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Aims While previous single-cell RNA sequencing (scRNA-seq) studies have attempted to dissect intracranial aneurysm (IA), the primary 
molecular mechanism for IA pathogenesis remains unknown. Here, we uncovered the alterations of cellular compositions, espe
cially the transcriptome changes of vascular endothelial cells (ECs), in human IA.

Methods 
and results

We performed scRNA-seq to compare the cell atlas of sporadic IA and the control artery. The transcriptomes of 43 462 cells were 
profiled for further analysis. In general, IA had increased immune cells (T/NK cells, B cells, myeloid cells, mast cells, neutrophils) and 
fewer vascular cells (ECs, vascular smooth muscle cells, and fibroblasts). Based on the obtained high-quantity and high-quality EC 
data, we found genes associated with angiogenesis in ECs from IA patients. By EC-specific expression of candidate genes in vivo, we 
observed the involvement of angpt2a in causing cerebral vascular abnormality. Furthermore, an IA zebrafish model mimicking the 
main features of human IA was generated through targeting pdgfrb gene, and knockdown of angpt2a alleviated the vascular dilation 
in the IA zebrafish model.

Conclusion By performing a landscape view of the single-cell transcriptomes of IA and the control artery, we contribute to a deeper under
standing of the cellular composition and the molecular changes of ECs in IA. The implication of angiogenic regulator ANGPT2 in IA 
formation and progression, provides a novel potential therapeutical target for IA interventions.
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1. Introduction
Intracranial aneurysm (IA) is a focal bulging or ballooning in the cerebral ar
teries that affects 3.2% of the general population, with higher prevalence in 
elderly individuals.1 Its rupture can lead to aneurysmal subarachnoid haem
orrhage, a severe complication with a fatality rate of 27–44%.2 Despite pre
vious studies suggesting the involvement of various factors such as 
disturbed blood flow, vascular wall shear stress, oxidative stress, extracel
lular matrix degradation, and inflammation in IA formation and progres
sion,3,4 the underlying primary molecular mechanism remains poorly 
understood.

Single-cell RNA sequencing (scRNA-seq) is a cutting-edge approach that 
provides insight into the composition of different cell types and the 
identification of gene expression alterations at the single-cell level.5,6

It has been applied to study the molecular and cellular mechanisms of 
human aneurysms.7,8 Recent studies have primarily characterized the in
volvement of vascular smooth muscle cells (vSMCs) and macrophages/ 
monocytes in the progression of elastase-induced IA in mouse models 
using single-cell transcriptomic profiling.9 In a previous study, the single-cell 
landscape of human blood blister-like aneurysm was co-analysed with the 
saccular IA, which drew similar conclusions regarding the implication of 
vSMCs and macrophages.10 However, a normal sample control was not in
cluded in that study, and the molecular changes of endothelial cell (ECs) in 
IA at the single-cell level have not yet been examined. Hence, the 
scRNA-seq analysis of human IA and the control arteries, especially the 
transcriptome changes of ECs at the single-cell level, remains an area of re
search that needs further investigation.

In the present study, we uncovered the cellular heterogeneity of human 
IA and the control artery by scRNA-seq. In addition to vSMC, fibroblasts 
and immune cells, we obtained the first high-quality and high-quantity EC 
data from IA patients. We found evidence of enhanced angiogenesis- 
related signalling pathways in ECs and identified candidate genes that 
were specific to ECs in IA. Using the zebrafish model, we screened those 
candidate genes and discovered that the angiogenic gene angpt2a is in
volved in causing IA-like vascular bulging in the brain. Furthermore, we cre
ated a novel genetic zebrafish model of IA that mimics the main features of 
human IAs and showed that inhibiting angpt2a could alleviate the artery 
dilation. These results deepen our understanding of the primary molecular 
changes in ECs that lead to IA, and highlight the role of EC-intrinsic ANGPT2 
in IA formation.

2. Methods
2.1 Patients and samples
The protocol for collecting human tissue samples was approved by the 
Research and Ethical Committee of Huashan Hospital, Fudan University 
(Protocol number KY2017-386), and complied with the Declaration of 
Helsinki. Written informed consent was obtained from all participants be
fore enrolment. Sporadic patients with saccular IA were diagnosed by med
ical history and digital subtraction angiography. Patients were excluded if 
they had multiple aneurysms, dissecting aneurysm, family history of IA 
and/or subarachnoid haemorrhage, genetic predisposition (polycystic kid
ney disease, Type IV Ehlers-Danlos syndrome, Marfan syndrome, Loeys 
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Dietz syndrome), infection, or trauma. In total, three IA samples were dis
sected and obtained after the aneurysm neck was satisfied with surgical 
clipping. For control purpose, three superficial temporal arteries (STAs) 
samples were obtained from patients undergoing frontotemporal craniot
omy for resecting intracranial tumours. And the detailed clinical character
istics were available in Supplementary material online, Table S1.

2.2 scRNA-seq library preparation
The fresh IA and STA tissue was minced on ice and dissociated with 0.25% 
Trypsin (Gibco, USA) and 0.2% collagenase type I (Gibco, USA) for 30 min 
at 37°C. Then the samples were filtered through a 40 μm cell strainer, cen
trifuged at 500 × g for 5 min, and discarded the supernatant. The cell pellet 
was resuspended with red blood cell lysis buffer (MACS, German) and in
cubated for 10 min. After centrifuging and decanting the supernatant, the 
cell pellet was washed and resuspended in RPMI 1640 (Corning, USA) con
taining 0.04% BSA (MACS, German). Then the single-cell gel beads in emul
sions were generated by loading single-cell suspensions onto a Chromium 
Single Cell Controller Instrument (10× Genomics, USA). After that, re
verse transcription, cDNA PCR amplification, and library preparation 
were performed as per manufacturer’s directions. All libraries were se
quenced using the Illumina NovaSeq 6000 with 2 × 150 bp paired-end 
reads.

2.3 scRNA-seq data processing
Raw sequencing data was processed by Cell Ranger software (10× genom
ics, version 5.0.0), including de-multiplexing cellular barcodes, mapping 
reads to the reference and resulting in a gene count matrix. R package 
Seurat11 (version 3.1.1) was used to perform unsupervised clustering. To 
remove low quality cells and likely multiplet captures, the cells with gene 
numbers less than 200, or unique molecular identifier (UMI) less than 
1 000, or log10GenesPerUMI less than 0.7 were filtered out. Furthermore, 
the cells with haemoglobin genes ratio of greater than 5% or mitochondrial 
genes ratio of greater than 10% were excluded. DoubletFinder package (ver
sion 2.0.2) was used here to identify potential doublets.

To obtain the normalized count, library size normalization was per
formed with NormalizeData function in Seurat. Specifically, the global scal
ing normalization method LogNormalize was used to normalize the gene 
expression for each cell, multiplied by a scaling factor (10 000 by default), 
and the results were log-transformed. The most variable genes were se
lected using FindVariableGenes function (mean.function = FastExpMean, 
dispersion. function = FastLogVMR) in Seurat. To remove the batch effects 
in the sequencing data, the mutual nearest neighbors presented by 
Haghverdi12 was performed.

