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Abstract The clearance of apoptotic cell debris, containing professional phagocytosis and
non-professional phagocytosis, is essential for maintaining the homeostasis of healthy tissues.
Here, we discovered that endothelial cells could engulf apoptotic cell debris in atherosclerotic
plaque. Single-cell RNA sequencing (RNA-seq) has revealed a unique endothelial cell subpopu-
lation in atherosclerosis, which was strongly associated with vascular injury-related pathways.
Moreover, integrated analysis of three vascular injury-related RNA-seq datasets showed that
the expression of scavenger receptor class B type 1 (SR-B1) was up-regulated and specifically
enriched in the phagocytosis pathway under vascular injury circumstances. Single-cell RNA-seq
and bulk RNA-seq indicate that SR-B1 was highly expressed in a unique endothelial cell subpop-
ulation of mouse aorta and strongly associated with the reorganization of cellular adherent
junctions and cytoskeleton which were necessary for phagocytosis. Furthermore, SR-B1 was
strongly required for endothelial cells to engulf apoptotic cell debris in atherosclerotic plaque
of both mouse and human aorta. Overall, this study demonstrated that apoptotic cell debris
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could be engulfed by endothelial cells through SR-B1 and associated with the reorganization of
cellular adherent junctions and cytoskeleton.
ª 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Atherosclerosis, as chronic inflammation and lipid depos-
iting inducing cardiovascular disease, is the major origin of
stroke and myocardial infarction in the world. Lipids such
as low-density lipoprotein will accumulate in the sub-
endothelium of the vascular wall, which is the key initiating
event of atherosclerosis.1 The resident lipoprotein and
cholesterol that excessively accumulate in endothelial cells
(ECs), smooth muscle cells, and macrophages will lead to a
pro-inflammatory microenvironment in atherosclerotic
plaque.2 Moreover, the over-loaded lipid and pro-inflam-
matory mediators result in the death of vascular cells in
plaque and lead to an increase in lesion size and the for-
mation of necrotic core,3,4 which will result in stroke or
other cardiovascular diseases.5,6

The function and homeostasis of healthy tissues depend
on efficiently clearing and replacing billions of apoptotic
cells and debris daily during development and adult life.7

Among the different types of cell death, apoptotic cell
death accounts for the majority of cellular turnover, which
is an important event in the development of atherosclerotic
plaque. Although apoptotic cells or their debris are mainly
cleared by professional phagocytes, such as macrophages
and neutrophils,8,9 non-professional phagocytes also play
an important role in debris clearance.10,11 Recent studies
have reported that epithelial cells have phagocytic activity
to clear apoptotic cells in the early embryo during the
absence of specialized immune cells.12 In addition, our lab
found that ECs could engulf and degrade myelin debris
after spinal cord injury to promote inflammation and re-
cruit macrophages.13 Researchers also have detected a
huge number of apoptotic cell debris encountered in
advanced atherosclerotic areas, suggesting that the
removal process of apoptotic materials is insufficient.14

Thus, we suspected that ECs could act as phagocytes to
engulf apoptotic cell debris in advanced atherosclerosis.

Scavenger receptor class B type 1 (SR-B1), also known as
Scarb1, is a membrane receptor that participates in
cholesterol efflux and carotenoid transportation.15,16

Furthermore, loss of SR-B1 expression will result in a sig-
nificant increase in atherosclerotic plaque and lipid-rich
necrotic cores in coronary artery.17 In recent research, SR-
B1 has been considered as the binding receptor of low-
density protein and is associated with the transcytosis
process during atherosclerosis. Meanwhile, specifical dele-
tion of SR-B1 in ECs shows a dramatic decrease in athero-
sclerotic regions.18 However, loss of SR-B1 expression
significantly reduces efferocytosis in macrophages and re-
sults in excessive accumulation of dead cells in athero-
sclerotic lesions.19 Therefore, we considered that SR-B1
might play an important role in endothelial phagocytosis
which was associated with cell debris clearance.
Here, we presented a previously unidentified phenom-
enon that ECs could engulf apoptotic cell debris in both
human and mouse atherosclerotic plaque. Moreover, single-
cell RNA sequencing (scRNA-seq) of all cells in the athero-
sclerotic aorta was further utilized to detect EC heteroge-
neity and distinct cellular subpopulations with wounding
response-relevant functions. Importantly, integrated anal-
ysis of three vascular injury-related RNA-seq datasets
showed that SR-B1 might play an important role in EC
phagocytosis. We also examined that SR-B1 expression was
associated with the reorganization of cellular adherent
junctions and cytoskeleton. Finally, we demonstrated that
SR-B1 as a membrane receptor was essential for recognizing
and clearance of apoptotic cell debris in atherosclerotic
plaque of both mouse and human aorta (Fig. S1).
Materials and methods

