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Background. Atherosclerosis is the predominant cause of cardiovascular diseases. Existing studies suggest that the development of
atherosclerosis is closely related to inﬂammation and immunity, but whether there are diﬀerences and similarities between
atherosclerosis occurring at diﬀerent sites is still unknown. We elucidated the pathological characteristics of peripheral vascular
diseases by using bioinformatic analyses on immune cells and inﬂammation-related gene expression in atherosclerotic arteries
and plaques. Methods. Eight data sets regarding atherosclerosis were downloaded from the Gene Expression Omnibus
database. Human immune genes were obtained from the IMMPORT website. The samples were scored and divided into highand low-immune groups. Then the samples were analysed using weighted gene co-expression network analysis, while the
modules were analysed using functional enrichment. The protein–protein interaction network was constructed using the
STRING and Cytoscape databases. The hub immune genes were screened, and the correlation between hub immune genes and
immune cells was analysed. Results. Immune cells and their functions were signiﬁcantly diﬀerent during atherosclerosis
development. The inﬁltration proportion of immune cells was approximately similar in samples from diﬀerent sources of
patients with carotid atherosclerosis. However, the sensitivity of lower extremity atherosclerosis samples to immune cells is
lower than that of carotid atherosclerosis samples.The samples from the plaque and artery were mainly inﬁltrated by
macrophages, T cells and mast cells. After immune cells were assessed, resting NK cells, activated mast cells and M0
macrophages were found to be key immune cells in atherosclerosis and plaque formation. In addition, CCL4, TLR2, IL1B and
PTPRC were considered to be immune marker genes in atherosclerosis development. Conclusion. Bioinformatic data analysis
conﬁrms the essential role of immune cells in cardiovascular diseases, and also indicates some diﬀerences of immune and
inﬂammation characteristics of atherosclerosis between carotid and lower extremity arteries.

1. Introduction
Cardiovascular diseases remain a thorny public health problem in most low- and middle-income countries; however,
the morbidity and mortality of cardiovascular diseases have
decreased signiﬁcantly in high-income countries with the

improvements in living conditions, medical care and health
management [1]. According to the World Health Organization, cardiovascular disease caused 13.2 million deaths in
2011, accounting for 24% of deaths worldwide. Moreover,
the death rate due to cardiovascular diseases is expected to
reach 23.3 million worldwide by 2030, which promotes
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cardiovascular diseases as the leading cause of death [2].
Atherosclerosis is a chronic arterial disease that mainly
causes most cardiovascular diseases, and its lesions are characterised by the gradual development of lipid deposits in the
arterial wall into atheromatous plaques and characteristic
plaques. Atherosclerotic plaque formation involves the partial or complete narrowing of the vascular lumen. Moreover,
the acute rupture of plaques, a major cause of cerebrovascular disease, leads to local thrombosis and occlusion [3, 4],
while plaque formation often leads to peripheral arterial disease. Atherosclerosis used to be considered a lipid metabolism disease [5, 6]; however, increasing experimental and
clinical evidence points to atherosclerosis s a chronic
immune-inﬂammatory disease [7–9]. Early-stage atherosclerosis formation involves ﬂow-mediated inﬂammatory
changes in the endothelial cells (ECs), and when ECs are
damaged, inﬂammatory factors such as monocyte chemotactic protein-1, interleukin (IL)-8, vascular adhesion molecule1, E-selectin and P-selectin are released, which attract lymphocytes and monocytes that inﬁltrate the arterial wall and
lead to inﬂammation [10]. Following this, macrophages,
mast cells, T cells, B cells, tumour necrosis factor (TNF)
ILs and other immune cells and inﬂammatory mediators
inﬁltrate the vessel wall in large numbers to promote atherosclerosis [11, 12]. Currently, the treatment for inﬂammation
has been quite successful, and the strategy for controlling
inﬂammation has been successfully used to treat many other
diseases. Therefore, treating inﬂammation is the preferred
target for atherosclerosis treatment. However, the lack of relevant clinical data hinders the eﬀective development of antiinﬂammatory drugs for atherosclerosis. Therefore, exploring
the immune cells that play an important role in the occurrence and development of atherosclerotic plaque and identifying immune genes that play a key role in inﬂammation are
of great signiﬁcance for the anti-inﬂammatory immunotherapy of atherosclerosis.

