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Abstract: Atherosclerosis of femoral arteries can cause the insufficient blood supply to the lower limbs
and lead to gangrenous ulcers and other symptoms. Atherosclerosis and inflammatory factors are
significantly different from other plaques. Therefore, it is crucial to observe the cellular composition
of the femoral atherosclerotic plaque and identify plaque heterogeneity in other arteries. To this end,
we performed single-cell sequencing of a human femoral artery plaque. We identified 14 cell types,
including endothelial cells, smooth muscle cells, monocytes, three macrophages with four different
subtypes of foam cells, three T cells, natural killer cells, and B cells. We then downloaded single-cell
sequencing data of carotid atherosclerosis from GEO, which were compared with the one femoral
sample. We identified similar cell types, but the femoral artery had significantly more nonspecific
immune cells and fewer specific immune cells than the carotid artery. We further compared the
differences in the proportion of inflammatory macrophages, and resident macrophages, and the
proportion of inflammatory macrophages was greater within the carotid artery. Through comparing
one femoral sequencing sample with carotid samples from public datasets, our study reveals the
single-cell map of the femoral artery and the heterogeneity of carotid and femoral arteries at the
cellular level, laying the foundation for mechanistic and pharmacological studies of the femoral artery.

Keywords: atherosclerosis; peripheral arterial disease; plaque heterogeneity

1. Introduction

Cardiovascular disease (CVD) is the leading cause of death and disability in China and
the world, seriously threatening human health. Among them, atherosclerosis, as a chronic
inflammatory disease, causes the artery wall to thicken, stiffen and lose elasticity, which
leads to ischemia and an inadequate blood supply to vital organs. Femoral atherosclerosis
affects more than 200 million individuals worldwide and typically manifests as intermit-
tent claudication but often with tissue loss and severe limb ischemia characterized by
ulcers or gangrene at its most advanced stage. At the same time, patients with lower
extremity atherosclerosis have a significantly increased risk of functional cardiovascular
abnormalities [1]. There is evidence that within five years after diagnosing lower extremity
atherosclerosis, 10 to 15 percent of people with intermittent claudication die of cardiovascu-
lar causes [2]. Therefore, early diagnosis and treatment to avoid the late symptoms and
complications of femoral atherosclerosis are highly important. However, the early stage
of femoral atherosclerosis is asymptomatic. The main clinical measures are endovascular
treatment after the onset of symptoms or femoral artery endarterectomy if the stenosis is
severe. Many patients with severe limb ischemia receive amputations due to lacking early
diagnosis and detection. Therefore, it is essential to study the pathological mechanism of
femoral atherosclerosis and screen patients with it as early as possible.
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Atherosclerosis is a complex chronic disease with multiple stages. The main patholog-
ical mechanisms are endothelial cell dysfunction, macrophage polarization, inflammation,
and immune responses [3,4]. Inflammatory mediators are critically involved in locally
deposited lipids and the formation of foam cells, contributing to the formation of an
atherosclerotic necrotic core and altering plaque thickness and stability [5]. In addition,
studies have proven significant differences in the types and proportions of immune cell
infiltration in atherosclerotic plaques from different peripheral artery sites [6]. The results
of HE staining show that atherosclerotic plaques with more inflammatory macrophages
and T-cell infiltration have poorer stability [7-9]. Therefore, identifying the pathological
characteristics of atherosclerosis of different arteries has significant implications for the
prevention and accurate targeted treatment of atherosclerosis and complications.

Although previous studies have analyzed cell types of carotid and coronary
atherosclerosis [8,10-12], the analyses of arteries elsewhere are unsuitable for systemic
atherosclerosis. Moreover, no study has studied the cellular composition of “atherosclerotic
plaques” in the femoral artery. Therefore, this study started with single-cell sequencing of
a femoral plaque, described the cellular composition and the immune cell subtypes of the
femoral atherosclerotic plaque in detail and evaluated cell types associated with carotid
and femoral plaques. Comparison can improve understanding of their heterogeneity of
pathophysiology and open up new therapeutic targets.

2. Materials and Methods
2.1. Sample Collection

We collected four consecutive patients with severe common femoral artery stenosis
and three with symptomatic carotid atherosclerotic plaques who were about to undergo
endarterectomy. The patients underwent perioperative anticoagulation and antiplatelet
therapy before surgery according to the guidelines for the diagnosis and treatment of
lower extremity artery occlusion and guidelines for the diagnosis and treatment of carotid
stenosis [13,14]. The basic patient information is provided in Supplementary file S1. The
sample collection plan and exclusion standard were submitted to the Ethics Committee of
the Second Hospital of Shanxi Medical University and approved, No. (2022) YX No. (006).

2.2. Plaque Processing and Quality Testing

The treatment of femoral plaques is performed rapidly after dissection from the
femoral artery during the surgery. Samples from the narrowest part of the common femoral
artery containing tissue with a calcified core and a small area of thrombus organization were
taken, divided, and mechanically dissociated with eye scissors after being cleaned with
cool PBS. Dissociated samples were kept in the tissue storage solution (Miltenyi, Bergisch
Gladbach, Germany) and then immediately sent to the Lc. research facility for single-cell
sequencing. After the tissue was treated with collagenase, a single-cell suspension was
prepared, and strict quality control was performed.

A total of three samples were put on the machine, among which only one sample had
a high cell number and cell viability. The remaining two samples had relatively few cells
due to a large number of atherosclerotic necrotic tissues and the small number of active
tissues, which meant they did not meet the quality standards. Detailed control information
is provided in Supplementary file S2. A sample of femoral artery plaque with the desired
cell count and viability yielded 14,351 cells.

