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ABSTRACT

Background and aims: Physiological shear stress promotes vascular homeostasis by inducing protective molecules in endothelial cells (EC). However, physiological
shear stress has been linked to atherosclerosis progression in some individuals with heightened cardiovascular risk. To address this apparent paradox, we hy-
pothesized that diseased arteries may exhibit reduced responsiveness to the protective effects of physiological shear stress. Consequently, we compared the tran-
scriptome of EC exposed to physiological shear stress in healthy arteries versus atherosclerotic conditions.

Methods: Employing 3D light sheet imaging and computational fluid dynamics, we identified NOS3 as a marker of physiological shear stress in both healthy and
atherosclerotic murine arteries. Single-cell RNA sequencing was performed on EC from healthy (C57BL/6) mice, mildly diseased (Apoe™”~ normal diet) mice, and
highly diseased (Apoe™’~ high fat diet) mice. The transcriptomes of Nos3™eh cells (exposed to physiological shear stress) were compared among the groups.
Results: Nos3"8? EC were associated with several markers of physiological shear stress in healthy arteries. Clustering of Nos3"8" EC revealed 8 different EC subsets
that varied in proportion between healthy and diseased arteries. Cluster-specific nested functional enrichment of gene ontology terms revealed that Nos3"8" EC in
diseased arteries were enriched for inflammatory and apoptotic gene expression. These alterations were accompanied by changes in several mechanoreceptors,
including the atheroprotective factor KLK10, which was enriched in Nos3"8" EC in healthy arteries but markedly reduced in severely diseased arteries.
Conclusions: Physiological shear stress is uncoupled from atheroprotective KLK10 within atherosclerotic plaques. This sheds light on the complex interplay between
shear stress, endothelial function, and the progression of atherosclerosis in individuals at risk of cardiovascular complications.

1. Introduction

Atherosclerosis, a lipid-driven disease characterized by arterial wall
lesions containing lipids, immune cells, and other materials, is influ-
enced by mechanical wall shear stress generated by flowing blood [1-4].
Preclinical studies and histological analyses of human arteries reveal
that physiological high shear stress (HSS) prevents the initiation of
atherosclerosis [5-8]. However, controversy remains regarding the in-
fluence of shear stress on the progression of atherosclerosis towards
rupture-prone plaques [9,10]. Studies utilizing biplane coronary

angiography, coronary intravascular ultrasound, and computational
fluid dynamics have reconstructed three-dimensional (3D) arteries,
revealing that physiological HSS predicts reduced plaque area and
lumen patency in patients with acute coronary syndrome [11-13].
Conversely, analysis of plaque composition using virtual histology IVUS
and computational fluid dynamics suggests that physiological or
supraphysiological HSS is indicative of plaque instability in individuals
with stable angina [14]. These discrepant findings are challenging to
reconcile and may stem, in part, from differences in technologies and
patient demographics [9]. A possible explanation that we examine here
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is that the effects of HSS on vascular biology differ between health and
disease.

In healthy arteries, physiological HSS is associated with vascular
protection, as it elicits significant effects on the endothelium by inducing
the expression of protective transcripts [15]. Since some clinical studies
suggest that physiological or supra-physiological HSS within plaques
may instead correlate with pathological changes, we hypothesized that
the transcriptome of EC experiencing HSS might differ between healthy
arteries and plaques. Our study aims to elucidate this difference by
comparing the transcriptomes of cells exposed to HSS in healthy arteries
versus plaques. To address this, we first established that endothelial ni-
tric oxide synthase 3 (NOS3; eNOS) is a marker of HSS in atherosclerotic
plaques as well as healthy arteries. Leveraging this discovery, we pro-
ceeded to compare the transcriptomic profiles of Nos3M8h cells (indic-
ative of HSS) in healthy arteries and plaques. Using single-cell RNA
sequencing (scRNAseq) of EC obtained from murine aortas categorized
as healthy, mildly diseased (Apoe™~ normal diet; ND), or highly
diseased (Apoe ™~ high fat diet; HFD), we compared the transcriptomes
of Nos3"8" cells across these groups. Our analysis revealed substantial
variation in the transcriptome of Nos3"8" cells between healthy arteries,
mildly diseased arteries, and severely diseased arteries, suggesting that
disease modifies the endothelial transcriptome under conditions of
physiological HSS. This observation potentially elucidates why HSS fails
to confer protection in plaques in some groups of patients.