Reagents and antibodies

BLT-1 (HY-116767) was obtained from MCE. DiD (C1039),
DAPI (C1002), One Step TUNEL Apoptosis Assay Kit (C1089),
and phalloidin-Rhodamine (C2207S) were obtained from
Beyotime. Antibodies against Pecam1 (sc-376764) were
obtained from Santa Cruz. Antibodies against SR-B1
(ab217318), Goat Anti-Mouse IgG H&L (Alexa Fluor� 488,
ab150113), Goat Anti-Rabbit IgG H&L (Alexa Fluor� 555,
ab150078), Goat Anti-Rabbit IgG H&L (Alexa Fluor� 647,
ab150083), Goat Anti-Mouse IgG H&L (Alexa Fluor� 555,
ab150118), and Goat Anti-Mouse IgG H&L (Alexa Fluor�
647, ab150115) were obtained from Abcam.
Animal experiment

All animal experiments were performed according to the
guidelines for animal care established by the Chinese
Council and approved by the Animal Care and Ethics Com-
mittee of Chongqing University. Apoe�/� mice were ob-
tained from Beijing Vital River Laboratory Animal
Technology Co., Ltd. Eight-week-old Apoe�/� mice
(25e30 g) were fed with a western diet (MD12015 was
purchased from Jiangsu Medicine Biomedical Co., Ltd) for
16 weeks to establish advanced atherosclerosis model. All
mice were sacrificed at week 24 of the experiment.
Human samples

The collection of human tissues was approved by the
institutional review board of Chongqing Emergency Medical
Center (Chongqing University Central Hospital, Approval
No: Scientific Research 2021(13)), Chongqing, China.
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Informed consent was written by patients before
enrollment.

Cell culture

Fibronectins (40 mg/mL, Science cell) were coated on cell
culture flask 6 h before subculture. Primary human umbil-
ical vein endothelial cells (pHUVECs) were purchased from
ScienCell and cultured in endothelial cell medium with 10%
fetal bovine serum and endothelial growth supplement
(ScienCell) in an incubator set at 37 �C with 5% CO2.

Preparation of cell debris and in vitro uptake assay

To make cell debris, thymocytes were obtained from 8-
week-old (25e30 g) C57BL/6 mice. Thymocytes were washed
with 0.15 M NaCl and incubated with DiD. Thymocytes were
then frozen and thawed three times and centrifuged at
9500 g at 4 �C for 10 min to acquire DiD-labeled cell debris.
pHUVECs were seeded in 24-well plates at a density of
1 � 104 cells per well. Cell debris were added to pHUVECs
with BLT-1 (1 mM) and 100 mg/mL of cell debris for 3 h. The
engulfment number of pHUVECs was calculated by cell
debris number/the number of total pHUVECs.

Flow cytometry

pHUVECs were seeded in fibronectin-coated 6-well plates
at a density of 1 � 105. Cells were treated with BLT-1 (1 mM)
and cell debris for 1 h, 3 h, and 6 h. Then cells were
digested by trypsin (Gibco) and centrifuged at 1200 rpm for
10 min to collect cells. The cells were washed with 0.15 M
NaCl three times and the mass cells were filtered out by a
40-mm filter membrane. Flow cytometry data were quan-
tified using median fluorescence intensity and plotted by
FlowJo software.

Immunofluorescence

Frozen sections of the aortic root and carotid arteries were
fixed with 4% paraformaldehyde for 30 min. Cells were fixed
with 4% paraformaldehyde for 15 min. The samples were
then washed with phosphate buffer saline solution three
times and permeabilized with 0.1% Triton X-100 (in phos-
phate buffer saline solution) for 30 min. The samples were
then blocked by 5% bovine serum albumin. Subsequently,
the samples were incubated with primary antibody at 4 �C
for 12 h, washed with phosphate buffer saline solution
three times, and incubated with secondary antibody for
1.5 h. Apoptotic cells were labeled by a TUNEL staining kit
obtained from Beyotime. Finally, the cell nuclear was
labeled by DAPI. Leica SP8 confocal microscopy was utilized
to image the sample.

Analysis of scRNA-Seq data

scRNA-seq data were screened using GEO (http://www.ncbi.
nlm.nih.gov/geo) datasets. scRNA-seq datasets GSE155514
andGSE174384 fromPanetal20andKalluri etal21wereutilized
for further analyses. RawdatawereprocessedusingR (version
3.8.3) and R package “Seurat V4.0"22 to trim off cells
expressing fewer than 500 genes and genes expressed by less
than 3 cells. Cells with expressing genes <500 genes and
containing >7.5% mitochondrial genes were considered poor
quality and were also discarded. The data then underwent
library-size normalization, in which raw gene counts from
each cell were normalized relative to the total number of
counts. The resulting expression data were then scaled by
10,000 and log-transformed. Subsequently, the normalized
data were summarized by principal component analysis and
graph-based clustering approach. t-distributed stochastic
neighbor embedding (t-SNE) plotwas thenutilized to visualize
the resulting clusters in two dimensions. Finally, cells were
classified based on the expression of known biomarkers.

