RESEARCH ARTICLE

TWauxi School of
Medicine and School
of Food Science and
Technology, Jiangnan
University, Wuxi
214122, Ching;
2School of
Pharmaceutical
Science and Yunnan
Key Laboratory of
Pharmacology for
Natural Products,
Kunming Medical
University, Kunming
650500, China and
3School of
Biotechnology,
Jiangnan University,
Wuxi 214122, China

*Corresponding
author. E-mail:
maxin@jiangnan.edu.cn
fEqually contributed

to this work.

Received 28
November 2019;
Revised 23 January
2020; Accepted 8
February 2020

MOLECULAR BIOLOGY & GENETICS

National Science Review

7: 881-896, 2020

doi: 10.1093/nsr/nwaa038

Advance access publication 9 March 2020

Aortic heterogeneity across segments and under high
fat/salt/glucose conditions at the single-cell level

Dongxu He' T, Aigin Mao'-T, Chang-Bo Zheng?'f, Hao Kan'T, Ka Zhang'-,

Zhiming Zhang®, Lei Feng' and Xin Ma'*

ABSTRACT

The aorta, with ascending, arch, thoracic and abdominal segments, responds to the heartbeat, senses

metabolites and distributes blood to all parts of the body. However, the heterogeneity across aortic

segments and how metabolic pathologies change it are not known. Here, a total of 216 612 individual cells

from the ascending aorta, aortic arch, and thoracic and abdominal segments of mouse aortas under normal

conditions or with high blood glucose levels, high dietary salt, or high fat intake were profiled using
single-cell RNA sequencing. We generated a compendium of 10 distinct cell types, mainly endothelial
(EC), smooth muscle (SMC), stromal and immune cells. The distributions of the different cells and their
intercommunication were influenced by the hemodynamic microenvironment across anatomical segments,

and the spatial heterogeneity of ECs and SMCs may contribute to differential vascular dilation and

constriction that were measured by wire myography. Importantly, the composition of aortic cells, their gene
expression profiles and their regulatory intercellular networks broadly changed in response to high
fat/salt/glucose conditions. Notably, the abdominal aorta showed the most dramatic changes in cellular

composition, particularly involving ECs, fibroblasts and myeloid cells with cardiovascular risk factor-related

regulons and gene expression networks. Our study elucidates the nature and range of aortic cell diversit
g g P y g Yy

with implications for the treatment of metabolic pathologies.
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INTRODUCTION

The aorta is the largest artery in the body, with in-
tima, media and adventitia layers. The intima mainly
contains endothelial cells (ECs) and provides a
smooth surface for blood to flow through. The me-
dia, mainly muscle and elastic fibers, allows the aorta
to expand and contract. The adventitia, populated
by pericytes, perivascular nerves, immune cells and
stromal cells, supports the structure and function of
the aorta [1,2]. Recently, a study of mouse organs us-
ing single-cell RNA-sequencing (scRNA-Seq) pro-
vided the first atlas of aortic cells [3]. This report es-
tablished a resource recording the gene expression
features of ~1000 aortic cells, which were mainly
ECs and fibroblasts.

The aorta is shaped like a candy cane; it can be di-
vided into ascending, arch, thoracic and abdominal
segments. Their different anatomical structures give

rise to various hemodynamic microenvironments in-
side the aortic tubes. To understand how each type
of aortic cell responds to the subtly changing biome-
chanical microenvironment, and how they cooper-
atively regulate homeostasis of aortic function, the
spatial heterogeneity of aortic cells deserves deep in-
vestigation and surveys of the RNA profiles of in-
dividual cells from different aortic segments would
help to address these questions [4].

Lifestyle characteristics such as a high salt
intake, obesity and abnormal blood glucose, lead
to metabolic syndrome that includes adverse
effects on the aorta by disturbing the homeostasis
of ECs, fibroblasts, adipocytes and immune cells
[5,6]. Investigation of pathogenic changes in cell
composition and function provides promising
targets for preventing and treating aortic diseases.
Previously, Cochain et al. and Winkels et al. used
scRNA-Seq to reveal a heterogeneous population
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of immune cells in mouse aorta and discovered
several atherosclerosis-associated immune cell types
under a western-type diet [7,8]. Enlightened by
their reports, we believe it is important to further
characterize the spatial heterogeneity of aortic cells
across segments under conditions of high blood
glucose levels, or high dietary salt or high fat intake.

Here, we used scRNA-Seq to analyze (i) control
mouse aorta and its four anatomical segments; and
(ii) the aorta and its four segments from mice fed
a high-salt or high-fat diet, or from mice with high
plasma glucose. We revealed heterogeneity within
a certain cell type, between different aortic struc-
tures and in the presence of different cardiovascular
risk factors. These data provide a better understand-
ing of altered aortic cellular composition associated
with biomechanical and biochemical changes in the
vascular system.

RESULTS
Single-cell survey of mouse aorta

Overview of aortic cells

In this study, we used scRNA-Seq to profile a to-
tal of 216 612 single cells from healthy mouse aor-
tas, four segments of healthy aortas, as well as aor-
tas and aortic segments from mice fed a high-salt
or high-fat diet, or with high plasma glucose (see
Fig. 1a and Table S1 for the numbers of experimen-
tal replications and profiled cells). Overall, the se-
quencing generated a median gene value of 1786,
with 118 608 confidently-mapped reads per cell and
a 67.2% mean transcriptome mapping rate per cell.
The median number of unique molecular identifiers
(UMIs) was 6272. The average proportion of tran-
script counts derived from mitochondria-encoded
genes was 7.6%.