2. Materials and methods
2.1. Mice

C57BL/6 mice were purchased from Charles River. C57BL/6 Apoe ™~
mice (JAX SN:002052) mice were fed a Western diet (40 % kcal% fat,
1.25 % cholesterol, 0 % cholic acid) for 4 or 16 weeks (Research Diets),
starting at the age of 8 weeks. C57BL/6 and Apoe ™~ mice were housed
under specific-pathogen free conditions. Animal care and experimental
procedures were performed under the UK Animal (Scientific Procedures)
Act 1986 under licenses issued by the UK Home Office and local ethical
committee approval was obtained. Experiments involving Apoe™/~ mice
were reviewed and approved by the Yale University Institutional Animal
Care and Use Committee.

2.2. En face immunofluorescent staining and confocal microscopy

The expression levels of NOS3 were assessed in EC at regions of the
inner curvature and outer curvature of murine aortas by en face staining
[16] using specific primary antibodies (D9A5L; Cell Signaling Tech-
nology). EC were identified by co-staining using anti-CDH5 (BD Phar-
mingen) or anti-CD31 (Dianova) antibodies. Nuclei were identified
using DAPI. Stained vessels were mounted prior to visualization of
endothelial surfaces en face using confocal microscopy (Olympus
SZ1000 confocal inverted microscope). The expression of specific pro-
teins at each site was assessed by quantification of the mean fluores-
cence intensities with standard error of the mean.

2.3. Immunofluorescent staining of cleared tissues and light-sheet
microscopy

Aortas were cleared using a CUBIC protocol adapted from Ref. [17].
Aortic arches were incubated in 50 % CUBIC-1 solution (25 % urea; 25 %
Quadrol; 15 % Triton X-100) at room temperature for 2-3 h, and then in
100 % CUBIC-1 at room temperature overnight. After washing in PBS,
tissues were incubated with 50 % CUBIC-2 (25 % urea, 50 % sucrose, 10
% triethanolamine) at room temperature for 1 h, and then with 100 %
CUBIC-2 at room temperature overnight. After optical clearing, immu-
nofluorescent staining was performed as above and then mounted using
2 % agarose gel in a glass capillary and imaged by light-sheet micro-
scopy (Zeiss Light-sheet Z.1). Imaris (9.0.1) software was used to view
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the images and calculate fluorescence intensities.

2.4. Optical Projection Tomography (OPT) imaging and computational
fluid dynamics

Fixed artery samples were processed for OPT as previously described
[18]. Briefly, each sample was embedded in filtered 1.5 %
low-melting-point agarose, dehydrated in absolute methanol (twice, 24
h each) and then optically cleared in 1:2 v/v benzyl alcohol: benzyl
benzoate (BABB) for 24 h. Arteries were imaged using a Bioptonics 3001
OPT tomograph (SkyScan, UK). The GFP1 channel was used to capture
the autofluorescence from vascular soft tissue (mainly collagen and
elastin). Projection images ( x 400) were obtained with a 0.9° rotation
step, and these were reconstructed into a 3-dimensional image that
contained a stack of 1024 cross-sections using NRecon software (Sky-
scan) with a resolution of 8 x 8 x 8 pm/voxels. The lumen of the artery
was segmented on the green channel/cam1_T2 channel in 3D slicer (3D
Slicer, version 4.4.0 [19]) using level tracing with manual adjustment.
The segmentation was then smoothed to remove segmentation artefacts
using a Gaussian filter. Flow extensions were added to the geometry
using VMTK (Vascular Modelling Toolkit, www.vmtk.org [20]) with the
inlet extended 4 times the radius to ensure a smooth inlet profile. Outlets
were extended 3 times the radius to exclude upstream effects of the
imposed boundary conditions. Then the geometry was imported into
ANSYS ICEM (ANSYS 2021 R1) to generate a mesh. The typical cell size
of healthy aortas was 0.05 mm, resulting in a mesh with 477858 ele-
ments/142384 nodes. The typical cell size of aortas that included pla-
ques was 0.05 mm, resulting in a mesh with 584199 elements/188061
nodes. After meshing, computational fluid dynamic simulation was
performed. The flow was modelled as laminar and stationary with an
inlet average velocity of 0.26 m/s resulting in a typical flow for mouse
aorta, for the outlet a flow split of 70 %, 16 %, 8 % and 6 % was assumed
for descending aorta, brachiocephalic artery, left common carotid artery
and subclavian artery, respectively [21].