Analysis of RNA-seq data

Vascular injury-related datasets GSE115618,23

GSE164050,24 and GSE5614325 were utilized for further in-
tegrated analyses. Bioconductor suite in R packages
“limma” and “edgeR” were utilized for the processing of
raw data.26,27 Raw data were firstly calculated as normal-
ized counts for every transcript and counts of genes < 9 in
all samples were discarded. The data were then performed
linear fit to reduce outliers by package “limma”. Differen-
tially expressed genes (DEGs) were performed by pairwise
comparison with an FDR < 0.05 in transcript levels.

Analysis of gene ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway

DEGs were identified in the RNA-seq datasets by using the
“limma” package with logFC > 1 and P-value < 0.05. Sub-
sequently, DEGs were analyzed by R package clusterProfiler
to acquire the enriched pathways including GO pathways
and KEGG pathways.28 The biological process of GO path-
ways and KEGG pathways were enriched with a statistical P-
value < 0.05.

Statistical analysis

The data were presented as mean � standard error of the
mean and all experiments were performed with at less of
three replications. Two-sided Student’s t-test or Tukey’s
multiple comparison test were utilized to calculate statis-
tical significance between control and experimental
groups. The statistically significant difference was indi-
cated as no significance (ns) or significance (*P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001). Three-dimensional
images were constructed by Imaris.

Results

ECs contain apoptotic cell debris in both human and
mouse atherosclerotic plaque

To prevent inflammatory events in atherosclerotic progres-
sion, professional phagocytes are efficiently recruited and
participate in efferocytosis and debris clearance.29 Lipid
over-loaded in macrophages may result in foam cell
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formation and loss of their phagocytic function.30 Therefore,
non-professional phagocytes are considered to play an
important role in clearing cell debris. To determine whether
non-professional phagocytes have the ability to clear
apoptotic cells in atherosclerotic plaque, immunostaining of
western diet (WD)-fed Apoe�/� mice artery revealed that
Figure 1 Engulfment of apoptotic cell debris by ECs in athero
sequencing. (A) Immunostaining for Pecam1 (green) and TUNEL (red
Immunostaining for Pecam1 (green) and TUNEL (red) in human athe
SNE plot of single-cell RNA sequencing showed the five identified m
weeks. (D) t-SNE plot of two endothelial cell subpopulations distingu
heatmap of different genes for two endothelial cell subpopulations
pathway analysis of differentially expressed genes in two endothe
stochastic neighbor embedding; EC, endothelial cell; SMC, smooth
TUNEL-labeled apoptotic cell debris was localized on intimal
Pecam1þ ECs (Fig. 1A; Fig. S2A). We also found that human
arterial Pecam1þ ECs also contained TUNEL-labeled
apoptotic cell debris in human atheroma tissues (Fig. 1B;
Fig. S2B), suggesting that ECs had the potential to engulf
apoptotic cell debris during atherosclerosis. To understand
sclerotic aortas showed unique character via single-cell RNA
) in aortic roots of WD-fed Apoe�/� mice. Scale bar, 400 mm. (B)
roma of patients with atherosclerosis. Scale bar, 200 mm. (C) t-
ajor aortic cell types from mice fed with WD for 0, 8, 16, and 26
ished via different transcriptional profiles. (E) Gene-expression
. Red, high expression; blue, low expression. (F) Gene ontology
lial cell subpopulations. WD, western diet; t-SNE, t-distributed
muscle cell; MSC, mesenchymal stromal cell; Fibro, fibroblast.
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the molecular alteration and phenotype transition in ECs, we
next analyzed the scRNA-seq dataset GSE155514 provided by
Pan et al.,20 which included ascending aorta, brachioce-
phalic artery, and thoracic aorta from 0, 8, 16, and 22 weeks
WD-fed mice. The artery scRNA-Seq dataset contained
26,028 cells that passed quality filtering (0 week: 6479 cells;
8 weeks: 4056 cells; 16 weeks: 6816 cells; 22 weeks:
8857 cells). Subsequently, the R package (Seurat 4.0) was
utilized to construct graph-based clusters and group cells
based on the Euclidean distance in PCA space.23 Then, data
was displayed via t-SNE plots with ten different clusters
(Fig. S3A). Next, we annotated putative biological identities
and cell populations based on the expression of different
genes, including smooth muscle cells (3 clusters; Acta2,
Myh11), mesenchymal stromal cell/fibroblast (3 clusters;
Col1a1, Lum), macrophages (2 clusters; Cd68, Cd14), ECs (1
cluster; Pecam1, Vwf), and T cell (1 cluster; Cd27, Rora)
(Fig. S3BeK). Thus, individual clusters were labeled with five
mainly different cell types with published biomarkers
(Fig. 1C).

