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Aims The artery contains numerous cell types which contribute to multiple vascular diseases. However, the heterogene-
ity and cellular responses of these vascular cells during abdominal aortic aneurysm (AAA) progression have not
been well characterized.

....................................................................................................................................................................................................
Methods and
results

Single-cell RNA sequencing was performed on the infrarenal abdominal aortas (IAAs) from C57BL/6J mice at Days
7 and 14 post-sham or peri-adventitial elastase-induced AAA. Unbiased clustering analysis of the transcriptional
profiles from >4500 aortic cells identified 17 clusters representing nine-cell lineages, encompassing vascular smooth
muscle cells (VSMCs), fibroblasts, endothelial cells, immune cells (macrophages, T cells, B cells, and dendritic cells),
and two types of rare cells, including neural cells and erythrocyte cells. Seurat clustering analysis identified four
smooth muscle cell (SMC) subpopulations and five monocyte/macrophage subpopulations, with distinct transcrip-
tional profiles. During AAA progression, three major SMC subpopulations were proportionally decreased, whereas
the small subpopulation was increased, accompanied with down-regulation of SMC contractile markers and up-
regulation of pro-inflammatory genes. Another AAA-associated cellular response is immune cell expansion, particu-
larly monocytes/macrophages. Elastase exposure induced significant expansion and activation of aortic resident
macrophages, blood-derived monocytes and inflammatory macrophages. We also identified increased blood-
derived reparative macrophages expressing anti-inflammatory cytokines suggesting that resolution of inflammation
and vascular repair also persist during AAA progression.

....................................................................................................................................................................................................
Conclusion Our data identify AAA disease-relevant transcriptional signatures of vascular cells in the IAA. Furthermore, we

characterize the heterogeneity and cellular responses of VSMCs and monocytes/macrophages during AAA progres-
sion, which provide insights into their function and the regulation of AAA onset and progression.
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1. Introduction

Abdominal aortic aneurysm (AAA) is a life-threatening cardiovascular
disease that is characterized by permanent dilatation of the arterial wall
of 50% or more compared to the normal diameter.1,2 More than 80% of
AAA occurs in the infrarenal aorta proximal to the aortic bifurcation.1,2

The main pathological features of AAA include extracellular matrix
(ECM) degradation,3 loss of medial contractile vascular smooth muscle
cells (VSMCs),4 and immune cells infiltration and activation in the adven-
titia and tunica media,5,6 all contributing to vascular remodelling and
weakening of the aortic wall. During the past decade, the development
of in vivo lineage tracing systems has enabled the unbiased fate mapping
and identification of vascular cells during the progression of cardiovascu-
lar diseases.7–9 However, current approaches to characterize the cell
types using a small number of preselected markers do not reflect their
in vivo functional states and transcriptional profiles.

Although the major aortic cell types in the whole aorta are well
known,10,11 the heterogeneity and relative contribution of different vas-
cular cells in healthy and aneurysmal aortas are poorly understood.
Recently, the development and use of single-cell RNA sequencing
(scRNA-seq) provides an opportunity for a comprehensive and unbiased
characterization of the molecular profile and heterogeneity of large num-
bers of individual cells in healthy or diseased aortas. Recent studies have
used scRNA-seq to depict the landscapes of endothelial cells (ECs),11

VSMCs,10 adventitial cells,12 perivascular adipose tissue stem cells,13 im-
mune cells,14,15 and macrophages8 within the aorta. Most of these stud-
ies isolated the single cells from the whole aorta or thoracic aorta, which
are susceptible to atherosclerosis, and demonstrated the transcriptional
and functional heterogeneity of vascular cells during the progression of
atherosclerosis.

Understanding the heterogeneous identities, diverse functional states
and subpopulation fractions within healthy and aneurysmal aortas will be
fundamental to understanding aetiology and progression of AAA as to
better define potential targets for early intervention. Here, we present
the first comprehensive analysis of the lineage heterogeneity, altered

transcriptomic profiles and functional states of vascular cells from
healthy and aneurysmal mouse infrarenal abdominal aortas (IAAs) using
scRNA-seq. By clustering analysis of the IAA cells, we identified 17 clus-
ters and nine distinct cell types. We also report the changes of cellular
subpopulations, fractions and transcriptomic profiles in response to
elastase-induced AAA model.

2. Methods

Expanded methods are provided in Supplementary material online.

2.1 Mouse model of elastase-induced AAA
Elastase peri-adventitial exposure was used to induce AAA in 10-week-
old C57BL/6J male mice.16,17 In brief, the mice were anaesthetized by in-
traperitoneal injection of a mixture of ketamine (100 mg/kg) and xylazine
(5 mg/kg), and IAAs were exposed, isolated, and wrapped with sterile
cotton soaked with 30lL of elastase (E1250, lot No. SLBV9311,
MilliporeSigma) or heat-inactivated elastase (to serve as Sham group) for
30 min. Then the elastase-soaked cotton was removed, and the abdomi-
nal cavity was washed with saline twice before closing the surgical inci-
sion. IAAs were harvested 7, 14, and 28 days after elastase exposure or
14 days after heat-inactivated elastase exposure (Sham). All animal care
and experimental procedures were approved by the Institutional Animal
Care & Use committee (IACUC) at the University of Michigan and com-
plied with the National Institutes of Health (NIH) Guidelines for the care
and use of laboratory animals.

2.2 Aortic dissociation and single cell
preparation
At the end of experiments, mice were anaesthetized by using carbon di-
oxide (CO2) in accordance with the NIH Guidelines for the euthanasia
of animals, and then perfused with 10 mL of PBS through left ventricular
puncture. Preparation of the single-cell suspension of the aortic cells was
performed following a previously described enzymatic digestion
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protocol.11,18 In brief, the IAAs pooled from five mice in each group
were cut and digested with an enzyme solution [450 U/mL collagenase
type I (Gibco, cat# 17100-017), 125 U/mL collagenase type XI (Millipore
Sigma, cat# C7657), 60 U/mL hyaluronidase type I-s (Millipore Sigma,
cat# H3506), and 60 U/mL DNase I (Millipore Sigma, cat# DN25)] for
1.5 h at 37�C. The cell suspension was strained through a 70lm filter
and washed thrice with PBS. The cells were resuspended in opti-MEM
with 10% FBS, and the cell viability was greater than 70%, as confirmed
by trypan blue staining. The resuspended cells were subjected to
scRNA-seq.

2.3 Single-cell RNA sequencing
Standard 10� Chromium Single Cell 30 Solution v2 (10� Genomics
Gemcode Technology) protocols were followed for scRNA-seq.

