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Purpose: Atherosclerosis is still a global public problem with increasing incidence rate and mortality. It has been found that gender
factors play an important role in the progression of atherosclerosis. However, few people explore gender related atherosclerosis at the
level of genes and immune cells. The purpose of this study was to determine genetic and immune cell differences between male and
female samples.

Patients and Methods: This study aims to identify differential genes between male and female samples in the GSE43292 dataset.
The focus will be on identifying immune-related genes (IRGs) among these differentially expressed genes. Subsequently, Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis will be employed to explore the enrichment of IRGs
in biological processes, molecular functions, cellular components, and pathways. Furthermore, a protein-protein interaction (PPI)
network for the IRGs will be constructed using Cytoscape software. To estimate the degree of immune cell infiltration, single-sample
gene set enrichment analysis (ssGSEA) will be conducted. Moreover, the identified IRGs will be validated using GSE28829 dataset.
Finally, we validated in atherosclerotic mice.

Results: Seven IRGs (CCL13, ILIRN, FPR2, S100A8, CCL19, CXCL1, CXCLS8) were identified as being overexpressed in male
atherosclerosis. GO and KEGG analysis revealed that these IRGs are primarily enriched in inflammatory response pathways, cytokine
signaling pathways, and cytokine- cytokine receptor interactions. Notably, when compared to females, there was a significant
infiltration of immune cells in male specimens. Importantly, all seven IRGs demonstrated high diagnostic value in GSE28829 dataset.
The use of animal samples supports our results.

Conclusion: This study demonstrates the effectiveness of seven IRGs and reveal sex differences in atherosclerosis. Notably, there is
a significant presence of immune cells within the atherosclerotic plaque of men compared to women. These findings have potential
implications for the development of personalized treatment approaches targeting gender-related atherosclerosis.
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Introduction
Atherosclerosis is a cardiovascular disease caused by the accumulation of cells, cholesterol, and extracellular matrix, which
thickens and hardens the arterial wall. An epidemiological survey' showed that before the age of 75 years, the prevalence of
atherosclerotic plaque accumulation in women is lower than that in men, and until the age of 75 years, the prevalence of
atherosclerotic plaque in women is higher than that in women. Some studies>* have also shown that the total area of plaque
accumulation is larger in men, and the incidence of ischemic events is higher as well. However, the reason for differences in
atherosclerosis due to sex is still unknown. Some studies have explored sex differences in atherosclerosis to be associated with
the levels of sex hormones,” sex chromosomes” and intestinal flora,® and obtained preliminary results. However, no study has
explored sex differences in atherosclerosis at the genetic level.

In recent years, the rapid development of microarray and high-throughput technologies has become an effective tool
for revealing disease pathogenesis. Using this method, researchers have identified several biomarkers related to
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cardiovascular diseases. CXCR2, CCN4, DLL1, PLXND2, APLN, NRP2, CCL2, and ANGPTL2 have helped clarify the
pathogenesis and progression of diabetic cardiomyopathy.” CD68, PAM, and GFBP6 can be used as diagnostic markers
to identify unstable atherosclerotic plaques effectively.® TP53, MAPK1, STAT3, HMOXI, and PTGS2 can be used as
iron death-related atherosclerosis genes.” In this study, we first identified the differentially expressed genes between men
and women with advanced atherosclerosis, then calculated the infiltration of immune cells in the plaque using the
ssGSEA algorithm, and finally intersected with immune-related genes to obtain immune-related hub genes, which were
verified in atherosclerosis mouse models.

Materials and Methods

Data Collection

We collected the mRNA expression profiles of 32 advanced atherosclerotic plaques and 32 early atherosclerotic plaques
from the GEO database (GSE43292). The expression profiles of 16 atherosclerotic plaques were verified using the
GSE28829 dataset. Probes were converted into gene symbols according to the annotation files. If multiple probes
corresponded to the same gene, the average value of these probes was taken as the gene expression level.

Differential Gene Analysis

In the GSE28829 dataset, we divided the samples into males and females according to “DEAD-box helicase 3 Y-linked
(DDX3Y)” and other genes that only exist in the Y chromosome, and then in the samples of advanced atherosclerosis, we
used the “limma” package to select the differential genes (P value>0.05 and |log2FoldChange| >0.75). Immune-related
genes (IRGs) were obtained from an import database.