After the analysis of cell types, we further found that ECs
had two distinct groups with obvious t-SNE separation
(Fig. 1C). Thus, we further investigated the heterogeneity of
ECs which could be classified into two clusters and exhibited
prominent transcriptomic heterogeneity (Fig. 1D). To further
determine whether EC-separated clusters had nonoverlap-
ping transcriptomic profiles, the highest DEGs between
cluster 1 and 2 ECs were plotted via heatmap (Fig. 1E).
Furthermore, we asked whether EC heterogeneity was due
to vascular events and their resulting cellular phenotypical
transition. DEGs from cluster 1 and 2 ECs were input into the
DAVID bioinformatics database to identify GO terms corre-
sponding to biological processes.31,32 The results showed
that vascular injury-related pathways, such as extracellular
structure organization, endothelial cell migration, response
to wounding, and wound healing were enriched which indi-
cated that a part of ECs was activated to respond to
wounding (Fig. 1F). These results suggested that vascular ECs
had the ability to internalize apoptotic cell debris and
exhibit an injury-responded phenotype. Thus, we considered
that the process of endothelial engulfment was strongly
related to vascular injury caused by atherosclerosis.
Identification of DEGs in injured vascular cells re-
veals multiple signaling pathways, especially cargo
receptor activity

The progression of atherosclerosis will result in a number of
vascular events including inflammation, endothelial
dysfunction, and the formation of necrotic core(s), which
may trigger acute vascular injury.33,34 Using scRNA-seq
analysis, we found that vascular injury and repair-related
signaling pathways were enriched, which indicated that
vascular injury may be an important process of atheroscle-
rosis. Thus, to obtain greater sequencing depth to identify
key receptors that regulate cell phagocytosis, we further
analyzed the RNA-seq datasets containing mechanical injury,
intimal injury, and disturbed flow in the vascular system
(GSE115618, GSE164050, GSE56143) from GEO database,
which were closely associated with vascular injury. Dataset
GSE115618 contained the transcript of endothelial-enriched,
mechanically injured vascular cells after 48 h.23 Dataset
GSE164050 was provided by Bao et al, which included the
expression data from vascular cells at two weeks after
intimal injury.24 Moreover, because disturbed blood flow is a
key point in the development of atherosclerosis and vascular
injury,35,36 we also analyzed dataset GSE56143, which iden-
tified the DEGs from carotid artery ligated mouse ECs
(disturbed flow) and control (laminar flow).25 Then we
analyzed the data and drafted the screening standard of our
research (adjusted P value < 0.05, |Log2 Fold
Change| > 1.0). Valco plot showed that 48 h-vascular injury
group (GES115618), two weeks-intimal injury group
(GSE165050), and vascular ligation group (GSE56143) had a
total of 2986, 1216, and 379 up-regulation genes and 1540,
341, and 305 down-regulation genes, respectively
(Fig. 2AeC). The heatmap was utilized to display the
expression distributions of these DEGs (Fig. 2DeF). Subse-
quently, to investigate the biological functions of ECs during
atherosclerosis and vascular injury, we performed GO
enrichment analysis among the three groups (Fig. 2G). The
results exhibited that GO pathways, such as extracellular
matrix structural constituent and cargo receptor activity,
were enriched in all DEG groups and had a high gene ratio
and adjusted p value. Furthermore, we also analyzed the
correlation of the enriched pathway from three DEG groups
and found that they had similar enriched pathways and gene
expression profiles (Fig. 2H). These results suggested that a
part of ECs may played an important role in apoptotic cell
clearance during vascular injury in atherosclerosis.
The phagocytosis-like ECs subpopulation in the
aorta is coupled to high expression of SR-B1