2.5. NOS3 expression quantification

To obtain local NOS3 expression, the local intensity of the red
channel was extracted in a region close to the lumen. Therefore, the
lumen segmentation was used and vectors normal to the lumen surface
were computed. These surface normals were then used to construct
profiles of the NOS3 intensity across the wall perpendicular to the lumen
surface. Using an intensity threshold on the green channel of 350
(healthy) or 255 (plaque) to exclude background signal, only parts of the
profile above the threshold were taken into account to compute the
representative NOS3 value on the red channel. The representative NOS3
intensity value was then computed as the mean intensity of the pixels
along 150 pm of the normal profile across the wall.

2.6. Correlation of shear stress with NOS3 fluorescence

2D shear stress and NOS3 maps were generated by computing the
centreline of the 3D geometry and using this centreline information to
compute the abscissa metric (distance along the centreline) and angular
metric (angle in circumference) with vtk (Vascular Modelling Toolkit,
www.vmtk.org). These two variables were used to open the 3D geom-
etry along the longitudinal axis into a 2D map. To reduce the effect of
local variation in shear stress and NOS3 intensity the 2D maps were
patched into larger regions of 0.1 mm longitudinally and 22.5° cir-
cumferentially and an average value of the quantity of interest was
computed for each region.

2.7. scRNAseq

Aortic ECs were enzymatically digested to generate a single cell
suspension and CD31" CD45~ TOPRO3 cells were sorted prior to
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scRNAseq as reported [22,23]. Single cell counts matrix data generated
from healthy mice and ApoE~/~ mice exposed to ND or HFD (N = 2
pooled per group) were analysed using R (version 4.1) and Seurat
(v3.2.2). For quality control purposes, data were filtered to remove cells
that had less than 1500 genes or less than 3000 unique molecules
identified (UMIs). Cells with more than 5 % mitochondrial genes per cell
were also eliminated. For the healthy group, 684 EC were captured and
545 cells passed quality control and were analysed. For the ApoE—/— ND
group, 1103 EC were captured and 851 analysed. For the ApoE—/— HFD
group, 974 EC were captured and 762 analysed. Data from ApoE '~ ND,
ApoE~’~ HFD and healthy mice were log normalised. They were then
integrated within Seurat to identify or ‘anchor’ cell populations that are
present across the different datasets to minimise batch differences.
Dimensional reduction of the data was carried out using PCA and UMAP
and then clustering of the cells was calculated by working out distance
metrics of nearest neighbours using the Louvain algorithm. The merged
data was analysed using BBrowser 2.10.10. Gene ontology analysis was
carried out using the DAVID and Metascape databases and putative
mechanoreceptors were identified by literature searches based on their
intracellular localization at the cell surface and function in other
settings.

2.8. Statistical analysis

All statistical analysis was performed in Graph Pad Prism 8 Software.
The statistical test used for each data set is stated in the figure legends. p
value < 0.05 was considered to be significant.
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3. Results

3.1. NOS3 is a marker of physiological HSS in healthy arteries and
plaques

We sought a marker that can identify EC exposed to physiological
HSS in healthy and atherosclerotic arteries. NOS3 (eNOS) was investi-
gated since it is an established shear stress-responsive molecule [24,25].
Initially, NOS3 immunofluorescent staining was validated by analysis of
aortas from healthy mice. Computational fluid dynamics previously
revealed that the outer curvature of the murine aorta is exposed to
higher shear stress compared to the inner [21,26]. En face staining
coupled to confocal laser-scanning microscopy revealed that the
anti-NOS3 fluorescent signal was significantly higher at the outer cur-
vature compared to the inner curvature (Fig. 1), indicating enrichment
of NOS3 under HSS conditions. To further validate this observation, we
analysed whether NOS3 expression correlated with the HSS markers
KLF2 and KLK10. Co-staining revealed enrichment of
NOS3-positive/KLK10-positive ~ (Supplementary  Fig. S1A) and
NOS3-positive/KLF2-positive (Supplementary Fig. S1B) endothelial
cells at the HSS region. We conclude that NOS3 immunofluorescent
staining of EC correlates with physiological HSS in healthy aortas.