2. Methods
2.1. Data Download and Processing. Eight data sets related to
atherosclerotic plaque were obtained from the GEO database, namely, GSE21545, GSE24495, GSE28829,
GSE163154, GSE43292, GSE24702, GSE100927 and
GSE57691 [13–18], which included carotid plaque
(N =343), peripheral plaque (N =290), carotid atherosclerotic artery (N = 29) and lower extremity atherosclerotic artery
(N = 48). The ‘SVA’ package [19] in R software (4.0.2, http://
www.r-project.org) was used to remove batch eﬀects and for
standardisation of data sets of diﬀerent platforms.
2.2. Single-sample gene set enrichment analysis (ssGSEA) and
sample clustering. ssGSEA were performed using GSVA
(version 1.34.0) in R software, and the enrichment scores
of 29 immune-related cells and their functions in each sample were calculated [20–23]. An unsupervised machine
learning method was used to cluster the samples into two
clusters. The clusters were further divided into high- and
low-immune groups based on their immune scores. Additionally, principal component analysis (PCA) or t-
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distributed stochastic neighbor embedding (tSNE) was used
to reduce the dimension of the grouping data.
2.3. Gene Set Enrichment Analysis (GSEA). The ‘clusterproﬁler’ package [24] in R software and MSigDB (https://www
.gsea-msigdb.org/gsea/msigdb/index.jsp) were used for
GSEA analysis in the high- and low-immune groups.
2.4. Immune Cell Inﬁltration and Evaluation. R software was
used to identify the cell type by estimating the relative subsets of RNA transcripts (CIBERSORT) [25] and calculate
the scores of 22 types of human immune cells in the sample.
A p-value <0.05 was considered the ﬁltering standard. Differentially expressed immune cells in the high- and lowimmune groups were analysed according to the score.
2.5. WGCNA. The ‘WGCNA’ package [26] in R software was
used to analyse the samples based on the Pearson correlation
matrix: amn = |cmn β (where amn is the proximity between
genes m and n, cmn is the Pearson correlation and β is the
soft power threshold). WGCNA is mainly used for gene
co-expression network construction, key disease-related
module identiﬁcation and analysis, protein network construction and key module hub node identiﬁcation and
enrichment analysis.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses.
The enrichment analyses of data obtained from GO and
KEGG databases were analysed using the cluster proﬁler
package [24].
2.6. Immune-Related Gene Expression Data. The expression
proﬁles of 2498 genes related to immune inﬁltrating cells,
including genes related to antigen-presenting cells, chemokines and their receptors, cytokines and their receptors,
interferons and interleukin were downloaded from the ImmPort database (https://www.immport.org/home).
Screening of diﬀerentially expressed genes (DEGs) in the
high- and low-immune groups.
The ‘limma’ package in R software was used to analyse
diﬀerences in the high- and low-immune groups. The statistical signiﬁcance of DEGs was set to more than the double
change factor (≥1), and the corrected p-value error detection
rate was <0.05.
2.7. Construction of PPI Networks and the Screening of Key
Immune Genes. The most immune-related module genes in
WGCNA were intersected with the DEGs and immunerelated genes. Following this, the STRING database
(https://www.string-db.org) was used to construct the PPI
network using the intersected genes. The constructed PPI
network was inputted into Cytoscape, using the MCC algorithm in cytohubba [27], and the top ﬁve genes obtained
were identiﬁed as key immune genes.
2.8. Sensitivity Test and Immune Cell Correlation Test. The
‘pROC’ package in R software was used to analyse the subject working characteristic curve of key immune genes,
which helped to detect gene sensitivity. The Spearman
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method was used to detect the correlation between diﬀerent
immune cells and key immune genes.

3. Results
3.1. Data processing and classiﬁcation. The procedure of this
work shown in the analysis ﬂow chart (Supplementary
Figure 1).Based on the sample source and disease type, the
samples were divided into plaque samples and artery
samples. The plaque samples were further divided into
carotid plaque group (343 carotid plaque and 32 control
samples; fusion and batch eﬀect of the carotid plaque
samples; Supplementary Figure 2A) and peripheral plaque
group (290 peripheral plaque samples). The artery samples
were further divided into carotid atherosclerosis group (29
carotid atherosclerosis and 12 control samples) and lower
limbs atherosclerotic artery group (48 lower limb
atherosclerotic artery and 33 control samples; fusion and
batch eﬀect of the lower limbs atherosclerotic artery
samples; Supplementary Figure 2B). Sample grouping and
related information are shown in Table 1.
3.2. ssGSEA and Sample Clustering. Atherosclerotic plaque
development was speculated to be closely related to immune
cells and their function. Therefore, to substantiate this speculation, ssGSEA analysis was performed on GSE28829
(including 16 advanced and 13 early carotid plaque samples), GSE 43292 (including 32 carotid atherosclerotic plaques and 32 control samples) and GSE 100927 (including
29 carotid atherosclerotic artery and 12 control samples).
The analysis revealed signiﬁcant diﬀerences in immune cells
and their functions between the early and advanced carotid
plaque samples, carotid atherosclerotic plaque and control
samples, and carotid atherosclerotic artery and control samples (Supplementary Figures 3A, B, C) Further, PCA analysis
of the three data sets revealed that the samples in the data
sets could be distinguished according to the immune score
(Supplementary Figures 3D, E and F), which conﬁrmed the
close relation between atherosclerotic plaque development
and immune cells and their functions.
Therefore, according to the previous grouping, the
carotid plaque group was used as an example to obtain
ssGSEA scores. The samples were divided into high immune
and low immune groups according to the clustering and
immune score (Figure 1(a), 1(b)). tSNE analysis was performed according to the immune score and high and low
immune group classiﬁcation, which showed that the samples
could be distinguished according to immune score
(Figure 1(c)). The other groups, namely, peripheral plaque
(Figure 1(d), 1(e), (f)), carotid atherosclerotic artery
(Figure 2(a), 2(b), (c)) and lower extremity atherosclerotic
artery (Figure 2(d), 2(e), (f)) groups, underwent the same
analyses. The tSNE analysis of all groups conﬁrmed that
the samples could be divided into high- and low-immune
groups according to immune cells and their function.
3.3. Diﬀerential Gene Analysis and GSEA. Using the carotid
plaque group as an example, 2396 genes were identiﬁed as
DEGs (LogFC ≥1 or ≤ -1. p < 0.05, Supplementary
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Figure 4A). GSEA showed that the high- and low-immune
groups were closely related to the chemokine signalling
pathway and interleukin and inﬂammatory responses
(Figure 3(a)). The same analysis performed on the other
groups revealed 772 DEGs in the peripheral plaque group
(Supplementary Figure 4B), 1042 DEGs in the carotid
atherosclerotic artery group (supplementary Figure 4C)
and 68 DEGs in the lower extremity atherosclerotic artery
group (Supplementary Figure 4D). Additionally, GSEA
showed that the high- and low-immune groups in these
types were related to chemokine, interleukin, inﬂammation
pathways and other processes (Figure 3(b); ﬁgure 3(c);
Figure 3(d)), which further contributes to the credibility of
the method to distinguish samples according to immunerelated characteristics.
3.4. Immune Cell Inﬁltration and Evaluation. Using the
carotid plaque group as an example, CIBERSORT was used
to evaluate the inﬁltration of 22 immune cell types in the
group. Figure 3(e), 3(f) shows that macrophages, mast cells,
T cells and B cells mainly inﬁltrated the carotid plaque.
Moreover, signiﬁcant diﬀerences in the expression of nine
immune cell types, such as M0 macrophages and activated
mast cells, in the high- and low-immune groups, including
four T cell types (Figure 3(e), 3(f), Table 2) The same analysis was performed to determine the diﬀerence in immune
cell inﬁltration among the peripheral plaque (Figure 4(a),
4(b)), carotid atherosclerotic artery (Figure 4(c), 4(d)) and
lower limbs atherosclerotic artery (Figure 4(e), 4(f)) groups.
Diﬀerences in immune cell expression in the high- and lowimmune groups of all samples are shown in Table 2. The
results showed that the proportion of immune cells in the
peripheral and carotid plaques was roughly the same, with
macrophages, especially M2 macrophages, predominately
seen in both plaque types (Figure 3(f), Figure 4(f)) Moreover, although the proportion of T cells, NK cells and mast
cells was low, they accounted for the majority of immune
cell types, such as activated mast cells activated, resting NK
cells and CD4 T cells (Table 2).
Macrophages, especially M0 macrophages, were predominantly found in the lower extremity atherosclerotic
artery group. Notably, a strong similarity was seen between
the diﬀerentially expressed immune cells in the lower atherosclerotic artery and plaque groups. The expression of
M0 macrophages, M1 macrophages, follicular helper T cells,
gamma delta T cells and CD8 T cells was increased in the
high-immune group, while the expression of naïve B cells
and resting NK cells was increased in the low-immune group
(Table 2). Therefore, despite the diﬀerences in sample source
and sample site, macrophages, T cells and NK cells play a
key role in atherosclerosis.
Interestingly, the diﬀerentially expressed immune cells of
GSE28829 (including 16 advanced and 13 early carotid plaques) and the total carotid plaques group showed great similarity. The expression of M0 macrophages, activated mass
cells and gamma delta T cells were increased in the advanced
carotid plaque and high-immune groups, while the expression of regulatory T cells (Tregs) was increased in the early
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Table 1: Dataset information.