To better understand how ECs could clear apoptotic cell
debris in vascular cells, we further analyzed the KEGG
pathways among three vascular injury DEG groups which
could indicate the gene expression, gene function, and
genome information in the biological process. Integrated
analysis of the KEGG pathways showed that phagocytosis-
related pathway, FcgR-mediated phagocytosis, and phag-
osome; proliferation-related pathway, hematopoietic cell
lineage, cell cycle, and PI3K-Akt signaling pathway, were
enriched (Fig. 3A), which indicated that ECs had a molec-
ular character associated with the phagocytosis and
regeneration process. Venn diagram plots were utilized to
display a total of 64 consistently expressed genes with
adjusted P value < 0.05 and |Log2 Fold Change| > 1.0 from
the three profile datasets (Fig. 3B and Table S1). These
consistently expressed genes were further used to perform
on how the phenotypically changed ECs shifted in relation
to the vascular injured condition. GO analysis showed that
the integrin-mediated signaling pathway, phagocytosis
pathway, and cell activation pathway were enriched
(Fig. 3C). Because we found that ECs had the ability to
engulf apoptotic cell debris in previous work and found that
phagocytosis was the main event during vascular injury, we
next merged the phagocytosis pathway-related genes to
the recently published dataset from Kalluri et al in which
scRNA-seq analyze whole aortas from 12-week-old mice.21

We identified a phagocytosis pathway-related gene Scarb1
(SR-B1) that was specifically highly expressed in ECs



Figure 2 RNA sequencing analysis showed the effect of endothelial cells on responding to vascular injury. (A) The volcano plots
visualizing the differentially expressed genes (DEGs) of endothelial cells after 48-h vascular injury. (B) The volcano plots visualizing
the DEGs of vascular cells after two-week vascular intimal injury. (C) The volcano plots visualizing the DEGs of endothelial cells
after one-week ligation on the carotid artery. (D) The heatmap showing the expression level of endothelial cells after 48-h vascular
injury. (E) The heatmap showing the expression level of vascular cells after two-week vascular intimal injury. (F) The heatmap
showing the expression level of vascular cells after one-week ligation on the carotid artery. (G) Kyoto Encyclopedia of Genes and
Genomes pathway enrichment analysis of DEGs in the above three datasets. (H) The chord diagram showing the correlation of gene
ontology enrichment pathway in the above three datasets.
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(Fig. 3D). Thus, we assumed that EC-specifically expressed
gene SR-B1 might play an important role in engulfing
apoptotic cell debris.
scRNA-seq analysis of vascular ECs identifies SR-B1
high expressed subpopulation in mouse aorta

To linage trace the expressed profile of SR-B1 in vascular
ECs, we performed scRNA-seq analysis on the normal fed
and WD-fed mouse aorta. The scRNA-seq dataset containing
5451 cells from normal-fed mouse aorta was acquired from
the GEO dataset GSE174384. Furthermore, approximately
4619 cells passed quality control metrics and were utilized
to build graph-based clusters and group cells based on the
Euclidean distance in PCA space. Unsupervised clustering
using R package Seurat4.0 identified 11 cell clusters
(Fig. S4A), which annotated cell types based on published
markers, including ECs (Pecam1þ), smooth muscle cells
(Acta2þ), mesenchymal stromal cells/fibroblasts (Lumþ),



Figure 3 SR-B1 (Scarb1) exhibited increased expression in injured vascular cells and colocalized with aortic endothelial cells. (A)
Gene ontology pathway enrichment analysis of differentially expressed genes in three vascular injury groups. (B) The Venn diagram
showing the intersection of differentially expressed genes between three vascular injury groups. (C) Top enriched pathways for
consistently expressed genes seen with three vascular injury groups. (D) The expression of 11 genes associated with enriched
pathway-phagocytosis (Fig. 3C) in different arterial cell subpopulations.
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macrophages (Cd68þ), T cells (Cd3dþ), B cells (Cd79aþ),
and neurons (Gfra3þ) (Fig. S4B). After determining the cell
type, we identified ten individual groups and found that ECs
were clustered into three distinct subpopulations (Fig. 4A).
Furthermore, heatmap analysis showed that each of the EC
subpopulations had a specific transcriptional profile
(Fig. S5). To characterize these three subpopulations, we
found that SR-B1 was highly expressed in the EC2 subpop-
ulation (Fig. 4B). Thus, we next addressed the molecular
and functional characteristics of these SR-B1 highly
expressed cells. Volcano plot showed that 270 genes were
significantly up-regulated and 260 genes were down-regu-
lated in SR-B1 highly expressed ECs with naı̈ve ECs (Fig. 4C).
To determine the cellular heterogeneity and cellular func-
tion of the SR-B1 highly expressed EC subpopulation, GO
enrichment analysis was utilized to identify specifically
biological processes (Fig. 4D). We found that the GO terms
were associated with the cell junction and cytoskeleton
pathway such as positive regulation of cell adhesion,
regulation of actin filament-based process, and regulation
of actin cytoskeleton organization. Furthermore, the chord
diagram exhibited that cellular cytoskeleton- and junction-
related genes including Kdr, Tek, Nrp1, Cdh5, Rgcc, and
Foxc2 were enriched (Fig. 4E). Moreover, we also found
that SR-B1 was highly expressed in a separated EC sub-
population at WD-fed mouse aorta (Fig. S6A). Thus, we
analyzed the DEGs in SR-B1 positive and naı̈ve ECs which
contained 141 up-regulated genes and 119 down-regulated
genes (Fig. S6B). Furthermore, Go analysis also revealed
that SR-B1 highly expressed subpopulation have unique