Single cells from four healthy aortas were clus-
tered using graph-based clustering followed by
Louvain modularity optimization. The clusters were
projected onto t-distributed stochastic neighbor
embedding (t-SNE) plots and segregated into
3S distinct cell clusters (Fig. 1b). Based on the
expression values of known marker genes [log,
fold-change (log,FC) > 1.5, P < 0.05 versus
other clusters] [4,7,8], we identified 10 major cell
types: ECs (PECAMI and CDHS) [9,10], vascular
smooth muscle cells (SMCs; CNN1, ACTA2 and
MYHI11) [11,12], T lymphocytes (PTPRC and
CD3E), B lymphocytes (BANKI and H2-DMb2)
[13], myeloid cells (CD68 and CD163) [14,15],
fibroblasts (PDGFRA and VIM) [16-19], pericytes
(PDGFRB and CSPG4) [20], mesothelial cells
(LRRN4, UPK3B and MSLN) [21,22], Schwann
cells (PLP1 and CNP) [23,24], and erythrocytes

(HBB-BT, HBA-AI and HBA-A2) (Figs 1b and
Sla). Quantitatively, SMCs, fibroblasts and peri-
cytes were the largest components (Fig. 1b). A list
of signature genes was identified for each major cell
population (Table S2), and the expression patterns
of the top 10 signature genes are shown in Fig. 1c.

Spatial diversity of cell types across aortic
segments

To reveal differences in the cellular composition
between the four aortic segments, we separately
profiled single cells from the ascending aorta,
aortic arch and thoracic and abdominal aortas in
independent experiments (see strategy in Fig. 1a).
Sequencing data showed that the 10 major cell
types were identified in all segments (Fig. 1b).
However, the percentage of each cell type differed
across segments (Fig. S1b), where no major batch
effect was found because all replicates contributed
to all clusters (Fig. Slc). The aortic arch showed
the most distinct features of cell composition. The
curved structure of the arch is athero-susceptible.
As expected [25], more immune cells were present
within the healthy aorta arch than other segments,
especially macrophages, as validated by CD68
immunostaining (Fig. S1b and d). A prominent pro-
portion of Schwann cells was found in the aortic arch
asindicated by PLP1 immunostaining (Fig. S1b and
d) [26], and this finding is consistent with previous
reports that Schwann cells are more frequently
located in the aortic arch to regulate heart rate and
blood pressure [27]. Pericytes were first found
in capillaries; they regulate a variety of important
vascular functions from vascular remodeling to the
generation of atherosclerosis [28]. Accumulating
evidence indicates that pericytes are also present
in large arteries, including the aorta [28]. Here, we
found that the aortic arch contained more pericytes
than the other segments (Fig. S1b and d), suggesting
that this segment requires the ‘pleiotropic’ pericytes
to help maintain homeostasis of the microenviron-
ment [28]. Together, these results confirm cellular
heterogeneity across aortic segments.

Characterizing subsets of aortic cells and their
spatial heterogeneity

To reveal the heterogeneity within a specific aor-
tic cell type, and characterize the spatial diversity of
sub-clusters across an aortic segment, we first sub-
clustered the major aortic cell types according to
their gene expression profiles. To do this, we used
t-SNE followed by graph-based or k-means-based
clustering. Second, we recorded the aortic locations
of each identified subpopulation. The overall results
are summarized in Fig. 2a in violin plots, which
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Figure 1. Global and segmental analysis of expression profiles of single cells from mouse aorta. (a) Overview of the experimental design. (b) T-distributed
stochastic neighbor embedding (t-SNE) visualizing single cells from intact aorta (n = 4 aortas), the ascending segment (n = 3 aortas), aortic arch (n=3
aortas), thoracic segment (n = 3 aortas) and abdominal segment (n = 3 aortas). Left, t-SNE of all cells from intact aortas and segments. Middle, t-SNE
of cells from aortic segments. Right, bar graph showing the proportions of cell types in aorta, where erythrocytes are not included as their percentage
depends on the intracardiac perfusion processes. (c) Dot plots of 10 cell-type signatures. Dot size, proportion of cells; colors, expression levels.
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Figure 2. Characterizing aortic ECs and their spatial distribution. (a) Violin plots showing distribution of expression of selected marker genes across
cell subpopulations. (b) t-SNE of 1663 ECs (collected from eight mice). Pie graph represents the proportions of EC subpopulations. Heatmap shows 20
gene signatures of the subpopulations. (c) EC subpopulations analyzed with immunofluorescence. Three subpopulations were labeled with respective
markers: CD34 for contractile CD34"": THY1 for synthetic THY7M9": NOS3 for activated EC. (d) t-SNE demonstrating the regional distribution of EC
subpopulations in the ascending aorta, aortic arch, thoracic aorta and abdominal aorta. The percentages of each cell subpopulation are summarized
in the table. (e) Western blots comparing NOS3 expression among the four aortic segments. (f) Original traces and summary of activated EC-related
vasodilation recorded by myography. Scale bars: 50 um. *P < 0.05, one-way ANOVA in (e); two-way ANOVA in (f).

illustrate the expression patterns of different marker
genes for subpopulations and their regional loca-
tions. The characteristic of each aortic cell type is

described below.

