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Aims Hypertension is a major risk factor for cardiovascular diseases. However, vascular remodelling, a hallmark of hyper-
tension, has not been systematically characterized yet. We described systematic vascular remodelling, especially the
artery type- and cell type-specific changes, in hypertension using spontaneously hypertensive rats (SHRs).

Methods and Single-cell RNA sequencing was used to depict the cell atlas of mesenteric artery (MA) and aortic artery (AA) from

results SHRs. More than 20 000 cells were included in the analysis. The number of immune cells more than doubled in aor-
tic aorta in SHRs compared to Wistar Kyoto controls, whereas an expansion of MA mesenchymal stromal cells
(MSCs) was observed in SHRs. Comparison of corresponding artery types and cell types identified in integrated
datasets unravels dysregulated genes specific for artery types and cell types. Intersection of dysregulated genes with
curated gene sets including cytokines, growth factors, extracellular matrix (ECM), receptors, etc. revealed vascular
remodelling events involving cell—cell interaction and ECM re-organization. Particularly, AA remodelling encom-
passes upregulated cytokine genes in smooth muscle cells, endothelial cells, and especially MSCs, whereas in MA,
change of genes involving the contractile machinery and downregulation of ECM-related genes were more promi-
nent. Macrophages and T cells within the aorta demonstrated significant dysregulation of cellular interaction with
vascular cells.

Conclusion Our findings provide the first cell landscape of resistant and conductive arteries in hypertensive animal models.
Moreover, it also offers a systematic characterization of the dysregulated gene profiles with unbiased, artery type-
specific and cell type-specific manners during hypertensive vascular remodelling.
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1. Introduction

Hypertension is a leading risk factor for a panel of cardiovascular diseases
worldwide including ischaemic heart disease and stroke, contributing to
more than 10 million deaths and more than 212 million disability life years in
2015 alone. " Current anti-hypertensive treatment strategies aim to limit
the overactivated sympathetic nervous system and renin—angiotensin—aldo-
sterone system in hypertension. However, limited efficacy was still seen in
~10-30% hypertensive patients who are not responsive even to combined
use of current anti-hypertensive medications, thus necessitating further
mechanistic studies of hypertension. > Along with the heart and kidney,
blood vessels, which encompass both conductive and resistant arteries, are
among the key organs that operate in concert to determine blood pressure.
However, approaches to define vascular remodelling during hypertension
at the transcriptomic level rely mainly on flow-sorted cells or in vitro cul-
tured cells and subsequent microarray analysis. Limitations lie in the biased
selection of markers for flow sorting or the changes incurred to cells by in vi-
tro cell culture. As a result, although endothelial dysfunction and smooth
muscle cell (SMC)-centred vascular changes in hypertension have been de-
scribed, * there has been a lack of systematic depiction of the remodelling
process. With single-cell RNA sequencing (scRNA-seq), unbiased identifica-
tion of cell types and systematic transcriptomic analysis are made possible.
Additionally, mesenchyme and immune cells within the vasculature
have not been sufficiently characterized in hypertension. As to adventitial
mesenchyme cells, they are gradually recognized as important in athero-
sclerosis and pulmonary hypertension, whereas their role in vascular
remodelling in primary hypertension has been elusive. ** For immune
cells, as in atherosclerosis, a wealth of evidence supports the involve-
ment of circulating immune cells in hypertension. ¢ However, the
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phenotype of immune cells residing in the artery and their functional in-
teraction with other vascular cell types under hypertension remain signif-
icant yet unexamined issues. Adding to the complexity of hypertensive
vascular remodelling are the heterogeneity of major vascular cell types
and their dynamic cellular communication status, which are only possible
to be studied with recent use of scRNA-seq. "®

ScRNA-seq offers an unparalleled opportunity to systematically resolve
the cellular diversity and dynamic cellular communication changes. Here,
we performed scRNA-seq of mesenteric artery (MA) and aortic artery
(AA), which represent resistant artery and conductive artery, respectively,
from spontaneously hypertensive rats (SHRs) and their healthy controls
Wistar Kyoto (WKY) rats to decipher the artery-specific and vascular cell
type-specific changes in hypertension, discover potentially important cell
sub-clusters, and unravel the altered cell—cell interactions.

2. Methods
2.1 Ethics statement

All animal procedures conformed to Guide for Care and Use of
Laboratory Animals published by US National Institute of Health (8th
edition, 2011) and were approved by the Institutional Animal Care and
Treatment Committee of Southwest Medical University, China.

2.2 scRNA-seq of artery cells with 10 x
chromium

We performed scRNA-seq of MA and AA cells from WKY/N and SHR/
N rats (male, 16—18 weeks old, 7-8 rats in each group). Only male rats
were included to avoid the sex influence on experiment results. Rats
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were anaesthetized with intraperitoneal injection of 50 mg/kg sodium
pentobarbital. The adequacy of anaesthesia throughout the procedure
was confirmed by the lack of reflex response to toe stretch. Direct
blood pressure was measured and recorded with a heparinized fluid-
filled catheter that was inserted into the isolated femoral artery. While
still being under 50 mg/kg intraperitoneal sodium pentobarbital anaes-
thesia, the rats were sacrificed by exsanguination via transcardial perfu-
sion with 50 mL phosphate buffered saline (PBS) and subsequent heart
excision. All branches of superior and inferior MAs (excluding the supe-
rior and inferior MAs themselves) and AA (thoracic artery and abdomi-
nal artery; aortic arch is not included) were collected and perivascular
tissues were carefully cleaned. Pooled tissue from each group and artery
type, respectively, was obtained. As described before, & the arteries
were digested with 2 mg/mL collagenase | (Invitrogen; 17018-029) and
2 mg/mL dispase Il (Sigma; D4693) in Hank’s balanced salt solution (with
calcium and magnesium) at 37°C for 30 min. Single nucleated live cells
were sorted into PBS with 0.04% bovine serum albumin and then loaded
to 10x Genomics Chromium chip. Standard 10x Chromium Single Cell
3’ v2 (10x Genomics) protocols were followed for scRNA-seq for re-
verse transcription and library preparation. For details, see the
Supplementary material online.