Figure 4 Cellular and molecular characterization of SR-B1-positive endothelial cells in normal-fed mouse aorta. (A) t-SNE plot of
single-cell RNA sequencing from mouse aorta showed seven identified cell types. (B) t-SNE visualization overlaid with the
expression of SR-B1. (C) The volcano plots visualizing the differentially expressed genes of SR-B1-positive endothelial cells and
naı̈ve endothelial cells. (D) Top enriched pathways for gene expression changes seen with SR-B1 highly expressed cells. (E) The
chord diagram showing the correlation between gene ontology enrichment pathway and differentially expressed genes. t-SNE, t-
distributed stochastic neighbor embedding.
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biological processes such as regulation of cell adhesion and
regulation of actin cytoskeleton organization, which were
similar to the results of scRNA-seq analysis in normal fed
mouse aorta (Fig. S7). These results suggested that SR-B1 in
the endothelium promoted phagocytosis and debris clear-
ance, which were closely associated with cell junction and
cytoskeleton reorganization.
Cellular adherent junctions and cytoskeleton are
reorganized in SR-B1 positive ECs during
phagocytosis

During GO enrichment analysis, we found that SR-B1-posi-
tive ECs had changes in the expression of junction- and
cytoskeleton-related genes compared with other ECs.



Figure 5 SR-B1 expression and phagocytosis in endothelial cells were associated with the adherent junction and cytoskeleton
morphology. (A) Immunostaining for VE-Cadherin (red) labeled junctions in primary human umbilical vein endothelial cells
(pHUVECs) treated with cell debris and BLT-1. Scale bar, 50 mm. (B) Representative images for five morphological classifications of
adherent junctions: straight, finger, thick, thick/reticular, and reticular. (C) Morphological analysis of VE-Cadherin labeled junc-
tions in pHUVECs treated with cell debris and BLT-1 (n Z 5). (D) Fluorescent intensity of VE-Cadherin in pHUVECs treated with cell
debris and BLT-1. (E) The representative confocal images showed pHUVECs treated with cell debris and BLT-1 were stained for F-
actin by phalloidin (green). White arrowheads, cortical F-actin. Scale bar, 20 mm. (F) Quantification analysis of cell area in pHUVECs
treated with cell debris and BLT-1 (n Z 15). (G) Quantification analysis of the F-actin distribution in pHUVECs treated with cell
debris and BLT-1 (nZ 15). (H) Fluorescent intensity of F-actin in pHUVECs treated with cell debris and BLT-1 (nZ 5). The data in C,
D, F, G, and H were shown as mean � standard error of the mean (error bars). ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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Recent studies have revealed that the reorganization of
cytoskeleton and adherent junctions cooperated with
plasma membrane deformation and remodeling are impor-
tant for cell phagocytosis.37e39 Thus we first evaluated the
role of adherent junction and cytoskeleton morphology and
stability during EC phagocytosis. VE-Cadherin, as an
adherent junction molecule, plays an important role in
vascular permeability.40 Thus, VE-Cadherin staining in
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pHUVECs was utilized to further discover the alteration of
junctional morphologies. A recent study has reported that
there are five VE-cadherin junctional categories: straight,
finger, thick, thick/reticular, and reticular (Fig. 6B). The
Figure 6 SR-B1 promoted apoptotic cell debris engulfment by v
debris (TUNEL staining green) by SR-B1 (red) positive endothelial ce
fed Apoe�/� mice. Top left scale bar, 500 mm; bottom right scale
staining green) by SR-B1 (red) positive endothelial cells (Pecam1
sclerosis. Top left scale bar, 200 mm; bottom right scale bar, 25 mm.
of DiD-labeled cell debris (red) through SR-B1 (green) in primary hu
to cell debris for the indicated time points. Scale bar, 10 mm. (D) Qu
the indicated time points (n Z 5). (E) The representative confocal
by pHUVECs treated with or without 1 mM BLT-1 (SR-B1 inhibitor). Sc
debris in pHUVECs treated with or without BLT-1 (n Z 7). The data
**P < 0.001, ***P < 0.001, ****P < 0.0001.
straight and finger types represent that the junctions be-
tween ECs are not tight enough and unstable. In contrast,
the thick, thick/reticular, and reticular types represent
stable VE-Cadherin.41,42 Imaging analysis of VE-cadherin
ascular endothelial cells. (A) Internalization of apoptotic cell
lls (Pecam1 staining yellow) in aortic roots of western diet (WD)-
bar, 25 mm. (B) Internalization of apoptotic cell debris (TUNEL
staining yellow) in human atheroma of patients with athero-
(C) The representative confocal images showing the engulfment
man umbilical vein endothelial cells (pHUVECs) after exposure
antification analysis of the number of cell debris in pHUVECs at
images showing the engulfment of DiD-labeled cell debris (red)
ale bar, 50 mm. (F) Quantification analysis of the number of cell
were shown as mean � standard error of the mean (error bars).
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showed that thick/reticular junctional morphology was the
main VE-cadherin pattern (Fig. 5AeC). EC-engulfed debris
led to an increase in both straight and finger junctions and
loss of thick and reticular junctions, which indicated that
VE-cadherin was transformed into an unstable condition
and reorganized (Fig. 6AeC). Moreover, inhibiting SR-B1
could rescue VE-Cadherin instability during cell debris
engulfment (Fig. 5AeC). Whereas, inhibiting SR-B1 could
not rescue the expression level of VE-Cadherin during cell
debris engulfment (Fig. 5D). Because the phagocytosis
process is also related to the constant construction of actin
cytoskeleton, we further analyzed the distribution of F-
actin at the single cell level. We noticed that the distri-
bution of cortical F-actin was significantly enhanced in
pHUVECs co-cultured with cell debris and displayed a
decrease in F-actin at cell periphery after inhibiting SR-B1
(Fig. 5E). Moreover, quantitative analysis of cell area and
the distribution of F-actin showed that cell area was
significantly increased after co-culture with cell debris in
pHUVECs (Fig. 5F). Whereas, due to F-actin being accu-
mulated in pericellular area, the distribution of F-actin was
reduced during cell debris processing (Fig. 5G). Moreover,
ECs co-cultured with cell debris displayed strongly defined
F-actin immunofluorescence intensity (Fig. 5H; Fig. S8). As
cytoskeleton and adherent junctions were important for
ECs to migrate, we performed scratch-wound assays and
found that the wound was completely closed at 24 h and
less than approximately 30% of the wound area was healed
after inhibiting SR-B1 (Fig. S9). These results indicated that
SR-B1 was essential for cell adherent junction and cyto-
skeleton reorganization and might play an important role in
engulfing cell debris.
Endothelial SR-B1 participates in the clearance of
apoptotic cell debris in coronary artery