Subpopulations of aortic ECs and their spatial

heterogeneity

We identified three populations of ECs by their
expression profiles and presence among segments
(Fig. 2b). Cells designated as CD34"s® ECs ac-
counted for ~56% of all ECs. They strongly ex-
pressed CD34 and LY6A (logyFC > 3 versus
the other subpopulations, P < 0.001). The other
THY1"s" EC subpopulation (~18% of all ECs)
strongly expressed THY1, TBX1 and FLT4 (log, FC
> 3, P < 0.001) (Fig. 2b). We validated the
CD34"¢" and THYI1"S" subpopulations by im-
munostaining for CD34 and THY1 in ECs (Fig. 2c).
GO analysis of the highly expressed genes in
CD34"8" ECs (465 genes with log, FC > 1.5 versus
the other subpopulations, P < 0.05) and in THY1"¢"
ECs (610 genes with logyFC > 1.5 versus the other
subpopulations, P < 0.05) showed enrichment in
pathways that are modulated by CD34, THY1 and
LY6A, including those involved in endothelial pro-
liferation and vascular system development [29,30]
(Table S3). Our further analysis below (see Fig. 4b)
also supported the idea that these CD34™8" and
THY1"8" ECs respond to paracrine signals to pro-
liferate and promote vasculogenesis. For example,
FLT1 and KDR (major vascular growth factor recep-
tors) were upregulated in CD34"s" ECs (log, FC =
2.5 and 1.8 respectively versus the other subpopula-
tions, P < 0.001), strongly suggesting that this sub-
population plays a role in supporting vasculogene-
sis. However, the functions and differences between
the CD34"¢" and THY1"¢" subpopulations require
further exploration. CD34 is one of the markers for
EC progenitor cells [16,31], but the proportion of
CD34"¢" was too high to be EC progenitor cells
(some may be, but they were not identified here).
Interestingly, a recent work [32] may help to further
understand the features of CD34"#" ECs. Lukowski
et al. explored the single-cell gene expression pro-
files of CD34-sorted aortic ECs. The cell-sorting
method enabled collection of rare CD34-postive cell

subtypes. Their study then identified both EC pro-
genitors and differentiated ECs within these CD34-
positive aortic ECs, with distinct but intercommuni-
cated functions.

Unlike the CD34™¢" and THY1"¢" subpopula-
tions, GO analysis of the 416 significantly changed
genes (logaFC > 1.5 versus the other subpopula-
tions, P < 0.05) in the last subpopulation of ECs
was enriched in pathways associated with vessel di-
lation and blood pressure regulation. Consistently,
they strongly expressed genes (log, FC > 3 versus the
other subpopulations, P < 0.001) that are known to
regulate vascular tone, such as NOS3 (validated in
Fig. 2c), EDNI and ACE, and canonical EC markers
(VCAM1) (Fig. 2b). Therefore, we named these cells
‘activated’ ECs.

We then analyzed the regional diversity of the
three EC subpopulations and found that all ECs
subpopulations were distributed throughout the
aorta, but with differing percentages (Fig. 2d),
which was also validated with immunostaining with
marker proteins of the EC subpopulations includ-
ing NOS3 (activated), CD34 (CD34"8") and THY1
(THY1Meh) (Fig. S2a). Because the activated ECs
may regulate vascular tone that can be directly
measured, we then assessed the spatial heterogene-
ity of activated EC-related differences in vascu-
lar segments. The frequency of activated ECs was
higher in the thoracic segment than in the other
three segments (Figs 2d and S2a), and the results
were also supported by western blots for NOS3
protein (Fig. 2e). On the contrary, the ascending
aorta contained the lowest proportion of activated
ECs (Figs 2d, e and S2a). We then compared the
ACh-induced relaxation across the four segments to
measure differences in EC-dependent vasodilation.
Wire myography supported the scRNA-Seq analy-
sis, in which the thoracic segment showed stronger
EC-dependent vasodilation, while the response was
weaker in the ascending aorta (Fig. 2f). Therefore,
these results suggest that the spatial heterogeneity of
activated ECs may contribute to different regulation
of vasodilation across aortic segments.

Previously, Kalluri et al. [33] analyzed aortic
EC subtypes using scRNA-Seq, and they identi-
fied two blood vessel EC subtypes (VCAM and



CD36-expressing, respectively). Here, we ana-
lyzed the gene expression correlation of these
two EC subtypes with the three EC subtypes
identified in our study. Interestingly, we found that
VCAM1I-expressing ECs showed great similarity in
gene expression profiles of activated ECs; further,
CD36-expressing are highly similar with CD34""
ECs defined in our study (Fig. S2b). Furthermore,
both studies indicated a higher proportion of
activated ECs (or VCAMI-expressing ECs) in
aortic segments with less curvature, such as thoracic
segment. Therefore, our study on EC subtypes is
consistent with that of Kalluri ef al., where they also
identified similar aortic cell composition as we show
in Fig. 1b. Of note, the subsequent data analysis
and functional validation from Kalluri et al. and our
study are complementary. Kalluri et al. focused on
the extracellular matrix production, lipid handling
and angiogenesis pathways, while we identified
spatial heterogeneity of vascular tone regulation.

Subpopulations of aortic SMCs and their spa-
tial heterogeneity

We annotated SMCs into synthetic, contractile and
VTN"%" based on their expression profiles and pres-
ence among segments (Figs 2a and 3a). The pres-
ence of synthetic and contractile subpopulations
is consistent with previous reports [34]. Synthetic
SMCs accounted for the highest proportion (~62%
of all SMCs) and expressed genes associated with
proliferation and migration (EGR1, FN1I and CTGF,
log;FC > 3, P < 0.001) (Fig. 3a); their poten-
tial functions were also revealed in GO analysis for
140 significantly changed genes (Table S3). Con-
tractile SMCs (~27% of all SMCs) encoded sig-
nals that are thought of as ‘contractile’, including
ACTG2, ACTA2, CNNI and TAGLN (log,FC > 3,
P < 0.001) (Fig. 3a). They also expressed genes
(UQCRCI and NDUFS7, log,FC > 2, P < 0.001)
enriched in biological processes (GO analysis in
Table S3) implicated in aerobic respiration and
oxidation-reduction to meet the energy require-
ments of contraction [35].

Similar to contractile SMCs, VTN"8" cells ex-
pressed ACTG2 and ACTA2 (Fig. 3a), suggesting
they can contract. They also strongly expressed VIN
(VTN"e" log;FC = 3.5, P < 0.001), which en-
codes a glycoprotein that was first detected in serum
and plasma. It is synthesized in the liver [36], but
can also be produced by SMCs in carotid arter-
ies [37,38]. Here, the scRNA-Seq results showed
the presence of a VTN-expressing subpopulation
of aortic SMCs that accounted for ~11% of all
aortic SMCs. Their function in aorta deserves fur-
ther study. They expressed the contraction-related

marker genes ACTG2 and ACTA2, and the motility-
associated genes VIN and IGFBPS (log,FC > 3,
P < 0.001 versus other SMCs), consistent with pre-
vious reports that VT N-expressing SMCs modulate
SMC migration and contractility [37,38]. We then
performed immunostaining to validate the presence
of synthetic, contractile and VTN"#" subpopulations
(Fig. 3b).

