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Background: Coronary artery disease (CAD) is a multifactorial immune disease, but research into the specific immune mechanism is 
still needed. The present study aimed to identify novel immune-related markers of CAD.
Methods: Three CAD-related datasets (GSE12288, GSE98583, GSE113079) were downloaded from the Gene Expression Integrated 
Database. Gene ontology annotation, Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis and weighted gene co- 
expression network analysis were performed on the common significantly differentially expressed genes (DEGs) of these three data 
sets, and the most relevant module genes for CAD obtained. The immune cell infiltration of module genes was evaluated with the 
CIBERSORT algorithm, and characteristic genes accompanied by their diagnostic effectiveness were screened by the machine-learning 
algorithm least absolute shrinkage and selection operator (LASSO) regression analysis. The expression levels of characteristic genes 
were evaluated in the peripheral blood mononuclear cells of CAD patients and healthy controls for verification.
Results: A total of 204 upregulated and 339 downregulated DEGs were identified, which were mainly enriched in the following pathways: 
“Apoptosis”, “Th17 cell differentiation”, “Th1 and Th2 cell differentiation”, “Glycerolipid metabolism”, and “Fat digestion and absorp-
tion”. Five characteristic genes, LMAN1L, DOK4, CHFR, CEL and CCDC28A, were identified by LASSO analysis, and the results of the 
immune cell infiltration analysis indicated that the proportion of immune infiltrating cells (activated CD8 T cells and CD56 DIM natural 
killer cells) in the CAD group was lower than that in the control group. The expressions of CHFR, CEL and CCDC28A in the peripheral 
blood of the healthy controls and CAD patients were significantly different.
Conclusion: We identified CHFR, CEL and CCDC28A as potential biomarkers related to immune infiltration in CAD based on public 
data sets and clinical samples. This finding will contribute to providing a potential target for early noninvasive diagnosis and 
immunotherapy of CAD.
Keywords: biomarkers, coronary artery disease, CAD, immune infiltration, inflammation, machine learning

Introduction
Coronary artery disease (CAD) is a major cause of death and disability worldwide,1 and has been proved to be triggered 
by the interaction of environmental and genetic risk factors. It is considered to be a systemic, progressive inflammatory 
disease. The atherosclerotic plaque formed in CAD accumulates chronically in the subendothelial layer of the coronary 
artery, leading to severe stenosis of the blood vessels, and thus limiting blood flow, resulting in severe myocardial 
hypoxia, and eventual death of myocardial cells.2 At present, the gold standard for diagnosing CAD is coronary 
angiography, but invasive procedures can have postoperative complications with additional costs for patients. 
Noninvasive early diagnosis can prevent the progression of CAD and effectively reduce its mortality rate, but currently 
there not a reliable and stable noninvasive clinical diagnostic marker in.3
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The most basic pathological mechanism of CAD is atherosclerosis, and the immune response plays an essential role 
in the formation and development of atherosclerosis.4 At present, it is believed that the inflammatory process induced by 
atherosclerotic lesions is mediated by cells of the innate and adaptive immune system that are recruited into the arterial 
intima.5 One study suggests that CD8T cells control monogenesis and macrophage accumulation in early atherosclerosis 
and play a cytotoxic role therein, and contribute to macrophage death and formation of the necrotic core of the plaque.6 

Another study verified that peroxisome proliferator-activated receptor γ (PPAR γ) can reduce inflammation by activating 
the recruitment of regulatory T cells. Thus, immune cell infiltration is involved in the occurrence and development 
of CAD.

At present, several studies have shown that some inflammatory factors can be used as biomarkers to predict CAD, 
including homocysteine (Hcy), high sensitivity C-reactive protein (hs-CRP), and superoxide dismutase (SOD), but the 
diagnostic efficacy of CAD is not satisfactory.7–9 Some newly discovered biomarkers, including cyclophilin A (CyPA), 
pentraxin 3 (PTX3), and nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasomes, 
are being investigated continuously.10–12 However, the actual usage rate of these biomarkers in clinical practice is very 
low, and there is a lack of research and exploration of immune pathways related to CAD. Therefore, it is important to 
search for new biomarkers and explore their immune infiltration related pathways, which will help provide insights and 
support for the early diagnosis and mechanism research of CAD.