To compare the spatial distribution of NOS3 and shear stress in
atherosclerotic plaques, we developed a novel methodology that couples
light-sheet imaging with shear stress mapping in complex geometries.
To validate this approach, we initially analysed aortic arches from
healthy mice. They were optically cleared (Fig. 2A) prior to immuno-
fluorescent staining using anti-NOS3 antibodies. 3D light-sheet imaging
showed that NOS3 immunofluorescence was higher in the outer
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Fig. 1. En face staining shows enrichment of NOS3 at the outer curvature of the healthy murine aorta.

Aortic arches were isolated from healthy C57BL/6 mice aged 6-8 weeks and en face immunostaining was performed using anti-NOS3 antibodies (red). Endothelial
cells were co-stained (EC; CD31; green) and nuclei detected using DAPI (blue). Fluorescence was analysed by laser scanning confocal microscopy. (A) Tiled images
are shown with inner and outer portions of the aortic arch indicated. (B) Representative single fields of view are shown from outer and inner regions of the aortic
arch. Fluorescence was quantified at outer and inner portions. Each data point represents an animal. Differences between means were analysed using a t-test. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. 3D light-sheet imaging to compare NOS3 expression and shear stress in the healthy murine aorta.

Aortic arches were isolated from healthy C57BL/6 mice aged 6-8 weeks after perfusion fixation. Arches were optically cleared by immersion in CUBIC1 and CUBIC2.
(A) Representative images are shown at several stages of the optical clearance process. (B, C) Optically-cleared aortic arches were immunostained using anti-NOS3
antibodies (red) and endothelial cells were co-stained (EC; CDH5; green) prior to analysis by light-sheet microscopy. (B) A representative image is shown. Fluo-
rescence was quantified at outer and inner portions. Each data point represents an animal. Differences between means were analysed using a t-test. (C) Optically-
cleared aortic arches were imaged by OPT and reconstructed geometries were used for computational fluid dynamic modelling. A representative geometry is shown
alongside corresponding spatial maps of time-averaged shear stress and NOS3. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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curvature compared to inner curvature (Fig. 2B), which is consistent
with conventional en face staining (Fig. 1). To analyze the spatial rela-
tionship between shear stress and NOS3 in more detail, we generated
case-specific shear stress maps of the aorta. Shear stress was mapped
onto aorta geometries that were reconstructed using OPT images
segmented automatically with manual adjustment. High quality meshes
were created and used for steady state computational fluid dynamics.
Shear stress was elevated in the outer curvature compared to the inner
curvature (Fig. 2C). Shear stress maps were co-registered with NOS3
distributions so that shear stress could be correlated spatially with NOS3
at multiple points. Visual inspection suggested that NOS3 values were
elevated at regions of HSS e.g. outer curvature (Fig. 2C, Supplementary
movie 1). This was analysed quantitatively by generating 2D maps of
NOS3 and shear stress (unfolding over a longitudinal axis) (Fig. 3A-B,
Fig. 3C). Averaging of values along longitudinal axes revealed that shear
stress correlated positively with the NOS3 signal (Fig. 3D). We conclude
that our workflow using light sheet microscopy coupled to computa-
tional fluid dynamics is able to capture and quantify the spatial rela-
tionship between shear stress and NOS3 in healthy murine aortas.