Construction of Protein-Protein Interaction (PPl) Network
To explore the interaction between proteins, we uploaded immune-related differential genes to the STRING
(https://cn.string-db.org/) database, set the minimum interaction score to 0.4, and imported the results into the

Cytoscape software using the mcode'® plug-in to identify the seven most relevant genes. The selected genes were
displayed using the PPI network and subsequent analyses were conducted.

Functional Enrichment Analysis

The David database was used for enrichment analysis of The Gene Ontology (GO) and The Kyoto Encyclopedia of
Genes and Genomes (KEGG) functions. GO can provide computable information about genes and their functional
products. KEGG can be used to systematically study gene function. We used the Benjamin Hochberg test to correct the
p-value of the multiple-hypothesis test. GO included cellular components (CC), molecular functions (MF), and biological
processes (BP).

Immunocyte Infiltration Analysis
We used single-sample gene set enrichment analysis (ssGSEA) to identify the infiltration of different immune cells in the
tissue cell expression profile.

Animal Model

According to the guidelines of the National Institutes of Health of the United States, the mice were raised in a suitable
environment and the study protocol was approved by the Animal Research Ethics Review Committee of Shaoxing
People’s Hospital (No.2021-016). All mice were raised under conditions of relative temperature (21-24°C) and relative
humidity (50-60%), with a 12-hour light and dark cycle and free access to water and food. Ten male ApoE ™ mice and
ten female ApoE '~ mice were purchased from the Nanjing Biomedical Research Institute of Nanjing University. The
mice were randomly divided into four groups: the first group consisted of male mice fed a standard diet, the second group
consisted of female mice fed a standard diet, the third group consisted of male mice fed a high-fat diet (20% fat, 20%
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sugar, and 1.25% cholesterol), and the fourth group comprised female mice fed a high-fat diet. All mice were raised for
16 weeks, and the serum, heart, and aorta were collected for follow-up operation.

Serum Biochemical Determination
Commercial kits were purchased from Nanjing Jiancheng Bioengineering Research Institute (Nanjing, China) to detect
the levels of total cholesterol (TC), triglyceride (TG), and low-density lipoprotein cholesterol (LDL-C) in mouse serum.

RNA Extraction and Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from plaque homogenates using a commercial kit (ES Science, China). A reverse transcription
kit was used to convert all RNA into cDNA. RT-PCR was performed on a PCR instrument (Roche, Switzerland). To
determine the expression of the corresponding genes, GAPDH was used as an internal parameter, and the expression of

2—AACt

mRNA was calculated using the method. The primer sequences for each mRNA are listed in Table 1.

Masson’s Staining

The roots of the mouse aorta were fixed with 4% paraformaldehyde for 12 h, embedded in paraffin, and cut into pieces.
The aortic sections were stained with Masson’s trichrome to evaluate atherosclerotic lesions in the aorta. The Imagel
software was used to quantify the lesion area.

Results

Sex-Related Differentially Expressed Genes (DEGs) in Atherosclerosis

To explore the role of sex differences in atherosclerosis, we used the GSE43292 dataset in the GEO database to identify
141 differential genes by the “limma” method, including 45 upregulated genes and 96 downregulated genes (Figure 1A).
A heat map is shown in Figure 1B. We identified 30 genes with the largest differences. The difference between male and
female genes was evident.

Functional Enrichment Analyses of DEGs

We conducted GO and KEGG enrichment analyses on the DEGs, and the results are shown in Figure 2. Biological
processes are mainly concentrated in cell adhesion, signal transduction, and negative regulation of smooth muscle cell
proliferation. In terms of cellular components, it mainly focuses on the extracellular region, plasma membrane, and the