Bioinformatics analysis has been used in the exploration of the potential pathophysiological mechanisms of various 
diseases. In previous studies, the participation of immune cell infiltration and immune-related pathways in the progres-
sion of CAD has been confirmed, which highlights the key role of immune mechanisms in atherosclerosis.13 Among the 
tools available, weighted gene co-expression network analysis (WGCNA) is widely used to mine the gene expression 
modules most related to disease immune response, and for further screening of the central genes. WGCNA14 is a widely 
used bioinformatics analysis method that is applied to search clusters (modules) of highly correlated genes, summarize 
such clusters with module characteristic genes or in module central genes, and correlate modules with each other and 
external sample traits.15 Furthermore, the machine-learning algorithm and dimension reduction method, least absolute 
shrinkage and selection operator (LASSO), is a tool that can establish regression models to screen target genes. In this 
study, WGCNA and LASSO were combined to screen characteristic genes, followed by immune infiltration analysis 
results and clinical sample validation. Finally, we identified new potential biomarkers related to CAD immune response.

Materials and Methods
Microarray Datasets and Data Preprocessing
The gene expression profiles GSE12288, GSE98583 and GSE113079 of patients with CAD were obtained from the Gene 
Expression Omnibus database (https://www.ncbi.nlm.nih.gov/). The GSE12288 dataset had 110 gene expressions in 
CAD patients’ peripheral blood and 112 gene expressions in control human peripheral blood samples, analyzed by 
Affymetrix Human Genome U133A Array.16 The GSE98583 dataset had gene expressions in peripheral blood samples 
from 12 CAD and 6 control subjects, analyzed by Affymetrix Human Genome U133A 2.0 Array. The GSE113079 
dataset had gene expressions in peripheral blood samples from 93 CAD and 48 control subjects, analyzed by Agilent- 
067406 Human CBC lncrna + mRNA Microarray v4.0.17 The probe ID of each gene was converted into a gene symbol. 
The Preprocess Core package of R software was used to homogenize the three data sets while the Limma package for 
gene screening,18 P<0.05, and |logFC|>0 were used as screening criteria. The Venn Diagram package was applied for 
identification of common differentially expressed genes (DEGs) in the three datasets.

Functional Enrichment Analysis
The Cluster Profiler package19 was used to enrich and analyze the identified genes in Gene Ontology (GO) and the Kyoto 
Encyclopedia of Genes and Genomes (KEGG). The GO category includes biological process (BP), molecular function 
(MF) and cellular component (CC). P<0.05 was set as the significant threshold.
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WGCNA Identification of Modules Associated with Clinical Traits
In this study, we conducted WGCNA analysis on the GSE12288 dataset with cross genes, and constructed a gene co- 
expression network with gene expression data. We then calculated the similarity between nodes and converted the 
adjacency matrix to Tom matrix. Gene networks/modules were identified by the dynamic pruning tree algorithm. Select 
the soft threshold powers value, and a screening result of 4 is the most suitable. We associated the previously calculated 
module features with clinical features to further study the functional modules of the co-expression network. Therefore, 
the modules subsequently selected were closely related to the clinical characteristics and were selected for subsequent 
analysis.

Construction of the Protein-Protein Interaction (PPI) Network
The screened module genes were uploaded to the online “search tool for searching interacting genes” (string; http:// 
string-db.org). In order to comprehend the interaction of modular genes a PPI network was further visualized using 
Cytoscape software (version 3.7.1).20

Selection of Characteristic Genes
Characteristic genes were screened by LASSO, because compared with regression analysis,21 it has advantages in 
evaluating high-dimensional data. Through the glmnet software package,22 cable analysis was conducted with the 
steering/punishment parameters using 10-times cross validation. The DEGs in the three data sets were analyzed by 
LASSO, and the genes that crossed in at least two data sets were taken as characteristic genes. The result was displayed 
as a Venn diagram. The diagnostic efficacy of the characteristic genes in the three data sets was evaluated by receiver 
operating characteristic (ROC) curves and the area under the curve (AUC). The characteristic genes with the area under 
the curve (AUC)≥0.5 and P<0.05 were screened as potential biomarkers.