Supplementary video related to this article can be found at doi:10
.1016/j.atherosclerosis.2024.118622

We next used this workflow to investigate the relationship between
NOS3 and shear stress in plaques using aortic arches from ApoE '~ mice
exposed to a HFD for 16 weeks. Control antibodies produced minimal
fluorescence, indicating that non-specific binding of IgG to plaque is low
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(Supplementary Fig. S2). 3D light-sheet imaging of anti-NOS3 staining
revealed a high signal at the outer curvature and at the plaque. Notably,
NOS3 was elevated at the proximal part of the plaque, a potential HSS
region, compared to the distal part (Fig. 4A and B, Supplementary movie
2). Consistently, 2D maps and quantitative analysis revealed a positive
correlation between shear stress and NOS3 expression (Fig. 4C-E). Thus,
NOS3 is a marker of physiological HSS in murine plaque endothelium.
Collectively, these observations suggest that NOS3 can be used to
identify EC under HSS conditions in plaques and healthy arteries.
Supplementary video related to this article can be found at doi:10
.1016/j.atherosclerosis.2024.118622

3.2. Single cell sequencing captures Nos3™8" cells with HSS
transcriptional signatures

The transcriptome of HSS endothelium was compared in healthy and
atherosclerotic murine arteries by performing scRNAseq. CD31" CD45™
aortic EC were isolated from aortas of three groups of mice: healthy,
mildly diseased (Apoe_/ ~ ND) or highly diseased (Apoe_/ ~ HFD).
scRNAseq revealed 10 distinct clusters of cells (Supplementary
Fig. S3A). Of these, six distinct clusters (0, 1, 2, 3, 5, 8) expressed ca-
nonical endothelial cell markers (Pecam1, Cdh5 and Vwf; Supplementary
Fig. S3B) whereas cluster 7 was enriched for genes that regulate lipid
transport and cluster 9 was enriched for lymphatic endothelial markers.
By contrast, cells in clusters 4 and 6 expressed smooth muscle cell (SMC)
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Fig. 3. NOS3 correlates with shear stress in the healthy murine aorta.
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Aortic arches were isolated from healthy C57BL/6 mice aged 6-8 weeks after perfusion fixation. Arches were optically cleared by immersion in CUBIC1 and CUBIC2.
Optically-cleared aortic arches were immunostained using anti-NOS3 antibodies and analysed by light-sheet microscopy. They were subsequently imaged by OPT and
reconstructed 3D geometries were used for computational fluid dynamic modelling and mapping of time-averaged shear stress. (A) A representative 3D geometry is
shown. Outer (blue) and inner (red) surfaces are indicated and their interface shown (yellow line). (B) A 3D map of time-averaged shear stress was flattened to form a
2D version. The inner portion is indicated (white broken line). (C) A 3D map of NOS3 was flattened to form a 2D version. The inner portion is indicated (white broken
line). (D) shear stress and NOS3 levels were averaged along 16 portions of the longitudinal axis and values are plotted. A regression analysis was performed and the
line of best fit is shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Aortic arches were isolated from ApoE’~ mice aged 6-8 weeks that were exposed to high fat diet for 12 weeks. Arches were optically cleared by immersion in
CUBIC1 and CUBIC2 and then immunostained using anti-NOS3 antibodies (red). Endothelial cells were co-stained (EC; CDH5; green) prior to analysis by light-sheet
microscopy. (A) A representative image is shown. Fluorescence was quantified at the outer portion and at regions positioned upstream (proximal) or downstream
(distal) from the plaque. Each data point represents an animal. Differences between means were analysed using a one-way ANOVA. (B) Reconstructed geometries
were used for computational fluid dynamic modelling and time-averaged shear stress (upper) and NOS3 (lower) were mapped over the surface. (C) A 3D map of time-
averaged shear stress was flattened to form a 2D version. The outer and inner portions are indicated. The regions positioned distal (white broken line) or proximal
(red broken line) to the plaque are indicated. (D) A 3D map of NOS3 was flattened to form a 2D version. The outer and inner portions are indicated. The regions
positioned distal (white broken line) or proximal (red broken line) to the plaque are indicated. (E) shear stress and NOS3 levels were averaged along 16 portions of
the longitudinal axis and values are plotted. A regression analysis was performed and the line of best fit is shown. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

or fibroblast markers (Myh11, Myl9, Tagln; Supplementary Fig. S3B). To
allow comparison with other scRNAseq analysis of murine aortas we
mapped the expression of signature genes from published clusters
[27-29] onto the clusters that we identified (Supplementary Fig. S4,
Supplementary Fig. S5, Supplementary Fig. S6). For example, EC1 from
Kalluri et al. [27] has similarity to canonical ECs (clusters 0,1, 2, 3, 5, 8),
EC2 resembles lipid transport cluster 7 from our analysis, and EC3 re-
sembles cluster 9 (Supplementary Fig. S4).