2.3 Quality control and pre-clustering of
scRNA-seq data

The library was demultiplexed and aligned to the rat genome with
CellRanger (version 3.0.2; 10x Genomics) pipeline. Separate datasets
were merged with cellranger aggr pipeline (default parameters) that
equalizes sequencing depth between samples. R package Seurat (version
3.0.2) was used for cell filtration, data normalization, dataset integration,
dimension reduction, and cell clustering and cluster visualization with de-
fault parameters unless otherwise specified. * Bells expressing <500 or
>3500 genes were filtered out to exclude non-cell or cell aggregates and
cells with >15% mitochondrial gene percentage were also filtered out to
exclude cells at a compromised state. For details, see the Supplementary
material online.

2.4 Cell type annotation and sub-clustering
According to classic major vascular cell type marker expression, the clus-
ters were assigned to major vascular cell types and immune cells. For
sub-clustering, gene count of cells from the same major cell type were
retrieved and integrated using 30 dimensions. Cell type-specific and sub-
cluster-specific markers were found with FindAllMarkers function in
Seurat with arguments avg_logFC >0.41, min.pct >0.1 and only.pos =
TRUE. P-value <0.01 determined by Wilcoxon rank-sum tests was used
to further filter for significantly enriched genes. Avg logFC at cut-off
value 0.41 was chosen to gate for genes with an average fold change of
1.5-fold. Differentially expressed genes between indicated cell types or
sub-clusters were found with FindMarkers function in Seurat with similar
conditions as FindAlMarkers function. For details, see the
Supplementary material online.

2.5 Curation of gene lists

Cytokine and chemokine lists are manually curated on the basis of
UniProt protein knowledgebase 10 keywords searches. Genes related to
hypertension-associated single nucleotide polymorphism (SNP) sites, rat
transcription factors (TFs), surface proteins, and extracellular matrix
(ECM) are from published studies. '"™"> The Genenames resources
were used for curation of ligand and ion channels lists. '® Ligand—

receptor interaction pair lists were generated according to published
study. "7 Genes causal for blood pressure change in SMC-specific knock-
out mice and genes contributing to monogenic hypertension are curated
according to publications. 31819 The curated lists were included in the
Supplementary material online, Table S1.

2.6 Ligand-receptor cellular

communication analysis

Ligand—receptor pair analysis was performed as described 8 using lists
from published data. v Briefly, using normalized data, the interaction
strength of a specific ligand-receptor pair between ligand cell type and
receptor cells was the sum of multiplied expression level of ligand gene
and receptor gene between each cell in the ligand cell type and each cell
in the receptor cell type divided by cell number in each cell type to adjust
for the influence of cell number. Changes of ligand—receptor communi-
cation strength were represented by interaction strength-weigted fold
changes between SHR cell type and corresponding WKY control. R
package pheatmap was used for visualization.

2.7 Immunofluorescent staining

MA or AA was snap frozen in liquid nitrogen and stored in -80°C.
Sections were fixed with acetone and then blocked for 1h with 10%
donkey serum in PBS with 0.1% Tween-20. For en face immunofluores-
cent staining, aorta adventitia peeled off the aorta or whole MAs were
processed as previously published (for details, see the Supplementary
material online). ®

2.8 Statistical analysis

Blood pressure and plasma level of glucose and lipid from WKY rat and
SHR were represented as mean = standard error of mean. P-value <0.05
determined by unpaired Student’s t-test was considered statistically
significant.

3. Results

3.1 Landscape of major cell types in
hypertensive MA and AA

ScRNA-seq has been used to characterize the vascular landscape in ath-
erosclerosis, but a single-cell level description of vascular changes in hy-
pertension is lacking. To bridge the knowledge gap, we performed
single-cell transcriptomic profiling of 1618 weeks old SHR-MA and
SHR-AA with their counterparts in WKY rats as controls (Figure 1A).
SHR is the most commonly used rat model for human essential hyper-
tension which has a genetic background and develops elevated blood
pressure spontaneously with a normal diet. 2° Blood pressure was di-
rectly measured with a heparinized fluid-filled catheter which was
inserted into the isolated femoral artery. High blood pressure was
detected in 16—18 weeks old SHRs confirming the establishment of hy-
pertension model and no significant dysregulation of glucose or lipid lev-
els was observed (Supplementary material online, Figure STA).
Histological difference of MA and AA properties between SHR and
WKY rats was not observed (Supplementary material online, Figure
S1B). After sequencing of flow-sorted single nucleated live cells
(Supplementary material online, Figure S1C), datasets from different
groups were aggregated to control for comparable sequencing depth.
After quality control, 6631, 5652, 5138, and 4462 cells with similar me-
dian number of genes were retained in WKY-MA, SHR-MA, WKY-AA,
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Figure | Transcriptomic atlas of WKY and SHR MA and AAs. (A) Experimental design and analysis pipeline. (B) Integrated and split view of the scRNA-
seq datasets from WKY and SHR AA and MA. Cells were from pooled MA or AA samples of eight WKY rats or seven SHRs. Cell number: WKY-MA,
n=6631 cells from 8 WKY rats; SHR-MA, n = 5652 cells from 7 SHRs; WKY-AA, n= 5138 cells from 8 WKY rats; SHR-AA, n = 4462 cells from 7 SHRs. (C)
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and SHR-AA datasets, respectively (Supplementary material online,
Figure S1D and E). The unbiased clusters were annotated to major vascu-
lar cell types according to known marker genes: SMCs (Myh11 and Cnn';
clusters 1, 2, 4, 6, and 7), endothelial cells (ECs; Cdh5 and Wwf; clusters 8
and 13), mesenchymal stromal cells (MSCs; Gpx3, and Dcn; clusters 3, 5,
10, and 11), immune cells (Ptprc; clusters 9, 12, and 15), and neurons
(Plp1) ( Figure 1B and Supplementary material online, Figure S2A and B).
Similar distribution of gene numbers was observed in each major cell
type (Supplementary material online, Figure S1F). Regardless of rat strain,
MA displayed a higher percentage of SMCs compared with AA, whereas
the percentages of MSCs and immune cells in AA were higher than those
in MA ( Figure 1C). SHR-MA MSC percentage demonstrated a more than
two-fold increase in comparison with that of WKY-MA MSC and a simi-
lar increase was observed in the AA immune cell percentage in SHRs (
Figure 1D).