Plaque(series) Platform
21545
24495
28829
163154
43292
24702
Artery
100927
100927
100927
57691

Samples

Group

570
Carotid plaque 126
10687
Carotid plaque 113
570
Carotid plaque 29 (advanced 16; early 13)
Carotid plaque
6104
Carotid plaque 43 (non-IPH 16; IPH 27)
6244
Carotid plaque 32; control samples 32
10687
Peripheral plaque 290
Peripheral plaque
Platform
Samples
Group
17077
Carotid atherosclerotic artery:29; carotid artery control:12
Carotid atherosclerotic artery
17077
Femoral atherosclerotic artery:25; femoral artery control: 12
17077 Infra-popliteal atherosclerotic artery:14; infra-popliteal artery control: 11 Lower extremity atherosclerotic artery
10558
Lower extremity aortic occlusive disease:9; control artery:10

carotid plaque and low-immune groups (Supplementary
Figure 5A, 5B).
Diﬀerentially expressed immune cells in the carotid plaque, peripheral plaque, carotid atherosclerotic artery and
lower atherosclerotic artery groups are summarised in
Table 2. Immune cells with diﬀerent expressions in two or
more groups, resting NK cells, mast cells, resting CD4 memory T cells, M0 macrophages, CD8 T cells, follicular helper T
cells, naïve B cells and plasma cells were screened out.
Among them, resting NK cells, M0 macrophages and activated mast cells showed diﬀerences in immune cell expression in three groups; therefore, they are considered to play
an important role in atherosclerosis development.
3.5. WGCNA and Functional Enrichment Analysis. Using the
carotid plaque group as an example, samples were analysed
using WGCNA according to β value to cluster the samples,
The β value was derived from ‘sft$powerEstimate’ choice.
(Supplementary Figure 5C). The sample was divided into
three modules with β = 4 (Figure 5(a), 5(b)), with the blue
module showing the highest relation to immunity
(Figure 5(c)). The blue module contained 308 genes
(Supplementary Table 1), which further underwent GO
and KEGG enrichment analyses. The results showed that
these genes were related to metabolism, calcium signalling
pathway, cell migration and cytokine activation
(Figure 5(d)). The same analysis was performed for the
other groups.
WGCNA analysis of the peripheral plaque group, with
β = 6 (Supplementary Figure 5D), divided the group into
11 modules (Figure 5(e), 5(f)). The turquoise module
showed the highest relation to immunity (Figure 5(g)) and
contained 2120 genes (Supplementary Table 2), which are
related to the MAPK pathway, NF-KB pathway,
chemokines, cytokines, leukocyte proliferation and T cell
activation (Figure 5(h)).
WGCNA analysis of the carotid atherosclerotic artery
group, with β = 12 (Supplementary Figure 5E), divided the
group into three modules (Figure 6(a), 6(b)). The turquoise
module showed the highest relation to immunity
(Figure 6(c)) and contained 1042 genes (Supplementary
Table 3), which are related to THE NF-KB pathway,