2.3. Construction and Sequencing of Single-Cell Libraries

The suspension was used to generate single-cell gel beads in the emulsion. After
reverse transcription, gel beads in an emulsion were disrupted. A total of 14,113 cells
were tagged in one femoral plaque. Single Cell 3’ v2 libraries were generated following
the Single Cell 3’ v2 Reagent Kits User Guide (Document CG00052, 10X genomics). The
libraries were sequenced on the Illumina HiSeq Xten platform.
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2.4. Bioinformatics Analysis Process of the Single-Cell Libraries
2.4.1. Sequencing Data Quality Control and Quantification Based on CellRanger

Using 10X Genomics’ official analysis software CellRanger (https://support.10xgen
omics.com/single-cell-gene-expression/software/overview /welcome (accessed on 8 April
2022)) on the original data to identify the data filtering, alignment, quantitative, and
recycling cells, finally, the gene expression matrix of each cell was obtained. The number of
cells obtained by the CellRanger-based cell calling algorithm is 14,113. The specific sample
sequencing data statistical results are shown in Supplementary file S3.

2.4.2. Advanced Analysis of Single-Cell Data Based on Seurat

The Seurat packet (https:/ /satijalab.org/seurat/ (accessed on 1 October 2022)) in R
was then used for cell filtration and analysis. We set the condition of cell filtration as: the
number of genes identified in single cells greater than 500 and fewer than 30,000; the total
number of UMI detected in a single cell greater than 1000; the proportion of mitochondrial
gene expression in single cells less than 25%; use the DoubletFinder package to remove
multicellular cells. After screening, 10,374 cells were obtained. The follow-up for further
filtering, standardization, cell subgroup classification, each subgroup analysis, and marker
gene screening of differentially expressed genes was performed by Seurat.

2.5. Drawing of Pie Chart and Histogram

The analysis of single and double pie charts was performed using the OmicShare tools,
a free online platform for data analysis (https://www.omicshare.com/tools (accessed on
12 October 2022)). The histogram analysis was performed using the OmicStudio tools at
https:/ /www.omicstudio.cn/tool (accessed on 14 October 2022). The single-cell pie chats
were drawn by the ggpie and ggplot2 R package.

2.6. Data Sets of Carotid Atherosclerosis

The gene expression profiles for carotid atherosclerosis were found in the GSE159677
dataset of the Gene Expression Omnibus database (GEO), which may be accessed at
http:/ /www.ncbinlm.nih.gov/geo/ (accessed on 10 May 2022). Single-cell specificity
analysis and mapping were similar to those described above in femoral artery plaques.

2.7. Data Acquisition and Preprocessing

The RNA-seq transcriptome data of patients with atherosclerosis and clinical traits were
obtained from GEO. The GSE100927 dataset consists of 104 patients with atherosclerotic
carotid artery tissues, atherosclerotic femoral artery tissue, atherosclerotic infra—popliteal
artery tissue, and corresponding normal artery tissue and was compiled on the GPL20795
(Ilumina HiSeq X Ten Homo sapiens) platform. Data were normalized using R statistical
software. Principle component analysis (PCA) was used to explore whether there were
differences between carotid and femoral atherosclerotic artery tissues. All data used in the
study were obtained from the GEO; hence, ethics approval and informed consent were
not required.

2.8. Gene Set Pathway Enrichment Analysis

We downloaded the 50 hallmark gene sets, necroptosis gene set, pyroptosis gene set,
and ferroptosis gene set from the GSEA database, composing the list of gene sets. Then,
the ssGSEA algorithm in the GSVA package of the R software (http://www.bioconduct
or.org/packages/release/bioc/html/GSVA.html (accessed on 10 September 2022)) was
used to calculate the enrichment scores of every pathway in every sample. Next, we used
the limma R package to obtain differential pathway enrichment scores between carotid-
atherosclerotic tissue and femoral-atherosclerotic tissue [15]. Finally, we compared the
scores of necroptosis pathways in different tissues and genders.
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2.9. Immunofluorescence Staining

The atherosclerosis tissue underwent standard saline irrigation, 4% paraformaldehyde
fixation, and graded ethanol dehydration. Endogenous peroxidase was inhibited by 3%
H,0O; while the sections were submerged in ethylenedia-minetetraacetic acid (EDTA)
antigen retrieval buffer. After blocking with 3% bovine serum albumin (BSA), the sections
were incubated with CLEC10A antibody (Servicebio, GB114760, 1:500), F13A1 antibody
(Servicebio, GB113293, 1:2400), LGALS3 antibody (Servicebio, GB111145, 1:1000), SI00A8
antibody (Servicebio, GB11421, 1:1500), SPP1 antibody (Servicebio, GB112328, 1:500), and
TPSABL1 (Servicebio, GB12110, 1:500) overnight at 4 °C. The secondary antibody was
incubated for 50 min at room temperature.

3. Results
3.1. Single-Cell Analysis of Femoral Atherosclerosis

The samples of femoral-artery plaques were obtained by femoral endarterectomy and
were quickly placed in the tissue storage solution and immediately sent for single-cell
sequencing (Figure 1A). Based on the genome map and detailed statistics for unique
molecular identifiers, the expression levels of the genes in each cell were calculated
(Supplementary file S4). Reportedly, 14,113 cells from the patient were taken. All cells’ gene
expression variability was subjected to principal component analysis, and the cells were
subsequently divided into cell-type groups using graph-based clustering of the informative
principal components (1 = 8). Twenty-one groups were found using graph-based clustering,
as shown in Figure 1B. The ratio of cells in each cluster decreases from cluster 1 to 14
(Figure 1C).

