019, Barry et al., Nat Med, 2018). Mouse anti-CD45(HI30)-
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APC-eFluor 780 antibody (Invitrogen, 47-0459-42) was used to sort CD45+ human cells in flow cytometry (Combes et al., Nature, 

2021, Mian et al., Nat Comm, 2015).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Human umbilical vein endothelial cells (ATCC, CRL-1730), Human neonatal dermal blood microvascular endothelial cells 

(Lonza, CC-2813).

Authentication Human umbilical vein endothelial cells (ATCC, CRL-1730): Karyology performed for one batch of CRL-1730 in 1996 reflected a 

hypodiploid human cell line with a modal chromosome number of 45 occurring in 72% of the cells counted, all of which had 

monosomic N13. The rate of polyploid cells among this population was 15.8%. Cells express factor VIII. 

 

Human neonatal dermal blood microvascular endothelial cells (Lonza, CC-2813): Dermal Microvascular Endothelial Cells are 

cultured to be ≥90% pure and specifically enriched for dermal LECs and BECs. Cryopreserved cells are shipped in third 

passage. Cryopreserved Dermal Microvascular Endothelial Cells are guaranteed through 12 population doublings, express 

CD31/105, von Williebrand Factor VIII, and are positive for acetyated low density lipoprotein uptake.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used in this study.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 

Research

Laboratory animals Mice carrying deletion of exon 5 of the mouse colony stimulating factor 1 receptor gene (Csf1r+/-) were obtained from the Jackson 

Laboratories (B6.Cg-Csf1rtm1.1Jwp/J, JAX #028064). Timed-pregnant mice (E12.5) were bred using 2-4 months old female CD1 

animals (Charles River Laboratories) and male Cx3cr1GFP (B6.129P2(Cg)-Cx3cr1tm1Litt/J, JAX #005582) to visualize macrophages 

with GFP in two-photon live imaging. E12.5 Cdh5-Cre/+;S1pr1fl/fl mice and age-matched control embryos were provided by Dr. 

Julieta Alfonso (DKFZ, Germany). Mouse husbandry conditions, including ambient temperature, humidity and dark/light cycle 

followed the guidelines established by UCSF LARC.

Wild animals No wild animals were used in the study.

Reporting on sex All data on mice were collected with a balanced ratio of both sexes, since sex-based differences were not a focus of this study. For 

embryonic samples, sex was determined through genotype.

Field-collected samples No field collected samples were used in the study.

Ethics oversight All experiments were conducted in accordance with the University of California San Francisco Institutional Animal Care and Use 

Committee guidelines (IACUC Protocol #AN169548).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes n/a

Seed stocks n/a

Authentication n/a
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Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Brain tissue was minced with a scalpel and digested with collagenase/dispase (3 mg/ml, Sigma) for 30 min at 37 °C with 

rotation, triturated in 2% FBS in PBS with DNase (0.25 mg/ml), and centrifuged through 22% Percoll (Sigma) to remove 

debris. Cells were then stained with AO/PI cell viability dye and counted with the Cellaca MX High-throughput Automated Cell 

Counter (Nexelcom). Approximately 3 million cells were aliquoted from each sample into a 96 v-well plate (Corning), and 

incubated with Zombie Aqua Fixable Viability Dye (Thermo) for 20 minutes on ice and in the dark. After viability dye 

incubation, cells were washed with sort buffer (PBS/2% FCS/2mM EDTA) and incubated with Human Fcx (Biolegend) to block 

non-specific antibody binding. Cells were then washed with sort buffer and incubated with cell surface antibody mix diluted 

in BV stain buffer (BD Biosciences) for 30 minutes on ice and in the dark. Following antibody stain, cells were washed twice 

with sort buffer. Cells were then resuspended in Fixation Buffer (BD Bioscience) for 20 minutes on ice and in the dark.

Instrument  BD FACSAria II, Fortessa.

Software FACS Diva software v.7 (BD), FlowJo v10.8.2 (LLC).

Cell population abundance Cell population abundance is indicated in Figure 5a.

Gating strategy Figure 5a presents the gating strategy conducted for each sample. Cells were gated according to their FSC/SSC profile and live 

cells were gated according to their negative signal in the live dead channel. 

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.