3.2 Cell type-specific and artery-specific
genes of rat arteries

Knowledge about SMCs, ECs, and MSCs from MA is lacking since separa-
tion of each vascular cell type is difficult due to the small MA diameter
and a lack of established surface markers for SMCs and MSCs. The over-
lap of EC and MSC markers with immune cells ( Figure 2A) suggests their

potential expression of inflammation-related genes. Then, we inter-
sected the cell type-specific genes with receptors and ligands, through
which the vascular cells might act on and respond to each other
(Supplementary material online, Figure S3A). For cytokines, it is notable
that MSCs and immune cells both demonstrated expression of Ccl2 and
Cxcl1 ( Figure 2B). Cd36, a marker found important in insulin resistance of
hypertensive rats
(Supplementary material online, Figure S3A). Different vascular cell types
showed distinct expression of superoxide dismutases, with Sod3 and
Sod2 highly expressed in MSCs and immune cells, respectively (

is expressed in both ECs and immune cells

Figure 2B). For ion channels, overlapped expression between multiple
cell types was not frequent, with only P2rx4 and Kcnn4 shared between
ECs and immune cells ( Figure 2B).

Not surprisingly, MSCs were the major source for ECM ( Figure 2C,
Venn diagram part c), especially for collagens and proteoglycans
(Supplementary material online, Figure S3B). ECs and MSCs displayed
the largest overlap of ECM genes including Fn1 and Fbin2 ( Figure 2C,
Venn diagram part g and Figure 2D). Noticeably, Mmp2, a major contrib-
utor of vascular remodelling under hypertension 2 and its inhibitor
Timp2 were both expressed mainly in MSCs (Supplementary material
online, Figure $3B). The number of genes involved in essential hyperten-
sion-related SNP was similar across cell types (Supplementary material
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(D) Immunostaining of PCP4 and ACTA2 in MA of WKY rat and SHR. White scale bar, 50 im; and yellow scale bar, 10 um. (E) Average expression heatmap
of selected dysregulated genes from corresponding Venn diagram parts of (A). (F) Dot plot of selected ECM genes from corresponding Venn diagram parts
of (A). (G) TSNE plot showing the distribution of sub-clusters in all SMCs and in each dataset. (H) Percentage of each sub-cluster in each dataset. (I) Sub-clus-
ter percentage fold difference in WKY rat MA and AA. (J) Violin plot showing the expression of indicated markers in each sub-cluster. (K) EC sub-cluster
percentage fold difference in SHR MA and AA in comparison with WKY rat counterpart. (L and M) Violin plot showing the expression of markers in indi-
cated sub-cluster and GOMF analysis of sub-cluster-specific genes. AA, aortic artery; GOMF, gene ontology molecular function; MA, mesenteric artery;
SHR, spontaneously hypertensive rats; SMC, smooth muscle cell; tSNE, t-distributed stochastic neighbour embedding; WKY, Wistar Kyoto.
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online, Figure S3C). Various SNP genes were cell type-specific: SMCs
(Tagln and Myh11), ECs (Agp1 and TieT), MSCs (Ogn and Col15aT), and
immune cells (Zfat and Rarres?) ( Figure 2E). Interestingly, the expression
of hypertension-related SNP Nfkbia, an inhibitor of Nfkb, is shared be-
tween ECs, MSCs, and immune cells ( Figure 2E). A significant proportion
of the SMC and EC cell type-specific genes (46.1% and 39.4%, respec-
tively) were differentially expressed between MA and AA, and this num-
ber (23.11%) is much lower in MSCs (Supplementary material online,
Figure $4). More than 10 TFs including Klf and Fosb were found higher in
all MA non-immune cells suggesting that these TFs might contribute to
the difference between MA and AA ( Figure 2F). Less genes were found
higher in AA across non-immune cell types, among them were ion chan-
nel gene (Agp 1) and ECMs (Ctgf and Lum) ( Figure 2G).

3.3 Artery-specific changes of SMCs in
hypertension

Hypertensive vascular remodelling is dependent on the vessel type. This
is demonstrated by the uniquely dysregulated genes of MA and AA
SMCs under hypertension ( Figure 3A). More genes are downregulated in
SHRs compared to WKY control ( Figure 3A), among which a significant
proportion (50.0%) were expressed higher in WKY-MA than WKY-AA
(Supplementary material online, Figure S5A). In AA SMCs, more than
50% of the upregulated genes in SHR-AA SMCs were expressed lower
in WKY-AA than WKY-MA and more than 50% of the downregulated
genes in SHR-AA SMCs were expressed higher in WKY-AA than WKY-
MA (Supplementary material online, Figure S5A). This suggests a poten-
tial shrinking of difference between AA and MA SMCs under
hypertension.

Resistant arteries and conductive arteries undergo different vascular
remodelling, to which vascular SMCs contribute through modulation of
its contractile function, secretory function, ECM dysregulation, etc. > In
hypertension, a hypercontractile state of SMCs was reported. >
Consistently, Pcp4, which modulates the binding of calcium to calmodu-
lin, 24
pared to WKY-MA ( Figure 3B and C and Supplementary material online,
Figure S5B). The upregulation was confirmed at the protein level (
Figure 3D). Pcp4 upregulation was not observed in SHR-AA SMCs
(Supplementary material online, Figure S5C-E). Additionally, SphkT,
which was important in angiotensin ll-induced intracellular calcium eleva-

was among the top 10 upregulated genes in SHR-MA SMCs com-

tion and subsequent smooth muscle contraction, was also upregulated
in SHR-MA only (Figure 3E). The exclusive upregulation of Pcp4 and
Sphk1 in SHR-MA SMCs but not SHR-AA SMCs suggests a potential
hypercontractile state of SHR-MA SMCs. However, in both in MA and
AA, downregulation of multiple genes involved in SMC contraction in-
cluding Itpr1, Flna, and Mylk was observed (Figure 3E). These genes were
found causal of hypertension in SMC-specific gene knout-out models. ®
Concomitantly, SMC markers Myh11 and Srf were also downregulated
in both MA and AA SMCs under hypertension, accompanied by upregu-
lation of TF Kif4 which promotes SMC phenotypic switch towards secre-
tory/migratory phenotype ( Figure 3F). Despite the upregulation of Kif4
in both MA and AA SMCs under hypertension, SHR-AA SMCs exclu-
sively secrete more proinflammatory cytokines (CxclT, Il6, and Ccl2), vas-
cular calcification-promoting factor Bmp2, and fibrotic Tgfb3 ( Figure 3E).