Graph-based clustering of cells based on gene expression profiles was 
performed using the FindClusters function in Seurat. Cells were visualized 
using a 2D uniform manifold approximation and projection (UMAP) algo
rithm with the RunUMAP function. To detect cluster-specific marker genes, 
the clusters were compared pairwise using the Seurat ‘FindAllMarkers’ func
tion (test.use = presto, logfc.threshold = 0, min.pct = 0.25). Differentially 
expressed genes (DEGs) were used to compare the differences between 
two populations, which was obtained using the FindMarkers function 
(test.use = presto, group.by = contrasts, min.pct = 0). P value < 0.05 and 
|log2foldchange| > 0.58 were set as the threshold for significantly differen
tial expression. Hypergeometric distribution in R was used to determine 
whether a group of DEGs were enriched in a gene ontology or a KEGG 
pathway term.

2.4 Pseudotime analysis
The Monocle2 package (version 2.9.0)13 was used to determine the devel
opment pseudotime. Monocle’s importCDS function was used to convert 
the raw count from Seurat to CellDataSet. The differential GeneTest func
tion of the Monocle2 package was used to identify the ordering genes (qval  
< 0.01) that might provide the information about the ordering of cells 
along a pseudotime trajectory. Using the default parameters, the 
reduceDimension function was used to perform dimensional reduction 

clustering, followed by trajectory inference through the orderCells func
tion. Using the plot_genes_in_pseudotime function, changes of gene ex
pression were plotted over pseudotime.

2.5 SCENIC analysis
Single-cell regulatory network inference and clustering (SCENIC) analysis 
uses the motifs database for RcisTarget and GRNboost (SCENIC14 version 
1.1.2.2, which corresponds to RcisTarget 1.2.1 and AUCell 1.4.1) with the 
default parameters. The RcisTarget package was used to identify transcrip
tion factor binding motifs on a gene list that were over-represented. Each 
regulon group activity in each cell was assessed using AUCell package. 
Regulon specificity score was calculated based on Jensen–Shannon diver
gence, a measure of similarity between two probability distributions, to 
evaluate the cell type specificity of each predicted regulon. Specifically, 
the Jensen–Shannon divergence between each vector of bivariate regulon 
activity overlapped with cells of a specified cell type was calculated.15 The 
scFunctions package (https://github.com/FloWuenne/scFunctions/) was 
used to calculate the connection specificity index.

2.6 Pathway analysis
Based on gene set file downloaded from the KEGG database (https://www. 
kegg.jp/), gene set enrichment analysis (GSEA) was performed using 
GSEABase (version 1.44.0). Gene set variation analysis (GSVA)16 was ap
plied using the standard settings in the GSVA package (version 1.30.0) to 
assign pathway activity estimates to individual cells. The LIMMA package 
(version 3.38.3) was used to calculate the differences between pathway ac
tivities of the individual cells.

2.7 scMetabolism analysis
The scMetabolism17 analysis was used to quantify metabolic activity at 
the single-cell level. Based on the conventional single-cell matrix file, 
scMetabolism used VISION algorithm18 to score and obtain the activity 
score of metabolic pathways in each cell. Then the significant metabolic 
pathways were obtained through difference analysis with bimod19 test.

2.8 Module score analysis
AddModuleScore function in Seurat was used to calculate the average ex
pression levels of signature (M1/M2 polarization, pro-/anti-inflammatory 
ability, inflammatory response, angiogenesis) on single-cell level. All the fea
tures analysed were binned based on averaged expression, and the control 
features were randomly selected from each bin. Gene sets used are listed in 
Supplementary material online, Table S2.

2.9 Correlation analysis between IA and 
distinctive control arteries
To compare the correlation between IA with different control samples, we 
integrated our ECs and the online Art1-3 clusters in human brain ECs (Cell 
Browser dataset IA: adult-brain-vasc), and employed mutual nearest neigh
bours to mitigate the batch effect between samples. To visualize the 
dataset, we used UMAP dimensionality reduction algorithms. Pearson’s 
correlation co-efficient between IA ECs and STA/cortex artery (CA) 
ECs was calculated using ‘cor.test’ function in R.

2.10 CellChat analysis
A CellChat20 (version 1.1.3) R package was used for the analysis of cell 
communication. First, the normalized expression matrix was imported 
to create the cellchat object with the createCellChat function. Secondly, 
the data was preprocessed with the identifyOverExpressedGenes, 
identifyOverExpressedInteractions and projectData function using the de
fault parameters. Then, the potential ligands-receptor interactions were 
evaluated using the computeCommunProb, filterCommunication (min.
cells = 10) and computeCommunProbPathway functions. Finally, the cell 
communication network was aggregated using the aggregateNet function.
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2.11 Hematoxylin and eosin staining of 
human vascular tissues
After resection, fresh human vascular specimens were fixed in 10% forma
lin and then embedded in paraffin. For conventional histopathological 
evaluation, paraffin-embedded tissues were cut as 5 μm section. Then 
the mounted sections were stained with hematoxylin and eosin.

2.12 Immunofluorescence staining of human 
vascular tissues
Immunofluorescence staining were performed as described previously.21

In brief, fresh samples were fixed in ice-cold 4% paraformaldehyde and 
sectioned while frozen. Then the sections were incubated at 4°C over
night with anti-CD31 (Abcam, UK), anti-ANGPT2 (Boster, USA), and 
anti-APLN (Proteintech, USA) (1:100 dilution). Primary antibodies were 
then visualized with species-appropriate secondary antibodies. The sec
tions were mounted by ProLong Gold Antifade reagent with DAPI 
(4′,6-diamidino-2-phenylindole) (Cell Signaling Technology, USA). Then 
the samples were imaged under a confocal microscope.

2.13 Animal husbandry
Zebrafish (Danio rerio) husbandry were performed under standard la
boratory conditions at 28°C in an automatic fish housing system (ESEN, 
Beijing) in 10% Hank’s solution. All the experimental protocols used in 
this study were approved by the Institutional Animal Care and Use 
Committee of Institute of Neuroscience, Chinese Academy of Sciences 
(Protocol number NA-046-2019, renewed version NA-046-2023), and 
conform to the guidelines from Directive 2010/63/EU of the European 
Parliament on the protection of animals used for scientific purposes or 
the Guide for the Care and Use of Laboratory Animals published by the 
US National Institute of Health (NIH Publication No.85-23, revised 
1996). All zebrafish transgenic lines were maintained on the Casper back
ground. The Tg(fli1a:DsRedEx) line22 was used for labelling blood vessels; 
the heterogeneous Ki(pdgfrb:GAL4-VP16) line was used for labelling mural 
cells together with Tg(4 × nrUAS:GFP).23 The knockdown, expression of 
genes and corresponding in vivo imaging were carried out in F0 in this 
work. Zebrafish embryos were euthanized by immersion in 1.5 mM of tri
caine (Sigma–Aldrich, USA).24

The Ki(pdgfrb:GAL4-VP16) line was generated utilizing the CRISPR/ 
CRISPR-associated protein 9 (Cas9) system, which we had reported in a 
recently published work.25 In brief, the design of a donor plasmid involved 
the substitution of the left and right arms of the th-P2A-Gal4 donor plas
mid with the corresponding arms derived from pdgfrb. The homogenous 
Ki(pdgfrb:GAL4-VP16);Tg(4 × nrUAS:GFP) line displayed defected mural cell 
coverage in the brain due to the mutation of pdgfrb, which in turn caused 
progressive abnormality of cerebrovascular morphology and emergence of 
the phenotypes of IA.