chemokines, mast cell granules, inﬂammatory response
regulation and neutrophil activation (Figure 6(d)).
WGCNA analysis of the lower extremity atherosclerotic
artery group, with β = 5 (Supplementary Figure 5F),
divided the group into ﬁve modules (Figure 6(e), 6(f)). The
blue module showed the highest relation to immunity
(Figure 6(g)) and contained 361 genes (Supplementary
Table 4), which are related to the toll-like receptor
signalling pathway, Akt signalling pathway, chemokine
signalling pathway, cytokine activity and T cell activation
pathway (Figure 6(h)).
3.6. Construction of a PPI Network and Screening of Key
Immune Genes. Using the carotid plaque group as an example, the blue module genes, which were closely related to
immunity in WGCNA, were intersected with the high and
low immune group genes and immune-related genes to
obtain 21 intersecting genes (Figure 7(a)). These genes were
introduced into the STRING website for PPI network construction (Figure 7(b)). Following this, the constructed PPI
network was introduced into Cytoscape and analysed using
the MCC algorithm in cytohubba to screen for the top ﬁve
genes: CD40, NRP1, NRP2, NFATC2, IFNGR1
(Figure 7(c)). The same analysis was performed for the other
groups. A total of 134 intersecting genes were obtained in
the peripheral plaque group (Figure 7(d)), with PTPRC,
CD4, CCL2, TLR2 and CD86 identiﬁed as key immune
genes (Figure 7(e), 7(f)). A total of 108 intersecting genes
were obtained in the carotid atherosclerotic artery group
(Figure 8(a)), with TNF, PTPRC, CCl4, TLR2 and IL1B
identiﬁed as key immune genes (Figure 8(b), 8(c)). A total
of 12 intersecting genes were obtained in the lower extremity
atherosclerotic artery group (Figure 8(d)), with HLA-DQA1,
HLA-DQA2, CD3D, CD86 and MMP9 identiﬁed as key
immune genes (Figure 8(e), 8(f)).
3.7. Correlation Analysis of Immune Cells. The correlation
between the key immune genes screened in each group and
diﬀerentially expressed immune cells of the corresponding
groups were analysed: carotid plaque (Figure 9(a)), peripheral plaque (Figure 9(b)), carotid atherosclerotic artery
(Figure 9(c)) and lower extremity atherosclerotic artery
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Figure 1: A: Heat map of the carotid artery plaque samples obtained using single-sample gene set enrichment analysis B: Cluster analysis
divides the carotid artery plaque samples into the high- and low-immune groups C: t-distributed stochastic neighbor embedding analysis in
carotid artery plaque samples. D: Heat map of the peripheral plaque samples obtained using single-sample gene set enrichment analysis E:
Cluster analysis divides the carotid artery plaque samples into the high- and low-immune groups F: t-distributed stochastic neighbor
embedding analysis in carotid artery plaque samples.

(Figure 9(d)) groups. The results are shown in Supplementary Table 5. Although most immune genes were correlated
with immune cells (p < 0.05), the correlation was not very
high (r < 0.5). Moreover, compared with the plaque and
peripheral blood groups, the correlation between immune
genes and immune cells in the artery group was very high
(r > 0.5), especially the correlation between CCL4 and
activated mast cells was as high as 0.9 (Figure 9(c)). r > 0.5
was used as the standard to screen the key immune genes
closely related to immune cells, which were then analysed
according to the situation of each group. Since PTPRC and

TLR2 were common key immune genes in the PPI network
of groups with strong correlations with most immune cells
in both groups, they were identiﬁed as hub immune genes
that were closely related to immune cells. Based on the
correlation criteria and correlation criteria value, CCL2,
CCL4, TLR2, IL1B and PTPRC were identiﬁed as hub
immune genes in atherosclerosis.
3.8. Receiver Operating Characteristic Curve Analysis. To
verify the reliability of the selected key immune genes, the
receiver operating characteristic curve(ROC) analysis of
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Figure 2: A: Heat map of the carotid atherosclerotic artery samples obtained using single-sample gene set enrichment analysis B: Cluster
analysis divides the carotid atherosclerotic artery samples into the high- and low-immune groups C: t-distributed stochastic neighbor
embedding analysis in carotid atherosclerotic artery samples D: Heat map of the lower extremity atherosclerotic artery samples obtained
using single-sample gene set enrichment analysis E: Cluster analysis divides the lower extremity atherosclerotic artery samples into the
high- and low-immunity groups F: t-distributed stochastic neighbour embedding analysis in lower extremity atherosclerotic artery samples.

CCL2, CCL4, TLR2, IL1B and PTPRC in the plaque and artery
groups were analysed. The results showed that the ﬁve genes
had high accuracy in all groups except the lower extremity atherosclerotic artery group (Figure 10(a), 10(b), (c), (d)). To further verify the accuracy of the genes, ROC analysis was
performed on these ﬁve genes in the GSE28829 (including
16 advanced and 13 early carotid plaques), GSE163154
(including 27 intraplaque and 16 non intraplaque haemor-

rhage samples), GSE43292 (including 32 carotid plaques and
32 control samples), GSE100927 (including 29 carotid atherosclerotic artery samples and 12 control samples), GSE100927
(including 25 femoral atherosclerotic artery samples and 12
control samples) and GSE100927 (including 14 infrapopliteal atherosclerotic artery samples and 11 control samples) datasets. These ﬁve genes showed strong accuracy in
identifying carotid plaque progression (Figure 10(e)), plaque
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Figure 3: A: Gene set enrichment analysis of the high- and low-immunity groups in carotid artery plaque samples B: Gene set enrichment
analysis of the high- and low-immunity groups in peripheral plaque samples C: Gene set enrichment analysis of the high- and low-immunity
groups in carotid atherosclerotic artery samples D: Gene set enrichment analysis of the high- and low-immunity groups in lower extremity
atherosclerotic artery samples E: The inﬁltration ratio of 22 immune cells in the carotid artery plaque samples F: The diﬀerential expression
of 22 immune cells in the high- and low-immune groups in carotid artery plaque samples.
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Table 2: Diﬀerentially expressed immune cells in each group (the immune cells with increased expression in each group are listed in the
table).
Group

Carotid plaque

Peripheral plaque

Immunity-High

Immunity-Low

Plasma cells
T cells CD4 naive
T cells follicular helper
T cells gamma delta
Macrophages M0
Dendritic cells resting
Mast cells activated
T cells CD8
T cells CD4 memory activated
Macrophages M1
Mast cells activated
Eosinophils
Macrophages M0
Mast cells activated