Table | Primer Sequence

FPR2 Forward Primer CTCAGCTGGTTGTGCAGACA
Reverse primer CCGGAATCCAGCTACCCAAA
CXCL8 Forward primer TGTGAAGGTGCAGTTTTGCC
Reverse primer TCCTTGGGGTCCAGACAGAG
CCLI9 Forward primer TGTGGCCTGCCTCAGATTAT
Reverse primer GGTCTGGGACAGAGCATCAG
CXCLI Forward primer ACTCAAGAATGGTCGCGAGG
Reverse primer GTGCCATCAGAGCAGTCTGT
S100A8 Forward primer TTCGTGACAATGCCGTCTGA
Reverse primer GGCCAGAAGCTCTGCTACTC
ILIRN Forward primer GCCTGAAATGGCAGTCGCTA
Reverse primer TGACTCAAAGCTGGTGGTGG
CCLI3 Forward primer TCAGCCAGATGCACTCAACG
Reverse primer AAGGGGGCTTAGAGACAGCA
GAPDH Forward primer TGCCCAGAACATCATCCCT
Reverse primer GGTCCTCAGTGTAGCCCAAG
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Figure | Sex-related differentially expressed genes (DEGs) in atherosclerosis. (A) DEGs between male and female samples. (B) Heatmap of Top 30 DEGs.

extracellular space. Molecular functions mainly focus on signaling receptor activity, chemokine activity, and actin-
binding. KEGG is mainly enriched in dilated cardiomyopathy, circadian entrainment, and amphetamine addiction.

Enrichment and Analysis of IRGs and Construction of PPl Network

We found that DEGs were mainly enriched in the inflammatory response and neutrophil chemotaxis chemokine-mediated
signaling pathways closely related to the immune response in Figure 2. Therefore, we aimed to explore the relationship
between sex-related differential genes and immunity. We found 1793 immune-related genes in the Immport database
(https://www.immport.org/home). After crossing these genes with the DEGs, we obtained 24 IRGs (Figure 3A). On this
basis, we re-concentrated and analyzed IRGs (Figure 3B—E), which are mainly concentrated in inflammatory responses,

extracellular spaces, chemokine activity, chemokine signaling pathways, and NF—kappa B signaling pathways. We then
built a PPI network using the STRING database and Cytoscape and used the mcode plug-in to calculate the seven genes
with the largest proportion of 24 IRGs (Figure 3F). The darker the color, the greater the proportion. These seven genes
were C-C motif chemokine ligand 13 (CCL13), C-C motif chemokine ligand 19 (CCL19), C-X-C motif chemokine
ligand 1 (CXCL1), C-X-C motif chemokine ligand 8 (CXCLS8), formyl peptide receptor 2 (FPR2), S100 calcium-binding
protein A8 (S100AS8), and interleukin 1 receptor antagonist (ILIRN). In addition, we explored whether these gene
differences also exist in normal samples. We analyzed the normal tissues and atherosclerotic plaque of individuals of
different sexes (Figure 4). The expression of seven IRGs in normal tissues is not different, although male samples will
show an upward trend. We used this to prove that these seven IRGs were formed in atherosclerosis, and that there was no
difference before the lesions.

Immune Infiltration Analysis

We used the “ssGSEA” algorithm to calculate the infiltration of immune cells in normal and plaque samples. The
heatmap results are shown in Figure 5A. The number of immune cells in the female samples was relatively low.
Subsequently, we compared the immune cells in male and female samples, and the results are shown in Figure 5B. Most
of the cells in the male plaque samples were higher than those in the female samples. Specifically, we found activated
CDA4 T cells, activated dendritic cells, CD56 bright natural killer cells, central memory CD4 T cells, central memory CD8
T cells, effector memory CD4 T cells, gamma delta T cells, immature dendritic cells, macrophages, myeloid-derived
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Figure 2 Functional enrichment analyses of DEGs. (A—C) GO enrichment analysis of DRGs. (D) KEGG enrichment analysis of DRGs.

suppressor cells (MDSC), monocytes, natural killer T cells, neutrophils, T follicular helper cells, type 1 T helper cells,
and type 17 T helper cells. Then, we carried out a correlation analysis between IRGs and immune cells, and the result
was as expected, ie, there was a high correlation between IRGs and immune cells (Figure 5C). These results indicate that
the inflammatory reaction of these immune cells may be related to atherosclerosis caused by sex differences.