2.14 sgRNA design and knockdown efficiency 
test
To knockdown genes of interest, clustered regularly interspaced short pal
indromic repeats (CRISPR)/Cas9 system was used to induce zebrafish cris
pant. Candidate sgRNA target sites and off-target possibility were 
predicted using the online web site (http://CRISPR.mit.edu). Two chosen 
sgRNA targets for each gene were listed (Supplementary material online, 
Table S3) and synthesized (Genscript, USA). To test the efficiency of knock
down, 600 pg Cas9 protein and 125 pg of each sgRNA was injected into 
the one-cell stage zebrafish embryos. Then the gene knockdown efficiency 
in F0 embryos was examined by linking the target PCR product to 
pMD19-T vector (Takara, Japan) and sequenced (Supplementary material 
online, Table S3). The primer sequences are listed (Supplementary material 
online, Table S4).

2.15 In vivo validation in zebrafish
To specifically express the genes of interest in zebrafish ECs, the cDNAs 
were synthesized and cloned into the Tol2-kdrl-tetoff-H2B-mNeongreen- 
P2A vector (Azenta, USA), and all plasmids were verified by gene sequencing. 
Tol2 mRNA (20 pg) and 20 pg plasmids was injection into the one-cell stage 
of Tg(fli1a:DsRedEx) embryos, and larvae were raised and examined following 
the same protocol. To knockdown the genes of interest, the one-cell stage of 
IA zebrafish embryos was injected with Cas9 protein and sgRNAs. The in
jected larvae were normally raised, and the cerebrovascular pattern was ex
amined by in vivo imaging at 25 days post-fertilization (dpf), and the frequency 
of arterial dilation and average arterial diameter were measured, to evaluate 
the effects of rescue.

2.16 Rescue of brain pericyte loss in the IA 
zebrafish
To specifically express pdgfrb or pdgfrb-P2A in the pericyte, we used the 
uas-Gal4 system. We cloned the full coding sequence of pdgfrb with or 
without a P2A sequence into a 5xuas-hsp:tdTomato backbone vector, gen
erating the plasmids of 5xua-hsp:tdTomato-P2A-pdgfrb and 5xua-hsp: 
tdTomato-P2A-pdgfrb-P2A. Tol2 mRNA (5 pg) and 20 pg plasmids were 
co-injected into the one-cell stage zygotes from the incrossed Ki(pdgfrb: 
GAL4-VP16);Tg(4 × nrUAS:GFP); Tg(fli1a:DsRedEx) adults.

2.17 Optical imaging for zebrafish brain 
artery
Fluorescent images were taken at room temperature using an Olympus 
FV3000 confocal microscope (Olympus, Japan) and processed using the soft
ware ImageJ. Live larvae or juveniles were mounted in 1% low-melting agarose 
(Lonza, Switzerland) containing 0.2% tricaine in 35 mm glass bottom petri 
dishes (MatTek, USA). The z-step of images ranged from 3 to 5 μm. The reso
lution of all the images was either 1 024 × 1 024 pixels or 512 × 512 pixels. For 
1.5, 3.5 and 6 M brain artery imaging, we used optimized CUBIC as previous 
report.26,27 The brains were fixed with 4% PFA for 24 h and then washed with 
cold PBS for 12 h. CUBICR1 treatment was then performed at 37°C for 24 h.

2.18 Statistics
No statistical methods were used to predetermine sample size. Animals 
were assigned to experimental groups using simple randomization, without 
investigator blinding. For animal experiments, the significance of difference 
between two groups was determined by using unpaired two-tailed 
Student’s t-test. Calculations were performed by using GraphPad 
Prism v9.0 software. Data were represented as mean ± SEM in all figures. 
**** indicates P < 0.0001, ns indicates P > 0.05.

3. Results
3.1 Overall cell populations in IA and the 
control arterial wall
To profile cellular and molecular signatures of human IA tissues, we ob
tained IA and the STAs from donors undergoing craniotomy (Figure 1A). 
The samples were dissected and digested by the established methods. 
Dissociated cells from six individuals (three controls and three IAs) were 
processed for scRNA-seq using the 10× Genomics Chromium platform 
(Figure 1A). After quality control and filtering (Supplementary material 
online, Figure S1A–E), whole cell transcriptomes with high-quality from 
43 462 cells were obtained.

Nine major cell populations were identified, and each cluster displays a 
unique set of enriched genes (Figure 1B–D and Supplementary material 
online, Table S5). In brief, the nine major cell types included three vascular 
cell populations (ECs, vSMCs and perivascular fibroblasts), five types of 
immune cells (T/NK cells, B cells, myeloid cells, mast cells, neutrophils) 
and oligodendrocytes (Figure 1B). Compared with the control artery, IA 
showed significantly enriched proportions of most immune cells and 
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reduced proportions of the vascular cells (Figure 1E and F and Supplementary 
material online, Table S6), which is consistent with the current understanding 
of the disease.4 The HE staining also validated the pathologic vascular morph
ology in IA (Figure 1G).

3.2 Endothelial aberrancy in IA patients
ECs line the inner and the blood-facing surface of cerebral arteries, and the 
pathologic changes of ECs have been suggested to be the earliest step in IA 

formation.28 Further unsupervised clustering of ECs gave rise to four EC 
subclusters (EC1–EC4) (Figure 2A). With an integral loss of ECs, the EC4 
was specifically enriched, while the EC1, EC2, and EC3 were significantly 
decreased in IA (Figure 2A and B and Supplementary material online, 
Figure S2A and Table S6). Based on DEGs, marker genes and metascape29

GO enrichment analysis, we obtained insights in the putative biological 
role of each EC cluster. The GO terms ‘response to cell death’ and ‘cellular 
response to cytokine’ were enriched in EC1 (Supplementary material 
online, Figure S2B). Except an elevated level of SEMA3E, several cytokines, 