The top 50 expressed genes (fold change) in each cluster were matched with known
indicators. Thus, we discovered clusters of cells that could be simply ascribed to estab-
lished cell lineages using standard marker genes. We identified 14 cell types, including
resident macrophages (F13A1), monocytes (CD52, FCN1, VCAN, S100A9, S100A8), naive
T cells (IL7R, CCR?), endothelial cells (SPARCL1, VWE, SPP1, EDN1), Foamy Mac I (CD9,
TREM2, APOC1, GPNMB, FABP5), smooth muscle cells (COL1A2, COL1A1, TAGLN),
inflammatory mac (CXCL2), memory T cells (IL32, SELPLG, TNFSF10), Foamy Mac II
(FABP5, GPNMB, TREM2, APOC1, CD9, SPP1), regulatory T cells (FOXP3), Foamy Mac III
(CD9, SPP1), conventional dendritic cell (cDC) (CD1C, CLEC9A, FCER1A, CLEC10A, IRFS),
Foamy Mac IV (CD9, TREM2, GPNMB, SPP1, APOC1), and memory B cells (NCR3, CD27,
CD86) (Figure 1B). The number of each cell type is shown in counterclockwise order from
most to least in Figure 1D. The number of endothelial cells was the highest, the number
of foam cells in immune cells was the highest, and the number of memory B cells was
the lowest.

3.2. Single-Cell Analysis of Carotid Atherosclerosis

We downloaded single-cell data for six human carotid plaque samples from the GEO
database, including three samples close to the core plaque and three from the lipid core
plaque. To match the pathological composition of the femoral artery plaque, we also
analyzed six carotid artery samples instead of the core or the samples away from the core.
Using the Seurat package in R, we divided single cells into groups and performed mapping
on them.

Before single-cell data mining, we filtered dead or stressed cells by Seurat based on
some indicators as follows: (1) the number of genes detected in a single cell is greater than
500 and fewer than 30,000. (2) The total number of UMI detected in a single cell is greater
than 1000. (3) The percentage of mitochondrial gene expression in a single cell is less than 5.
After unqualified cells and genes were filtered, there were still 47,350 cells and 26,755
genes. Then, 47,350 cells were grouped into 31 cell populations by the tSNE (Figure 2A,C).
We identified the top five genes for each cluster with the highest pvalue (Supplementary
file S5). In order to maintain the consistency of cell types identified, the marker genes
used by femoral single-cell analysis mentioned previously were also compared with the



J. Cardiovasc. Dev. Dis. 2022, 9, 465

5o0f 14

top 50 carotid artery marker genes, and finally, 19 cell types were identified, including
memory T cells I (IL32, TNFSF10, SELPLG), naive T cells (IL7R), memory T cells II (IL32),
Foamy Mac (SPP1, FABP5, APOC1), cytotoxic T cells (GZMK, PRF1), smooth muscle
cells (COL1A2, COL1A1, TAGLN), monocytes(S100A8, S100A9, FCN1), endothelial cells I
(PLVAP), memory B cells(NCR3, CD27, CD86), endothelial cells II (EDN1, VWE, SULF1),
resident macrophages (F13A1, LYVEL), CD3+ T cells (FGFBP2, PRF1, GZMB), regulatory T
cells (LGALS3), mast Cells (TPSAB1 HDC), cDC2 (CLEC10A), inflammatory mac (CXCL2),
naive B cells IGHM, IGHD), and plasma cells (IGHG1) (Figure 2B,D).
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Figure 1. Procedures for sampling and analysis of femoral atherosclerotic plaques. (A). Femoral
atherosclerotic plaques were obtained by femoral endarterectomy, and approximately 14,000 cells
were extracted for subsequent analysis. (B). The tSNE projection cluster scatter diagram was noted
with clusters and cell types. (C). The number and percentage of each clustered cell type based on
T-distributed stochastic neighbor embedding (tSNE) projection are presented. (D). The pie chart
shows the proportion of all cell types. Less to more in a clockwise direction.



J. Cardiovasc. Dev. Dis. 2022, 9, 465

6 of 14

seurat_clusters celltype

Naive B cells

Memory T cells I} - ’
is?

X R, Inflammatory Mac
o -

25

1) 6L0S
s

(%89TL0

Naive

a1l cells

8 9%
93319, ) ,ce\\ﬁ\“’s (0.98% /o)

cluster? o

2492 (5.2629%)
cluster®
2436 (5-

c\\é\e\z WS
¢ [o%
SO

Mae
X mmatory
144T%) sy, 0 T @06\

OCytes
(5.263%)

Mon,
2492

Figure 2. The single-cell analysis of carotid plaque. (A). Thirty-one clusters were noted with different
colors in the dimplot based on tSNE projection (B). The tSNE projection cluster scatter diagram was
noted with cell type. Eighteen cell types were identified and labeled by matching marker genes
that were the same as those in the femoral plaques. (C). The number and percentage of each cluster
based on tSNE projection is presented. The number in cluster0 was the most, and cluster 30 was the
least. (D). The pie chart shows the proportion of all cell types. More to less in a clockwise direction.