2.4 Processing of scRNA-seq data
The raw scRNA-seq data was processed using the 10� Genomics Cell
Ranger software. The CellRanger mkfastq command was used to gener-
ate Fastq files. Subsequently, data were mapped to the pre-build mouse
reference genome (mm10, version 1.2.0).

2.5 Scrna-seq data analysis
After aggregation of the samples from IAA cells, R package Seurat v3.0
was used for cell filtration, normalization, principal component analysis,
variable genes finding, clustering analysis, and Uniform Manifold
Approximation and Projection (UMAP) dimensional reduction. The
Seurat functions Vlnplot, FeaturePlot, DotPlot, and DoHeatmap were
used to visualize the gene expression with violin plot, feature plot, dot
plot, and heatmap, respectively. Markers for a specific cluster against all
remaining cells were found by using the Seurat function FindAllMarkers.

2.6 Statistical analysis
The data corresponding to aortic diameters, elastin degradation grade,
and inflammatory cells (including leucocytes and macrophages) infiltra-
tion in the aortic wall are presented as mean ± standard error of the
mean. Statistical analysis was performed using GraphPad Prism 7.0
Software (GraphPad Software, San Diego, CA, USA). All data were
tested for normality and similar variance. The Kruskal–Wallis (non-para-
metric) test was used to compare the elastin degradation grade. One-
way analysis of variance followed by Tukey’s post hoc analysis was used
to compare the aortic diameters and inflammatory cells infiltration
among Sham, Elastase7d, Elastase14, and Elastase28d.

3. Results

3.1 Single-cell RNA sequencing revealed 17
cell clusters representing nine-cell lineages
in the infrarenal abdominal aorta
The elastase-induced AAA model was performed on C57BL/6J mice
(Supplementary material online, Figure S1A–F), as previously
reported.16,17 During the 4 weeks after elastase exposure, no rupture or
mortality occurred in this model. At Days 7, 14, and 28 after elastase ex-
posure (Elastase7d, Elastase14d, and Elastase28d), the IAAs were time-
dependently expanded in the elastase-treated groups compared with
the heat-inactivate elastase (Sham) group (Supplementary material on-
line, Figure S1A and B). Verhoff-Van Gieson staining performed on serial
sections of the IAAs demonstrated that elastin degradation was slightly

increased in Elastase7d and significantly increased in Elastase14d and
Elastase28d, albeit without significant changes between Elastase14d and
Elastase28d (Supplementary material online, Figure S1C and D).
Moreover, leucocyte (Cd45þ) and macrophage (Mac2þ) infiltration to
the aortic wall was markedly increased in the elastase-treated groups
compared with the sham group (Supplementary material online, Figure
S1E). Meanwhile, immunofluorescence staining of the smooth muscle
cell (SMC) marker SM22a showed greater SMC loss after elastase expo-
sure (Supplementary material online, Figure S1F). Based on the similarity
of the pathological features related to aneurysm formation, including
aortic dilation, aortic wall degradation, inflammatory cells infiltration in
the aortic walls, and loss of medial SMCs, between Elastase14d and
Elastase28d (Supplementary material online, Figure S1A–F) which are
consistent with stabilization of the lesions as previously reported,19 only
the IAAs from Sham, Elastase7d, and Elastase14d were subjected to
scRNA-seq.

Single cells from three samples from each treatment group, isolated as
described in the methods, were subsequently individually bar-coded and
sequenced by using the 10� Genomics Chromium platform (Figure 1A).
The individual samples yielded similar median number of genes (median
genes) per cell after processing the datasets with Cell Ranger
(Supplementary material online, Figure S1G). The transcriptional profiles
of 1509, 1737, and 1396 cells for Sham, Elastase7d, and Elastase14d, re-
spectively, were included in the subsequent analysis after implementing
the quality control filtering described in the methods (Supplementary
material online, Figures S1H–J and S2). Data integration and unbiased
clustering identified a total of 17 clusters were singled out in IAA cells of
the integrated datasets (Figure 1B–D).

The top 10 marker genes for a cluster were defined [by average log(-
fold change)] relative to all other clusters (Supplementary material on-
line, Table S_I). The cell type-specific canonical markers for each cell
lineage were used to distinguish cell lineages (Figure 1E). Similar to the
separate clustering data, nine distinct cell lineages were identified in the
IAA cells from the integrated data (Supplementary material online,
Figures S2 and S3 and Figure 2). Major cell types comprised: (i) SMCs
(Clusters 1, 2, 3, 4), which highly expressed the SMC canonical markers,
Myh11, Tagln, and Acta2; (ii) fibroblasts (Fibro, Clusters 5, 6), which fea-
tured the expression of collagens/collagen-binding proteins, Dcn,
Col1a1, and Col3a1; (iii) ECs (Cluster 7), which was marked by the ex-
pression of Cdh5, Pecam1, and Fabp4; (iv) monocytes and macrophages
(Mo/MU, Clusters 8, 9, 10, 11, and 12), which demonstrated high expres-
sion of Cd68, Cdca3, and C1qb; (v) B cells (B, Cluster 13), which highly
expressed Cd79a, Ly6d, and Cd79b; (vi) T cells (T, Cluster 14), which
showed high level of Cd3d, Cd3g and Cd28; (vii) dendritic cells (DCs,
Cluster 15), which highly expressed the marker genes, Cd209a, Ccr7,
and Ifitm1 (Figure 1E and Supplementary material online, Figure S3). Of
note, although the expression of natural killer cell marker genes Gzma,
Nkg7, and Irf8 were also detected in Cluster 14, no natural killer cells
were singled out, and this cluster showed highest percentage of expres-
sion of the T-cell markers Cd3d and Cd3g; additionally, (viii) a small clus-
ter of neural cells (Neural, Cluster 16) with marker genes Prnp, and (ix)
a small population of erythrocyte cells (Eryth, Cluster 17) with high ex-
pression of Bpgm and Snca (Figure 1E and Supplementary material online,
Figure S2) were also singled out in IAA cells. We also identified the top 5
marker genes (sorted by P-value) for each cluster relative to all other
clusters, and these genes were plotted using heatmap (Figure 2 and
Supplementary material online, Table S_II). Collectively, distinct gene ex-
pression patterns across all clusters were observed with unbiasedly
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Figure 1 Identification of cell clusters present in the mouse infrarenal abdominal aortas (IAA) by single-cell RNA sequencing (scRNA-seq). (A) Schematic
diagram indicating the procedure for scRNA-seq. Sham, 14 days after heat-inactivated elastase-exposure; Elastase7d, 7 days after elastase-exposure;
Elastase14d, 14 days after elastase exposure. For each experimental condition, the IAA cells were pooled from 5 mice in each group. (B) Uniform Manifold
Approximation and Projection (UMAP) plot of aggregate IAA cells from Sham, Elastase7d and Elastase14d. Colours denote different conditions. After qual-
ity control, 1509, 1737, and 1396 cells from Sham, Elastase7d, and Elastase14d, respectively, were captured for clustering analysis. (C) UMAP plot of aggre-
gate IAA cells with colours denoting different clusters. (D) UMAP plot of cell clusters in IAA cells across the indicated conditions. Colours denoting different
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..identified marker genes for each cluster listed in Supplementary material
online, Table S_III.