Figure 1 scRNA-seq profiling of human IA and control STA. (A) Schematic representation of sample collection, single cell preparation, sequencing, and bio
informatic analysis. (B) UMAP plot showing nine cell clusters for all cells in IA and STA. (C ) UMAP plot showing the expression of selected marker genes in the 
defined cell types in (B). (D) Dot plot showing the expression of selected marker genes in the defined cell types in (B). (E) UMAP plot showing distinct dis
tribution of nine cell clusters in IA and STA. (F ) Bar graph showing distinct proportions of nine cell clusters in IA and STA. (G) HE staining showing vascular 
morphology of STA (upper) and IA (down) tissue. BC, B cell; T_NKC, T and Natural killer cell; EC, endothelial cell; Fibro, fibroblast; Myeloid, myeloid cell; MC, 
mast cell; Neut, neutrophil; vSMC, vascular smooth muscle cell; Oligo, oligodendrocyte. Scale bar: 50 μm.
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Figure 2 Endothelial aberrancy in IA patients. (A) Subclustering of ECs. Left, UMAP plot showing four subclusters of ECs in IA and STA; right, bar graph 
showing distinct proportions of the defined EC subclusters. (B) UMAP plot showing distinct clustering distribution of IA and STA derived ECs. (C ) UMAP 
plot showing the expression of selected marker genes in the defined EC subclusters in (A). (D) Heatmap showing top DEGs in the defined EC subclusters 
in (A). (E) Heatmap showing average correlation scores between EC subcluster Art1–Art3 (CA derived) and subcluster EC1–EC4 (IA and STA derived). 
(F ) Volcano plot showing DEGs between IA and STA derived ECs. (G) Heatmap showing enriched pathways in IA and STA derived ECs, by metascape analysis. 
(H ) Pseudotime analysis of IA and STA derived ECs, by monocle. (I ) Dynamic molecular changes along the pseudotime analysis. Left, heatmap showing gene 
expression pattern of each module; right, lists of significantly enriched transcription factors, genes, and pathways along the pseudotime trajectory. EC, endo
thelial cell; CA, cortex artery.
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immune receptors and adhesion molecules, such as CCL14, ACKR1, IL6, 
SELE, IL1R1, LIFR were highly expressed in EC1 (Figure 2C and D and 
Supplementary material online, Table S7). The cluster EC2 enriched for 
‘blood vessel development’ and genes important for EC migration and 
Notch regulation (HEY1, SEMA3G) (Figure 2C and D and Supplementary 
material online, Figure S2B). The EC3 represented a high level of ‘circula
tory system process’, and enriched for ITLN1, which supported the positive 
regulation of glucose import (Figure 2C and D and Supplementary material 
online, Figure S2B). The EC4 expressed genes involved in ‘VEGFA-VEGFR2 
signaling pathway’ and ‘extracellular matrix organization’ (Figure 2C and D 
and Supplementary material online, Figure S2B). Further SCENIC analysis 
revealed that regulons FOSL2, HES1, and RUNX3 were highly activated 
in EC4, supporting its functions in cell proliferation, differentiation, 
transformation, and angiogenesis (Supplementary material online, 
Figure S2C).30–37 Using a previously annotated human cerebral cortex vas
culature,38 we showed a higher Pearson correlation coefficient between 
our control STA and IA ECs (EC1–EC4) compared to the cortex artery 
(CA) derived ECs (Art1–Art3) (Figure 2E and Supplementary material 
online, Figure S2D and E). The significant differences lining between 
STA and CAs included ‘regulation of blood circulation’ and ‘muscle relax
ation’ by performing DEGs and GSEA (Supplementary material online, 
Figure S2F and G). Compared with the control, ECs in IA showed great dif
ferential gene expression, especially with the up-regulated ANGPT2 and 
APLN, both of which were markers of tip cells and involved in angiogenesis 
(Figure 2F).39–41 The same significant expression of ANGPT2 and APLN also 
came from the comparison between IA and CA derived ECs 
(Supplementary material online, Figure S2H). Besides, the immunofluores
cence staining further confirmed the expression of both markers in human 
IA lesion (Supplementary material online, Figure S2I). And metascape ana
lysis confirmed that several pathogenic cascades, such as ECM organization, 
inflammation, apoptosis, angiogenesis, and oxidative phosphorylation, 
were significantly up-regulated in IA (Figure 2G). In addition, the SCENIC 
and scMetabolism analysis also suggested a largely alternant regulon activity 
and metabolic status in the ECs of IA (Supplementary material online, 
Figure S2J and K).

Pseudotime analysis of ECs revealed a consensus molecular trajectory 
from control to IA (Figure 2H and Supplementary material online, 
Figure S2L), and it predicted a progressive up-regulation of module involved 
in inflammatory response and angiogenesis, and down-regulation of mod
ule involved in blood vessel morphogenesis and cell–cell adhesion/junction, 
marked by distinct sets of transcriptional factors, developmental genes and 
signaling pathways (Figure 2I).

3.3 Dynamic vSMCs and perivascular 
fibroblasts in IA
The vasculature of the cerebral artery is surrounded by vSMCs and perivas
cular fibroblasts. Both types of cells not only act as a supporting frame
work, but also play important roles for the behaviours of ECs during 
angiogenesis and homeostasis.42

The vSMCs showed a heterogeneous distribution in the clustering plot 
(Supplementary material online, Figure S3A). We obtained five clusters of 
vSMCs from all six samples (Supplementary material online, Figure S3A). 
Among which, vSMC4 and vSMC5 were significantly enriched while the 
other clusters were almost absent in IA (Supplementary material online, 
Figure S3A and B). vSMC5 highly expressed DSP, CDH2, HMCN1, which 
were major contributors to cell–cell adhesion.43–45 By contrast, vSMC4 
was characterized by CHST2, majoring in adhesion and migration of 
leucocytes to ECs,46 and PLXDC1, GPR4, both of which had been reported 
to regulate angiogenesis (Supplementary material online, Figure S3C 
and D).47,48 In the control artery, vSMC1 enriched for cell cycle regulation 
genes KLF4, ATF3 and JUN, together with GO pathway ‘vasculature devel
opment’, while vSMC2 represented the most contractile phenotype 
(Supplementary material online, Figure S3E and Table S8). vSMCs normally 
display a contractile phenotype for regulating the diameter of arteries and 
neurovascular coupling.49 Here, our data showed an obvious reduction of 
known contractile markers (MYH11, CNN1, DES) and increased expression 

of inflammation related genes (VCAM1, HLA-A, FN1) in vSMC of IA, suggest
ing a phenotypic switching (Supplementary material online, Figure S3F). 
Further DEG analysis showed that vSMCs of IA were enriched for the tran
scripts of VCAN, POSTN, SULF1 and SPARC (Supplementary material online, 
Figure S3G), which were implicated in modulating the growth and migration 
of vSMCs through ECM remodeling or TGF-β signaling pathway.50–53 The 
decreased expression of CLU, ADAMTS1, and KCNMA1 was also indicative 
of the dysregulated phenotype in IA vSMC (Supplementary material online, 
Figure S3G). Inflammatory vSMC-mediated EC dysfunction has been ex
tensively explored.54 GSVA showed that vSMCs in IA were characterized 
by the up-regulated EC adhesion and sprouting angiogenesis signaling 
(Supplementary material online, Figure S3H). And the dysregulated ion 
modulation pathway of calcium, potassium, chloride, together with the 
SMC relaxation suggested a neurovascular uncoupling (Supplementary 
material online, Figure S3H).