To determine the effect of endothelial SR-B1 on engulfing
apoptotic cell debris, we detected the expression of SR-B1
on ECs. We first found that mouse endothelial SR-B1 was
colocalized with TUNEL-labeled apoptotic cell debris in
WD-fed Apoe�/� mice (Fig. 6A; Fig. S10A). Similarly, im-
munostaining of human atheroma tissues also showed that
human SR-B1 was colocalized with TUNEL-labeled apoptotic
cell debris in Pecam1þ ECs (Fig. 6B; Fig. S10B). Further-
more, we explored the possible role of SR-B1 in engulfing
cell debris. pHUVECs were utilized to co-culture with cell
debris at different time points. Immunostaining showed
that SR-B1 was colocalized with cell debris in pHUVECs
after incubation with cell debris at different time points
(Fig. 6C; Fig. S11). Respectively, the kinetics of cell debris
engulfment by pHUVEC SR-B1 were started at 30 min and
remained efficiently internalized until 360 min (Fig. 6C, D).
These findings strongly suggested that SR-B1 was important
for ECs to recognize apoptotic cell debris. We next used a
selective SR-BI inhibitor BLT-1 to inhibit SR-B1-dependent
selective phagocytosis43 and found that endothelial SR-B1
participated in mediating the engulfment of cell debris.
Qualificative analysis showed that the engulfment of cell
debris by pHUVECs reduced by 75% under BLT-1 inhibition
(Fig. 6E, F). Furthermore, after incubation with cell debris
at different time points, the debris-laden pHUVECs were
quantified by flow cytometry and showed a dramatic
decrease in their number under BLT-1 inhibition (Fig. S12).
Moreover, we also found that inhibiting SR-B1 also reduced
the transportation of lipid droplets and attenuated the
transfer of debris to lysosomes. These data indicated that
SR-B1 was important for ECs recognizing and engulfing
apoptotic cell debris.
Discussion

Although professional phagocytes play a major role in
clearing apoptotic cell debris, our results first demon-
strated that vascular ECs act as non-professional phagocytic
cells to engulf cell debris during atherosclerosis. Tran-
scriptional profile analysis identified that endothelial SR-B1
was a key membrane receptor that mediated the engulf-
ment of cell debris. Moreover, EC phagocytosis and pro-
cessing of cell debris led to a series of events associated
with cellular adherent junction and cytoskeleton
reorganization.