Verification the IRGs of Atherosclerosis Caused by Sex Differences

First, we used the receiver operating characteristic (ROC) curve to verify the diagnostic value of IRGs in the GSE28829
dataset (Figure 6A and B). IRGs have a high diagnostic value in other atherosclerosis datasets, and the lowest area under
the curve was 0.8.

We then constructed atherosclerotic mouse models based on sex differences (Figure 7A and B). Masson staining
showed that the atherosclerotic male and female mice had obvious plaque formation compared with the control group.
We then tested their serum levels of TC, TG, and LDL-C (Figure 7C). Compared with the control group, the serum
indices of atherosclerotic mice were significantly increased; however, there was no difference between male and female
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rats, which proves the success of the model. Based on this, we performed RT-PCR validation of the IRGs. Similar to our
assumption, these IRGs rise in atherosclerosis, and the male sample shows a greater rise than the female sample, with
a statistically significant difference (Figure 7D). In general, these results suggest that IRGs may be key genes for sex
differences in atherosclerosis.
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Figure 5 Immune Infiltration Analysis. (A) Immune cell infiltration in each sample. (B) Relative ssGSEA score in immune cells. (C) Correlations analysis between immune
cells and IRGs. *P<0.05, **P<0.01, **P<0.001.

Discussion

Atherosclerosis is the primary cause of cardiovascular disease. However, few studies have explored the differences
between men and women in the process of atherosclerosis at the genetic and immune cell level. In this study, based on
the differential expression of the Y chromosome gene, we divided them into 27 male patients and five female patients.
The differentially expressed genes found in 27 men with atherosclerosis and 5 women with atherosclerosis intersected
with immune-related genes, and the seven IRGs were CCL13, CCL19, CXCL1, CXCLS, FPR2, S100A8, and ILIRN. We
also found that some immune cells differed in sex-related atherosclerosis, and most of the immune cells in atherosclerotic
plaques in men were higher than those in women.

CCL13 is a member of the CC chemokine family, also known as MCP4 (monocyte chemoattractant protein 4). It is
upregulated in alopecia areata'' and in specific dermatitis.'? In addition, CC chemokine receptor 2 may interact with
CCL13 and promote atherosclerosis as a link between platelets and monocytes.'> Some studies have also shown that
CCL13 is a biological marker of obesity, which may aggravate subclinical atherosclerosis in obese patients by affecting
the circulation level of major atherosclerosis markers.'* CCL19, similar to CCL13, is a member of the CC chemotaxis
family. It is involved in many immune system diseases such as rheumatoid arthritis'> and Crohn’s disease.'® Some
studies have reported that CCL19 increases atherosclerosis.'”'® CCL19 can accelerate the progression of atherosclerosis
by promoting the formation of foam cells, activation of leukocytes and lipid uptake of macrophages.'® The CCL19 level
at admission is also related to the development of heart failure.”® Although there are a large number of literatures proving
the role of CCL19 in atherosclerosis, there are also literatures indicating that CCL19 cannot be used as a predictor of
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future adverse events in coronary heart disease population.”! Our research also shows that CCL19 is higher in male
atherosclerosis patients than in women. CXCR1 is a member of the G-protein-coupled receptor family. It is the receptor
of interleukin 8 (IL 8) and can bind to IL 8 with high affinity. The CXCR1-CXCR2 axis can change the course of the
disease by affecting immune cells.**** In addition, some studies have reported sex-based differences in CXCR1. Male
mice produce more CXCRI in lung inflammation caused by nickel nanoparticles,®* but some studies also show that
female patients produce more CXCR1 during antiretroviral treatment;>> however, no study has compared sex in patients
with atherosclerosis. CXCLS8 is a pro-inflammatory catalytic factor that is secreted by different cells, such as
monocytes,® macrophages,”’ and fibroblasts.”® It is expressed after these cells have been stimulated by inflammation.
CXCLS plays an anti-inflammatory role, mainly through the CXCL8-CXCR1/2 axis. Some studies have shown that the
expression of CXCLS increases in atherosclerosis and that inhibition of CXCL8 can improve atherosclerosis.”’ Based on
this conclusion, we further confirmed that CXCL8 levels were higher in male patients than in female patients. FPR2 is
a neutrophil chemokine. Previous studies have found that FPR2 signal transduction can increase the recruitment of
monocytes and neutrophils in early atherosclerosis.*® However, another study revealed that FPR2 has dual effects on
atherosclerosis. It not only contributes to the progression of atherosclerosis itself but also plays a role in enhancing
plaque stability by affecting smooth muscle cells. This suggests that FPR2 may have complex and multifaceted
involvement in the development and maintenance of atherosclerotic plaques.®’ A recent study also reported that the
expression of FPR2 is different in hepatocytes.>* However, they found that the expression of FPR2 in female hepatocytes
was higher than that in male hepatocytes, which may be due to different animal models and differences in protein
expression in organs. The role of FPR2 in gender-related atherosclerosis warrants further discussion and investigation.
ILIRN is a leukocyte receptor antagonist. Many biochemical studies have confirmed that it plays an important role in