By using the annotations from previous human and mouse studies, we 
identified a total of seven distinct subtypes of perivascular fibroblasts 
(Supplementary material online, Figure S4A). Among which, proportions 
of clusters 4, 6, and 7 were enriched in IA (Supplementary material 
online, Figure S4A and B). POSTN and TGM2, known for their roles in 
the induction of arterial calcification,55,56 were significantly enhanced in 
fibroblast clusters 4 and 6 (Supplementary material online, Figure S4C 
and Table S9). While clusters 2 and 3 showed higher expression of 
microfibrillar-associated protein encoding genes MFAP4 and MFAP5 
(Supplementary material online, Table S9), which had been reported to as
sociate with thoracic and abdominal aortic aneurysm through the regula
tion of ECM and SMCs proliferation.57–59 The DEGs analysis also 
indicated an elevated expression of heparin-binding cytokine PTN in IA, 
which involved in pathological angiogenesis.60 Whereas CNN5, a regulator 
for the generation of SMCs, and MYOC, which encodes the protein myo
cilin, were significantly down-regulated in IA fibroblasts (Supplementary 
material online, Figure S4D). The metascape GO analysis revealed sub
stantially differential properties in fibroblasts of IA, such as decreased 
proliferation and growth, lowered response to hormone and growth 
factors, increased ossification, cell adhesion and integrin 1 pathways 
(Supplementary material online, Figure S4E). Furthermore, the SCENIC 
analysis revealed higher specificity of STAT1, ETV7, and CREM regulons 
in the IA fibroblasts, whereas the regulons JDP2, ARID5B and ATF4 were 
more specific in the control artery (Supplementary material online, 
Figure S4F).

3.4 Heterogeneity of immune cells in IA
Myeloid cells were significantly enriched in IA (Figure 1E and F and 
Supplementary material online, Table S6). Re-clustering of the myeloid cells 
revealed four clusters, including three clusters of macrophages (Mϕ1–Mϕ3) 
and one cluster of DC (Supplementary material online, Figure S5A and B). 
Macrophage has been well documented for its implications in the forma
tion and rupture of IA in humans.61,62 Different subpopulations of macro
phages orchestrate the innate immune activities.63 Mϕ1 cells displayed 
higher expression of FCN1 and S100A12, indicating their potent inflamma
tory activities (Supplementary material online, Figure S5C). The Mϕ2 cluster 
was characterized by C1QC, FOLR2, and LYVE1 expression (Supplementary 
material online, Figure S5C), which served as the most conserved macro
phage.63 The cluster Mϕ3 increased significantly in IA group 
(Supplementary material online, Figure S5A). According to the known 
marker genes FCGR3A for M1 and CD163 for M2, we speculated the 
Mϕ3 as a M1-like macrophage subcluster (Supplementary material 
online, Figure S5D). Further AddModuleScore analysis of M1/M2-like polar
ization and pro-/anti-inflammatory scores based on marked gene sets 
(Supplementary material online, Table S2) supported that conclusion 
(Supplementary material online, Figure S5E). In addition, we observed in
creased expression of SPP1 in the Mϕ3 (Supplementary material online, 
Figure S5D). SPP1, known as osteopontin, has been found to be asso
ciated with abdominal aortic aneurysm formation through its roles in 
leucocyte recruitment.64 The DC cluster accounted for a relatively small 
portion of myeloid cells and showed less heterogeneous distribution 
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(Supplementary material online, Figure S5A and B). And the enriched ex
pression of CD1C, FLT3, and FCER1A in DCs indicated their potent antigen- 
presenting ability (Supplementary material online, Figure S5C).

Similarly, there were more lymphocytes infiltrated into IA compared 
with the control (Figure 1E and F and Supplementary material online, 
Table S6). T cells were the most abundant cell population, comprising 
79.9% and 85.4% of infiltrating lymphocytes in control and IA tissues, re
spectively (Supplementary material online, Figure S5H). While B cells and 
NK cells were comparatively less in number (Supplementary material 
online, Figure S5H), which was consistent with the previous study.65 The 
re-clustering of T cells revealed 10 subclusters, including five CD4+ T cells 
subtypes and five subclusters of CD8+ T cells (Supplementary material 
online, Figure S5F). CXCR3+ CD4 cells were enriched in IA tissue and 
were served as effector-like cells based on high expression of cytotoxic cy
tokines (GNLY, GZMA, GZMB, GZMK, IFGN, NKG7) and exhaustion-related 
transcription factors (EOMES, TOX, HOPX, ZNF683, ZEB2).66 Whereas the 
GZMA + CD4 cells moderately expressed such genes (Supplementary 
material online, Figure S5F–I). In contrast, memory-like NR4A1+ CD4 cells 
(with high expression of CD69, RUNX3, and NR4A1)67 and naive CCR7+ 
CD4 cells (with high expression of CCR7, TCF7, LEF1, and SELL) were de
creased in IA (Supplementary material online, Figure S5F–I). And the 
FOXP3+ CD4T cells highly expressed regulatory genes of IL2RA, FOXP3, 
and IKZF2 (Supplementary material online, Figure S5G), same as the previ
ously reported.68 The GZMK+ and GZMB+ CD8 cells, which were defined 
as cytotoxic T cells represented larger proportions of CD8T cells in IA 
(Supplementary material online, Figure S5H and I). More CD28+ CD8 cells 
infiltrated into IA, which displayed elevated expression of co-stimulatory 
and exhausted molecules CTLA4, CD28, PDCD1 (Supplementary material 
online, Figure S5F–I). The proportion of resident memory-like NR4A1+ 
CD8 cells increased from 2.83% to 17.65% in IA compared with the con
trol, while the naive CCR7+ CD8 cells showed no significant differences 
(Supplementary material online, Figure S5H and I).

3.5 Abnormal cellular communication in IA
Cell–cell communications play important roles in maintaining tissue 
homeostasis. How aberrant cell communications implicate in the patho
logical dilation of cerebral arteries remains unclear. To explore the com
plex interactions among different cell types, we inferred all potential 
intercellular communications by analysing the expression of ligand–recep
tor pairs using CellChat analysis. Compared to the control artery, there 
were significantly increased number and strength of cell–cell interaction 
in IA (Figure 3A–D and Supplementary material online, Figure S6A–D). 
While the alteration of connections between vascular cells ranked the 
top, marked changes between immune cells and vascular cells were also 
observed in IA (Figure 3A–D and Supplementary material online, 
Figure S6A–D).