T cells regulatory (Tregs)
NK cells resting

Carotid atherosclerotic artery

Lower limbs atherosclerotic arteries

T cells CD8
T cells follicular helper
T cells gamma delta
Macrophages M0
Macrophages M1

stability (Figure 10(f)) and carotid atherosclerosis and plaque
occurrence (Figure 10(g), (h)), which indicates the close relationship of these ﬁve immune genes with atherosclerosis and
plaque occurrence and plaque progression and stability. However, the accuracy of these ﬁve genes in the lower extremity
atherosclerotic artery group was lower than that of the other
three groups. Therefore, the lower extremity atherosclerotic
artery group was further subdivided into the following groups:
femoral artery and inferior popliteal artery. The veriﬁcation of
these subgroups showed the strong accuracy of the other four
genes except CCL2 (Figure 10(i), (j)). However, diﬀerences
were observed in immune responses between the lower
extremity atherosclerosis, carotid atherosclerosis and atherosclerotic plaque groups. Moreover, the distinguishing accuracy
between the high- and low-immune groups is lower than that
of the other sample groups. In addition to CCL2, the four
genes (CCL4, TLR2, IL1B and PTPRC) can distinguish
between lower extremities atherosclerotic artery and lower
extremities normal artery. Although CCL2 does not perform
well in the lower extremity atherosclerotic artery, it performs
well in the carotid atherosclerotic artery and plaque groups,
which indicates that CCL2 is a speciﬁc immune gene for
carotid atherosclerosis and plaque formation.

4. Discussion
To the best of our knowledge, this study is the ﬁrst to comprehensively analyse and compare the immune characteris-

B cells naive
T cells follicular helper
NK cells resting
Mast cells resting
Plasma cells
T cells CD4 memory resting
Macrophages M1
Macrophages M2
Mast cells resting
B cells naive
Plasma cells
NK cells resting
Dendritic cells activated
Neutrophils

tics of four diﬀerent atherosclerosis sample types: carotid
plaque, peripheral plaque, carotid atherosclerotic artery
and lower extremity atherosclerotic artery.
Comprehensive analyses showed that despite diﬀerences
in sample source, the immune cell inﬁltration in atherosclerotic plaque and artery samples were dominated by macrophages, especially in the carotid plaque and carotid
atherosclerotic artery groups. M0 macrophages accounted
for a large proportion of the inﬁltered cells and their expression in the high immune group was signiﬁcantly higher than
that in the low immune group. Macrophages play a central
role in atherosclerosis as inﬂammation regulators. The main
cells involved in atherosclerotic plaque formation are activated macrophages and foam cells, with macrophages promoting two key changes in plaque morphology: plaque
necrosis and protective collagen scar (ﬁbrous cap) thinning
[28]. A study by Ginhoux et al. [29] showed that macrophages in the plaque can induce high inﬂammation tissue
destruction. M0 macrophages are usually considered to be
inactivated macrophages and are induced by IFN-γ, TLR4,
IL-4, IL-13 and other factors, thus diﬀerentiating into proinﬂammatory M1 macrophage or anti-inﬂammatory M2
macrophage [30, 31]. Therefore, inducing macrophage differentiation may control atheroma, which is a key factor in
the development of hardening.
Despite being present in smaller proportion as compared
to macrophages, T cells, NK cells and mast cells showed
strong heterogeneity in the high- and low-immunity group,
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Figure 4: A: The inﬁltration ratio of 22 immune cells in the peripheral plaque samples B: The diﬀerential xpression of 22 immune cells in
the high- and low-immune groups in the peripheral plaque sample C: The inﬁltration ratio of 22 immune cells in the carotid atherosclerotic
artery samples D: The diﬀerential expression of 22 immune cells in the high- and low-immune groups in the carotid atherosclerotic artery
samples E: The inﬁltration ratio of 22 immune cells in the lower extremity atherosclerotic artery samples F: The diﬀerential expression of 22
immune cells in the high- and low-immune groups in the lower extremity atherosclerotic artery samples.

especially T cells. T cell expression varied between the highand low-immunity groups in plaque, artery and lower
extremity atherosclerotic artery source samples. Among the
diﬀerentially expressed T cells, CD4 memory T cells and
CD8 T cells were dominant. Previous studies have shown
that most T cells found in atherosclerotic plaques show
memory phenotype and have large CD4 T cell numbers.
After stimulation by antigens, stimulants and some cytokines, CD4 T cells diﬀerentiate into diﬀerent T cell subsets
and participate in the immune and inﬂammatory processes
[32, 33]. Although CD8 T cells are rare compared to CD4
T cells in atherosclerotic plaques, CD8 T cells showed a signiﬁcant increase in severe atherosclerotic plaque lesions,
indicating that CD8 T cells are inextricably linked with plaque progression and inﬂammation. Additionally, some studies have reported that CD8 T cells contribute to plaque
inﬂammation and necrotic core formation, suggesting their
role in promoting plaque instability and causing cardiovascular events after plaque rupture [34–37]. Moreover, these
studies have indicated that T cells, especially CD4 memory
T cells and CD8 T cells, can be the key immune cells that
promote atherosclerosis formation and plaque progression,

which is consistent with this study. Notably, Tregs only
showed high expression in the low-immune group in carotid
plaque samples in comparison with other diﬀerential
immune cells. Tregs also showed a higher correlation with
key genes than the other immune cells, and Tregs expression
increased in the early carotid plaque group compared with
the advanced carotid plaque group. Liu et al. reported that
the number of Tregs in the unstable plaques of human origin
was reduced. Correspondingly, studies in animal models
have also demonstrated that Tregs can secrete antiinﬂammatory cytokine IL-10 and TGF in stable plaque- β
and inhibit pro-inﬂammatory T cell proliferation, delaying
atherosclerosis occurrence and development [38–40]. Further evidence suggests that Tregs promote the transformation from pro-inﬂammatory M1 macrophages to antiinﬂammatory M2 macrophages by releasing IL-10 to prevent atherosclerosis occurrence. Therefore, Tregs play an
anti-inﬂammatory role in carotid plaque and delay plaque
progression.
The role of mast cells should not be underestimated
despite their lower content in atherosclerosis and plaque
compared to macrophages. Mast cells are mainly present in