Immune Infiltration Analysis
“Cell type identification by estimating relative subsets of RNA transcripts” (CIBERSORT) was used to quantify the 
infiltration degree of 23 types of immune cells in the GSE12288 data set. CIBERSORT algorithm can quantitatively 
analyze these immune cell subpopulations and identify key subpopulations in diseases. The difference in the immune cell 
infiltration between CAD and control groups, as well as the correlation between the five characteristic genes and immune 
cell infiltration were analyzed with the single sample gene set enrichment analysis (ssGSEA) function in the “GSVA” 
package. The box diagram was used to show the infiltration results between groups, the scatter diagram indicated the 
correlation between immune cells, and the lollipop diagram represented the correlation between characteristic genes and 
infiltrating immune cells. Only results with P<0.05 were considered statistically significant and displayed.

Gene Set Variation Analysis
Gene set variation analysis (GSVA)23 is an explicit modeling phenotype method in the R-rich scoring algorithm, and is 
used to analyze expression data. The correlation analysis between characteristic genes and all genes was carried out in the 
GSE12288 data set, and the heat maps displayed the top50 genes that are positively related to characteristic genes. 
According to the results of correlation analysis, we conducted a further single gene GSEA analysis based on the 
Reactome database (https://reactome.org). The mountain map was used to show the results of the top 20 pathways of 
each of the five genes. Pathways with P < 0.05 were considered statistically significant.

Patients and Controls
We consecutively recruited CAD patients (n=12, 9 male, 3 female) and normal subjects (n=10, 4 male, 6 female) from 
Zhongnan Hospital of Wuhan University. All patients in the CAD group underwent coronary angiography surgery in our 
hospital, and the inclusion criteria were: patients diagnosed with CAD for the first time through coronary angiography. 
That is, patients who have demonstrated ≥ 50% stenosis in at least one main coronary artery as confirmed by the 
angiography results. The results of coronary angiography were interpreted by two experienced interventional 
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cardiologists. All healthy subjects in the control group have undergone routine physical examinations in the hospital, and 
the inclusion were subjects who showed negative results on coronary artery CT or coronary angiography, or were 
determined to have no CAD related clinical signs and symptoms. The exclusion criteria were: subjects with acute 
infection, malignant tumors, autoimmune diseases, and severe liver, lung, kidney and other organ dysfunction. Specific 
information on the patients is provided in Table  S1. We collected peripheral blood samples from these patients for 
clinical sample validation. This study was approved by the Medical Ethics Committee Zhongnan Hospital of Wuhan 
University, and all patients and their families included in the study were informed of this study and signed informed 
consent form. This study complies with the the standards set by the Declaration of Helsinki.

Quantitative Polymerase Chain Reaction (qPCR)
The total RNA was extracted from the peripheral blood mononuclear cells (PBMCs) of controls (n=10, 4 male, 6 female) 
and CAD patients (n=12, 9 male, 3 female) using TRIzol (Invitrogen). The RNA was diluted with DEPC water, and its 
concentration and purity were detected with ultramicroscopic ultraviolet/visible light and fluorescence spectrophot-
ometer. Hifair III 1st Strand cDNA Synthesis SuperMix Kit (YEASEN, Shanghai, China) and Heiff UNICON 
Universal Blue qPCR SYBR Green Master Mix (YEASEN) were used according to the manufacturer’s instructions 
for qPCR reaction, which was run on a CFX96 real-time PCR system. Triplicate reactions were performed to ensure 
accuracy. Gene expression relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression was assessed 
using the 2−∆∆Ct method. The primer sequences are given in Table 1. Characteristic genes with P<0.05 were considered 
statistically significant.

Statistical Analysis
All the bioinformatics analyses and statistical tests were performed with R software 4.2.1. Wilcoxon or Student’s t-test was 
utilized for analysis of the difference between groups. The correlation between variables was determined using Pearson’s or 
Spearman correlation test. All statistical P values were two-sided, and P<0.05 was regarded as statistically significant.