3.2 Decreased SMCs and expansion of
immune cells in the aneurysmal infrarenal
abdominal aorta
After characterizing the cell clusters identified by the cell type-specific
markers, we then examined the cell subpopulations within the IAA
(Figure 3A and B). Among the identified cell types, SMCs, fibroblasts, and
monocyte/macrophages were clustered into multiple subpopulations:
four SMC clusters (1, SMC_1; 2, SMC_2; 3, SMC_3; 4, SMC_4), two fi-
broblast clusters (5, Fibro_1; 6, Fibro_2), and five Mo/MU clusters (8,
Mo/MU_1; 9, Mo/MU_2; 10, Mo/MU_3; 11, Mo/MU_4; 12, Mo/MU_5)
(Figure 3A–C).

We also observed aortic aneurysm-associated cellular responses of
the IAA cells at the single-cell level, including decrease of SMC popula-
tion and expansion of immune cell populations (Figure 3D), which is con-
sistent with the pathological changes in SMCs and immune cells
determined by immunofluorescence staining (Supplementary material
online, Figure S1E and F). Within the IAA cells from Sham, SMCs are the
largest population, accounting for 44.9% of all cells (Supplementary ma-
terial online, Figure S2B and Figure 3D and E). Fibroblasts and total im-
mune cells have similar proportions, accounting for 20.3% and 18.1%,
respectively (Figure 3D and E). Among the immune cells, Mo/MU are the
largest population, which accounts for 55.7% of the immune cells (Figure
3D and E).

During AAA progression, vascular SMCs undergo phenotypic modu-
lation or apoptosis.4,20–22 Consistent with the pathologic changes seen in
human AAAs,21,22 the SMC populations significantly decreased in the an-
eurysmal aortas relative to the sham aortas (Sham, 44.9% vs. Elastase7d,
14.3% vs. Elastase14d, 17.8%, Figure 3B, D, E). Additionally, at Day 7, be-
fore aneurysms were evident, the elastase-treated aorta had a 68.2% re-
duction of the total SMCs, compared with the sham aorta, and the
reduction of SMC population (60.5%) remained at 14 days after AAA
formation (Supplementary material online, Figure S1A and B and Figure
3D and E). We also observed immune cells expansion (Sham, 18.1% vs.
Elastase7d, 68.8%, vs. Elastase14d, 62.5%) and decrease of fibroblasts
(Sham, 20.3% vs. Elastase7d, 13.2%, vs. Elastase14d, 12.2%) during AAA
progression (Figure 3D and E). Among the immune cells, Mo/MU, T cells
and DCs expanded during AAA progression (Mo/MU, Sham, 10.1% vs.
Elastase7d, 45.2%, vs. Elastase14d, 43.1%; T cells, Sham, 3.5% vs.
Elastase7d, 14.5%, vs. Elastase14d, 10.8%; DCs, Sham, 1% vs. Elastase7d,
7.2%, vs. Elastase14d, 6.2%, of total cells sequenced in each treatment)
(Figure 3E). Additionally, we analysed pooled T cells by UMAP and identi-
fied three T-cell subpopulations (Supplementary material online, Figure
S4A). T_1 was the largest subpopulation, accounting for more than 50%
of the total T cells and highly expressing Ly6c2, Cd8a, and Cd8b1
(Supplementary material online, Figure S4B–E). T_2 expressed Gzma,
which encodes a cytotoxic T-cell and natural killer cell-specific serine
protease, granzyme A (Supplementary material online, Figure S4C–E).
T_3 expressed Cd4 and Il2ra, encoding CD25, which preferentially

marks regulatory T cells (Supplementary material online, Figure S4D and
E). During AAA progression, the proportions of T_1 and T_3 were de-
creased at Day 7 and were restored at Day 14 (Supplementary material
online, Figure S4B). On the contrary, the proportion of T_2 was in-
creased at Day 7 and was restored at Day14 (Supplementary material
online, Figure S4B).

3.3 VSMC transcriptomes reflect
phenotypic and functional heterogeneity
within aneurysmal IAA
We identified four distinct SMC clusters both in the sham and aneurys-
mal IAA (Figure 4A, and Supplementary material online, Figure S5A).
SMC_1, SMC_2, and SMC_3 account for more than 98% of the SMC
population in the sham group, whereas SMC_4 only represented less
than 2% of the total SMCs (Figure 4B). Of note, even the total SMCs sig-
nificantly decreased after AAA formation, SMC_1, SMC_2, and SMC_3
were proportionally decreased and demonstrated similar ratios during
AAA development (Figure 4B and Supplementary material online, Figure
S5B). In contrast, SMC_4 increased from less than 2% of total SMCs in
Sham and Elastase7d, to 10% in the Elastase14d (Figure 4B and
Supplementary material online, Figure S5B).