The clearance of apoptotic cells and their debris is
critical for maintaining vascular homeostasis. Atheroscle-
rosis as a lipid-driven cardiovascular disease due to the
accumulation of numerous foam cells and ensuing inflam-
mation will result in the death of ECs, smooth muscle cells,
and macrophages.44 Most of our knowledge of apoptotic
cell clearance was focused on professional phagocytes.45

Whereas, with the unlimited accumulation of dead cells
and expansion of the necrotic core in advanced athero-
sclerotic plaques, the dead cell clearance capacity of pro-
fessional phagocytosis will be overwhelmed.46 Meanwhile,
macrophages will become defective phagocytosis due to
excessive low-density lipoprotein accumulation and
enhanced reactive oxygen species in advanced atheroscle-
rotic plaque.47 Recent studies have reported that smooth
muscle cells can differentiate into macrophage-like cells in
the advanced atherosclerotic plaques, which may play an
important role in the process of debris clearance.48,49 In
previous work of our lab, we found that IgG-opsonized
myelin debris can be engulfed by ECs during the early
stages of spinal cord injury before macrophage recruit-
ment.13 Our study showed that ECs, a non-professional
phagocytic cell type, had the ability to engulf apoptotic
cell debris. Moreover, scRNA-seq analysis of atherosclerotic
areas showed two distinct subpopulation ECs and enrich-
ment of wounding-related pathways, which indicated that
some ECs might be located in vulnerable/injured areas.
Although it is well known that apoptotic cells can be
cleared promptly in early atherosclerosis, the excessive
accumulation of apoptotic cells leads to the forming of
necrotic cores and makes atherosclerotic plaques vulner-
able and injured.5 We suspected that ECs might have a
phagocytic subpopulation in vulnerable/injured areas dur-
ing advanced atherosclerosis.

ECs, as a monolayer in vascular endothelium, play an
important role in cellular adhesion, signal transduction,
and barrier function which is the critical regulator for organ
homeostasis.50,51 Recent studies have demonstrated that
transcytosis across the endothelium is essential for main-
taining the influx and efflux of lipids, which is associated
with lipoprotein transportation and the process of
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atherosclerosis.52,53 Here we found that endothelial SR-B1
was highly expressed in injured vascular cells and was
enriched in phagocytosis-related pathway via RNA-seq
analysis. Moreover, the scRNA-seq analysis also demon-
strated that SR-B1 was highly expressed in a single EC
subpopulation, which showed that SR-B1-positive ECs might
have unique biological functions and characters. GO
enrichment analysis showed that adherent junction- and
cytoskeleton-related genes had dramatically changed in
the SR-B1-positive EC subpopulation. Researchers have re-
ported that the reorganization of cortical cytoskeleton and
adherent junctions is critical for anchoring transmembrane
proteins to control their movements and priming the
engagement between receptors and target particles via
extensive ruffling.37,54,55 Furthermore, the polymerization
of actin also plays an important role in increasing cortical
tension to promote membrane fusion during phagocy-
tosis.39,56 Here, our studies showed that cell debris can
activate the reorganization of cytoskeleton and adherent
junctions in SR-B1-positive ECs. Meanwhile, inhibiting SR-B1
showed a low rate of adherent junction and cytoskeleton
reorganization during co-culture with cell debris. SR-B1 is
considered the LDL binding receptor, which mediates the
bidirectional flux of cholesterol.18 Moreover, researchers
have found that SR-B1 can recognize plasma membrane
cholesterol and stimulate intracellular signaling to inter-
nalize cholesterol.57 Using fluorescent labeling of cell
debris, we showed that SR-B1 as a selective receptor was
involved in cell debris engulfment by ECs. These results
indicated that SR-B1 had the novel capacity to interact with
cell debris and played a receptor function in debris
internalization.

In conclusion, we revealed that ECs acted as non-pro-
fessional phagocytes to engulf apoptotic cell debris during
atherosclerosis. In order to further detect the mechanism
of the process of endothelial phagocytosis, scRNA-seq and
bulk RNA-seq datasets were utilized to analyze the
changes in the biological process during atherosclerosis.
We found that SR-B1 as an endothelium-specific expressed
gene was enriched in the phagocytosis-related pathway.
Moreover, we further assessed the unique character of SR-
B1 highly expressed cells in arteries at the single cell level
and found that SR-B1-positive ECs were a separating sub-
population, which had different biological functions on
cellular adherent junction and cytoskeleton reorganiza-
tion. Given our finding that SR-B1 was essential for the
engulfment of apoptotic cell debris, these data suggested
that endothelial SR-B1 associated with the reorganization
of cellular adherent junctions and cytoskeleton was the
key receptor of apoptotic cell debris clearance in the
coronary artery.
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