20

Oxidative Medicine and Cellular Longevity
Sample dendrogram and trait heatmap

Regin

Module-trait relationships
1

45
40
35
30
25
20
15
10

–0.8
(9e – 78)

MEblue

0.8
(9e – 78)

0.5

MEturquoise

0.54
(3e – 27)

–0.54
(3e – 27)

–0.063
(0.2)

0.063
(0.2)

MEgrey

0

–0.5

Immunity_L
–1

Im

Im

m
un

m
un

ity

ity

_H

_L

Immunity_H

(a)

(b)

0.8
0.6
0.4
0.2
0.0
0.0

0.2

0.4

0.6

0.8

Glycerolipid metabolism
Calciurn signaling pathway
cGMP–PKG signaling pathway
Alphal–adrenergic receptor activity
Cytokine binding
Calmodulin binding
GTPase activator activity
ATP binding
Lysosomal membrane
Ysosome
Membrane
Proteinaceous extracellular matrix
T–tubule
Intracellular
Cytosol
Positive regulation of dendritic cell diﬀerentiation
Apolipoprotein A-I-mediated signaling pathway
Cell adhesion
Positive regulation of cytosolic calcium ion concentration
Coronary vasculature development
Artery morphogenesis
Cell migration
0.00

0.05

Module membership in blue module

0.10

0.15

Size

BP

20

CC

40

MF

60

KEGG

(c)

(d)

Module-trait relationships (GEO)

Sample dendrogram and trait heatmap
MEmagenta
MEpink
MEyellow
MEgreen
MEred
MEblue
MEpurple
MEturquoise
MEblack
MEbrown
MEgrey

120
100
80
60
40
20
Immunity_L

0.20

Gene ratio
Ontology

–0.39
(4e – 12)

0.0048
(0.9)

–0.0048
(0.9)

0.38
(2e – 11)

–0.38
(2e – 11)

–0.27
(3e – 06)

0.27
(3e – 06)

0.14
(0.01)

–0.14
(0.01)

0.47
(3e – 17)

–0.47
(3e – 17)

0.24
(4e – 05)

–0.24
(4e – 05)

–0.71
(4e – 45)

0.71
(4e – 45)

–0.06
(0.2)

0.06
(0.2)

–0.26
(6e – 06)

0.26
(6e – 06)

0.014
(0.8)

–0.014
(0.8)

(e)

m
un

Im

m
un

ity

ity

_H

_L

Immunity_H

0.39
(4e – 12)

Im

Regin

Gene signiﬁcance for immunity_H

Module membership vs. gene signiﬁcance
cor = 0.95, p = 1e – 156

(f)

Figure 5: Continued.

1

0.5

0

–0.5

–1

Oxidative Medicine and Cellular Longevity

21

Gene signiﬁcance for immunity_H

Module membership vs. gene signiﬁcance
cor = 0.95, p = 1e – 156

0.6
0.4
0.2
0.0
0.0

0.2

0.4

0.6

0.8

Module membership in turquoise module

MAPK signaling pathway
TNF signaling pathway
Antigen processing and presentation
NF–kappa B signaling pathway
Thl and Th2 cell diﬀerentiation
Chemokine signaling pathway
Cytokine–cytokine receptor interaction
Chemokine activity
Cytokine receptor binding
Cytokine receptor activity
Growth factor receptor binding
Lipopolysaccharide binding
mast cell granule
Inﬂammasome complex
Endocytic vesicle
Lysosomal membrane
Immunological synapse
Negative regulation of immune system process
Positive regulation of leukocyte activation
Positive regulation of T cell activation
Positive regulation of cell adhesion
Positive regulation of cell activation
Regulation of lymphocyte activation
Leukocyte proliferation
Regulation of T cell activation
Leukocyte cell–cell adhesion
T cell activation
0.00

0.02

0.04

0.06

0.08

Gene ratio
Ontology

Size

BP

50

CC

100

MF
KEGG

(g)

(h)

Figure 5: A: Sample clustering dendrogram for detecting outliers in carotid artery plaque samples. B: Correlation diagram between modules
and immune groups: each module contains a correlation value (ﬁrst row) and p value (second row) in carotid artery plaque samples. C: The
correlation between the genes in the blue module and the high-immunity group in carotid artery plaque samples D: Gene Ontology and
Kyoto Encyclopedia of Genes and Genomes enrichment analyses of the genes in the blue module E: Sample clustering dendrogram for
detecting outliers in peripheral plaque samples F: Correlation diagram between the modules and immune groups: each module contains
a correlation value (ﬁrst row) and p value (second row) in peripheral plaque samples G: The correlation between the genes in the
turquoise module and the high-immunity group in peripheral plaque samples H: Gene Ontology and Kyoto Encyclopedia of Genes and
Genomes enrichment analyses of the genes in the turquoise module.