Although all of the four clusters were identified as SMCs, they still had
different expression profiles (Figures 1E, 4C and D and Supplementary
material online, Figure S5C and D). Next, we determined the differentially
expressed genes among the four clusters and found 34 marker genes
showing significant differential expression using the Wilcoxon rank-sum
test with Bonferroni correction (P < 0.001, avg_logFC > 1)
(Supplementary material online, Table S_IV). Both SMC_1 and SMC_2
showed consistently high expression of the SMC-specific contractile
markers (Myh11, Acta2, Tagln, and Myl9) and low expression of collagen
and cytokine genes (Col1a1, Col1a2, Col3a1, Ccl4, Cxcl1, Bmp2, and
Tgfb2), signalling receptor gene (Pdgfrb), as well as stem cell marker
gene Ly6a (encoding Sca1) (Supplementary material online, Table S_III,
Figures 2 and 4E and Supplementary material online, Figure S5E).
Additionally, SMC_1 and SMC_2 displayed similar gene expression pat-
terns after elastase-treatment, including slight down-regulation of Myh11
and Tagln, and significant up-regulation of Ctss, Adamts1, Cxcl2, and
Ccl2 (Figure 4E and F and Supplementary material online, Figure S5D and
E). In agreement with previous reports,4,23,24 the quiescent, contractile
VSMCs in the media can undergo phenotypic switching to a pro-
inflammatory phenotype during AAA progression. Importantly, the
marker genes for SMC_2 distinguishing it from other three SMC clusters
included Fos, Jun, Klf2, and Atf3, all important for regulation of cell
growth and proliferation (Supplementary material online, Table S_IV).
These growth-regulated genes were over-represented in SMC_2, and
elastase exposure further up-regulated their expression (Figure 4E and F,
and Supplementary material online, Figure S5D and E), strongly suggesting
a growth function and activated state of SMC_2 even in the absence of
aortic aneurysm. Of note, Dusp1, which encodes mitogen-activated pro-
tein kinase phosphatase-1 and suppresses VSMC proliferation by inacti-
vating MAPK,25 was also highly represented in SMC_2 (Figure 4C and D

Figure 1 Continued
clusters. (E) Dot plot of selected marker genes for each cluster and lineage in aggregate IAA cell clusters. Dot size indicates the percentage of cells
expressing each gene, and dot colour indicates expression level. B, B cells; DC, dendritic cells; EC, endothelial cells; Eryth, erythrocytes; Fibro, fibro-
blasts; Mono/MU, monocytes/macrophages; Neural, neural cells; NK, natural killer cells; SMC, smooth muscle cells; T, T cells.
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Figure 2 Heat map of the top 5 [by average Log(fold change)] genes with specific expression for each cell cluster in aggregate IAA cells. The top5 clus-
ter-specific markers for each cluster were selected from the all markers of each cluster based on the average Log(fold change). The FindAllmarkers func-
tion in Seurat v3.0 was used with the parameters test. use = wilcox, min.pct = 0.25, thresh.use = 0.25, only.positive = TRUE and return.thresh = 0.01, to
find all markers for each cluster.
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Figure 3 Categorization of mouse IAA cell populations. (A) UMAP plot of aggregate IAA cells with identified cell lineages and subpopulations. Sham,
n = 1509 cells. Elastase7d, n = 1737 cells. Elastase14d, n = 1396 cells. (B) Clusters and major cell types correspondence. (C) Dendrogram of the major cell
types and subpopulations in IAA cells according to average RNA expression. (D) Fraction of each cell type in IAA cells across conditions (Control, elas-
tase7d, and elastase14d). Sham, n = 1509 cells. Elastase7d, n = 1737 cells. Elastase14d, n = 1396 cells. (E) Cell population percentages across conditions.
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Figure 4 Comparison of SMC subpopulations in IAA from Sham and AAA. (A) UAMP plot of the SMC subpopulations (1, SMC_1; 2, SMC_2; 3, SMC_3; 4,
SMC_4) from Sham and Elastase14d. Sham, n= 678 SMCs. Elastase14d, n = 248 SMCs. (B) The percentages of the SMC subpopulations from Sham and
Elastase14d. For Sham, SMC_1, n = 276 cells, SMC_2, n = 214 cells, SMC_3, n = 167 cells, SMC_4, n= 21 cells. For Elastase14d, SMC_1, n = 102 cells, SMC_2,
n = 74 cells, SMC_3, n= 46 cell, SMC_4, n = 26 cell. (C) Expression of selected marker genes for the SMC subpopulations from Sham or Elastase14d as visualized
by feature plots. (D) Expression of selected marker genes for SMC subpopulations from Sham and Elastase14d as visualized by Violin plots. (E) Dot plot of selected
marker genes for each SMC subpopulation. Dot size indicates the percentage of cells within the group expressing each gene. Dot colour intensity indicates the
gene expression level. With the limitation of Seurat V3.0, the colour scale bar for the average expression cannot be shown in on dotplot that have been split by
different experimental conditions. (F) Violin plot of selected marker genes for each SMC subpopulation with colour denoting experimental conditions.
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and Supplementary material online, Figure S5C), which may contribute to
maintain the phenotypic homeostasis of SMC_2. Here, we termed
SMC_1 as quiescent, contractile SMCs and SMC_2 as proliferative, con-
tractile SMCs, respectively, and referred to them as distinct cell entities,
without prejudice about their origin, fate or contractile nature.

Although they expressed the SMC contractile markers Myh11, Tagln
and Acta2, SMC_3 and SMC_4 displayed different expression patterns
compared with SMC_1 and SMC_2 (Figures 2, 4C and E and
Supplementary material online, Figure S5C and D). Ifrd1, which encodes
interferon related developmental regulator 1 (IFRD1) and negatively reg-
ulates the thermogenic and mitochondrial gene expression in brown adi-
pocytes,26 was enriched in both SMC_3 and SMC_4 (Figure 4C and D
and Supplementary material online, Figure S5C). Nrip2, encoding nuclear
receptor interacting protein 2, and Pln, encoding phospholamban which
acts as a negative regulator of the sarcoplasmic reticulum Ca(2þ)-pump-
ing ATPase,27 were selectively expressed in SMC_4 (Figure 4C and D).
Further analysis of SMC_3 and SMC_4 revealed some novel transcrip-
tion factors that have been directly linked to VSMC phenotype or have
documented roles in cardiovascular disease, inflammation and VSMC bi-
ology, specifically on proliferation and migration (Supplementary mate-
rial online, Table S_IV). For example, one of the transcriptional
repressors of SMC differentiation, Klf4 is highly expressed in SMC_3 and
SMC_4 both in basal and elastase-treated conditions (Figure 4F and
Supplementary material online, Figure S5E). Other genes showing similar
expression profiles in SMC_3 and SMC_4, include factors involved in
SMC proliferation (such as Atf3) and migration (such as Klf2, Ctss,
Adamts1), as well as inflammation (Cxcl2, Ccl2) (Figure 4E and F and
Supplementary material online, Figure S5D and E).