For ECM remodelling, SHR-AA SMCs exhibited decrease of genes
that encode proteins which constitute elastin fibres (Fbin5 and Fbn1) and
increase of collagen (Col1a) ( Figure 3F). However, in SHR-MA SMCs, al-
though downregulation of Eln (encoding tropoelastin) that also consti-
tutes elastin fibres was observed, multiple collagens (Col4al, Col4a5,

Col18a1, and Col12a1) demonstrated significant downregulation (
Figure 3F and Supplementary material online, Figure S5F). Enzymes which
promote degradation of ECMs decreased in both MA and AA (MA: Cstb,
Adamts1, and Adamts15; AA: SerpineT) ( Figure 3F). Less production (ex-
cept ColTat in SHR-AA SMCs) and less degradation of ECM implicated a
decreased ECM turn-over rate in SHRs. Full list of dysregulated ECM
genes was presented as well as genes from classifications including recep-
tors, TFs, and SNPs (Supplementary material online, Figure S5G).

Currently, there are limited studies about SMC heterogeneity.
ScRNA-seq offers an opportunity to examine this issue. After dataset in-
tegration, 9 SMC sub-clusters were found, among which the percentage
of sub-cluster 7 is significantly higher in MA and sub-clusters 3 and 8
were mainly found in AA (Figure 3G—). Marker genes for sub-cluster 7 in-
clude Hmgcs2, which is a ketogenic enzyme involving in regulation of glu-
cose level, and Bcr, which could be activated by angiotensin |, 25 whereas
sub-clusters 3 and 8 expressed ECM genes Fbin5 and Lum, respectively (
Figure 3] and Supplementary material online, Figure S6A). Notably, multi-
ple genes that inhibit (Mgp 2 ) or promote (Sparc 2’ and Bgn %) vascular
calcification were expressed higher in sub-clusters 3 and 8
(Supplementary material online, Figure S6B). During hypertension, the
percentage of sub-cluster 6 doubled in MA ( Figure 3K). Markers for sub-
cluster 6 include heat shock proteins Hspb1 and Hspa1b which were in-
volved in hypertension ( Figure 3L). ***° Consistently, gene ontology
term heat shock protein binding was enriched in sub-cluster 6 (
Figure 3L). For AA SMCs, sub-clusters 2 and 5 cells were enriched in
SHRs ( Figure 3K). Marker genes for sub-cluster 5 include proinflamma-
tory genes Nfkbia, Nfkb2, and [l6, which resulted in enriched gene ontol-
ogy term cytokine activity in sub-cluster 5 ( Figure 3M).

3.4 Artery-specific changes in ECs under
hypertension

Although endothelial dysfunction has been an established mechanism for
hypertension, artery type-dependent changes in ECs were not studied.
In AA EGs, significantly more genes were upregulated than downregu-
lated, whereas a reverse trend was observed in MA ECs (Supplementary
material online, Figure S7A). A total of 46.8% of the downregulated genes
in SHR-MA EC and 57.3% of the upregulated genes in SHR-AA EC in
comparison with WKY counterparts were among the genes expressed
higher in MA ECs than AA ECs (Supplementary material online, Figure
S7B and C), suggesting a decreased difference between MA and AA ECs
in SHRs.

Hypertensive vascular changes encompass a complex network includ-
ing inflammation, ECM, reactive oxygen species (ROS), and vasoregula-
tion. 3! To examine these aspects, we assigned the dysregulated gene
classifications including cytokines, ECM, enzymes, and receptors
(Supplementary material online, Figure S7D). For inflammation-related
genes, SHR-AA ECs displayed upregulation of proinflammatory Cxcl1,
16, Cxcl2, Icam1, and Bmp4, which were increased in angiotensin ll-in-
duced hypertension model, whereas downregulation of proinfllmma-
tory Cxcl1, Ccl7, Cxcl10, and Vcam1 was observed in SHR-MA ECs in
comparison with WKY control ( Figure 4A). Notably, Cxcl1 and Il6 were
shown above to be increased in SHR-AA SMCs ( Figure 3E). For ECM
genes, Sulf1, which desulphates heparan sulphate proteoglycans, and
multiple glycoproteins (Vwf, Fn1, Igfbp4, and Lamb4) were decreased in
SHR-MA ECs ( Figure 4B). SHR-AA ECs demonstrated downregulation
of metalloproteinase inhibitor Timp4, and upregulation of Adamts4,
which could be inhibited by Timp4. Col3al and Fgl2 were upregulated in
SHR-AA ECs ( Figure 4B). Overall, SHR-MA ECs demonstrated
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Figure 4 Artery-specific transcriptomic changes and sub-cluster alterations in ECs of SHRs. (A and B) Dot plot showing the expression of selected signifi-
cantly differentially expressed genes (P <0.01 determined by Wilcoxon rank-sum tests) in WKY or SHR ECs from MA or AA. EC cell number: WKY-MA,
n =302 cells from 8 WKY rats; SHR-MA, n =475 cells from 7 SHRs; WKY-AA, n =142 cells from 8 WKY rats; SHR-AA, n= 173 cells from 7 SHRs. (C and
D) Violin plot showing the expression of selected differentially expressed (P <0.01 determined by Wilcoxon rank-sum tests) genes in WKY or SHR ECs
from MA or AA. EC cell number: WKY-MA, n= 302 cells from 8 WKY rats; SHR-MA, n =475 cells from 7 SHRs; WKY-AA, n =142 cells from 8 WKY rats;
SHR-AA, n= 173 cells from 7 SHRs. (E) TSNE plot showing the distribution of sub-clusters in all ECs and in each dataset. (F) Percentage of each sub-cluster
in each dataset. (G) EC sub-cluster percentage fold difference in SHRs with WKY rats as control in MA and AA. (H) Percentage of cells at different stages of
cell cycle in each sub-cluster. (/) Heatmap showing EC sub-cluster identity and the top 10 EC sub-cluster genes (by average fold change). (f) Dot plot showing
indicated genes upregulated in SHRs in EC sub-clusters 1-3 of MA and AA compared to WKY controls. (K) Volcano plot of differentially expressed genes
(average log fold change > 0.41, average fold change > 1.5, P-value < 0.01) in AA EC4 sub-cluster (lymphatic ECs) from SHRs compared to WKY rats. EC
sub-cluster 4 cell number: WKY-AA, n= 11 cells; SHR-AA, n = 13 cells. (L) Immunostaining of LYVE1 and SOX18 in WKY and SHR-AA adventitia. Scale bar,
50 um. AA, aortic artery; EC, endothelial cell; MA, mesenteric artery; SHR, spontaneously hypertensive rats; SMC, smooth muscle cell; WKY, Wistar Kyoto.
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decreased production of ECM, whereas the decreased degradation and
increased production of ECM were implicated in SHR-AA ECs.