Results
Differential Expression Analysis
The box chart in Figure S1 shows the distribution of expression values before and after normalization of the three data 
sets. The median value of the box chart is at the same level, indicating that the data preprocessing effect was good. 
According to the described screening thresholds (P<0.05 and |logFC|>0), the data sets were analyzed for differences. 
Volcanic maps show the DEGs in each data set (Figure 1A–C). A cluster heat maps indicated the first 21 genes, and 
DEGs were helpful in distinguishing between disease and healthy samples (Figure 1D–F). In the CAD group, 401 genes 
were upregulated and 519 genes were downregulated in GSE98583, 328 genes were upregulated and 284 genes were 
downregulated in GSE12288, and 6049 genes were upregulated and 5428 genes were downregulated in GSE113079. 
A Wayne diagram (Figure 2) showed the genes co-expressed in the three data sets, and at least two data sets were selected 

Table 1 Primers Sequence

Gene Forward Primer Sequence (5′→3′) Reverse Primer Sequence (5′→3′)

LMAN1L ATGATGTCCTGTCCTTCCT GCAGAGTCCTTATTGAGTGA

DOK4 TGAAGATGAAGAGCAGGAAG GCAGCAGGAAGACATTGA

CHFR GAACCACAGCCATCAACA CATCACTTGCCACAGAGG

CEL ATAGCAGGCACCAACAAC CCACAGTCTTCTTCTTATTCTC

CCDC28A AATGCCATTCCAGTGAGTAA TCCTGAACATCTGAGACATC

GAPDH TATGACAACAGCCTCAAGAT AGTCCTTCCACGATACCA
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Figure 1 Differential analysis of data sets. (A–C) Differential analysis volcano maps and (D–F) differential analysis heat maps using P<0.05, |logFC|>0 to screen differentially 
expressed genes. 
Abbreviation: CAD, coronary artery disease.

Figure 2 Intersection of DEGs. Venn diagrams of (A) upregulated and (B) downregulated DEGs. 
Abbreviation: DEGs, differentially expressed genes.
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for follow-up analysis, including 204 genes that were simultaneously upregulated and 339 genes that were simulta-
neously downregulated.

Functional Enrichment Analysis
The co-expressed genes in GSE12288, GSE98583 and GSE113079 were analyzed by GO annotation and KEGG pathway 
enrichment. Figure 3 shows the first 20 rich GO annotation terms and KEGG pathways. It can be seen that the GO BP 
analysis mainly focused on “positive regulation of T cell activation”, “positive regulation of leukocyte cell-cell adhe-
sion”, “positive regulation of cell-cell adhesion”, “positive regulation of cell adhesion”, and “positive regulation of 
lymphocyte differentiation” (Figure 3A). GO CC analysis mainly focused on “membrane raft”, “membrane microdo-
main”, “centriolar satellite”, “nuclear speck”, and “eukaryotic translation initiation factor 3 complex” (Figure 3B). The 
analysis of GO MF mainly focused on “SUMO binding”, “protein folding chaperone”, and “mRNA 3’-UTR AU-rich 

Figure 3 GO annotation and KEGG enrichment analyses of differentially expressed genes. (A–C) Enriched GO terms in MF, BP and CC. (D) KEGG pathway enrichment 
analysis. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; MF, molecular function; BP, biological process; CC, cellular component.
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region binding” (Figure 3C). The KEGG pathway analysis mainly focused on “transcriptional misregulation in cancer”, 
“autophagy animal”, “Th1 and Th2 cell differentiation”, “Th17 cell differentiation”, and “allograft rejection” 
(Figure 3D).

WGCNA Network Construction and Identification of Key Modules
To construct the WGCNA network, we first calculated the soft threshold power, and improved the co-expression similarity to 
calculate adjacency. The pick Soft Threshold function in WGCNA was used to analyze the network topology. In the 
subsequent analysis, we screened the soft threshold power value, which was most appropriate when set to 4. The One-step 
network construction function of the WGCNA R package was applied to build the gene network, identify the modules, and 
merge similar modules. Finally, we built three gene co-expression modules, and associated the modules with clinical features 
and searched for the most important associations. MEturquoise and MEgrey modules were most obviously related to CAD 
(Figure 4), so we selected the genes of these two modules for subsequent analysis.