To further characterize the cellular functions that differ between
SMC_3 and SMC_4, we investigated the expression profiles enriched for
each subpopulation (Supplementary material online, Table S_IV). Among
the marker genes of SMC_3, Mt1 and Mt2, which encode the antioxidant
metallothionein1 and 2, respectively, displayed selective expression
(Figure 2 and Supplementary material online, Table S_II). On the other
hand, SMC_3 showed significantly greater expression of Hk2 (Figure 4E
and Supplementary material online, Figure S5D), which encodes the gly-
colytic enzyme hexokinase 2. Hk2 elevated expression potentially drives
energetic switch from oxidative phosphorylation to glycolysis in re-
sponse to energetic failure.28 Therefore, SMC_3 may have an alternative
bioenergetics profile compared to the other three SMC clusters.
Additionally, Gata6, which is the only member of the GATA family
expressed in VSMC and regulates their growth and adaptation,29 is also
specifically and highly expressed in SMC_3 (Figure 4E and Supplementary
material online, Figure S5D). Based on the lowest expression of contrac-
tile markers and alterative metabolic profile in SMC_3, this cluster may
be termed as dedifferentiated SMCs. For SMC_4, multiple maker genes
were selectively and highly expressed, including Sparcl1, Igfbp5, Sncg,
and Thbs1 (Figure 2). Among the differentially expressed genes, Thbs1 is
also highly expressed in macrophages (Figure 2). Additionally, Notch3, a
cell-autonomous regulator of arterial differentiation and maturation of
VSMCs,30 is also specifically and highly expressed in SMC_4 (Figure 4E
and Supplementary material online, Figure S5D). In response to elastase-
exposure, SMC_4 showed higher expression of pro-inflammatory fac-
tors, including Cd68, Cxcl1, Cxcl2, and Il1r1 (Figure 4E and F and
Supplementary material online, Figure S5D and E). Notably, immunofluo-
rescence staining showed that a small number of medial SMCs expressed
the macrophage marker (Mac2) (Supplementary material online, Figure
S1F). In addition, the SMC-specific contractile markers were highly
expressed in SMC_4 in the sham group, then decreased at 7 days and

restored at 14 days after elastase exposure (Figure 4E and
Supplementary material online, Figure S5D). Thus, SMC_4 displayed a
pro-inflammatory phenotype and were increased at the late stage of
AAA development, hence termed as inflammatory-like SMCs.

3.4 Both aortic resident and blood-derived
macrophages are involved in AAA
progression
In the previous clustering analysis, five clusters of macrophages (Mo/
MU_1, Mo/MU_2, Mo/MU_3, Mo/MU_4, and Mo/MU_5) were singled
out in the sham and elastase-treated IAA cells (Figures 3A and B, 5A and
Supplementary material online, Figure S6A). In the sham group, 62.5% of
Mo/MU cells corresponds to Mo/MU_1, with the other four clusters
only accounting for 37.5% (11.8%, 11.8%, 13.2%, 0.7%, respectively)
(Figure 5B). Of note, although the canonical macrophage markers, includ-
ing Cd14, Cd68, Adgre1 (encoding F4/80), H2-Aa (encoding MHC-II),
and Fcgr1 (encoding CD11b), were expressed in the five Mo/MU clus-
ters, albeit at varying proportions and levels, multiple genes were differ-
entially expressed among them (Figure 2, Supplementary material online,
Table S_V and Figure 5C and D). For example, Sepp1, encoding selenopro-
tein P, and Pf4, encoding a small cytokine platelet factor 4 and also
known as CXCL4, were selectively expressed by Mo/MU_1. Both Mo/
MU_2 and Mo/MU_4 expressed Ms4a7 (encoding membrane-spanning
4-domains subfamily A member 7) and Hexb (encoding hexosaminidase
subunit beta), whereas Phf11b (encoding PHD finger protein 11) and Irf7
(encoding interferon regulatory factor 7) were selectively enriched in
Mo/MU_4. In Mo/MU_3, Thbs1 (encoding thrombospondin 1) and Plac8
(encoding placenta specific 8) were highly expressed. For the smallest
cluster, Mo/MU_5 exhibited highest expression of Birc5 (encoding bacu-
loviral inhibitor of apoptosis repeat-containing 5) and Top2a (encoding
DNA topoisomerase 2-alpha). In addition, there is an overlap in gene ex-
pression in the macrophage clusters and DC cluster (marked by
Cd209a, H2-Aa and H2-DMb2), showing high expression of H2-Aa
(Figure 2). Moreover, elastase-exposure induced significant expansion of
the total macrophage population compared to the sham group, and the
expansion continued during AAA progression (Figure 3E, Sham, 10.1%
vs. Elastase7d, 45.2%, and Elastase14d, 43.1%). Interestingly, among the
identified macrophage clusters, there was an increased proportion of
Mo/MU_2, Mo/MU_3, Mo/MU_4 and Mo/MU_5 and a decreased pro-
portion of Mo/MU_1 in elastase-treated IAA (Figure 5B and
Supplementary material online, Figure S6B), suggesting a unique origin or
function of Mo/MU_1.

Based on the signature of Cx3cr1þ and Flt3þ, Mo/MU_1 and Mo/
MU_5 were singled out as aortic-resident macrophage (AR-MU), likely
originated from Cx3cr1þ progenitors and Flt3 progenitors, respectively
(Figure 5E). Since the tissue resident-macrophages are maintained mainly
through local proliferation, with little input from the bone marrow, there
is a resultant decrease of Mo/MU_1 fraction after elastase-induced in-
crease of the bone marrow-derived Mo/MU fraction (Figure 5B).
Notably, Mo/MU_5, the smallest subpopulation in the sham group (0.7%
of total macrophages) was time-dependently increased after elastase-
exposure (Elastase7d, 2.9% of total macrophages; Elastase14d, 4.8% of
total macrophages) (Figure 5B and Supplementary material online, Figure
S6B), which indicates a high proliferative activity of Mo/MU_5.
Furthermore, Mo/MU_1 exhibited an expression signature character-
ized by Cx3cr1þAdgre1(F4/80)highItgam(Cd11b)lowLy6c2lowCcr2-