For ROS-related genes, protective responses that might result in de-
creased ROS were observed in both MA and AA ECs. Lox, which could
generate ROS, 32 \as downregulated in SHR-MA ECs, and Nfe2(2,
encoding anti-oxidant TF NRF2, and its downstream gene Hmox1
(encoding haem oxygenase-1) were upregulated in SHR-AA ECs (
Figure 4C). For vasoregulation, reduced Ptgs2 (encoding COX2) in SHR-
MA ECs may lead to reversed endothelial-dependent vasoconstriction
33 ( Figure 4D) in comparison with WKY-MA ECs. For SHR-AA ECs,
Ednrb (encoding endothelin receptor type B), which mediates vasodila-
tion when expressed on ECs, ** was increased. However, Adrb2 (encod-
ing B2-adrenergic receptor), the gene delivery of which mitigated high
blood pressure in SHRs, ** was downregulated in SHR-AA ECs (
Figure 4D). Thus, in SHR-MA ECs, mainly protective changes with poten-
tially less vasoconstriction were shown. For SHR-AA ECs, mixed
responses that may lead to vasodilation (Ednrb increase) and vasocon-
striction (Adrb2 decrease) were observed. Notably, Cd36, which was
revealed by genetics analysis to be related with hypertension, 2 was
upregulated in both SHR-MA and SHR-AA ECs compared to WKY con-
trol (Supplementary material online, Figure S7E).

ECs were a heterogeneous population. *¢ Consistently, six EC sub-
clusters were discovered ( Figure 4E). Compared to WKY-MA ECs, sig-
nificantly more WKY-AA ECs were in sub-cluster 6 ( Figure 4F), which
showed high expression of lipid processing genes Lpland Cd36 ( Figure 41
and Supplementary material online, Figure S8A). This sub-cluster was
also observed in AA in other studies. 3 Under hypertension, cell number
of sub-cluster 3 expanded in both SHR-MA and SHR-AA ECs (
Figure 4G). A higher percentage of S-phase cells was in EC sub-cluster 3
compared to other sub-clusters ( Figure 4H). Interestingly, endothelial
progenitor marker Procr *® was enriched in EC sub-cluster 3, whereas
progenitor markers Cd34 and Mkié7 were not enriched in this sub-clus-
ter (Supplementary material online, Figure S8A and B). Notably, marker
genes for EC sub-clusters 1-3 displayed some overlap ( Figure 4/ and
Supplementary material online, Figures S8A and S9A). Enriched gene on-
tology term for EC sub-clusters 1-3 also showed overlap, and sub-clus-
ter 3 exhibited exclusively enriched term ‘the role of GTSE1 in G2/M
progression after G2 checkpoint’ (Supplementary material online, Figure
$9B). During hypertension, multiple genes including Eno 1 and Cd36 were
upregulated in both SHR-MA and SHR-AA in EC sub-clusters 1-3 (
Figure 4/). For EC sub-cluster 4, marker genes (Lyve! and Pdpn) and
enriched gene ontology term ‘lymph vessel development’ support its
identity of lymphatic ECs ( Figure 41 and Supplementary material online,
Figure STOA). Its presence in MA and AA was confirmed by immunostain-
ing (Supplementary material online, Figure ST0B). In lymphatic ECs,
Sox18, a TF crucial in lymphatics development, 3% was significantly upre-
gulated in SHR-AA compared to WKY control ( Figure 4K and L).

3.5 Artery-specific changes in MSCs under

hypertension

As suggested above, MSCs are an important source of inflammatory fac-
tors and ECM. In SHRs, MSC genes were dysregulated depending on the
artery type ( Figure 5A). Cxcl1, Il6, Ccl2, Ccl7, and Cxcl10 were exclusively
upregulated in SHR-AA MSCs in comparison with WKY counterparts (
Figure 5B and Supplementary material online, Figure S11A and B). The for-
mer four inflammatory cytokines were demonstrated above upregulated
in SHR-AA SMCs. Notably, anti-inflammatory glycoprotein Tnfaipé *
was also upregulated only in SHR-AA MSCs ( Figure 5B). Increase of

osteo-inductive Bmp2 in SHR-AA MSCs and osteogenic marker Alpl in
SHR-MA MSCs suggested enhanced vascular calcification in both artery
types in hypertension ( Figure 5C and Supplementary material online,
Figure ST1A). For ECM, more genes were dysregulated in SHR-MA MSCs
than SHR-AA MSCs (Supplementary material online, Figure S11B).
Decrease of serine protease inhibitors (Serpine? and Serpine2) in both
SHR-MA and SHR-AA MSCs suggest less ECM degradation. More pro-
duction of Col8a1, which is related to hypertension-associated SNP, was
also observed in both SHR-MA and SHR-AA MSCs (Supplementary ma-
terial online, Figure S11C). Like in SHR-AA SMCs, Col7aT is upregulated
in SHR-AA MSCs but downregulated in SHR-MA MSCs (Supplementary
material online, Figure S11C). The ECM remodelling in SHR-AA MSCs
may a result of increased Tgfb1 ( Figure 5D). In SHR-MA MSCs, however,
both genes that promote (Ctgf and receptor Eng) and inhibit (Cilp *" and
TF Nr4a1 *?) transforming growth factor beta (TGFb) signalling were
upregulated ( Figure 5D).