Next, we analyzed the heterogeneity of the spatial
organization of SMCs, and validated with immunos-
taining for marker proteins in the three subpop-
ulation including EGR1 (synthetic) and ACTA2
(contractile) and VTN (VTN"#") (Fig. S3a).
There was a marked difference in composition of
contractile and synthetic SMCs across aortic seg-
ments, but less in VTN"8" SMCs (Figs 3c and S3a).
Contractile SMCs account for 52% of total aortic
cells in the aortic arch, but only 2% in the abdominal
segment, which contained the greatest proportion
of synthetic SMCs (Fig. 3c). The spatial diversity
of contractile SMC composition was also validated
with western blots (Fig. 3d). Next, we found that
the spatial diversity of contractile SMCs was tightly
associated with functional differences. Using wire
myography to measure phenylephrine-induced (an
a-1adrenergic agonist) smooth muscle contraction,
we found that the contractile power of the aortic
arch was significantly greater in response to phenyle-
phrine, while the abdominal aorta showed a weaker
response (Fig. 3e), suggesting that differences in
contractile SMC composition may contribute to
different contractile power across segments.

Of note, SMCs assigned to the synthetic pheno-
type segregated in the t-SNE coordinates accord-
ing to the aortic segment from which they came
(Fig. 3c). Synthetic SMCs from the ascending aorta
exhibited molecular features similar to those from
the aortic arch (Spearman r = 0.655, P = 0.0003,
Fig. S3b); both highly expressed genes associated
with SMC proliferation, such as PDE1C, a ma-
jor regulator of smooth muscle proliferation [39]
(Log,FC > 1.5, P < 0.05) (Fig. S3c). These findings
are consistent with the function of synthetic SMCs
and also indicate the importance of SMC prolifer-
ation in the ascending and arch segments. Further,
gene expression of synthetic SMCs in the thoracic
and abdominal segments was less correlated with the
other segments. BMPI0 in the thoracic aorta, and
KIT and RGSS in the abdominal aorta, ranked as
the top genes compared to other segments (Log, FC
> 1.5, P < 0.05) (Fig. S3c). These genes have im-
plications for SMC proliferation and development
[40-43]. Their spatial expression in the thoracic and
abdominal segments, but not in the aortic arch and
ascending segment, may inspire further studies on
their physiological roles in hemodynamic responses.
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Figure 3. Characterizing aortic SMCs and their spatial distribution. (a) t-SNE of 7806 SMCs (collected from eight mice). Pie graph represents the propor-
tions of SMC subpopulations. Heatmap shows 20 gene signatures of the subpopulations. (b) SMC subpopulations analyzed with immunofluorescence.
Three subpopulations were labeled with respective markers: ACTAZ for contractile SMC; EGR1 for synthetic SMC; VIN for VTN SMC. (c) t-SNE
demonstrating the regional distribution of SMC subpopulations in the ascending aorta, aortic arch, descending aorta and thoracic aorta. The percent-
ages of each cell subpopulation are summarized in the table. (d) Western blots of ACTAZ expression in the four aortic segments. (e) Original traces and
summary of contractile SMC-related constriction recorded by myography. Scale bars: 50 wm. *P < 0.05, one-way ANOVA in (d); two-way ANOVA in (e).

Subpopulations of aortic stromal cells and
their spatial heterogeneity
Stromal cells include fibroblasts and pericytes. Based
on their gene expression profiles, we identified six
subpopulations (Figs 2a and S4a).

Among the aortic fibroblasts, we first identi-
fied CD34"¢" fibroblast cells that strongly expressed

CD34 (logoFC = 3.2, P < 0.001 versus other stro-
mal cells) (Fig. S4a), and this was validated with im-
munostaining (Fig. $4b). CD34 has been reported
to be a marker gene of fibrocytes. However, fibro-
cytes also express a combination of marker genes in-
cluding CD45 and smooth muscle actins, whose ex-
pression changes when fibrocytes move from bone



marrow to tissues [44]. Given the critical roles of fi-
brocytes in other cardiovascular tissue, such as the
pulmonary artery and heart [1,44], it will be impor-
tant to determine whether the CD34"8" fibroblasts
actas aortic fibrocytes and mediate functions like tis-
sue repair, fibrosis, contraction and angiogenesis in
future work [44]. Here, our scRNA-Seq results pro-
vided clues for such studies: we found that the 236
significantly changed genes in CD34"¢" fibroblasts
(log,FC > 1.5, P < 0.0S versus other stromal cells)
were enriched in GO biological processes regulating
SMC hypertrophy (IGFBPS, PI16 and HN1), an-
giogenesis (ANXA1, KLF4 and TGFBR2) and extra-
cellular matrix organization (FN1, LAMCI, TNXB,
ADAMTSS, TIMP2, FBN1 and COL14A1) (Table
S3), suggesting a multifunctional role of CD34"g"
fibroblasts.

Another fibroblast population was distinguished
as SERPINFI1"¢" fibroblasts highly expressed
SERPINFI (log,FC = 32, P < 0.001; Figs 2a
and S4a; see Table S3 for potential functions from
GO analysis). SERPINFI encodes a glycoprotein
with anti-oxidant, anti-angiogenic, anti-thrombotic,
anti-atherosclerotic and anti-tumorigenic properties
[45,46]. Many studies have elucidated its important
pathophysiologic role in the cardiovascular system
[46]. Our results support the previous finding that
SERPINFI is expressed in cardiovascular fibroblasts
[47], but its function in the aorta requires further
investigation.