(Figure 5E and Supplementary material online, Figure S6D). Both in basal
and elastase-treated conditions, Mo/MU_1 showed high expression of
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Figure 5 Comparison of monocyte and macrophage (Mo/MU) subpopulations in IAA from Sham and AAA. (A) UAMP plot of Mo/MU subpopulations
from Sham and Elastase14d. Sham, n = 152 Mo/MUs. Elastase14d, n = 602 Mo/MUs. (B) The percentages of macrophage subpopulations from Sham and
Elastase14d. For Sham, Mo/MU_1, n = 95 cells, Mo/MU_2, n = 18 cells, Mo/MU_3, n = 18 cells, Mo/MU_4, n = 20 cells, Mo/MU_5, n = 1 cells. For Elastase14d,
Mo/MU_1, n = 151 cells, Mo/MU_2, n = 195 cells, Mo/MU_3, n = 111 cells, Mo/MU_4, n = 116 cells, Mo/MU_5, n = 29 cells. (C) Heat map of the top 10 [by av-
erage Log(fold change)] genes for each Mo/MU cell subpopulation. (D) Expression of selected marker genes for Mo/MU subpopulations as visualized by Violin
plot, with colour denoting experimental conditions. (E) Dot plot of selected marker genes for Mo/MU subpopulations from Control and Elastase14d, where
the dot size corresponds to the percentage of cells within the group expressing each gene, and dot colour intensity corresponds to the gene expression level.
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..the inflammatory macrophage markers Mrc1, Maf4 and Pf4, which are in-
volved in phagocytosis, and C1 complement genes C1qa, C1qb and
C1qc, as well as the pro-inflammatory cytokines Ccl2, Ccl4, Ccl7, Ccl8,
Ccl9, Ccl12, Cxcl2, Cxcl16, all of which are involved in recruitment of
new inflammatory cells (Figures 5C, E, 6A and Supplementary material on-
line, Figure S6D and E). In addition, Mo/MU_1 also highly expressed pro-
teolysis genes, including Mmp9 and cathepsins (Ctsc, Ctsd, and Ctss)
(Figure 6B and Supplementary material online, Figure S6F), which play a
crucial role in vascular remodelling and aortic aneurysm formation.31,32

In addition, we discerned another AR-MU subpopulation (Mo/MU_5)
arising from Flt3þ precursor cells with the signature
Flt3highItgam(Cd11b)lowLy6c2lowCcr2- (Figure 5E and Supplementary

material online, Figure S6D). Additionally, Mo/MU_5 showed a prolifera-
tive signature with high expression of genes involved in cell proliferation,
such as topoisomerase II a (Top2a) and Stmn1, and genes associated
with microtubule activity, such as Tubb5 and Tuba1b33 (Figure 5C and D).
Intriguingly, Mo/MU_5 exhibited co-expression of inflammatory genes,
such as Ccl2, Ccl3, Ccl7, Ccl12, Cxcl2, and Il1b, and the anti-
inflammatory gene, Il10 after elastase exposure (Figure 6A), which indi-
cates that the aortic resident macrophage Mo/MU_5 may contribute to
the resolution of inflammation during AAA progression.

The blood-derived monocytes and monocytes (Mo)-derived macro-
phages also contribute to the Mo/MU pool in the tissue, and they are dis-
tinguished by the MU markers including Adgre1 (F4/80), Itgam (Cd11b)

Figure 6 Violin plot of the differential expression of inflammation- and extracellular matrix (ECM) degradation-associated genes by Mo/MU subpopula-
tions. (A) The inflammation-associated genes, including cluster of differentiation (Cd), C-C motif chemokine ligand (Ccl), C-X-C motif chemokine ligand
(Cxcl), and interleukin (Il), were expressed by each Mo/MU subpopulations with colour denoting experimental conditions. (B) The ECM degradation-as-
sociated genes, including Mmp-9, Mmp-14, Cathepsin C (Ctsc), Ctsd, and Ctss, were expressed by each Mo/MU subpopulations with colour denoting ex-
perimental conditions.
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and H2-Aa (MHC-II). Accordingly, the Mo/MU_2 was identified as
blood-derived monocytes with the signature Ccr2þLy6c2lowAdgre1(F4/
80) lowItgam(Cd11b) lowH2-Aalow, while Mo/MU_3 and Mo/MU_4 were
identified as Mo-derived macrophages with the signature
Ccr2highLy6c2highAdgre1(F4/80) highItgam (Cd11b)þH2-Aahigh (Figure 5C,
E and Supplementary material online, Figure S6D). Additionally, Mo/
MU_2 showed high expression of the complement genes (C1qa, C1qb,
and C1qc) and pro-inflammatory cytokines (Ccl2, Ccl3, Ccl9, Ccl12,
Cxcl2, Cxcl10, and Il1b), which are involved in recruitment of new in-
flammatory cells (Figures 5E, 6A and Supplementary material online,
Figure S6D and E). Recent evidences suggest that the traditional markers
of M1 and M2 activation states are not mutually exclusive.34,35

Therefore, we examined the expression of M1 markers, such as Ccl2,
Ccl3, Cxcl10, and Il1b, M2 markers, such as Arg1, Egr2, Il1r2, and Il10.
Upon comparison, Mo/MU_3 exhibited high expression of Arg1, Egr2,
and Il1r2, while Mo/MU_4 highly expressed inflammatory genes, such as
Ccl2, Ccl3, Ccl7, Ccl8, Ccl12, Cxcl10, Cxcl16, and Il1b, and proteolysis
genes, such as Mmp9, Ctsc, Ctsd, and Ctss (Figures 5C, E, 6A and
Supplementary material online, Figure S6E). Accordingly, the two subpo-
pulations were defined as reparative macrophages and inflammatory
macrophages, respectively. We observed that Mo/MU_3 also contained
cells that expressed pro-inflammatory genes, such as Ccl9, Cxcl2, Cxcl3,
and Il1b and Mo/MU_4 contained cells that expressed the M2 markers
(Figures 5C, 6A and Supplementary material online, Figure S6E). These
data indicate that the expression of M1 and M2 markers is not mutually
exclusive and that a panel of traditional markers are not sufficiently sensi-
tive to characterize the programing states of macrophages in vivo, consis-
tent with the new concepts regarding M1 and M2 states.34,35 In addition,
the proportion of Mo/MU_3 was increased after elastase-induced vascu-
lar injury (Figure 5B and Supplementary material online, Figure 6SB), indi-
cating that during AAA progression, the reparative macrophage-
mediated resolution of inflammation and vascular repair still persist.

4. Discussion

The mammalian artery is composed of a multitude of multifunctional cell
populations, with each of them distinctly involved in cardiovascular dis-
eases, such as atherosclerosis and aortic aneurysm. Various studies have
used the scRNA-seq technique to delineate the heterogeneity of vascu-
lar cells, including VSMCs,10 ECs,11 macrophages,8 and aortic adventitial
cells12 in the healthy and atherosclerotic arteries. However, the cellular
heterogeneity and aneurysm-relevant transcriptional signatures remain
largely unknown. Here, we present the scRNA-seq data from >4600 in-
dividual cells from IAA after exposure to inactivated or active elastase.
We identified 17 clusters and 9 distinct cell lineages within IAA, and also
delineated the transcriptional profiles, functional states and fractional
changes of VSMC and Mo/MU in the sham and aneurysmal IAA. Thus,
our study identified the aneurysm-relevant transcriptional signatures in
the major vascular cell types of IAA in the elastase model for the first
time, with implications for understanding the functional significance of
these heterogeneous cells in AAA.