EC expressing high levels of Nos3 (Nos3"8") were selected after
setting a threshold level (Supplementary Fig. S7). In healthy arteries,
several HSS markers (Klk10, Klf2, KIf4) were expressed in a higher
proportion of cells in the Nos3"8" population compared to the Nos3'°%
population (Supplementary Fig. S8; Table S1). Klk10, KIf2 and Klf4 were
also enriched in the Nos3"8" population compared to the Nos3'°" pop-
ulation of highly diseased arteries (ApoE~/~ HFD), albeit to a lesser

extent than healthy arteries (Supplementary Fig. S8; Table S1). In
healthy arteries, several LSS markers (Bmp4, Lmo4, Icaml) were
expressed in a higher proportion of cells in the Nos3'°" population
compared to the Nos3"8" population (Supplementary Fig. S9; Table S2).
Collectively, these data validate the selection of the Nos3hish population
to represent cells exposed to HSS.

3.3. Shear stress-regulated transcriptome differs between healthy and
atherosclerotic arteries

The transcriptional signatures of Nos3™#" and Nos3'°" EC were
compared for healthy, mildly diseased (Apoe’~ ND) and highly
diseased (Apoe_/ ~ HFD) mice. UMAP analysis revealed that Nos3"&" and
Nos3'°" EC from healthy and diseased aortas exhibit different clustering
patterns suggesting that they are associated with different
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transcriptional profiles (Fig. 5A). This was investigated in greater detail
by mapping Nos3"8" and Nos3'°" EC from healthy and diseased aortas
onto specific EC clusters (compare Fig. 5A with Fig. 5B). Focusing on EC
exposed to HSS, it was observed that Nos3"#" EC from ApoE~/~ HFD
highly diseased aortas exhibited a striking increase in cluster 1 and a
reduction in clusters 2 and 8 compared to Nos3"8h EC from healthy
aortas (Fig. 5C). Gene ontology analysis of EC clusters revealed that
several terms associated with atherosclerosis (“inflammatory response”,
“regulation of leukocyte cell-cell adhesion” and “positive regulation of
apoptotic process”) were enriched in cluster 1 compared to clusters 2

Nos3'""-Healthy 156 cells
Nos3hieh-Healthy 296 cells

Nos3'""-ApoE ND 298 cells

o Nos3hieh-ApoE ND 136cells
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and 8 (Fig. 5D). It is notable that cluster 1 resembles a previously
described EndoMT cluster from the murine aorta [29], which may
potentially act in concert with inflammation [23]. Overall, EC exposed
to HSS in diseased arteries (Apoe’/ ~ HFD) are enriched for transcrip-
tional signatures associated with inflammation and apoptosis.

We next focused on mechanoreceptors because they are key regu-
lators of the shear stress response acting upstream from inflammatory
and apoptotic pathways. The expression of putative mechanoreceptors
was compared in Nos3"8" and Nos3'°" cells in healthy arteries by
analysis of the average levels of multiple mechanoreceptors
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Fig. 5. scRNAseq reveals altered endothelial subsets in healthy and atherosclerotic murine aortas.