Specifically, we found several altered outgoing and incoming signaling 
pathways related to angiogenesis, such as VEGF, ANGPT, APLN, 
SEMA4, CCL, and CXCL signaling (Supplementary material online, 
Figure S6E–J). Previous study revealed that ANGPT2 destabilized blood 
vessels by antagonizing the signaling of ANGPT1 to TIE2.69 ANGPT2 sig
naling was undetected in the control, but it significantly increased between 
IA ECs (Figure 3E and F ). The abnormal upregulation of ANGPT2 in ECs 
was also observed in a recent finding in the mouse brain vasculature.39

As we mentioned above, APLN was enriched in tip cells and suggested 
to promote vascular outgrowth and EC proliferation.40 Similarly, the 
APLN-APLNR signalling anomalously appeared in the IA ECs (Figure 3E 
and F ). The chemokine signalling axis CXCL12-ACKR3/CXCR4, which 
supported the physiological process such as EC migration and arterial mor
phogenesis,70–72 was found elevated between EC and perivascular cells in 
IA (Figure 3E and F ). Besides, we found SEMA4A signalling, a negative regu
lator of embryonic vascularization and VEGF-mediated angiogenesis,73 was 
downregulated in IA (Figure 3E and F ). Inflammation response, critical for 
IA pathogenesis,28 also showed significant alterations. For instance, the 
ITGB2-ICAM1 signalling pair was enriched between immune cells and 
ECs and fibroblasts in IA (Figure 3E and F ), which had been implicated in 

leucocyte adhesion and transmigration.74,75 While another signalling pair 
ADGRE5-CD55 sharing the similar function was less activated (Figure 3E 
and F ).

These data consistently revealed the significant increase of both inflam
mation and angiogenesis in IA. To further explore the relationship lines be
tween inflammation and angiogenesis, we performed AddModuleScore 
analysis based on marked gene sets (Supplementary material online, 
Table S2). The results showed that each sample displayed a distinct inflam
matory and angiogenic status (Supplementary material online, Figure S7), 
which could be further used to interpret the disease progression. As the 
angiogenic score of ECs correlated loosely with the inflammatory score 
of ECs (R = 0.59) (Supplementary material online, Figure S7A), we re- 
analysed that with the inflammatory levels of immune cells (myeloid cells, 
T/NK cells). Surprisingly, while T/NK cells showed similar correlation to 
that of the inflammatory score of ECs (R = 0.57), the inflammatory re
sponse of myeloid cells correlated more with the angiogenic score of 
ECs (R = 0.99) (Supplementary material online, Figure S7B and C), suggest
ing the mutually reinforcing effects between the inflammatory response of 
myeloid cells and the angiogenesis of ECs.

3.6 Ectopic angpt2a expression causes 
vascular abnormality
To further validate these significantly altered signaling pathways/genes 
in vivo, we specifically expressed angpt2a, apln, cxcl12b, cxcr4a, or ackr3a 
in the ECs of zebrafish, via the injection of plasmids with the EC-specific 
kdrl promoter and the corresponding cDNAs (Figure 4A). The transient in
jection of plasmids into the fertilized eggs of EC-labelling transgenic line 
Tg(fli1:DsRed) enables the mosaic labelling of ECs so that we can compare 
the morphology between the mNeonGreen + DsRed + ECs (with the ex
pression of corresponding cDNAs) and mNeonGreen- DsRed + ECs (the 
control ECs without the expression) (Figure 4A). After injection of the flk1: 
angpt2a plasmid, we compared the patchily labelled cerebral vessels (with 
mNeonGreen + DsRed + ECs) to their corresponding locations of vessels 
(with mNeonGreen- DsRed + ECs). We found the mosaic angpt2a expres
sion in zebrafish ECs significantly increased the vascular diameters in the 
brain (Figure 4B and C and Supplementary material online, Figure S8A). In 
addition, we observed more ECs assembled in the vessels, which present 
an irregular arrangement as well (Figure 4B and D and Supplementary 
material online, Figure S8A). However, the cerebral vessels with 
EC-specific expression of apln, cxcr4a, ackr3a, or cxcl12b in the Tg(fli1a: 
DsRed) showed no obvious morphological differences between the vessels 
with the mNeonGreen + DsRed + and the mNeonGreen- DsRed + ECs 
(Figure 4C and D and Supplementary material online, Figure S8B). These 
data highlight an intriguing role of angpt2a in promoting the dilation of 
ECs during IA.

3.7 An innovative IA model and in vivo rescue 
of IA in zebrafish
To further test the identified IA-related genes from the patients, we do 
need a genetic animal model for IA. Although there have been reported 
IA animal models made by using elastase in combination with other drugs 
or surgical procedures,76 a genetic IA animal model with consistent IA phe
notypes suitable for continuous in vivo tracking has yet to be established. 
Previous reports had shown that the loss of vSMCs, the predominant 
cell type within the aortic wall, directly related to IA development and pro
gression.77–80 Thus, here we determined to make a genetically modified 
vertebrate model that mimics the IA-like phenotypes by targeted vSMC 
loss.

Platelet-derived growth factor (PDGF) signalling plays critical roles in 
mural cell development, such as the recruitment and expansion of the mur
al cell progenitors, therefore its aberrance resulting in the decreased cover
age of mural cells on blood vessels.81–83 Here, we strikingly found 
differential cell communication interactions of PDGF signalling pathways 
between IA and STA cells, mainly exhibiting an emerging interaction be
tween vSMCs, fibroblasts, and macrophages appeared in the IA tissues 

8                                                                                                                                                                                                                 G. Yu et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/advance-article/doi/10.1093/cvr/cvae186/7740549 by ShanghaiTech U
niversity user on 30 Septem

ber 2024

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae186#supplementary-data


Figure 3 Cell–cell communications in IA patients. (A, B) Circle plot showing differential interaction number (A) and strength (B) between IA and STA cells. 
(C, D) Heatmap showing the differential interaction number (C) and strength (D) between IA and STA cells. (E, F) Dot plots showing the indicated ligand–receptor 
communication intensity among STA (E) and IA (F) cells. BC, B cell; TC, T cell; DC, dendritic cell; EC, endothelial cell; Fibro, fibroblast; Macro, macrophage; MC, 
mast cell; Neut, neutrophil; NK, natural killer cell; vSMC, vascular smooth muscle cell.
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(Supplementary material online, Figure S9A). Among the pathway, PDGF 
receptor beta is a typical receptor tyrosine kinase encoded by the 
PDGFRB gene, which had been reported to implicate in IA.84 Also here 
we presented the expression level of it within distinctive cell subtypes 
(Supplementary material online, Figure S9B).