3334 and is expressed in the endothelial cells of atherosclerosis. However, some studies have shown that

atherosclerosis
there is a sex difference in the expression of ILIRN,*® with ILIRN * 1 being more common in men. Nevertheless, we
also compared the expression of ILIRN in the normal tissues of patients and found no difference. Therefore, we need to
further explore the role of these genes in sex.

Later, we carried out immune infiltration analysis, and found that the number of immune cells, including macro-
phages, monocytes, and many different types of T cells, increased in male patients. The infiltration of immune cells in

male plaques was far greater than that in female plaques, which was consistent with previous results, Some studies have
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Figure 7 Verification the IRGs of atherosclerosis caused by sex differences. (A and B) Representative pictures of Masson staining. (C) The content of TC, TG, LDL-C in
mice serum. (D) Relative expression of IRGs in different group by RT-PCR. *P<0.05.

found that in the mouse model of atherosclerosis, male mice show more T cells,3 ¢ and macrophages,3 7 and more intense
plaque inflammation than female mice. In addition, some studies have shown that male mice with atherosclerosis have
more CD22 staining on behalf of B cells in the aortic root than female mice.*® We attempted to analyze the reasons for
this difference. First, estrogen secreted by women may slow atherosclerosis. Some studies have shown that the degree of
pathological changes in female monkeys after oophorectomy increases 2—10 times, and estrogen replacement treatment
can alleviate this situation. Second, smoking, diabetes, hyperlipidemia, and other factors likely to promote atherosclerosis
are not the same in men and women. Generally, the risk factor characteristics of men are worse than those of women, and
this difference may promote gene expression and immune cell infiltration. Finally, physical differences between men and
women will also affect the occurrence of atherosclerosis, and the size of male and female blood vessels will also affect
the progression of atherosclerosis. Understanding sex-related atherosclerosis is critical for future precision medical
strategies to provide personalized treatment for men and women.

Gender-based disease research has gained significant attention in recent years.’**° In this study, seven IRGs
associated with gender were identified. In future research, it would be beneficial to construct a hybrid polygenic risk
score based on these genes to assess the progression of atherosclerosis in different sexes. Additionally, by obtaining
specific drugs or adeno-associated viruses, we can inhibit gene expression in atherosclerotic mice, thereby exploring the
specific mechanisms underlying gender-related atherosclerosis.

Our study had some advantages. First, in the past, the analysis of biographical information was based on disease and
non-disease, and few people have analyzed the impact of sex on disease. Second, we found that some genes are
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specifically increased in male patients with atherosclerosis, but these genes have not been reported to differ according to
sex; therefore, we can carry out personalized treatment according to sex based on this idea.

Our study had some limitations. First, we performed secondary mining based on the datasets. Although the analytical
methods and ideas are innovative, we did not verify these genes in human samples. Second, although our results proved
that there is no sex difference in the selected genes in normal samples, many genes have an upward trend in men, and the
role of these genes should be further explored. Third, we cannot determine whether these gene changes are the outcome
or the process, which needs to be further proven by experiments.

Conclusion

Based on our current study, we identified seven sex-related atherosclerosis genes. These genes were CCL13, CCL19,
CXCLI1, CXCL8, FPR2, S100A8, and IL1RN. Our in vivo experiments also showed that there are differences in these
sex-related atherosclerosis genes.
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