3.3. Analysis of Immune Cells of Carotid and Femoral Atherosclerosis

In order to further observe the immune cell composition of the femoral artery and
carotid artery plaque more intuitively, first, we separated the immune cells and divided
all identified cells into immune cells and non-immune cells (Figure 3A,C). In the adaptive
immunity response, T cells recognized four types of T cells, including regulatory T cells,
naive T cells, memory T cells, and cytotoxic T cells (CD3 + T cells were only present in
endothelial-like samples), and B cells recognized two types, including natural B cells and
memory B cells. The identified innate immunity cells included cDCs, mast cells, mono-
cytes, and macrophages at different stages (foamy macrophages, resident macrophages,
inflammatory macrophages) (Figure 3B,D). The cell types of femoral plaques were basically
the same as those of carotid plaques. The specific immune cells of two types of plaques
both include B cells and T cells. However, the subtypes in T cells of the femoral do not
include cytotoxic T cells compared with the carotid plaque. The innate immunity cells did
not include mast cells, which were identified in the carotid plaque (Figure 3B). Markers
for each cell subtype, as well as cell types for both plaques, are shown in Figure 3E. In this
figure, the marker genes used to discriminate cell types are the same in both plaques. The
cell types identified by the two plaques are basically similar.
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Figure 3. (A,C) are cluster plots of immune cells isolated from carotid and femoral atherosclerotic
plaques, respectively. (B,D) are the proportions of each immune cell in the carotid and femoral arteries,
respectively. In the two plots, yellow is for memory T cells, purple for natural T cells, green for
inflammatory macrophages, red for foam cells, cyan gray for killer T cells, orange for monocytes, light
yellow for memory B cells, black for CD3 T cells, sky blue for resident macrophages, dark purple for
regulatory T cells, gray for mast cells, cyan represents cDC cells, burgundy represents plasma cells, and
pink represents natural B cells. The genes used by the two plaques to identify cell types are the same.
(E) shows the marker gene of each cell type and the distribution of this marker gene in the cluster map.
Among them, cytotoxic T cells, mast cells, and plasma cells were only found in carotid plaques, which
we marked at the end of the picture. There are four types of foam cells in the femoral artery.
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3.4. Differences in the Proportion of Immune Cell Infiltration between Femoral and Carotid Plaques

We calculated the proportion of each immune cell in total immune cells. T cells
were the most infiltrated immune cells in the carotid artery, while macrophages were the
most infiltrated immune cells in the femoral artery. In order to more intuitively show the
difference between the two plaques, we compared the proportion of each immune cell in
the two plaques, as shown in Figure 4A. Except for regulatory T cells and naive T cells,
other types of adaptive immunity were more prevalent in carotid arteries and less prevalent
in femoral arteries. Innate immunity cells were more in the femoral artery but fewer in the
carotid artery.

% Comparison of each type of cell

femoral

m carotid

proportion (%)

Carotid Femoral

Resident Mac

Infla Mac
83%

Resident Mac

Infla Mac

Figure 4. Comparison of immune cells between carotid and femoral plaques. (A). Cell percentage
changes of each cluster in carotid and femoral samples are shown. The red bar represents carotid
arteries. The blue bar represents femoral arteries. (B) The pie chart shows the proportions of
resident macrophages and inflammatory macrophages in the carotid. (C) The pie chart shows the
proportions of resident macrophages and inflammatory macrophages in femoral samples. Blue
represents inflammatory macrophages. Red represents resident macrophages.

The infiltration ratio of immune cells may change the plaque stability and eventually
lead to the rupture of the arterial plaque. The most widely studied and well-known is
the proportion of macrophage subtypes. Therefore, we then compared the proportion of
inflammatory macrophages with the number of resident macrophages (Figure 4B) and
found that the proportion of inflammatory macrophages was significantly higher in the
carotid artery than in the femoral artery.

3.5. Successful Validation of the Difference in Cell Proportion between Carotid and
Femoral Arteries

To further verify the differences in the proportions of various immune cells in carotid
and femoral atherosclerotic plaques, we used their marker genes in the single-cell analysis
(Figure 3E) to observe cDC, resident macrophages, regulatory T cells, monocytes, foamy
cells, and mast cells in the two atherosclerotic tissues by fluorescent immunostaining
(Figure 5). By observing the immunofluorescence staining and semi-quantitative analy-
sis, we could see significant differences between the carotid and femoral arteries (cDC,
p = 0.0148; regulatory T cells, p < 0.0001; monocytes, p = 0.0188; foamy cells, p = 0.001;
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mast cells, p = 0.0011). Immunofluorescence staining for resident macrophages shows no
statistically difference between carotid and femoral samples, but the trend to increased
numbers of cells in femoral arteries. The results were consistent with the above analysis in
single cells (Figure 4A).
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Figure 5. Validation of the difference in immune-cell count through immunofluorescence staining.
cDCs were labeled by CLEC10A. Resident macrophages were labeled by F13A1. Regulatory T cells
were labeled by LGALS3. Monocytes were labeled by S100A8. Foamy macrophages were labeled by
SPP1. Mast cells were labeled by TPSABI.