Artery MSCs have long established to be a heterogeneous population.
Sub-clustering analysis of MSCs revealed 10 sub-clusters, of which sub-
cluster 8 expressing apolipoproteins Apod and Apoe was found signifi-
cantly enriched in MA and sub-clusters 5 and 9 expressing genes (Cytl1 **
and Sfip4, ** respectively) important for bone homeostasis were
enriched in AA ( Figure 5E-G and l). Under hypertension, sub-cluster 1
expressing Alpl, a vascular calcification marker, displayed increased cell
number in both SHR-MA and SHR-AA in comparison with WKY ana-
logues ( Figure 5H and ). Importantly, Col8a1, which was increased in
both SHR-MA and SHR-AA MSCs compared to WKY controls, was spe-
cific for sub-cluster 1 ( Figure 5/ and Supplementary material online,
Figure S12A). However, sub-cluster 2 that expressed multiple proinflam-
matory genes (Ccl2, Cxcl1, and Esm1) > demonstrated a reduced cell
number percentage in SHR-MA but increased percentage in SHR-AA
MSC:s ( Figure 5H and | and Supplementary material online, Figure S12A).
Trend of increased cell number in SHR-MA and reduced cell number in
SHR-AA was observed for MSC sub-clusters 3-5 ( Figure 5H). Chad, a
cartilage matrix protein, is a marker for sub-cluster 3 ( Figure 5I). Sub-
cluster 4 expressed vessel dilator peptide Adm ( Figure 5). In AA, the cell
number of sub-cluster 6 expressing Abca8a, which is important for cho-
lesterol efflux and Lrp 1, which is crucial for lipid homeostasis, increased
most significantly under hypertension ( Figure 5H and ). Acta2, which is a
myofibroblast marker, was seen in sub-cluster 7 ( Figure 5I). Sub-cluster
10 expressing cardioprotective Gdf15 * displayed a decreased percent-
age of cell number in SHR-MA compared to WKY control ( Figure 5H
and l). Gene ontology terms regulation of cell growth (sub-cluster 1), re-
sponse of tumour necrosis factor (sub-cluster 2), ossification (sub-clus-
ter 3), and actin-filament organization (sub-cluster 7) were seen in
different  sub-clusters, suggestive of their unique functions
(Supplementary material online, Figure S12B).

3.6 Similar gene dysregulation across non-

immune vascular cell types

After examining cell type-specific changes, commonly dysregulated
genes across SMCs, ECs, and MSCs were investigated to help shed light
on general vascular remodelling events that are not specific for one cell
type. Eno1, a glycolytic enzyme that involves metabolic reprogramming
in pulmonary hypertension, * and LOC306079, with unknown function,
were upregulated across SMCs, ECs, and MSCs in both SHR-MA and
SHR-AA (Supplementary material online, Figure S13). Moreover, che-
mokines Cxcl! and Il6, were upregulated across the non-immune
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Figure 5 Artery-specific transcriptomic changes and sub-cluster alterations in MSCs of SHRs. (A) Venn diagram of dysregulated genes (average fold
change > 1.5, P-value < 0.01 determined by Wilcoxon rank-sum tests) in MA and AA MSCs in SHRs compared to WKY counterparts. MSC cell number:
WKY-MA, n =308 cells from 8 WKY rats; SHR-MA, n =617 cells from 7 SHRs; WKY-AA, n=2290 cells from 8 WKY rats; SHR-AA, n=2312 cells from 7
SHRs. (B) Dot plot of inflammation-related genes that are significantly changed in SHR-AA MSCs in comparison with WKY-AA counterparts. Character be-
fore the gene symbol indicates Venn diagram part from (A). (C) Violin plot of Bmp2 and Alpl in indicated cells. MSC cell number: WKY-MA, n= 308 cells
from 8 WKY rats; SHR-MA, n =617 cells from 7 SHRs; WKY-AA, n =2290 cells from 8 WKY rats; SHR-AA, n=2312 cells from 7 SHRs. (D) Dot plot of fi-
brosis-related genes that are significantly changed (average fold change > 1.5, P-value < 0.01 determined by Wilcoxon rank-sum tests) in SHR-AA MSCs in
comparison with WKY-AA counterparts. Character before the gene symbol indicates Venn diagram part from (A). (E) TSNE plot showing the distribution
of sub-clusters in all MSCs and in each dataset. (F) Percentage of each sub-cluster in indicated dataset. (G) Sub-cluster percentage fold difference in WKY-
MA and WKY-AA. (H) Sub-cluster percentage fold difference in SHR-MA and SHR-AA with WKY counterparts as control. (/) Dot plot showing expression
of the top five genes (by average fold change) in each sub-cluster. Triangles indicate genes that are mentioned in the main text. AA, aortic artery; MA, mesen-
teric artery; MSC, mesenchymal stromal cell; SHR, spontaneously hypertensive rats; TGFb, transforming growth factor beta; WKY, Wistar Kyoto.
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Figure 7 Changes of cell-cell interactions in hypertension. (A)
Changes of cell—cell interaction pairs involving growth factors among
non-immune vascular cells of SHR-AA and SHR-MA with WKY coun-
terparts as control. (B) Changes of cell—cell interaction pairs involving
proinflammatory molecules with non-immune cells as broadcasting
cells in SHR-AA with WKY counterparts as control. (C) Changes of
cell—cell interaction pairs involving growth factors and proinflammatory
molecules with immune cells as broadcasting cells in SHR-AA with
WKY counterparts as control. Cells before the underscore contribute
to the interaction pair as ligand cells, and cells after are receptor cells.
AA, aortic artery; EC, endothelial cel, MA, mesenteric artery; MSC,
mesenchymal stromal cell; SHR, spontaneously hypertensive rats; SMC,
smooth muscle cell; TGFb, transforming growth factor beta; WKY,
Wistar Kyoto.

vascular cells in SHR-AA compared to WKY analogue (Supplementary
material online, Figure $13).