Aortas were isolated from healthy C57BL/6 mice, ApoE~/~ mice exposed normal diet (ND) and ApoE~”~ mice exposed to high fat diet (HFD) and were analysed by
FACS of CD31" CD45~ cells coupled to scRNAseq. Clusters were identified using unbiased hierarchical clustering. (A) UMAP showing the contribution of eNOS"8"
and eNOS™" cells from healthy, ApoE~'~ ND and ApoE/~ HFD mice to each subpopulation. Non-endothelial clusters were excluded. (B) Clusters were identified
using unbiased hierarchical clustering (as described in Supplementary Fig. S3). UMAP showing the cell contribution to canonical EC clusters and SMC. (C) eNOghish
cells were then selected and the frequency and proportion of cells from healthy, ApoE~’~ ND and ApoE/~ HFD mice were quantified for each cluster. (D) Gene
ontology terms associated with inflammation or apoptosis were quantified for canonical EC clusters and are presented as an intensity map of gene expression for
specific EC clusters. Colour depicts the average level of expression of genes belonging to each GO term (varies between conditions); circle size depicts the proportion
of cells that express genes belonging to each GO term (identical for each condition). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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(Supplementary Fig. S10) or by analysis of levels of individual mecha-
noreceptors (Supplementary Fig. S11; Supplementary Fig. S12). This
revealed that mechanoreceptors were enriched in Nos3"8" cells, which
is consistent with a role in responses to physiological HSS. Intriguingly,
the expression of mechanoreceptor genes in Nos3"8" endothelium
differed between healthy and diseased (Apoe”~ ND and ApoE~/~ HFD)
arteries (Supplementary Fig. S10; Supplementary Fig. S11; Supple-
mentary Fig. S12), suggesting that mechanoresponses in EC under HSS
may be altered in atherosclerotic plaques. However, the influence of
atherosclerosis on the expression of putative mechanoreceptors is
complex and varies between individual molecules. Some are increased
in highly diseased arteries (Apoe ’~ HFD) e.g. Jcad, Sdc4, Hegl, while
others show the opposite pattern with a reduction in highly diseased
arteries e.g. Klk10, Notchl, Bmp4 (Supplementary Fig. S10B, Table S3).
As a starting point to unravel this complexity, we focused on the athe-
roprotective mechanosensor Klk10 which was enriched in Nos3"" cells
of healthy arteries but significantly reduced in Nos3"8" cells of highly
diseased arteries (Apoe ™/~ HFD; Supplementary Fig. S10B). This obser-
vation was confirmed at the protein level by en face immunofluorescent
staining which showed that KLK10 was enriched at HSS regions of
healthy and mildly diseased (Apoe ™/~ ND) aortas (Fig. 6 compare 1 vs. 2;
compare 3 vs. 4). By contrast, KLK10 was absent from endothelium of
highly diseased arteries (Apoe ”~ HFD; Fig. 6 compare 2, 4 and 6). It was
concluded that HSS-driven atheroprotection via KLK10 may be lost in
conditions of highly atherosclerotic arteries compared to healthy
arteries.

4. Discussion

The role of shear stress in atherosclerosis progression and the
development of rupture-prone atherosclerotic plaques has been a subject
of uncertainty and debate in the field [9,10]. Longitudinal studies
assessing coronary arteries in patients with acute coronary syndrome
have shown that physiological HSS predicts reduced plaque growth and
fewer major adverse cardiac events [11-13]. However, physiological
HSS has been associated with increased features of plaque instability in
patients with stable angina [14]. While methodological differences and
patient characteristics may contribute to these discrepancies [10], they
also suggest that endothelial responses to shear stress may vary ac-
cording to the disease state. To explore this concept, we conducted a
comparative analysis of endothelial cells exposed to physiological HSS
in healthy and diseased arteries.

The aortic arch serves as a valuable model for correlating shear stress
with spatial variation in EC phenotypes, as en face immunofluorescence
can be cross-referenced with shear stress maps using anatomical land-
marks [30]. Analyzing the relationship between shear stress and EC
features within atherosclerotic plaques poses challenges due to their
complex geometry, which disrupts flow patterns. To overcome this
obstacle, we developed a method that combines optical clearing, im-
munostaining, light sheet imaging, and computational fluid dynamics to
analyze the spatial distribution of proteins and shear stress in athero-
sclerotic plaques. Using this approach, we demonstrated a spatial cor-
relation between NOS3"8" ECs and shear stress within atherosclerotic
plaques. This method has broad applicability in correlating the expres-
sion of specific proteins with shear stress in vascular structures charac-
terized by complex geometries.

The analysis of scRNAseq data presented here aligns with previous
studies that have highlighted significant EC heterogeneity in both
healthy and diseased arteries [22,27-29,31]. Andueza et al. [31] used
scRNAseq and scATACseq to investigate the effects of flow on EC subsets
in healthy mice subjected to carotid artery partial ligation. It was
observed that the induction of disturbed flow (LSS) by partial ligation
induced EC subsets that were enriched in pro-atherogenic genes
including inflammatory, apoptotic and EndMT regulators, whereas
steady flow (HSS) was associated with EC subsets enriched for protective
factors [31]. Here we layer an additional level of complexity by
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Fig. 6. KLK10 expression at regions of high shear stress is suppressed in
atherosclerotic plaques.