The third fibroblast subpopulation consisted
of cartilage-like fibroblasts that expressed genes
associated with cartilage development: OTOR
(see Fig. S4b for the validation of this gene expres-
sion), ACAN, UCMA and COMP (Log,FC>S5,
P < 0.01 versus other stromal cells) (Fig. S4a).
They also expressed the rare vascular collagens
COL2A1, COL9AI-3 and COLI1A2 (log,FC
> 1.5, P < 0.0S versus other stromal cells). This is
the first identification of fibroblasts that strongly
express cartilage-related genes in a blood vessel.
Referring to previous reports on fibrocartilage,
these cells might modulate the tensile strength and
vascular resilience of the aorta [2].

When examining the regional distribution of
the fibroblast subpopulations, we found that both
CD34"8" and cartilage-like fibroblasts were prefer-
entially distributed in the aortic arch (see Fig. S4b for
immunostaining validation; Fig. S4c for t-SNE plot).
SERPINFI"" cells did not show spatial differences.
Considering the potential function of CD34"%" and
cartilage-like fibroblasts, their spatial diversity again
suggests that the cellular and vascular architecture of
the aortic arch differs from that in other segments.

Another population of stromal cells were peri-
cytes. These cells did not show clusters clearly sep-

arate from fibroblasts in the t-SNE plot (Fig. S4a),
suggesting that they share similar gene expres-
sion profiles. However, they were identified as
pericytes because they expressed PDGFRB and
CSPG4 (log,FC > 1.5, P < 0.0S versus fibrob-
lasts) (Fig. S4b). Based on differences in expres-
sion profiles, pericytes fell into three subpopula-
tions (Figs 2a and S4a, see Table S3 for potential
functions from GO analysis). Fibroblast-like peri-
cytes co-expressed the fibroblast marker PDGFRA
(log;FC = 2.3, P < 0.001) and high levels of genes
associated with cell proliferation (FGFR4, SFRPI,
JUNB and IGF, log;FC > 1.5, P < 0.0S versus
other stromal cells). They were mainly distributed
near the aortic arch as indicated by both scRNA-
Seq and immunostaining (Figs S4b and S4c). Sec-
ond, EC/SMC pericytes expressed genes associated
with extracellular matrix construction (CRISPLD2,
CYR61, MFAP4, COL4A1 and MYH11) (log,FC
> 1.5, P < 0.05 versus other stromal cells), but these
genes were weakly expressed in other pericyte and
fibroblast subpopulations. These cells also had fea-
tures resembling both ECs and SMCs, expressing
the marker genes PECAMI and ATCA2, suggest-
ing myogenic and endotheliogenic properties. No-
tably, EC/SMC pericytes were prominently located
in the ascending aorta as shown in the t-SNE plot
(Fig. S4c). We then validated the expression of one
of the marker genes, PECAMI, in EC/SMC peri-
cytes with immunostaining, and showed that these
PECAM1-expressing pericytes were distributed in
the ascending aorta (Fig. S4b). Finally, neurogenic
pericytes were enriched in Schwann cell markers
(PLPI and CNP,1og, FC = 5.6 and 4.6 respectively,
P <0.001). Like Schwann cells, these pericytes were
located near the aortic arch.

Subpopulations of aortic immune cells and
their spatial heterogeneity
We then characterized the populations of aortic im-
mune cells, and most of our results were consis-
tent with previous studies [7,8] Both B1 (CD27,
CDS and CD11B) and B2 B cells (CD21, CD22 and
CD23) were identified (Figs 2a and S5a). Further, a
total of four clusters of T cells emerged (Figs 2a and
S5b): a combination of naive T cells (LEFI, SELL
and CCR7) and Tregs (FOXP3); memory T cells
(CD44); Th2 cells (IL4); and Thl cells (IFNG and
TBX21) [48]. Moreover, the myeloid population
was divided into three clusters (Figs 2a and SSc):
M2-macropahges (MRCI and CD163), monocyte-
derived dendritic cells (CD209A, CD74 and FLT3)
and granulocytes (SI00A8, S100A9 and NGP).
When the immune cells of the four aortic seg-
ments were separately examined, we found that B2



cells, naive T/Tregs and M2-macrophages were all
strongly localized in the aortic arch and abdominal
segments (Fig. SSa—c). Given the ‘protective’ or ‘re-
pair’ feature of these immune cells [ 8,49], the results
indicate that the aortic arch and abdominal segments
are areas susceptible to vascular damage.

Characterizing subsets of mesothelial cells

and their spatial heterogeneity

Mesothelial cells are a source of endothelium,
SMCs and cardiomyocytes [S0-52]. We identified
progenitor-like mesothelial cells in the aorta. One
subpopulation comprised WT1"¢" CD34"8" cells
(Fig. $6). Another was the LY6A"S" subpopulation
that was rarely found in the abdominal segment;
this subpopulation also expressed high levels of
SMC-specific genes (ACTA2, TAGLN and CNNI,
log, FC = 1.52,2.02 and 1.64 respectively, P < 0.05
versus WT1"8" CD34"8"), suggesting that they play
arole in the mesothelial-SMC transition [51].