Through targeting pdgfrb with an established method,85 we generated a 
knockin line Ki(pdgfrb:GAL4-VP16);Tg(4 × nrUAS:GFP), for the labelling of the 
mural cells, including pericytes and SMCs (Figure 5A). As we had reported 
the heterozygous Ki(pdgfrb:GAL4-VP16);Tg(4 × nrUAS:GFP) (referred as 
pdgfrbKi/+) showed robust and specific mural cell labelling,25 whereas we 
further found the homozygous Ki(pdgfrb:GAL4-VP16);Tg(4 × nrUAS:GFP) 
(referred as pdgfrbKi/Ki) exhibited complete loss of brain pericytes 
(Figure 5A and Supplementary material online, Figure S9C), resembling the 
phenotype of loss-of-pericytes in the PDGFB-PDGFRB signaling mu
tant.83,86–88 As our intron targeted knockin method does not destroy 
the integrity of the targeted gene,85 so we wonder how the function of 
the gene is destroyed by the knockin. We checked the details of the 
pdgfrb-P2A-Gal4 cassette and found the P2A self-cleaving peptide sequence 
used for bicistronic expression will lead to the fusion of its 21-amino-acid 
peptide to the C-terminal of Pdgfrb (Figure 5A).89 Therefore, we reasoned 
that the P2A tag suppressed the function of PDGFRB. To test it, we tran
siently express the wild-type pdgfrb or pdgfrb-P2A in the mural cells of the 
progeny embryos of the homozygous pdgfrbki/ki by one-cell stage injection. 
As we expected, transient injection of wild-type pdgfrb partially rescued the 
loss of brain pericyte phenotype of the pdgfrbki/ki, whereas the pdgfrb-P2A 
failed to rescue (Supplementary material online, Figure S10A). This data in
dicates Pdgfrb-P2A is a loss-of-function form of the wild-type Pdgfrb, 
which destroys the Pdgfb-Pdgfrb signalling that resulted in the brain mural 
cell development deficiency.83,88

Compared with control, pdgfrbki/ki exhibited abnormal arterial local dila
tions and ballooning protrusions that accompanied by the loss-of-SMCs 

(Figure 5B and C ). Hereafter we referred to the pdgfrbki/ki line as IA-like zeb
rafish. The IA phenotypes started to appear around 15–25 dpf and per
sisted into adulthood (Figure 5D, Supplementary material online, Figures 
S9D and E and S11A–C), resembling the typical phenotypes of aneurysmal 
cerebral arteries in human patients. As the IA-like zebrafish can survive to 
adulthood and fertile, we can observe the IA formation and progression 
directly with naked eyes through the skull at various development and adult 
stages (see Supplementary material online, Figure S9D and E). And at later 
adult stage, the phenotype of arterial dilation got much more severe 
(Figure 5E). The frequency and the diameter of the dilated arteries dis
played an age-dependent progression (see Supplementary material 
online, Figure S11A–C), resembling the time course of aneurysm develop
ment in human.1,90 Although the diameter of the affected arteries greatly 
expanded, the diameter of the brain capillaries only slightly increased 
(see Supplementary material online, Figure S11A–C). Together, our 
IA-like zebrafish model recapitulates the key pathological features of IA 
in human patients, which makes it an excellent in vivo model for the study 
of the molecular and cellular mechanisms of IA.

Next, we knocked down angpt2a, apln, cxcl12b, cxcr4a, or ackr3a in the 
IA zebrafish by using the crispant method91 (Figure 6A). Compared to the 
control injected fish, knocking down of angpt2a caused a significant reduc
tion in arterial diameter in the 25 dpf IA zebrafish, while the frequency of 
dilated arteries showed no difference (Figure 6B and C and Supplementary 
material online, Figure S12A). Similarly, the apln crispant zebrafish also dis
played ameliorated dilation of penetrating arteries (Figure 6B and C ). 
However, we found the knockdown of cxcl12b in zebrafish causing a 
high embryo lethality, and the knockdown of cxcr4a and ackr3a 
could not alleviate the occurrence frequency nor arterial phenotypes in 
IA zebrafish (Supplementary material online, Figure S12A and B). In all, 
the above data suggest the potential role of angpt2a and apln in IA 
progression.

Figure 4 Mosaic angpt2a expression causes vascular abnormality. (A) Left, schematic representation of EC-specific expression of angpt2a in zebrafish; right, 
schematic of the injected plasmid. (B) Confocal imaging of cerebral vessels with mosaic angpt2a expression in 15 dpf fish. Left, cerebral vessels with patchy 
angpt2a expression; right, zoomed typical cases in left. (C ) Bar graph showing diameters of vessels with mosaic over-expression and the control vessels in 
15 dpf fish. n = 6 for control and angpt2a OE fish, n = 3 for apln, cxcr4a or cxcl12b OE fish, and n = 4 for ackr3a OE fish. Student’s unpaired t-test, mean  
± SEM, ****P < 0.0001. (D) Bar graph showing EC density of vessels with mosaic over-expression and control vessels in 15 dpf fish. n = 6 for control and 
angpt2a OE fish, n = 3 for apln, cxcr4a or cxcl12b OE fish, and n = 4 for ackr3a OE fish. Student’s unpaired t-test, mean ± SEM, ****P < 0.0001. OE, over- 
expression. Scale bar: 100 μm.
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4. Discussion
The dysfunction and damage of ECs are suggested to be the first event in 
human IA pathogenesis.28,92–94 The present study provides insights into 
the critical genes and molecular pathways in ECs involved in IA formation. 
This was made possible by obtaining high-quality EC samples for 
scRNA-seq analysis, which has been a challenge in the past due to the ex
tensive degeneration and loss of ECs during IA progression,95,96 or the 
low efficiency of EC recovery during sample preparation.10,38,97,98 Our 

results showed the presence of four distinct EC subclusters, with the 
EC4 subcluster being significantly enriched in IAs compared to the con
trol samples (Figure 2A). The metascape enrichment analysis highlighted 
dysregulated activities in various functional categories such as ECM or
ganization, EC proliferation, cell death, cell motility, and inflammation in 
the EC4 subcluster (Supplementary material online, Figure S2B). 
Furthermore, the pseudotime analysis revealed a trajectory from EC1– 
EC3 to EC4, suggesting a progressive transformation of ECs during IA 
formation and progression.

Figure 5 A novel mural cell-deficient zebrafish model develops IA-like phenotypes. (A) Confocal imaging of representative mural cell deficiency in 4.5 dpf 
control (pdgfrbki/+, left) and IA (pdgfrbki/ki, right) zebrafish. (B, C ) Light field and confocal imaging of arterial dilations in 25 dpf control (pdgfrbki/+, B) and IA 
(pdgfrbki/ki, C ) zebrafish. Right, zoomed typical phenotypes in the left. (D) Bar graph showing percentages of zebrafish with arterial dilations at 15, 25 dpf, 
1.5 months post-fertilization (mpf) and 3.5 mpf. n = 39 for 15 dpf, n = 44 for 25 dpf, n = 45 for 1.5 mpf and n = 29 for 3.5 mpf IA (pdgfrbki/ki) zebrafish, mean  
± SEM. (E) Confocal imaging of arterial dilations in 6.0 mpf adult control (pdgfrbki/+, left) and IA (pdgfrbki/ki, right) zebrafish. Scale bar: 100 μm.
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Angiogenesis is a process for generating new vessels from pre-existing 
vessels during development,99 which gradually decreased and is suppressed 
in mature vessels, especially in arteries.100 Here we provide evidence that 
angiogenic genes (ANGPT2, APLN) and pathway were ectopically enriched 
in the ECs of IA. ANGPT2 belongs to the angiopoietin/TIE signaling path
way, which is found to function through inhibiting ANGPT1-induced TIE2 
phosphorylation.69 Physiologically, ANGPT2 is highly expressed in angio
genic ECs, and its dysregulation had been found to implicate in diverse vas
cular malformations, notably in capillary malformation (CM), cerebral 
cavernous malformations (CCMs), hereditary hemorrhagic telangiectasia 
(HHT) and arteriovenous malformations (AVMs).101–104 Several studies 
have proven that the above pathological conditions may come from the 
ANGPT2 induced EC destabilization, immune cell infiltration, ECM degrad
ation, pericyte detachment, and increased vascular permeability.105,106