Aortic arches were isolated from healthy C57BL/6 mice, ApoE /™ mice exposed
normal diet (ND) and ApoE’/ ~ mice exposed high fat diet (HFD). En face im-
munostaining was performed at regions of HSS (outer curvature) or LSS (inner
curvature) using anti-KLK10 antibodies (red). Endothelial cells were co-stained
(EC; CD31; green) and nuclei detected using DAPI (blue). Fluorescence was
analysed by laser scanning confocal microscopy. Representative single fields of
view are shown from outer and inner regions. Fluorescence was quantified at
outer and inner portions; each data point represents an animal. Differences
between means were analysed by two-way ANOVA. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

assessing EC subsets in healthy and diseased arteries. By focusing on the
Nos3ish subpopulation, we observed variations in the EC transcriptome
under physiological HSS conditions between healthy and atherosclerotic
arteries. Gene ontology analysis suggested that EC exposed to HSS were
enriched for inflammatory and apoptotic transcripts in highly diseased
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arteries, however further studies are needed to validate this. To unravel
the molecular mechanisms underlying altered EC subsets in athero-
sclerosis, we focused on mechanosensors responsible for EC sensing of
shear stress. Mechanosensors, including connexins, integrins, receptor
tyrosine kinases, caveolae, adhesion molecules, and ion channels,
convert shear stress into altered EC behaviour [1]. Through analysis of
scRNAseq data, we demonstrated that putative mechanoreceptors
exhibit divergent patterns of expression between healthy and athero-
sclerotic arteries. Some, like Jcad, Sdc4, and Hegl, are increased in
HSS-EC of plaques, whereas others, such as Klk10, Notchl, and BMP4,
show a reduction. These data suggest that mechanosensing may be
altered in atherosclerotic arteries. However, given the diverse functions
of mechanoreceptors the integration of multiple mechanosensory sig-
nals in the regulation of cell behaviour, it is challenging to predict the
combined effects of these changes on EC physiology. To begin to inter-
pret this complex system, we focused on a single established mechano-
receptor, KLK10, known for its role in atheroprotection [32]. This
finding was corroborated at the protein level through en face staining of
KLK10, a serine protease involved in shear stress sensing and known to
protect against atherosclerosis by inhibiting inflammatory pathways
[32]. KLK10 was prominently expressed in regions experiencing HSS in
healthy aortas, yet it was notably diminished in ECs overlaying
atherosclerotic plaques in ApoE~/~ HFD mice. This reduction in KLK10
expression may contribute to the absence of vascular protection
observed in regions of HSS within plaques. These observations are
consistent with the study conducted by Williams et al. [32], which
demonstrated a significant decrease in KLK10 expression levels in
human coronary arteries with severe plaques compared to those with
minimal plaques.

In summary, the transcriptome of ECs under physiological HSS dis-
plays variations between healthy and atherosclerotic arteries. Our
scRNAseq analysis revealed that severe atherosclerosis leads to a loss of
the anti-inflammatory shear stress sensor KLK10 at sites of HSS (Fig. 7).
These findings provide a potential explanation for the observed corre-
lation between physiological HSS and disease progression in certain
clinical studies. The interplay between mechanosensors, altered EC
subsets and shear stress underlines the complex relationship between
blood flow and atherosclerosis, shedding light on the mechanisms
driving disease pathogenesis and progression.
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Fig. 7. Graphical abstract.

Light-sheet imaging coupled to computational fluid dynamics revealed that
NOS3 is a marker of HSS in healthy arteries and atherosclerotic arteries. Using
NOS3 as a marker, scRNAseq and en face staining revealed that the shear-
sensitive atheroprotective factor KLK10 is lost from HSS endothelium in
atherosclerosis. This uncoupling of KLK10 from HSS may explain in part the
clinical observation of atherosclerosis progression at sites of HSS in some
individuals.
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