Diverse AAA models have been developed to address the main path-
ophysiological determinants of aneurysm, including genetics, alterations
in ECM, VSMC apoptosis, endothelial damage, and the contributions of
innate and adaptive immune responses.36 Currently, no animal model
faithfully recapitulates the chronic pathology of human AAA, but rather
diverse animal models provide complementary insights on specific mech-
anistic aspects that need to be systematically addressed and contextually

analysed. Therefore, systematic studies at the single-cell level in different
animal models for AAA are necessary to aid in our understanding of the
diversity of factors contributing to AAA. Our findings here provide
strong evidence that the elastase-induced AAA model is better suited to
study the role of vascular inflammation, ECM degradation and SMCs loss
in the development of human AAA formation, and are in agreement
with the recognized advantages of this model.17,19,36

The need for complementary studies in the field is further highlighted
when comparing the results here to those in a previous study from Hadi
et al.37 that addressed the cellular heterogeneity in the suprarenal ab-
dominal aorta from the angiotensin II-induced AAA model in the ApoE-/-

mouse using scRNA-seq. Consistently, both vascular resident cells, in-
cluding SMCs, fibroblasts and ECs, and infiltrated immune cells, including
macrophages, B cells, T cells, and DCs, were singled out in that report as
well. Among the immune cells, macrophages are the largest population
in the two AAA models. Compared with our study, the major difference
is the proportion of immune cells and fibroblasts. In the Hadi’s study, the
largest population is fibroblasts, while the immune cells account for no
more than 10% of the total cells in the AngII-induced AAA model.
However, in our study, macrophages were the largest population and
immune cells accounted for more than 60% of the total single cells both
at Days 7 and 14 in the elastase-induced AAA model. However, the neu-
trophil population identified in the angiotensin II-induced suprarenal
AAA was not evident in the elastase-induced infrarenal AAA. Besides,
the proportion of each cell population was different between the two
AAA models. In our study, immune cells accounted for more than 60%
of total cells isolated from elastase-treated IAAs, while in the AngII-
induced AAA model, the proportion of immune cells is no more than
10% of total aortic cells with fibroblasts as the largest population in that
model. These variations are likely the result of the intrinsic differences in
the pathophysiological aspects of the two models discussed above and,
to some extent, may be associated with minor technical aspects, includ-
ing the enzymatic cocktails used for single-cell release and the
approaches for data analysis and visualization.

In agreement with previous studies on VSMC heterogeneity within
and between different vascular regions using lineage tracing and scRNA-
seq approaches,10,23 we singled out four distinct VSMC subpopulations
within the murine IAA and identified their distinct gene expression pat-
terns suggesting corresponding functional properties. We identified two
clusters of contractile VSMCs (SMC_1 and SMC_2) within IAA, charac-
terized by the expression of the canonical VSMC markers such as
Myh11, Tagln, Acta2, and Cnn1. However, there are still pronounced dif-
ferences in the expression profiles between them for genes involved in
cell proliferation, migration and inflammation. Unlike the other SMC sub-
populations, SMC_1 demonstrated highest expression of contractile
marker genes and lowest expression of genes involved in cell prolifera-
tion, migration and inflammation, even upon elastase exposure. This dif-
ference suggests the functional specialization of the maturely
differentiated SMC_1 in maintaining the stable vascular structure. Based
on the differential transcriptional profiles, we observed that SMC_2
highly expressed transcription factors which contribute to SMC dediffer-
entiation, inflammation (e.g. Klf2, Klf4, Gata6, Atf3, Jun and Fos) and pro-
vide evidence for the functional heterogeneity of the two contractile
SMC subpopulations. These differentially expressed genes are involved
in VSMC biology, including phenotypic switching,20,29 apoptosis,38 prolif-
eration,39 migration,40,41 and inflammation, consistent with previous
reports. We also describe a novel dedifferentiated VSMC subpopulation
(SMC_3) with the lowest expression of contractile markers and an alter-
native metabolic profile. The lowest proportion subpopulation of
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VSMCs, SMC_4, showed increased expression of genes related to in-
flammation and ECM remodelling, including Ccl2 and Il1r1. Interestingly,
SMC_4 is the only subpopulation that showed an increase in their rela-
tive proportion at the late stage of AAA development. These results in-
dicate the likely phenotypic transition of SMC_4 to inflammatory SMCs
and a potential underlying role in regulating vascular inflammation and
remodelling, which could be targeted for therapy. Notably, previous
studies demonstrated that abrogation of transforming growth factor-b
signalling in SMCs results in thoracic aortic aneurysm and induces
reprograming of normal SMCs into an inflammatory phenotype through
activation of the NF-jB/interleukin (IL)-1b pathway.42,43 Thus, such het-
erogeneity of VSMCs in IAA is noteworthy as it indicates the existence
of specific subsets of VSMCs with particular disease-relevant properties.
Sca1 (mesenchymal-stem cell marker, encoded by Ly6a)-expressing cells
in the vessel wall have been reported previously.44 Accordingly, we also
demonstrated Sca1þ VSMCs in the normal IAA and found that Sca1 ex-
pression was up-regulated in three subpopulations (SMC_1, SMC_2, and
SMC_3) upon exposure to elastase for 7 days and subsequently de-
creased at 14 days after elastase treatment. These data suggest that Sca1
expression during AAA development could mark an intermediate VSMC
state, which might give rise to phenotypically distinct SMCs within the
aneurysmal tissue. In line with previous studies,3,6elastase-treatment in-
duced increased expression of pro-inflammatory cytokines and protein-
ase, including Cd68, Ccl2, Cxcl1, Il1r1, Adamts1, and Ctss. In addition,
Bmp2, whose function in vascular calcification has been well character-
ized,45 was only highly expressed in SMC_3 and SMC_4, especially in the
elastase-treated SMCs. So our scRNA-seq data performed on the sham
and aneurysmal IAAs showed phenotypic diversity of VSMCs and pro-
vided an unprecedented depth in the characterization of the VSMC het-
erogeneity in normal and diseased blood vessels.