3.7 Immune cell diversity in hypertensive

artery

Accumulating evidence supports the participation of immune cells in hy-
pertension. © However, immune cell landscape in hypertensive artery
has not been described yet. SCRNA-seq revealed eight immune sub-clus-
ters in AA, among which the four macrophage sub-clusters expressing
Cd14 accounted for more than 70% (Figure 6A—C and Supplementary ma-
terial online, Figure S14A). The four macrophage sub-clusters were an-
notated Pf4" M2 macrophages (Pf4 and Cd163), inflammatory

macrophages (Cd74 and ll1b), Fcna™ resident macrophages (F13a1 and
Fena), and Fn1t M2 macrophages (Fn1 and Mmp12), respectively (
Figure 6C and Supplementary material online, Figure S14A). Sub-cluster 5
expressed Cd7 and major histocompatibility complex Class Il antigen
RT1-Bb, but lacks the expression of classical dendritic cell (DC) marker
Itgam (Cd11b), and thus defined as DC-like ( Figure 6C and
Supplementary material online, Figure S14B). Staining of CD7 confirmed
the presence of DC-like cells in AA adventitia (Supplementary material
online, Figure S14C and D). Sub-cluster 6 might be a mixture of immune
cells, as demonstrated by its high expression of both Fcgr3a, a marker for
myeloid lineages and Mal, a marker for T cells ( Figure 6C). Sub-cluster 7,
expressing T cell-specific TF Gata3 and surface marker Cd3e, wasa T cell
cluster and demonstrated the highest enrichment of cell number in SHR-
AA compared to WKY control ( Figure 6C-E). Cytotoxic enzyme Gzmk
was also highly expressed in sub-cluster 7 T cells (Supplementary mate-
rial online, Figure $14B and C). Immunostaining of CD3D and GZMK
confirmed the presence of T cells in the AA (Figure 6F and
Supplementary material online, Figure S14D). Expression of Mcemp 1 and
§$100a9 defined sub-cluster 8 as monocytes ( Figure 6C and
Supplementary material online, Figure S14C), the presence of which in
AA was confirmed by MCEMP1 immunostaining (Supplementary mate-
rial online, Figure S14D).

Apart from cell number expansion of sub-cluster 7 T cells in SHR-AA
compared to WKY control, enrichment of sub-cluster 2 Il1b™" inflamma-
tory macrophages was also observed, supporting the involvement of
macrophages and T cells in hypertension ( Figure 6D). Interestingly, the
accumulation of T cells was mainly observed in the aortic endothelium
but not aortic adventitia ( Figure 6F). In addition to the cell number ex-
pansion, gene dysregulation was observed as well in hypertension. Lilrb3,
which is an inhibitory leucocyte immunoglobulin-like receptor, was upre-
gulated across all macrophage sub-clusters ( Figure 6G and H). This
downregulation was confirmed by immunostaining ( Figure 6I).

3.8 Cellular communication changes in
hypertension

Upregulation of numerous proinflammatory genes and growth factors
were observed in SHR cells compared to WKY control. Interaction of
Eng with multiple growth factors from TGF signalling pathway (Tgfb1,
Tgfb3, and Bmp2) was enhanced in both SHR-AA and SHR-MA cells in
comparison with WKY controls ( Figure 7A). However, upregulated in-
teraction of EC-secreted Hbegf with SMC and MSC Cd9 and Cd44 was
only seen in SHR-AA cells ( Figure 7A). Additionally, cell surface integrins
could interact with ECM and provide a connection of cells with ECM en-
vironment. MSCs, as the major source of ECM, demonstrated enhanced
interaction of Cyr61, Ctgf, and Col8a with integrins in both SHR-AA and
SHR-MA cells compared to WKY cells. However, enhanced interaction
of Collal and Col3al with [tgb? was only seen in SHR-AA cells
(Supplementary material online, Figure S15).

Apart from growth factor broadcasting, proinflammatory molecules
secreted by non-immune vascular cells interact with different immune
sub-clusters. Enhanced interaction of Ccl2 and Ccl7 with Cer5 expressed
by immune sub-cluster 4 (Fn 1" M2 macrophages) and immune sub-clus-
ter 6 (undefined) was observed ( Figure 7B). For proinflammatory lcam1,
upregulated interaction with immune sub-cluster 5 (DC-like cells;
lcam1_Itgax, lcam1_Itgb2, lcam1_I(2rg) and immune sub-cluster 7 (T cells;
lcam1_I(2rg, Icam1_I12ra) was observed ( Figure 7B).

Immune cells also secrete growth factors and inflammatory cytokines
to interact with non-immune vascular cells. In SHR-AA cells, enhanced
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interaction of Tgfb1 secreted by macrophages immune sub-clusters 1-3
(Pf4 M2 macrophages, inflammatory macrophages, and Fcna™ resident
macrophages) through different receptors on SMC was observed in
SHR-AA dataset compared to WKY control ( Figure 7C). Ccl2_Ackr4 in-
teraction was strengthened between immune sub-cluster 1 (Pf4" M2
macrophages) and immune sub-cluster 7 (T cells) with SMCs. Notably,
significantly upregulated interaction of [[1rn_[l1r2 between immune sub-
cluster 6 (undefined) and EC was seen, and the significance necessitates
further study ( Figure 7C).

4. Discussion

Aided by scRNA-seq of 21883 cells across WKY and SHR MA and AA,
cell type- and artery type-specific vascular remodelling at the transcrip-
tomic level in hypertensive rats was systematically characterized. We
provided characteristic changes of four major vascular cell types (SMCs,
ECs, MSCs, and immune cells) in hypertension and presented heteroge-
neous sub-clusters of these major cell types, with some potentially in-
volved in hypertension. Furthermore, dynamic cellular communication
under hypertension was described.

Conductive or resistant arteries undergo outward or inward remod-
elling under hypertension. Previous efforts mainly focused on the SMCs
when examining the mechanism responsible for differential response of
artery types. > Additionally, ECs used in experiments for hypertension
studies were normally derived from the aorta due to its ease of isolation.
Role of MSCs and immune cells were insufficiently recognized as well.
Enrichment of MSCs in MA and immune cells in AA underscores their
potential involvement in hypertension.