3.6. Bulk Analysis of Two Types of Atherosclerosis

Although the single-cell research level is more accurate, it cannot view the occurrence
and development of diseases at a macro level. The mRNA transcriptome is not accurate
to the cellular level, but it can screen out the prominent genes and mechanisms to find
the key mechanism of the occurrence of diseases. To better observe the primary and
secondary relationship of immune cells in carotid and femoral plaques, we downloaded the
atherosclerosis dataset from GEO, including 27 femoral arteries and 28 carotid arteries. The
carotid and femoral transcriptome gene expression profiles were compared. First, through
PCA clustering, it was found that the samples of the femoral artery and carotid artery were,
respectively, clustered in the two circles of the cluster map (Figure 6A). Although all of
them were atherosclerotic plaques, there were still some differences between the samples.
The immunoscores of carotid and femoral plaques were significantly different (Figure 6B).
We compared the gene set enrichment analysis (ssGSEA) scores of the carotid artery and the
femoral artery, and found that the necroptosis pathway had the highest t-value. (Figure 6C).
We identified gene expression differences between femoral and carotid groups and found
that genes related to necroptosis were highly expressed in the carotid artery and minimally
expressed in the femoral artery. The expression of FLT, RIPK3, and GLUL was significantly
different (p < 0.05, 11log2FC | > 0.5) (Figure 6D).
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Figure 6. Results of transcriptome analysis of carotid and femoral artery samples. (A). PCA clustering
results for carotid, femoral, and popliteal arteries. (B). Statistically significant differences were found
in the immunoscores of carotid, femoral, and popliteal arteries. (C). The results of immunoscores
for carotid and femoral samples are shown. The red items exhibit the more incredible immune
response in the carotid samples. The blue color was more common in femoral samples. (D) The
differentially expressed genes between femoral and carotid samples are represented in a volcanic
map. Necroptosis-related genes are labeled in the figure.

4. Discussion

With aging, calcification of the vascular wall, deterioration of elasticity, endothelial cell
damage, and cardiac function decline are inevitable and irreversible phenomena, leading to
severe cardiovascular death events [16]. The most common one is atherosclerosis, in which
excessive lipids from the peripheral circulation are deposited in the subendothelial layer of
the artery, causing a series of immune and inflammatory cells such as macrophages and
neutrophils to gather around the lesion and form atherosclerotic plaques, resulting in local
stenosis of the blood vessels [17]. Thinning of the fibrous cap on the surface will lead to
the exposure of the formed lipid plaque from the subendothelium, forming an embolism
and causing a distal occlusion. The better-known atherosclerosis is coronary and carotid
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atherosclerosis. Coronary atherosclerosis can lead to myocardial ischemia, resulting in
stable angina pectoris and even myocardial infarction at the late stage. Unstable carotid
atherosclerosis can lead to cerebral infarction. Much of the study of atherosclerosis has
revolved around mechanisms in the carotid and coronary arteries. Severe femoral artery
stenosis can also lead to gangrene, ulcer, and even necrotic amputation of the lower limbs,
which seriously affects the quality of life [18]. However, the early symptoms of femoral
artery stenosis are not obvious, and it is prone to misdiagnosis and delay. Therefore, it is of
great significance to study the mechanism of atherosclerotic plaque in the femoral artery
and its heterogeneity with atherosclerosis in other parts of the body.

This paper is the first article on femoral atherosclerosis single-celled sequencing. The
previous studies mainly used immunofluorescence microscope to observe the cell types
and counts in femoral atherosclerosis tissue [19,20]; hence so far, no one article’s complete
description explored the artery atheromatous plaque cell composition and proportion.
According to single-cell sequencing, the femoral atherosclerotic plaque is mainly composed
of resident macrophages, inflammatory macrophages, foam cells, monocytes, natural T
cells, regulatory T cells, memory T cells, B cells, and two types of non-immune cells, smooth
muscle cells and endothelial cells. Among them, endothelial cells accounted for the largest
proportion, immune cell foam cells accounted for the largest proportion, followed by
smooth muscle cells and resident macrophages. Immune cells accounted for more than
non-immune cells, and the corresponding non-immune cells were less numerous.

Although both carotid and femoral arteries are arteries, there are obvious differ-
ences in atherosclerosis’s pathogenesis and pathological manifestations. Shaikh et al.
observed the results of T cells and macrophages under immunohistochemistry in the
carotid artery and femoral artery atherosclerotic plaques and found that the number of T
cells and macrophages, as well as the number of M1 and M2, were significantly different.
There were also marked differences in the expression of inflammatory factors between
carotid and femoral plaques. The expression of matrix metalloproteinase-2 and matrix
metalloproteinase-9 in the carotid artery was significantly higher than that in the femoral
artery. Meanwhile, there was more fibrous connective tissue in the femoral artery than in the
carotid artery. Herisson et al. collected 88 plaques and found that most of the pathological
tissue of carotid atherosclerotic plaques was fibrous cap calcification, which was more likely
to exhibit plaque rupture [21]. At the same time, the femoral artery was mainly fibrous
calcified plaque, which was more stable. According to the results of carotid atherosclerosis
analyzed in this paper, smooth muscle cells accounted for the largest proportion of non-
immune cells. In contrast, memory T cells accounted for the largest proportion of immune
cells, followed by endothelial cells and natural T cells. By comparing the proportion of cells
in the carotid artery and the femoral artery, it was found that the proportion of T cells in
the carotid artery was much higher than that in the femoral artery. Previous sequencing of
carotid atherosclerotic plaques also proved that the number of T cells in the carotid artery
was the largest, and T cells could also affect the stability of arterial plaques(KLRC1, CXCR3,
STAT3, IFNGR1, HLA-B) and chemotaxis functions (CCL5, CCL4, CXCR®6) [22,23]. The
liver metabolizes lipids and T cells, including regulatory T cells, Th1, Th2, and Th17 under
the stimulation of high blood lipids. Then, they are released into the peripheral circulation
and finally enter the atherosclerotic plaque to activate local adaptive immunity [24-26].
Although T cells do not accumulate large amounts of oxLDL subcutaneously similar to
macrophages, they are cytotoxic and secrete pro-inflammatory factors locally. For example,
CDS8 + T cells locally overexpress transcripts associated with T cell activation (NFATC2,
FYN, ZAP70), cytotoxicity (GZMA, GZMK), and T cell failure (EOMES, PDCD1, LAGS3).
CD4 + T cells overexpressed transcripts with proinflammatory functions (KLRD1, KLRC1,
CXCR3, STAT3, IFNGR1, HLA-B) and chemotaxis functions (CCL5, CCL4, CXCR6) [27-29].
The number of regulatory T cells decreased in atherosclerosis, and the expression of several
genes related to immunosuppression decreased significantly [24]. In this paper, the carotid
artery exhibited more CD4+T cells with pro-inflammatory properties and CD8 + T cells
with cytotoxic properties, while regulatory T cells expressing immunosuppression-related
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genes were, on the contrary, fewer in the carotid artery and more in the femoral artery,
which also indicated that carotid atherosclerotic plaques were more unstable and tended to
rupture compared with the femoral artery.