During AAA progression, one dramatic change in the adventitia is Mo/
MU infiltration in the aneurysmal tissue.5 The Mo/MUs within the vascu-
lar wall have diverse functions, including amplification of the local inflam-
matory response by secreting pro-inflammatory cytokines, chemokines
and producing proteases and reactive oxygen.5,6,46 A number of lineage
tracing experiments and scRNA-seq data have demonstrated the het-
erogeneity of Mo/MUs within the atherosclerotic lesion and arter-
ies.8,14,15 Based on the scRNA-seq data herein, we now characterized
the transcriptional profiles of the Mo/MU lineages within the murine IAA
and identified their original and functional heterogeneities. Like other
organs, the adult arteries contain resident MUs, which have embryonic
and postnatal origins (e.g. Cx3cr1þ progenitors in the yolk sac, Flt3þ foe-
tal liver precursor cells and post-natal Flt3þ bone marrow cells) before
the onset of definitive haematopoiesis.47,48 Regardless of their origins,
these tissue resident MUs can maintain themselves through self-renewal,
with little input from the bone marrow during homeostasis and in-
jury.48,49 Using the scRNA-seq analysis, we found that the IAA contains
two distinct aortic-resident macrophage (AR-Mac) subpopulations (Mo/
MU_1 and Mo/MU_5), likely originating from Cx3cr1þ yolk sac progeni-
tors and Flt3 foetal liver monocytes, respectively, consistent with the
previous fate-mapping studies in mice.49 Although both AR-Macs exhib-
ited high expression of pro-inflammatory cytokines, the observed unique
transcriptional profiles for the two subpopulations further demonstrate
their functional specialization. Upon comparison, Mo/MU_1, the more
abundant AR-Mac subpopulation, likely has roles in antigen presentation,
stimulation of other immune cells responses and phagocytosis, whereas
Mo/MU_5 was identified as a proliferative AR-Mac subpopulation, which
consistent with their known self-renewing properties. During AAA pro-
gression, Mo/MU_5 continue to proliferate and show co-expression of

the inflammatory and anti-inflammatory genes, raising the possibility that
cells in this subpopulation are programmed for the resolution of inflam-
mation. Thus, our data provide the first transcriptional signatures of the
proliferative AR-Mac subpopulation during both basal and aortic aneu-
rysm conditions.

In the course of many pathological conditions, including atherosclero-
sis and aortic aneurysm, an early response to local or systemic inflamma-
tory stimuli is the extravasation of leucocytes, including monocyte.18,50

After the monocytes enter the arterial walls, they differentiate further
and subsequently acquire an activated macrophage phenotype.51

Beyond the AR-Macs, our scRNA-seq data also identified blood-derived
monocytes (Mo/MU_2) and monocyte-derived inflammatory macro-
phages (Mo/MU_4). The inflammatory macrophages, Mo/MU_4, highly
expressed pro-inflammatory factors, such as Ccl2, Cxcl2, and Il1b, as
well as secreted multiple proteases, such as, Mmp9, Ctsc, Ctsd, and Ctss,
which contribute to ECM degradation and tissue destruction.3,32 During
injury repair and inflammation resolution, the blood-derived monocytes
recruited to the blood vessels and accumulating at the inflammatory
sites, can also give rise to the reparative macrophages.51 Accordingly, we
identified a subpopulation of monocyte-derived reparative macrophage
(Mo/MU_3), with specific and high expression of the genes Arg1 and Il-
10. It has been generally accepted that the alternatively activated repara-
tive macrophages are responsible for tissue repair. However, the func-
tion of reparative macrophages in regression or delay of AAA
progression remains unclear. Notably, we determined the expression of
M1 and M2 macrophage markers in all of the five monocyte and macro-
phage subpopulations. In fact, the five subpopulations exhibited dual ex-
pression of pro-inflammatory genes and anti-inflammatory genes, albeit
at varying levels. Specifically, although Arg1 has been used to assign the
M2 phenotype to macrophages, we show that the subpopulation that
expressed Arg1 also exhibited high expression of pro-inflammatory
genes. Thus, a panel of traditional markers for M1 or M2 macrophages
are not sufficiently specific to functionally characterize the cells that ex-
press them.34,35 Together, these analyses suggest that the traditional M1-
vs.-M2 dichotomy derived from in vitro studies is inadequate in elaborat-
ing the molecular basis for the dynamic programmes of activated macro-
phages in vivo.

Amongst the inflammatory cells infiltrated in aneurysmal tissues, mac-
rophages are the main population with their role in the pathogenesis of
AAA well-described in both mouse and human.5,37 Furthermore, the
presence of T cells, B cells, DCs, and natural killer cells in aneurysmal tis-
sues was identified at the single-cell level, in agreement with previous im-
munohistochemical studies of AAA.6,52 Previously, it was demonstrated
that both CD4þ T cells and CD8þ T cells promote AAA formation.52,53

Consistently, the identification of CD4þ T cells and CD8þ T cells in our
study indicates that antigen-dependent activation of naı̈ve T cells and
adaptive immune response should be involved in the elastase-induced
AAA progression. By demonstrating the increase of these immune cells,
our study supports that the elastase-induced AAA model is suited to
study the role of vascular inflammation in the development of human
AAA formation.

Previous studies indicated a pathogenic role for neutrophils in
AAA.16,54 However, the neutrophil recruitment to the aortic wall was
mainly to the perivascular adipose tissue and to a lower extent to periph-
ery of the adventitia, as shown by Ly6G immunofluorescence staining.16

The perivascular adipose tissue was removed from the IAAs in this study;
thus, the neutrophils are not represented. Of note, neutrophils infiltra-
tion to the media is more relevant to the intraluminal elastase-induced
AAA model, where intraluminal thrombosis (ILT) is also present.54
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In summary, our study revealed the hallmarks of infrarenal aortic cell

heterogeneity in an unbiased manner. Using scRNA-seq, we identified
the response signatures of VSMCs and Mo/MU during elastase-induced
AAA progression. These findings may provide insight into the function
and regulation of AAA onset and progression and pave the way for se-
lective targeting of causative cell populations in vascular diseases.
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Translational perspective
The pathophysiology of human AAA is not yet completely understood. In this study, we identified 17 clusters representing 9 cell lineages in the elas-
tase-induced murine AAA samples by using the single-cell RNA sequencing technology. It revealed the AAA disease-relevant transcriptional signa-
tures in these cells during AAA development. This study provides strong evidence that the elastase-induced AAA is a better model to study the role
of vascular inflammation and smooth muscle cell loss in human AAA progression. Therefore, our findings will be fundamental at the cellular level to
understand the aetiology of AAA and explore the potential targets for early intervention.
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