However, on the contrary, a latest study suggested the protective role 
of ANGPT2 in maintaining stability of cerebral vessels.39 Therefore, the 
function of ANGPT2 is still debated. In addition, for peripheral aneurysms, 
Hongyou et al. demonstrated that the Angpt2 limits the occurrence of 

abdominal aortic aneurysm (AAA) and atherosclerosis in a mouse model 
associated with reduced angiogenesis and inflammation.107 Jonathan et al. 
found the serum ANGPT2 is elevated in men with AAA and predicted a 
higher cardiovascular motality.108 However, the role of ANGPT2 in IA 
has not been reported yet. As we observed the elevated expression of 
ANGPT2, we therefore try to investigate its roles within ECs in IA. The pre
sent study used the well-established vertebrate model of zebrafish and 
found that EC-specific expression of angpt2a caused IA-like vascular dila
tion and EC alterations (Figure 4 and Supplementary material online, 
Figure S8A). We also introduced a novel genetic model of IA mimicking 
the arterial abnormalities in human IAs, which can be used for long-term 
in vivo exploration of IA pathogenesis at both molecular and cellular level. 
And we found the phenotypes of our IA-like zebrafish can be partially res
cued by knocking down of angpt2a (Figures 5 and 6). Therefore, our data 
support the destabilizing role of ANGPT2 in ECs. APLN, also being a mark
er for tip cells, has pivotal roles in developmental angiogenesis, especially in 
regulating ECs migration, division, and apoptosis.109,110 And similarly, 
though the implication of APLN in IA have not been addressed yet, a critical 

Figure 6. In vivo rescue of the phenotypes in IA-like zebrafish by knocking down angpt2a. (A) Schematic representation of the target gene knockdown in the 
IA-like zebrafish by using the crispant method. (B) Confocal imaging of arterial dilations in 25 dpf Cas9 control, angpt2a or apln crispant IA-like zebrafish. (C ) Bar 
graph showing artery diameters in 25 dpf Cas9 control, angpt2a, apln, cxcr4a or ackr3a crispant IA-like zebrafish. n = 5 for each group, four penetrating arteries 
per fish. Student’s unpaired t-test, mean ± SEM, ****P < 0.0001. Scale bar: 100 μm.
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protective role of APLN in atherosclerosis and AAA formation had been 
drawn.111,112 Here, we found the EC-specific expression of apln in zebra
fish causes no significant vascular changes, while a similar alleviation of ar
terial dilation in apln knockdown IA-like zebrafish (Figure 6B and C ). These 
results suggest that ANGPT2 and APLN may be potential therapeutical tar
gets for IA.

Previous studies have indicated that the inflammatory response plays a 
significant role in the formation, progression, and rupture of IA.4,113 The 
immune response is primarily caused by infiltration of immune cells, result
ing in damage to vascular cells, and degradation and remodeling of the 
ECM.61 The altered homeostasis of vascular microenvironment triggers 
cascade response of inflammation in the vascular wall.114 Here we also ob
served the increased infiltration of immune cells in IA tissues, including 
T/NK cells, B cells, macrophages and dendritic cells. The T/NK cells rank 
the highest both in the abundance of immune cell population and increased 
proportions. Previous study indicates the function of T cells are dispens
able for IA formation. However, the heterogeneity of T cells is still un
known in IA.115 In this study, we explored the heterogeneity of T cells 
and found that there is an increased presence of effector-like T cells in 
IA. These T cells expressed high levels of cytotoxic cytokines and 
exhaustion-related transcription factors, while the populations of memory 
and naive T cells decreased (Supplementary material online, Figure S5F–I). 
Macrophages are thought to be the first immune cells to encounter stimuli 
and are the primary producers of reactive oxygen species that promote 
enzymatic reactions and damage the blood vessel wall.65,116 In contrast 
to T cell deletion, depletion of macrophages significantly reduced the inci
dence of IAs.61 In the brain, macrophages can be activated into two distinct 
phenotypes: the pro-inflammatory M1-like or the anti-inflammatory 
M2-like.117 Our findings show that M1-like macrophages are enriched in 
IA tissues, indicating the pro-inflammatory polarization of macrophages 
in the pathophysiological process. We also performed an analysis using 
the signature AddModuleScore, and we observed a striking correlation 

between the inflammatory score of myeloid cells and the angiogenic score 
of ECs (Supplementary material online, Figure S7B). This finding suggests a 
potential link between angiogenesis and the immune response, which could 
contribute to our understanding of the pathogenesis of IA.

However, it is also essential to acknowledge certain limitations within 
this research. First, given that endovascular interventions have become 
the primary treatment for IAs, the availability of human samples suitable 
for scRNA-seq analysis is limited. This challenge is further compounded 
by difficulties in the preparation of fresh single-cell suspensions. 
Therefore, future studies should strive to incorporate IA samples from a 
wider range of arterial positions and diverse sample sizes. This approach 
will facilitate comparisons among distinct disease conditions, enhancing 
our overall understanding of IA. Furthermore, it’s worth noting that we ob
served a potential imbalance among our collected IA samples. For instance, 
the enrichment of ANGPT2 and APLN expression in ECs of IAs appeared to 
be primarily driven by patient IA2. This discrepancy may arise from genetic 
variations, environmental influences, or lifestyle differences between indi
viduals, contributing to divergences in genome, expression profiles, and 
metabolites of biological samples. To further demonstrate the enhanced 
expression of ANGPT2 and APLN, we conducted immunofluorescence 
staining in several samples from IA patients, which help to enhance the sig
nificance as the elevation of both genes had been observed in most of the 
IA samples. Besides, another limitation of our IA-like zebrafish model is its 
lack of specificity for vSMCs, as it also affects brain pericytes on the capil
laries. Currently, there is no existing genetic animal model with a specific 
deficiency in vSMCs in arteries. Therefore, exploring novel strategies to de
velop such a model using different approaches holds significant value.

In all, our work provides a comprehensive analysis of the cellular com
positions and transcriptome profiles of IA sample and reveals the import
ant role of EC-intrinsic ANGPT2 in the formation and progression of IA. 
These findings have important implications for our understanding of the 
disease and provide a potential target for future intervention.

Translational perspective
The current study elucidates the dynamic cellular compositions and transcriptome profiles in human intracranial aneurysm (IA) and the control artery, 
which provides important resources for future studies of the molecular mechanisms underlying IA formation and progression. Especially, the obtaining 
of high-quality and high-quantity endothelial cells from IA patients, permits the uncovering of their heterogeneity. In addition, our results demonstrate 
that inhibition of ANGPT2 may hold potential therapeutic benefits for IA interventions.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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