Under the stimulation of oxLDL and apolipoprotein, monocytes enter the endoder-
mis from peripheral circulation and differentiate into different macrophage phenotypes:
some exhibited greater oxXLDL uptake and an increased propensity to form foam cells;
some overexpressed inflammatory factors such as TNF-« and IL-6 and matrix metallopro-
teinases MMP9 and MMP2, which increased the local inflammatory response and made
the fibrous cap thin [30]. In addition, some macrophages come from macrophages resid-
ing in vascular tissues, and their expression of pro-inflammatory factors IL-1 and IFN
is significantly reduced, mainly to inhibit the occurrence of the inflammatory response.
In this study, we found that there were more resident macrophages than inflammatory
macrophages in femoral atherosclerosis, but there were nearly five times as many inflam-
matory macrophages as resident macrophages in the carotid artery. The proportion of
inflammatory macrophages and resident cells in local infiltration has a critical effect on
the stability of atherosclerotic plaques and the outcome of cardiovascular events [31]. This
result again confirms the vulnerability of carotid plaque compared to femoral plaque.

Therefore, by analyzing the cellular infiltrating components and proportions of the
two types of atherosclerosis, the prognosis of atherosclerosis is not limited to conventional
risk factors (such as dyslipidemia, hypertension, and diabetes) but is also related to the
infiltration and release of cellular and inflammatory factors.

Our study compared the differences in immune cell infiltration between carotid and
femoral arteries from the perspective of single-cell sequencing, which could provide a
better target and basis for the treatment of atherosclerosis by targeting macrophages or
T cells. However, the selected patient was on anticoagulant drugs, so its influence on
gene expression could not be ruled out. Thus, more studies, including in vivo studies and
randomized controlled trials, are required to clarify these effects.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcdd9120465/s1, Supplementary file S1: Detailed clinical informa-
tion for patient samples.; Supplementary file S2: Detailed documentation of single-cell quality control;
Supplementary file S3: Sequencing data statistical results; Supplementary file S4: The gene-expression
levels of each scRNA-seq cell; Supplementary file S5: The heatmap of top five genes for each cluster.

Author Contributions: Conceptualization, PW.; methodology, L.Z. and R.Z.; investigation, M.Q.;
resources, T.Z.; funding acquisition, H.D. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was supported by the Shanxi Youth Science and Technology Research
Fund (201901D211493).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Shanxi medical university. The ethics number
is No. (2022) YX No. (006).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank the BIOINFOR-MEDICAL CENTRE at the
Second Hospital of Shanxi Medical University for academic instruction and manuscript revision.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/jcdd9120465/s1
https://www.mdpi.com/article/10.3390/jcdd9120465/s1

J. Cardiovasc. Dev. Dis. 2022, 9, 465 13 of 14

References

1. Morley, R.L,; Sharma, A.; Horsch, A.D.; Hinchliffe, R.J. Peripheral artery disease. BM] 2018, 360, j5842. [CrossRef] [PubMed]

2. Norgren, L.; Hiatt, W.R.; Dormandy, ].A.; Nehler, M.R.; Harris, K.A.; Fowkes, EG.R. Inter-Society Consensus for the Management
of Peripheral Arterial Disease (TASC II). J. Vasc. Surg. 2007, 45 (Suppl. S), S5-S67. [CrossRef] [PubMed]

3. Santovito, D.; Egea, V.; Weber, C. Small but smart: MicroRNAs orchestrate atherosclerosis development and progression. Biochim.
Biophys. Acta BBA Mol. Cell Biol. Lipids 2016, 1861, 2075-2086. [CrossRef]

4. Schober, A.; Nazari-Jahantigh, M.; Weber, C. MicroRNA-mediated mechanisms of the cellular stress response in atherosclerosis.
Nat. Rev. Cardiol. 2015, 12, 361-374, Erratum in Nat. Rev. Cardiol. 2016, 13, 120. [CrossRef]

5. Cai, B.; Thorp, E.B.; Doran, A.C.; Subramanian, M.; Sansbury, B.E.; Lin, C.-S.; Spite, M.; Fredman, G.; Tabas, I. MerTK cleavage
limits proresolving mediator biosynthesis and exacerbates tissue inflammation. Proc. Natl. Acad. Sci. USA 2016, 113, 6526-6531.
[CrossRef]

6. Geng, S.; Chen, K,; Yuan, R;; Peng, L.; Maitra, U.; Diao, N.; Chen, C.; Zhang, Y.; Hu, Y.; Qi, C.-F,; et al. The persistence of low-grade
inflammatory monocytes contributes to aggravated atherosclerosis. Nat. Commun. 2016, 7, 13436. [CrossRef] [PubMed]