Adding another layer of complexity to hypertensive vascular remodel-
ling, heterogeneous vascular cell types have demonstrated sub-cluster
cell number expansion or decrease. Particularly, Procr ™ ECs (sub-cluster
3) have demonstrated an increased cell number in both MA and AA.
This is contradictory to previous finding of reduced endothelial progeni-
tors in human essential hypertension. *® However, controversy still
looms in the markers for endothelial progenitors and further studies are
in need to confirm this observation. Moreover, in immune sub-clusters,
an increased number of Il1b * inflammatory macrophages and T cells
were demonstrated, which necessitate further studies to pinpoint their
role in hypertensive vascular remodelling.

Close examination of computationally identified vascular cell types
reveals dysregulated genes highly specific for artery types and cell types.
Intersection of the dysregulated genes with curated gene sets revealed
the upregulation of cytokines in AA and downregulation of ECM genes
in the MA. The curation of gene set according to published studies offers
implications to aspects that are established to be crucial for the molecu-
lar level identification of vascular remodelling events, although it to some
extent narrowed our interpretation to these categories. However, all
datasets are made public with R shiny interactive web app, which enables
interrogation of potentially interesting genes. Interestingly, multiple cyto-
kines were demonstrated to be exclusively upregulated in non-immune
AA cells—SMCs (Cxcll, 16, and Ccl2), ECs (CxclT, 116, and Cxcl2), MSCs
(Cxcl1, 116, Ccl2, and Ccl7)—which suggested that in addition to the hall-
mark enrichment of immune cells in hypertensive AA, inflammatory
cytokines also may contribute to the remodelling process.

Surprisingly, although vascular non-immune cells are highly specialized
in the functions, global responses across different cell types were uncov-
ered. For example, Eno1, which was involved in glycolysis, was upregu-
lated in all SMCs, ECs, and MSCs in both MA and AA. This suggested a

stress response mechanism through metabolic reprogramming from oxi-
dative phosphorylation towards glycolysis. Interference of the metabolic
reprogramming *’ might reverse the global response and thus reduce
blood pressure. Moreover, upregulation of Cxcl? and Il6 was shared by
aortic SMCs, ECs, and MSCs, although its basal level was highest in
MSCs. Targeting the global responses of vascular remodelling suggest
potentially enhanced effects.

Through the dysregulated growth factors and cytokines (Ccl2, Ccl7,
etc.), vascular non-immune cells and immune cells communicate with
each other in a paracrine or autocrine manner. Consistent with tradi-
tional theory, growth factors from TGFb superfamily participate in hy-
pertensive vascular remodelling. Apart from enhanced interaction of
multiple TGFb superfamily growth factors secreted by SMC and MSC
with non-immune vascular cells, it is interesting to note that AA macro-
phages are also an important source of TGFb superfamily growth factors
and may have an effect on SMCs. Similarly, Ccl2 could be secreted by
MSCs to interact with immune sub-cluster 4 (Fn1" macrophages)
through Ccr5, and it could also be secreted by immune sub-cluster 7 (T
cells) to interact with SMCs through Ackr4. During hypertension, paired
ligand—receptor interactions were dysregulated and different sources of
the same dysregulated ligand might hold different significance in hyper-
tensive vascular remodelling. To conclude, our study revealed several
potential hypertension-specific ligand—receptor interactions.

Limitations of the study lie in the following aspects. First, we mainly
presented descriptive results in the study. As the main purpose of the
study was to serve as a resource for the characterization of cell type-
and artery type-specific changes in SHRs, only comparison of SHR vascu-
lar cells and WKY counterparts was included in the study. Building on
the present results, future work might include functional studies of po-
tentially interesting molecules or sub-clusters revealed by the vascular
landscape in hypertension. Moreover, to facilitate query or reference of
our dataset, all data were submitted to an interactive web app that does
not require computing background of scientists. Second, SHRs serve as
an animal model for primary hypertension in human in which lifestyle
and genetic background interplay plays a pivotal role. Although extensive
studies have focused on characterizing the underlying genetic back-
ground of SHRs, it still remains a hurdle to accurately distinguish if the
transcriptomic differences observed in our study is caused by the genetic
background or high blood pressure. In our study, we also could not dis-
tinguish the causal changes from the downstream effects. However, cu-
rated gene classifications including SNP and TF which could serve as
drivers for transcriptomic changes of downstream genes were examined
and may shed light in these aspects. Third, although immune cell pheno-
typic diversity and their cellular communication with vascular cell types
were inspected in our study, the relatively small number of immune cells
limits the effort to examine their heterogeneity in detail. For example,
sub-clustering analysis of T cells, which were established to have a pivotal
role in the development of hypertension, was not possible. Sequencing
of flow-sorted cells targeting only interesting populations discovered in
our study might be a future solution. However, our study is one essential
building block towards this direction. Finally, only male rats were in-
cluded in our study, which might be different from the female. To figure
out the difference in gene expression profiling in different sexes, future
experiments would be needed.

To sum up, vascular remodelling is a vital part in hypertension.
Systematic characterization of the cell type-specific and artery type
unique transcriptomic changes during hypertensive vascular remodelling
is described in our study, and the data are deposited into an interactive
web app for easy interrogation. These findings support a hypothesis of
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environment—cell interaction for the development of hypertension.
During elevation of blood pressure, resident vascular cells produce che-
mokines/cytokines in response to mechanical stimuli, which attracts im-
mune cells to the vessel wall.

Data availability

The scRNA-seq datasets for WKY and SHR AA and MA are available on
Gene Expression Omnibus (GSE149777). Interactive web app hosting
the datasets for easier queries of gene expression or comparison be-
tween indicated conditions was built with R shiny (https:/github.com/
WenduoGu/young_SHR _rat_artery).
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Translational perspective

Hypertension is a major risk factor for cardiovascular diseases. However, as a hallmark of hypertension, vascular remodelling, especially the artery
type- and cell type-specific changes, has not been systematically characterized yet. In the present study, we provide the first cell landscape of resis-
tant and conductive arteries in hypertensive animal models, in which an increase in Procrt endothelial cells and immune cells in the vessel wall was
significant. These findings may be pivotal in developing therapeutics for hypertension that could target not only single molecules but also paired cellu-
lar interactions. Thus, the findings could be interesting for both scientists and clinicians.