the mucosal and connective tissues and distributed around
the blood vessels, activating the release of proinﬂammatory
cytokines, vasoactive substances and proteolytic enzymes.
These characteristics of mast cells have extremely strong
eﬀects on the blood vessels [41, 42]. This study showed that
activated mast cell numbers increased in the high-immune
groups of the plaque and artery samples, showing a strong
correlation between the screened key genes and activated
mast cells. Wang et al. conﬁrmed that mast cell density
and degranulated cell proportion in the shoulder area of
the carotid plaque were signiﬁcantly higher than those in
other areas, and mast cells were also found around plaque
thrombosis, calciﬁcation and neovascularization, indicating
their role in carotid atherosclerotic plaque formation and
aﬀecting plaque stability by activating degranulation [43].
Various studies have shown that mast cells located near plaque microvessels contain basic ﬁbroblast growth factor
(bFGF). Mast cells release angiogenesis-related compounds
via bFGF, which enhances the ability of the matrix around
cells to degrade protease, induces the leakage and rupture
of neovascularization and leads to bleeding in plaque [44].
Den et al. reported that activated mast cells release chymotrypsin via the TLR4 pathway and promote vascular smooth
muscle cell apoptosis in the body, which leads to plaque

instability [45]. Therefore, previous reports and the current
study mutually conﬁrm that inhibiting mast cell activation
is a potential therapeutic target and an important research
direction for controlling atherosclerosis development and
plaque stabilisation. However, the role of NK cells in atherosclerosis remains unclear. Selathurai et al. [46] speculated
that perforin and granzyme B produced by NK cells can promote atherosclerosis and necrotic core development,
whereas Nour-Eldine et al. [47] speculated that NK cells
have no direct eﬀect on hypercholesterolaemia induced atherosclerosis. However, NK cell may promote atherosclerosis
formation when pathological NK cells are over-activated.
This study shows that in the low-immunity group of the
carotid and peripheral plaques, resting NK cell expression
increased signiﬁcantly and resting NK cells number in the
early carotid plaque increased compared with the late
carotid plaque. Therefore, NK cells contribute to atherosclerosis formation. Interestingly, we found that B-naïve cells
were highly expressed in the low immune group of the
peripheral plaques and lower limbs atherosclerotic arteries,
but not in the carotid plaque and carotid atherosclerotic
artery. In contrast to T cells and macrophages, the role of
B cells in atherosclerosis has only recently begun to receive
attention. Recent studies have shown that B cell production
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Figure 6: A: Sample clustering dendrogram for detecting outliers in carotid atherosclerotic artery samples B: Correlation diagram between
modules and immune groups: each module contains a correlation value (ﬁrst row) and p value (second row) in carotid atherosclerotic artery
samples C: The correlation between the genes in the turquoise module and the high-immunity group in carotid atherosclerotic artery
samples D: Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analyses of the genes in the turquoise module E:
Sample clustering dendrogram for detecting outliers in lower extremity atherosclerotic artery samples F: Correlation diagram between
the modules and immune groups: each module contains a correlation value (ﬁrst row) and p value (second row) in lower extremity
atherosclerotic artery samples G: The correlation between the genes in the blue module and the high-immunity group in lower extremity
atherosclerotic artery samples. H: Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analyses of the genes in
the blue module.

is signiﬁcantly reduced in the bone marrow of aged mice and
humans [48], Frasca et al. found that aging downregulates B
cell type switching in humans and mice [49]; in addition,
hypercholesterolemia Apoe-/- mice and low-density
lipoprotein-deﬁcient mice have also shown that protective
immunity of B cells can delay the progression of atherosclerosis, while the lack of B cells increases the occurrence of
atherosclerosis [50, 51]. Further studies have found that
the lack of B cell in mice can lead to vascular endothelium

dysfunction by inducing the increase of neutrophils, thereby
leading to vascular diseases [52]. These studies demonstrate
the importance of B cells in the development of atherosclerosis and may have a more signiﬁcant impact on large vessel
atherosclerosis than in carotid atherosclerosis, but more
work is needed to conﬁrm this speculation.
Bioinformatic and correlation analyses of diﬀerentially
expressed immune cells helped to identify CCL4, TLR2,
IL1B, and PTPRC as hub genes in atherosclerosis formation

24

Oxidative Medicine and Cellular Longevity
Immune genes

DEGs
758

1013

8152

21
1

278
8
WGCNA
(a)

(b)

Immune genes

WGCNA
136

1380

1473
134
50

470
118

Diﬀer
(c)

(e)

(d)

(f)

Figure 7: A: Venn diagram of immune-related genes, diﬀerentially expressed genes and blue modular genes in carotid artery plaque samples
B: Protein-protein interaction network construction using 21 genes from the STRING database in carotid artery plaque samples C: Screening
of the top ﬁve hub genes (the darker the colour, the higher the gene ranking) in carotid artery plaque samples D: Venn diagram of immunerelated genes, diﬀerentially expressed genes and turquoise modular genes in peripheral plaque samples E: Protein–protein interaction
network construction using 134 genes from the STRING database in peripheral plaque samples F: Screening of the top ﬁve hub genes
(the darker the colour, the higher the gene ranking) in peripheral plaque samples.

and plaque progression. CCL2 aﬀects carotid atherosclerosis
and plaque formation. CCL2 and CCL4 are both proinﬂammatory chemokines in the chemokine family, which
attract immune cells to the inﬂammation site and actively
participate in the inﬂammatory response under the stimulation of IL-1, TNF-α and LPS. Previous studies have shown
that CCL2 inhibition alone or in combination with CX3CR1
and CCR5 leads to decreased monocyte recruitment and

thus inhibits atherosclerosis occurrence. Winter et al.
reported that blocking the CCL2-CCR2 axis can eﬀectively
reduce atherosclerosis occurrence. [53, 54]. However, inhibiting CCL4 can reduce MMP-2 and MMP-9 expression,
which blocks TNF-α and IL-6 production that is responsible
for stimulating macrophage activation and inhibits macrophage and EC activation to reduce atherosclerotic plaque
formation and increase plaque stability [55]. Therefore,
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Figure 8: A: Venn diagram of immune-related genes, diﬀerentially expressed genes and turquoise modular genes in the carotid
atherosclerotic artery samples B: Protein–protein interaction network construction using 108 genes from the STRING database in the
carotid atherosclerotic artery samples C: Screening of the top ﬁve hub genes (the darker the colour, the higher the gene ranking) in the
carotid atherosclerotic artery samples D: Venn diagram of immune-related genes, diﬀerentially expressed genes and blue module genes
in lower extremity atherosclerotic artery samples E: Protein–protein interaction network construction using 12 genes from the STRING
database in lower extremity atherosclerotic artery samples F: Screening of the top ﬁve hub genes (the darker the colour, the closer the
gene ranking) in lower extremity atherosclerotic artery samples.