7. Kyaw, T.; Winship, A.; Tay, C.; Kanellakis, P.; Hosseini, H.; Cao, A.; Li, P; Tipping, P.; Bobik, A.; Toh, B.-H. Cytotoxic and
Proinflammatory CD8 * T Lymphocytes Promote Development of Vulnerable Atherosclerotic Plaques in ApoE-Deficient Mice.
Circulation 2013, 127, 1028-1039. [CrossRef] [PubMed]

8.  Seijkens, T.T.P; Poels, K.; Meiler, S.; van Tiel, C.M.; Kusters, PJ.H.; Reiche, M.; Atzler, D.; Winkels, H.; Tjwa, M.; Poelman, H.; et al.
Deficiency of the T cell regulator Casitas B-cell lymphoma-B aggravates atherosclerosis by inducing CD8+ T cell-mediated
macrophage death. Eur. Heart J. 2019, 40, 372-382. [CrossRef]

9.  Cochain, C.; Koch, M.; Chaudhari, S.M.; Busch, M.; Pelisek, J.; Boon, L.; Zernecke, A. CD8+ T Cells Regulate Monopoiesis and
Circulating Ly6C-high Monocyte Levels in Atherosclerosis in Mice. Circ. Res. 2015, 117, 244-253. [CrossRef]

10. George, J.; Schwartzenberg, S.; Medvedovsky, D.; Jonas, M.; Charach, G.; Afek, A.; Shamiss, A. Regulatory T cells and IL-10 levels
are reduced in patients with vulnerable coronary plaques. Atherosclerosis 2012, 222, 519-523. [CrossRef] [PubMed]

11.  Mor, A.; Luboshits, G.; Planer, D.; Keren, G.; George, J. Altered status of CD4+CD25+ regulatory T cells in patients with acute
coronary syndromes. Eur. Heart J. 2006, 27, 2530-2537. [CrossRef] [PubMed]

12. Saigusa, R.; Winkels, H.; Ley, K. T cell subsets and functions in atherosclerosis. Nat. Rev. Cardiol. 2020, 17, 387-401. [CrossRef]

13. Liu, C. Guidelines for the treatment of arteriosclerotic obliterans of the lower extremities. Chin. J. Pract. Surg. 2008, 28, 923-924.

14. Chen, Z; Yang, Y. Guidelines for the diagnosis and treatment of carotid stenosis. Chin. J. Vasc. Surg. 2017, 9, 169-175.

15. Ritchie, M.E,; Belinda, P.; Wu, D.; Hu, Y.; Law, C.W,; Shi, W.; Smyth, G.K. limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef] [PubMed]

16. Wang, C.; Xu, W.; An, J.; Liang, M.; Li, Y.; Zhang, F,; Tong, Q.; Huang, K. Poly(ADP-ribose) polymerase 1 accelerates vascular
calcification by upregulating Runx2. Nat. Commun. 2019, 10, 1203. [CrossRef]

17.  Zhang, Z.; Salisbury, D.; Sallam, T. Long Noncoding RNAs in Atherosclerosis: JACC Review Topic of the Week. J. Am. Coll.
Cardiol. 2018, 72, 2380-2390. [CrossRef]

18. Kwee, BJ; Seo, B.R.; Najibi, A.J.; Li, A.W.; Shih, T.-Y.; White, D.; Mooney, D.]. Treating ischemia via recruitment of antigen-specific
T cells. Sci. Adv. 2019, 5, eaav6313. [CrossRef]

19. Shaikh, S.; Brittendena, ].; Lahirib, R.; Brownb, P.A].; Thiesa, F.; Wilsona, H.M. Macrophage subtypes in symptomatic carotid
artery and femoral artery plaques. Eur. |. Vasc. Endovasc. Surg. 2012, 44, 491-497. [CrossRef]

20. Ortega, E.; Gilabert, R.; Nufiez, I.; Cofan, M.; Sala-Vila, A.; de Groot, E.; Ros, E. White blood cell count is associated with carotid
and femoral atherosclerosis. Atherosclerosis 2012, 221, 275-281. [CrossRef] [PubMed]

21. Herisson, F; Heymann, M.-F,; Chétiveaux, M.; Charrier, C.; Battaglia, S.; Pilet, P.; Rouillon, T.; Krempf, M.; Lemarchand, P.;
Heymann, D.; et al. Carotid and femoral atherosclerotic plaques show different morphology. Atherosclerosis 2011, 216, 348-354.
[CrossRef] [PubMed]

22.  Wherry, E.J.; Kurachi, M. Molecular and cellular insights into T cell exhaustion. Nat. Rev. Immunol. 2015, 15, 486-499. [CrossRef]
[PubMed]

23.  Yi,].S,; Cox, M.A,; Zajac, A.]. T-cell exhaustion: Characteristics, causes and conversion. Immunology 2010, 129, 474-481. [CrossRef]

24. Tabas, I; Lichtman, A.H. Monocyte-Macrophages and T Cells in Atherosclerosis. Immunity 2017, 47, 621-634. [CrossRef]

25.  Witztum, J.L.; Lichtman, A.H. The Influence of Innate and Adaptive Inmune Responses on Atherosclerosis. Annu. Rev. Pathol.
Mech. Dis. 2014, 9, 73-102. [CrossRef]

26. Lichtman, A.H. T Cell Costimulatory and Coinhibitory Pathways in Vascular Inflammatory Diseases. Front. Physiol. 2012, 3, 18.
[CrossRef]

27. Fernandez, D.M.; Rahman, A.H.; Fernandez, N.F; Chudnovskiy, A.; Amir, E.-A.D.; Amadori, L.; Khan, N.S.; Wong, C.K.;
Shamailova, R.; Hill, C.A.; et al. Single-cell immune landscape of human atherosclerotic plaques. Nat. Med. 2019, 25, 1576-1588.
[CrossRef]

28. Wirka, R.C.; Wagh, D.; Paik, D.T.; Pjanic, M.; Nguyen, T.; Miller, C.L.; Kundu, R.; Nagao, M.; Coller, J.; Koyano, TK,; et al.