Intercellular network of aortic cells
We constructed intercellular networks to reveal the
cellular landscape of the different aortic cells using
CellPhone DB[53]. The cell-cell interactions were
calculated by putative signaling between differen-
tially expressed receptors and their differentially
released ligands from aortic cell types identified in
this study. In general, most of the subpopulations
formed interconnected networks. The stromal cells
versus ECs and SMCs as well as ECs versus SMCs
showed strong correlations (Fig. 42). Other notable
interaction included mesothelial cells versus SMCs,
ECs and stromal cells, suggesting that they have
interconnected physiological functions, which
deserve further investigation. Such interactions
were also seen between different subpopulations of
stromal cells, ECs, SMCs and mesothelial cells, or
within subtypes of SMCs or stromal cells (Fig. S7a).
We then analyzed the spatial differences in EC—-
stromal cell interactions in detail, based on three ar-
guments: (i) both ECs and stromal cells were dif-
ferentially distributed between the aortic arch and
descending segments (Figs S1b and 2a), suggest-
ing that they are regulated by vascular biomechan-
ical changes; (ii) these changes in microenviron-
ments finally determine vascular functions which
are EC-dependent [54]; and (iii) there is a tight
connection between stromal cells and ECs [55,56]
(Fig. 4a). We assessed the heterogeneity of stro-
mal cell ligands versus EC receptor communications
using an online tool for analyzing ligand-receptor
interactions [57], and compared these interactions
between the curved aortic arch and the straight ab-
dominal aorta (Figs 4b and S7b). To show how the

signal produced by fibroblast ligands affects activity
of ECs, upregulated receptors in ECs (log, FC > 1.5,
P < 0.01) were listed together with their enriched
biological processes in GO (examples in Fig. 4b and
details in Fig. S7b). First, the aortic arch was popu-
lated with CD34"" fibroblasts, cartilage-like fibrob-
lasts, neurogenic pericytes and fibroblast-like peri-
cytes. The expressed ligands bind to corresponding
receptors that were highly expressed in three types
of ECs. GO analysis of these receptors showed that
they evoke functions including EC differentiation
and aorta development. These ligands also evidently
support EC survival in all three EC subpopulations
via activated EC proliferation, migration and vascu-
logenesis pathways. For example, PDGFC (log, FC
=3.5), PIGF (log,FC = 2.2) and FIGF (log,FC =
1.5) were genes ofligands elevated in cartilage-like fi-
broblasts, neurogenic pericytes and CD34"¢" fibrob-
lasts, respectively. They encodes ligands that all tar-
get their receptors in CD34"#" ECs FLT1 (log,FC
= 2.5) to promote endothelial proliferation [58].
These findings are consistent with former arguments
that regions of flow disturbance, like the aortic arch,
have EC transcript profiles with proliferative fea-
tures, which may provide sustained renewal of the
EC population in the demanding microenvironment
of the aortic arch [59-62].

Second, stromal cells in the thoracic and abdom-
inal segments were less diverse; these regions were
populated with more SERPINF1"" fibroblasts. In-
terestingly, the ligands of SERPINF1"8" fibroblasts
evoke EC receptors that are associated with EC-
immune system interactions. For example, fibrob-
last SERPINGI (log, FC = 1.8) targets activated EC
ECLE (log,FC = 4.7), and the latter stimulates vas-
cular inflammation [63]. Therefore, ECs in the tho-
racic and abdominal segments are more likely to un-
dertake the task of communicating with the immune
system.

Single-cell survey of at-risk aortic cells

Overview
Another major goal of our study was to uncover the
features of aortic cellular responses to three com-
monly recognized risk factors for vascular disease
[64-67]. We therefore profiled aortic cells from
mice exposed to a high-salt diet, a high-fat diet and
high plasma glucose (Figs 1a, Sa and S8). To do
this, whole aortas and aortic segments were obtained
from these at-risk mice and RNA of single cells were
sequenced.

Here, we mainly explored the common features
of aortic cells under three at-risk conditions. How-
ever, at-risk aortas also showed specific responses
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to each treatment, which deserves further investiga-
tion with our scRNA-Seq data in future. From the
aspect of cellular and spatial heterogeneity, the cel-
lular composition shifted in the three types of at-
risk aorta and in all segments (Fig. Sa; Table S4).
To summarize, fibroblasts and pericytes increased

substantially in at-risk aortas, most markedly in the
thoracic and abdominal segments. Myeloid and T
cells also increased prominently by ~25% and 20%,
respectively, and the at-risk aortic arch and abdomi-
nal segment both showed evident changes. The ten-
dency for change in immune cells was consistent
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Figure 5. Aortic cell responses to high-glucose, high-salt and high-fat conditions. (a) Overview of cell distribution (shown in t-SNE) in the ascending,
arch, thoracic and abdominal segments from control mice and those with high-salt intake, high-fat intake and high plasma glucose levels (n=2/segment
for each condition). A t-SNE plot combining all of the cells is shown in the right panel with cell type annotation. (b) t-SNE plot displaying three regulons in
ECs, fibroblasts, and macrophages of the abdominal segment (details in Methods). Red dots, single cells with active indicated regulons; orange-circled
area, single cells from at-risk aorta; others, single cells from healthy aorta. (c) Summary cartoon displaying cell composition changes across segments,
and between control aorta and common features of aortas from mice with high-salt intake, high-fat intake and high plasma glucose levels.

with that in atherosclerotic mice [7,8]. The above
changes of aortic cell composition across segments
were validated with immunostaining in all three
types of at-risk aorta (Fig. S9).

The gene expression profiles of ECs, stromal cells
and immune cells were analyzed before and after
exposure to vascular risk factors. GO analysis of
highly dysregulated genes (log, FC > 1.5, P < 0.05)
indicated that these factors compromised the
proliferative ability of ECs, destroyed the matrix
organization by affecting fibroblasts and pericytes,
and activated the inflammatory response of immune
cells (Fig. S10). We also identified genes that
commonly changed in the indicated cell types from
aortas from mice with a high-salt diet, high-fat
diet and high plasma glucose (indicated in the
heatmap of Fig. S10). For example, in pericytes, 36
genes were significantly decreased in at-risk aortas
(log,FC > 1.5, P < 0.05); these may subsequently
interfere with the formation of extracellular matrix
by diminishing the expression of Col10al, Coll1a2,
Col2al, Col9al, Col9a2, Col9a3, Mia and Acan. Also,
we identified lists of downregulated genes in at-risk
ECs, SMCs and fibroblasts, and upregulated genes
in immune cells. However, their specific functions
in these cell types and the implication for cardiovas-
cular disease are unknown, serving as new targets for
future studies.