CCL2 and CCL4 are novel therapeutic targets for regulating
atherosclerosis. Notably, CCL4 has the highest correlation
with mast cells in this study. Therefore, exploring the interaction between CCL4 and mast cells may provide new
insights into atherosclerosis treatment. As a member of
innate immune toll-like receptor (TLR), TLR2 has been
proved to play an important role in the innate immune
mechanism. Recent studies have indicated that TLR2 is
actively involved in atherosclerosis caused by Chlamydia
pneumoniae, Porphyromonas gingivalis and Helicobacter

pylori [56–58]. Studies have shown that certain drugs
blocked TLR2 in ApoE(-/-) mice, which causes the expression of pro-inﬂammatory cytokines IL-6 and TNF-α to
decrease and inactivate NF-KB and STAT3, and thereby
greatly reducing plaque area and vascular stenosis [59]. Furthermore, TLR2 can induce chondrogenesis in vascular
smooth muscle cells through osteoprotegerin and IL-6mediated RANKL, leading to vascular calciﬁcation and thus
promoting atherosclerosis formation [60]. Everett et al.
reported a gratifying result by using IL1B inhibitor
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Figure 9: A: Heat map of the correlation between ﬁve hub genes and diﬀerentially expressed immune cells in carotid artery plaque samples
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the correlation between ﬁve hub genes and diﬀerentially expressed immune cells in the carotid atherosclerotic artery samples D: Heat map of
the correlation between ﬁve hub genes and diﬀerentially expressed immune cells in lower extremity atherosclerotic artery samples.

canakinumab to eﬀectively inhibit inﬂammation and
improve cardiovascular disease outcomes, suggesting that
inﬂammation is a key factor driving atherosclerosis and targeting immune inﬂammation. Targeted therapy of related
genes has broad prospects regarding atherosclerosis treatment [61]. PTPRC (also known as CD45) is an important
leukocyte antigen involved in the immune regulation of T
and B cells. It has been identiﬁed as a hub gene in several
studies on cardiovascular diseases [62–64].
In this study, we found that compared with carotid atherosclerotic plaque samples, the correlation between lower
extremity atherosclerosis samples and immune cells was
low, and the sensitivity of key genes to lower extremity atherosclerosis immune groups was also reduced. According to
previous studies, carotid atherosclerotic plaques show a high
incidence and early onset compared with lower extremity
arteries [65, 66]. This also indirectly supports the occurrence
of carotid atherosclerotic plaque, which may be more closely

related to immune inﬂammation. Therefore, the treatment
related to immune inﬂammation may be more eﬀective for
carotid atherosclerosis.
Although previous studies have analysed key genes of
atherosclerosis-related diseases [67–70], large sample bioinformatic analyses for diﬀerent atherosclerosis tissue sources
and plaque formation are yet to be reported. This study
identiﬁed the immune cell inﬁltration and hub gene in atherosclerosis samples from diﬀerent tissue sources (plaque,
artery) and diﬀerent sites (carotid plaque, peripheral plaque
and lower extremity), which helps to further explain
immune cell eﬀects and inﬂammatory processes on atherosclerosis and the similarities and diﬀerences between atherosclerosis samples from diﬀerent sources. However, this study
has some limitations. First, although more than 700 samples
were analysed, this study focussed on carotid, peripheral and
lower extremity atherosclerotic diseases but did not include
coronary atherosclerosis, myocardial infarction and other
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Figure 10: A: ROC analysis of CCL2, CCL4, TLR2, IL1B and PTPRC in the carotid plaque group B: ROC analysis of CCL2, CCL4, TLR2,
IL1B and PTPRC in the peripheral plaque group C: ROC analysis of CCL2, CCL4, TLR2, IL1B and PTPRC in the lower extremity
atherosclerotic artery group D: ROC analysis of CCL2, CCL4, TLR2, IL1B and PTPRC in the artery group E: ROC analysis of CCL2,
CCL4, TLR2, IL1B and PTPRC in GSE28829 (including 16 advanced and 13 early carotid plaques) F: ROC analysis of CCL2, CCL4,
TLR2, IL1B and PTPRC in GSE43292 (including 32 carotid plaques and 32 control samples) G: ROC analysis of CCL2, CCL4, TLR2,
IL1B and PTPRC in GSE16315 (including 27 intraplaque and 16 non intraplaque haemorrhage samples) H: ROC analysis of CCL2,
CCL4, TLR2, IL1B and PTPRC in GSE100927 (including 29 carotid atherosclerotic artery samples and 12 control samples) I: ROC
analysis of CCL2, CCL4, TLR2, IL1B and PTPRC in GSE100927 (including 25 femoral atherosclerotic artery samples and 12 control
samples) J: ROC analysis of CCL2, CCL4, TLR2, IL1B and PTPRC in GSE100927 (including 14 infra-popliteal atherosclerotic artery
samples and 11control samples).

diseases. Second, this is a retrospective study; therefore, a
prospective study design or larger sample size can help to
further verify the function of hub genes.

5. Conclusion
This study not only presents new ideas regarding atherosclerosis formation and plaque progression but also provides
potential therapeutic targets for atherosclerotic arteries and
plaques treatment.
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