Atheroprotective roles of smooth muscle cell phenotypic modulation and the TCF21 disease gene as revealed by single-cell
analysis. Nat. Med. 2019, 25, 1280-1289. [CrossRef]


http://doi.org/10.1136/bmj.j5842
http://www.ncbi.nlm.nih.gov/pubmed/29419394
http://doi.org/10.1016/j.jvs.2006.12.037
http://www.ncbi.nlm.nih.gov/pubmed/17223489
http://doi.org/10.1016/j.bbalip.2015.12.013
http://doi.org/10.1038/nrcardio.2015.38
http://doi.org/10.1073/pnas.1524292113
http://doi.org/10.1038/ncomms13436
http://www.ncbi.nlm.nih.gov/pubmed/27824038
http://doi.org/10.1161/CIRCULATIONAHA.112.001347
http://www.ncbi.nlm.nih.gov/pubmed/23395974
http://doi.org/10.1093/eurheartj/ehy714
http://doi.org/10.1161/CIRCRESAHA.117.304611
http://doi.org/10.1016/j.atherosclerosis.2012.03.016
http://www.ncbi.nlm.nih.gov/pubmed/22575708
http://doi.org/10.1093/eurheartj/ehl222
http://www.ncbi.nlm.nih.gov/pubmed/16954132
http://doi.org/10.1038/s41569-020-0352-5
http://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
http://doi.org/10.1038/s41467-019-09174-1
http://doi.org/10.1016/j.jacc.2018.08.2161
http://doi.org/10.1126/sciadv.aav6313
http://doi.org/10.1016/j.ejvs.2012.08.005
http://doi.org/10.1016/j.atherosclerosis.2011.12.038
http://www.ncbi.nlm.nih.gov/pubmed/22244768
http://doi.org/10.1016/j.atherosclerosis.2011.02.004
http://www.ncbi.nlm.nih.gov/pubmed/21367420
http://doi.org/10.1038/nri3862
http://www.ncbi.nlm.nih.gov/pubmed/26205583
http://doi.org/10.1111/j.1365-2567.2010.03255.x
http://doi.org/10.1016/j.immuni.2017.09.008
http://doi.org/10.1146/annurev-pathol-020712-163936
http://doi.org/10.3389/fphys.2012.00018
http://doi.org/10.1038/s41591-019-0590-4
http://doi.org/10.1038/s41591-019-0512-5

J. Cardiovasc. Dev. Dis. 2022, 9, 465 14 of 14

29. Vallejo, J.; Saigusa, R.; Gulati, R.; Armstrong Suthahar, S.S.; Suryawanshi, V.; Alimadadi, A.; Durant, C.P.; Ghosheh, Y.; Roy, P;
Ehinger, E.; et al. Combined protein and transcript single-cell RNA sequencing in human pe ripheral blood mononuclear cells.
BMC Biol. 2022, 20, 193.

30. Childs, B.G,; Baker, D.J.; Wijshake, T.; Conover, C.A.; Campisi, J.; Van Deursen, ].M. Senescent intimal foam cells are deleterious at
all stages of atherosclerosis. Science 2016, 354, 472-477. [CrossRef] [PubMed]

31. Baardman, J.; Verberk, S.G.S.; van der Velden, S.; Gijbels, M.].].; van Roomen, C.P.P.A ; Sluimer, J.C.; Broos, J.Y.; Griffith, G.R,;
Prange, KH.M.; van Weeghel, M.; et al. Macrophage ATP citrate lyase deficiency stabilizes atherosclerotic plaques. Nat. Commun.
2020, 11, 6296. [CrossRef] [PubMed]


http://doi.org/10.1126/science.aaf6659
http://www.ncbi.nlm.nih.gov/pubmed/27789842
http://doi.org/10.1038/s41467-020-20141-z
http://www.ncbi.nlm.nih.gov/pubmed/33293558

	Introduction 
	Materials and Methods 
	Sample Collection 
	Plaque Processing and Quality Testing 
	Construction and Sequencing of Single-Cell Libraries 
	Bioinformatics Analysis Process of the Single-Cell Libraries 
	Sequencing Data Quality Control and Quantification Based on CellRanger 
	Advanced Analysis of Single-Cell Data Based on Seurat 

	Drawing of Pie Chart and Histogram 
	Data Sets of Carotid Atherosclerosis 
	Data Acquisition and Preprocessing 
	Gene Set Pathway Enrichment Analysis 
	Immunofluorescence Staining 

	Results 
	Single-Cell Analysis of Femoral Atherosclerosis 
	Single-Cell Analysis of Carotid Atherosclerosis 
	Analysis of Immune Cells of Carotid and Femoral Atherosclerosis 
	Differences in the Proportion of Immune Cell Infiltration between Femoral and Carotid Plaques 
	Successful Validation of the Difference in Cell Proportion between Carotid andFemoral Arteries 
	Bulk Analysis of Two Types of Atherosclerosis 

	Discussion 
	References