Function Analysis of Key Modules
We analyzed the KEGG pathways of genes in the MEturquoise and MEgrey modules, and determined the pathway of 
module regulation. The results showed that the pathway of modular regulation mainly focused on “pyrimidine metabo-
lism”, “transcriptional misregulation in cancer”, “glycerolipid metabolism”, “fat digestion and absorption”, and “allograft 
rejection”, and showed the corresponding genes (Figure S2). We also constructed a protein-protein interaction network of 
modular genes (Figure S3).

Selection of Characteristic Genes via LASSO
The module genes in the three data sets were analyzed by LASSO regression to screen those that predicted CAD. After 
crossing, genes that appeared simultaneously in at least two data sets were selected. For the LASSO algorithm, the 
penalty parameters are adjusted through 10-times cross validation. Through comparison, we selected the minimum 
standard for constructing the LASSO classifier, and identified five characteristic genes, LMAN1L, DOK4, CHFR, CEL, 
and CCDC28A, as the final key genes (Figure 5).

Analysis of Immune Cell Infiltration-Related Genes in CAD
We explored differences in the immune microenvironment of CAD patients and healthy controls using the GSVA 
package and ssGSEA function in R language, and evaluated the immune characteristics according to the expression of 
infiltrating immune cells. There were significant interactions between immune cell populations in CAD (Figure 6A). The 
proportion of activated CD8 T cells and CD56 DIM natural killer (NK) cells in CAD samples was lower than that in 
healthy control samples (Figure 6B). In addition, the analysis showed an interaction between the five characteristic genes 
and multiple immune cell infiltration. LMAN1L was positively correlated with NK cells, but negatively correlated with 
activated CD4 T cells. DOK4 had a significant positive correlation with plasmacytoid dendritic cells and monocytes, but 
a significant negative correlation with activated CD4 T cells. CHFR revealed a significant positive correlation with NK 
cells, but a significant negative correlation with myeloid-derived suppressor cells (MDSCs), immature B cells, gamma 
delta T cells and activated CD4 T cells. CEL displayed a significant negative correlation with plasmacytoid dendritic 
cells. CCDC28A had a significant positive correlation with neutrophils, eosinophils, mast cells, activated CD4 T cells and 
CD56 bright NK cells (Figure 6C). These findings suggested that these characteristic genes may regulate immune 
characteristics during the development of CAD.

Establishment and Evaluation of Diagnostic Model of Characteristic Genes
We conducted correlation analysis of the five characteristic genes in the three data sets and evaluated their diagnostic ability 
through ROC analysis. In GSE12288, the AUCs were 0.561 (LMAN1L), 0.503 (DOK4), 0.591 (CHFR), 0.615 (CEL), and 
0.633 (CCDC28A). In GSE98583 they were 0.881, 0.785, 0.654, 0.767 and 0.55, respectively, and 0.958, 0.782, 0.75, 0.834, 
and 0.888, respectively in GSE113079 (Figure 7). These results illustrated that the five characteristic genes have good 
diagnostic potential and may be a promising target for prevention and treatment of CAD.
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Enrichment Analysis of Characteristic Gene Pathways
The data in GSE12288 were used to analyze the correlation between the five genes and all genes, and the positive 
correlation top 50 genes were displayed by heat maps (Figure S4). In addition, the five characteristic genes of GSEA 

Figure 4 Weighted gene co-expression network analysis in GSE12288 dataset using intersection genes. (A) Screening for soft threshold power value, shows 4 is the most 
appropriate result. (B) Correlations between different gene modules and clinical features. 
Abbreviations: CAD, coronary artery disease; CADI, Duke CAD index.
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were analyzed based on the single genes of Reactome and the top 20 pathways of each gene are shown in Figure 8. After 
comprehensive analysis, we found that these genes were significantly enriched in the “cell cycle”, “immune response”, 
and “signal transduction” pathways, among which CEL was significantly negatively correlated with immune regulation 
pathways such as “immune system”, “signaling by interleukins”, “adaptive immune system” and other pathways. In 
addition, these genes were also mainly enriched in “ribosome regulation of mitotic cell cycle”, “neurotransmitter receptor 
and postsynaptic signal transduction”, “cytokine signal in immune system”, “signal transduction”, “immune system”, 
“post-translational protein modification”, “regulation of HMOX1 expression and activity”, “transcriptional regulation of 
white adipocyte differentiation”, “collagen formation, protein metabolism”, “metabolism of amino acids and their 
derivatives”, “hypoxia oxygen dependent proline hydroxylation”, “metabolism of amino acids and vitamins” and other 
pathways.