Characterizing subsets of aortic cells under a
high-salt diet, a high-fat diet and high plasma
glucose conditions

We next investigated changes in the aortic cell
subpopulations with a high-salt diet, a high-fat
diet or high plasma glucose. One of the signifi-
cant changes in the EC population was the emer-
gence of ECs with OCLN"" SERPINEI"8" char-
acteristics (Fig. Sl11a). OCLN is associated with
the tight junctions of ECs while SERPINEI me-
diates the degradation of extracellular matrix and
is pro-atherogenic [68]. These cells were dispersed
throughout the aorta under all three risk conditions.
Indeed, aortas from at-risk mice showed a marked
increase in permeability (Fig. S11b). Given the spa-
tial distribution and physiological function of OCLN
and SERPINE], it is worth exploring how strongly
OCLN"" SERPINEI"&" ECs contribute to aortic

permeability, and their mechanisms in pathological
processes. Furthermore, the scRNA-Seq data indi-
cated that composition of activated ECs decreased
in all at-risk groups and all segments compared to
healthy aortas (Fig. S12 compared to Fig. 2d), and
myography results also indicated that ACh-induced
vasodilation was largely decreased (Fig. S12 com-
pared to Fig. 2f). For example, the high composi-
tion of activated ECs in thoracic segments in con-
trol aorta decreased dramatically in all at-risk groups
(from 3541.3% to lower than 20% in all three at-
risk groups). Consistently, the EC-related relaxation
significantly decrease (Fig. $12). These results may
again indicate the role of activated ECs in aortic
dilation.

Subpopulations of SMCs also showed extensive
changes (Fig. S13). VIN"8" SMCs decreased
extensively in all three groups. Composition of
contractile SMCs increased in all at-risk groups and
all segments compared to healthy aortas (Fig. S14
compared to Fig. 3c), and myography results also
indicated that the contractile power of at-risk aorta
increased (Fig. S14 compared to Fig. 3e). For
example, synthetic SMCs dominated the abdom-
inal segment in healthy mice, but under all three
at-risk conditions the proportion of contractile
SMCs in this segment increased from 2.8 £ 1.3%
to 37.3 & 8.9% of all SMCs, accompanied with
significantly increased contractile power (Fig. S14).

Fibroblast heterogeneity increased under the risk
conditions (Fig. S15a). Some adipogenic fibroblasts
expressing both fibroblast and adipocyte markers
(GPD1, ADIPOR2 and ADIPOQ) were identified
in the aortas from mice with high blood glucose,
suggesting a tendency to accumulate adipocytes.
Further, some fibroblasts highly expressed the vas-
cular disease-related SERPINEI [68] (also seen
in OCLN'®" SERPINEI"$" ECs), and they were
mainly found in the high-fat aortic arch. Notably,
fibroblast-like pericytes showed the most exten-
sive changes among all three at-risk models. They
were located in the aortic arch in healthy mice, but
mainly in the abdominal segment in all at-risk mice.
When we compared the gene expression changes
of these fibroblast-like pericytes in control and at-
risk aorta, we found an increased expression of pro-
inflammatory genes, including CXCL12, CXCL1I3,
CCLI,IL1 and IL6 (Fig. S15b).



Immune cells (Figs S16-18) were more het-
erogeneous in at-risk than healthy mice, and we
identified pro-inflammatory cells: Th17 cells (CD4,
CCR6 and IL17), cytotoxic CD8™ T cells (CD8 and
IFNG), macrophages expressing high levels of pro-
inflammatory chemokines (CXCL10, CXCL2 and
CCL3) and regulatory B cells (CD24 and IL10).
More interestingly, two pro-inflammatory subpopu-
lations, cytotoxic CD8™ T cells and pro-atherogenic
B2 cells [69], tended to be enriched in the abdomi-
nal segment in all three at-risk groups.

Finally, we found that the population of SMC-
like LY6A"8" mesothelial cells was markedly dimin-
ished in aortas from all at-risk mice (Fig. S19).

Intercellular network in at-risk abdominal

aorta

We explored the changes in cell-cell interaction
between healthy and all stress-treated mice using
CellPhone DB. Results showed an extensive de-
crease in the interaction between SMCs versus ECs
or stromal cells, and these three types of cells also
showed diminished interaction within their own
subtypes (Fig. S20). These changes may lead to
further exploration for key signaling in vascular risk
factor-induced lesions.

Furthermore, from the above results, we found
that the abdominal aorta responded dramatically
to metabolic pathology with significant changes
in the subpopulations of ECs, macrophages and
fibroblasts. Gene expression profiles of these cells all
exhibited pro-inflammatory features with immune
system activation (Fig. S2la and b). From the
expression changes of certain genes, we conclude
that in the abdominal aorta, extracellular matrix
synthesis (by genes like COLIAI and COL1A2)
was de-regulated, and matrix metalloproteinase
expression (i.e. MMP3) was enhanced in fibroblasts,
leading to the destruction of aortic architecture.
Second, EC homeostasis was damaged, with in-
creased apoptotic signaling and a pro-contractile
phenotype (i.e. increased SERPINEI and ACE
along with decreased FLT1 and KDR).

We also found that the IRF9, NR2C2 and
ATFI regulons were predominantly activated in
abdominal at-risk ECs, macrophages and fibrob-
lasts (Fig. Sb). Finally, we constructed the gene
network by calculating the correlations of the top
differentially expressed genes in ECs, macrophages
and fibroblasts after pathogenic change (Fig. S21c).
We found that three types of these cells were tightly
connected with the pluripotency subnetwork. For
example, we identified a subnetwork involving
endothelial IL33 <> macrophage CXCLI3 <
fibroblast CDKNI1A; each component within this

subnetwork is associated with vasculopathy
[70-72], and here we suggest that they interact

during metabolic pathology in the aorta.

DISCUSSION

In this study, we revealed the cell composition of the
mouse aorta, resolved the cellular and functional het-
erogeneity of aortic cells among segments, uncov-
ered the intercellular networks between these aor-
tic cells and determined the effects of cardiovascular
risk factors on aortic cell composition.

A recent scRNA-Seq study provided the first at-
las of aortic cells [3]. In this report, mainly ECs and
fibroblasts were obtained and profiled with a cell
count of ~1000. Here, we further characterized pre-
viously unidentified aortic cell types, such as SMCs
and pericytes. In addition, we extended knowledge
of the spatial heterogeneity of aortic cells across the
four anatomical segments, and of the contribution of
the spatiotemporal complexity of shear stress to the
vascular heterogeneity.

It is well recognized that spatiotemporal dif-
ferences in shear stress determine the regional
heterogeneity of EC phenotypes [59]. Using
scRNA-Seq, we characterized three EC subpopu-
lations with specific gene expression profiles and
anatomical distribution in the aorta. Functionally,
one of the EC subpopulations, activated ECs, may
participate in the response to variations in shear
stress and the regulation of vascular tone. These
activated ECs were most abundant in the thoracic
aorta, which is consistent with the idea that the
thoracic segment acts to adapt the axial velocity and
vorticity propagated from the aortic arch with the
help of EC-induced dilation [73].

Shear-induced mechanotransduction not only
contributes to the distribution of ECs, we also
demonstrated that all aortic cells are heteroge-
neously distributed. Typically, the curvature of the
aortic arch results in a distinct cellular composi-
tion. This segment, which is innervated by num-
bers of neuron cells that are surrounded by Schwann
cells, senses changes in heart rate and blood pres-
sure. Contractile SMCs densely populated the aortic
arch, which may generate greater contractile power.
Such muscle tone is essential to fill the three arteries
that branch oft the aortic arch, and is also necessary
to push the blood flow lower in the body. Further,
abundant pericytes may stabilize aortic arch cells un-
der high shear and axial stress [74-77]. One well-
studied mechanism is the strong expression of the
ANGPT1 gene in pericytes (Log, FC = 2.5 in aortic
arch pericytes) encoding angiopoietin 1. Angiopoi-
etin 1 binds to its receptor Tie2 both in ECs and per-
icytes, and this leads to stabilization of ECs [78,79].



In addition to biomechanical factors, variations
in the biochemical composition of the blood con-
tribute to aortic cell heterogeneity. High blood
sugar/glucose levels and high dietary salt or fat in-
take are linked to a greater risk of vascular disease
[64-67]. They generate pathogenic biochemical mi-
croenvironments that affect the cellular populations
and their functions. For example, Cochain et al. and
Winkels et al. have reported interesting work on aor-
tic macrophage and leukocyte heterogeneity from
mice fed on chow and a western diet [7,8], with
which our results are consistent. These studies and
ours showed a diverse phenotype of aortic immune
cells. All four studies reported the appearance of pro-
inflammatory Th17 cells, cytotoxic CD8" T cells,
inflammatory macrophages and regulatory B cells
in the aorta after challenge with an unhealthy diet,
while these subpopulations were absent or at low
proportions in healthy aorta. In contrast, Cochain
et al. and Winkels et al. [7,8] sorted CD45" immune
cells for scRNA-Seq, so they were able to detect
rare immune cells such as TREM2hih macrophages,
CD11c"8" foamy macrophage, and two T cell sub-
populations with inverse CDS and LYC6C expres-
sion. On the other hand, our results are comple-
mentary. We investigated the immune cells among
the pool of aortic cells, thus providing an overview
of their compositional change; we also showed the
spatial heterogeneity of immune cells, for example,
B1 cells, naive T/Tregs and M2-macrophages were
all strongly localized to the aortic arch, which may
help to maintain its homeostasis under high axial and
shear stress. We further explored the common fea-
tures among mice fed a high-salt diet, a high-fat diet
or with high blood glucose, and found that inflam-
matory macrophages and T cells were most likely
to be enriched in the abdominal aorta. It is particu-
larly important to note that although single-cell se-
quencing data are valuable for the analysis of shifts
in gene expression within diverse populations, it is
not the best approach for estimating the proportions
of cell populations. In this study, we used digested
intact aorta to ensure that the sequenced single-cell
suspension was close to the actual aortic cell compo-
sition, while also validating some of the conclusions
about changes in cell composition using immunoflu-
orescence. However, more precise methods, such as
fluorescence-activated cell sorting, are required to
confirm or deny the actual cell composition indicted
in our study.

The responses of cells to pathogenic microenvi-
ronments were common to the three at-risk condi-
tions to a certain extent, and distinct in different aor-
tic segments. Of note, the abdominal aorta was the
most changed segment under at-risk conditions that

induce vasculopathy. OCLN'®" SERPINE1"¢" ECs,
contractile SMCs, pro-inflammatory fibroblast-like
pericytes, cytotoxic CD8™ T cells, macrophages and
pro-atherogenic B2 cells all tended to accumulate in
the abdominal segment, possibly to promote inflam-
mation and reduce dilation. Also, ECs, fibroblasts
and macrophages showed intensive communication
during the pathological process in the abdominal
aorta. These findings are in accordance with the
high clinical incidence of aneurysms, dissection and
atherosclerosis in the abdominal aorta.

Overall, our results provide a comprehensive
transcriptome profile of single cells in the aorta
(Fig. Sc), including cell-type-specific markers and
intercellular networks, and this could lead to new
means of diagnosis and intervention in metabolic
pathologies of the aorta.

MATERIALS AND METHODS

All data and methods used in the analysis, and infor-
mation on materials used to conduct the research are
available in the online-only supplement.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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