Figure 5 LASSO regression analysis module gene screening for key genes in three datasets (A) GSE12288, (B) GSE98583 and (C) GSE113079. (D) Venn diagram of 
intersection gene. 
Abbreviation: LASSO, least absolute shrinkage and selection operator.
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qPCR Verification of Characteristic Gene
To further evaluate the value of the characteristic genes as potential biomarkers, their expression levels were detected in 
PBMCs isolated from the healthy controls and CAD patients by qPCR. The results showed significant differences in the 
expression of CEL, CHFR and CCDC28A (Figure 9). However, there was no significant difference in the expression of 
LMAN1L and DOK4 genes (Figure S5), which may be due to the heterogeneity of the included patients and the relatively 
small number of cases. The expressions of CEL, CHFR and CCDC28A genes in the peripheral blood of CAD patients 
were significantly lower than in healthy controls (Figure 9), which was consistent with the predicted results and indicated 
the potential for these three genes to be biomarkers for CAD diagnosis.

Discussion
CAD is a major cardiovascular disease and an important cause of death in developed and developing countries.24 

Because early diagnosis and recognition are essential for the prevention and treatment of the disease, new noninvasive 
diagnostic methods, including biomarkers, are needed. The basic pathogenesis of CAD is atherosclerosis,25 which is 
a complex, persistent and progressive inflammatory disease, characterized by lipid retention and remodeling of the 
coronary arteries that deliver oxygen and nutrition to the heart tissue, leading to the formation of atherosclerotic plaque 
and instability.26–28 Many studies have confirmed that immune mediators participate in this process, but as the specific 
mechanism is still unclear29,30 exploration of the role of immune-related genes in atherosclerotic plaque formation 
through bioinformatics methods could yield significant results.

Figure 6 GSE12288 dataset for evaluation of the degree of immune cell infiltration. (A) Correlation coefficient diagram shows the relationship between immune cells. (B) 
Box plot shows the difference in immune cell infiltration between the healthy control group and the CAD group. (C) Lollipop diagrams show the correlation between the 
characteristic genes and immune cells. *P<0.05, only immune cells with P<0.05 are shown. 
Abbreviation: CAD, coronary artery disease.
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From the gene co-expression profiles from CAD patients and healthy controls in the GSE12288, GSE98583 and 
GSE113079 datasets, we identified 204 DEGs that were upregulated and 339 DEGs that were downregulated. Based on 
our LASSO analysis, five characteristic genes (LMAN1L, DOK4, CHFR, CEL and CCDC28A) were selected, among 
which CHFR, CEL and CCDC28A were identified as potential biomarkers of CAD. Our evidence showed that these 
genes play an important role in the CAD process.

GO enrichment analysis showed that the DEGs were mainly concentrated in “positive regulation of T cell activation”, 
“positive regulation of leukocyte cell-cell adhesion”, “positive regulation of cell-cell adhesion”, “positive regulation of 
cell adhesion” and “positive regulation of lymphocyte differentiation”. In addition, KEGG pathway enrichment analysis 
indicated that the “apoptosis”, “Th17 cell differentiation”, and “Th1 and Th2 cell differentiation” pathways were 
significantly enriched. A variety of cellular- and molecular-mediated immune mechanisms are involved in the occurrence 
and development of coronary atherosclerosis,31 and it is currently believed that the interaction of different innate and 
adaptive immune cells with secreted cytokines and chemokines can activate or regulate immune reactivity to mediate the 
inflammatory response.32 Current research verifies that both Th1 and Th2 cells play an important role in the development 
of atherosclerosis, mainly through their different cytokines involved in the inflammatory response, lipid metabolism and 
other pathways.33,34 Th1 cells can produce a high level of interferon-γ and promote arteriosclerosis by local effects on the 
arterial wall that affect lipid metabolism.35,36 Th2 cells can antagonize atherosclerosis by secreting interleukin (IL)-4 and 
IL-10.37,38 The proportions of Th17 and its secreted IL-17 in CAD and atherosclerosis are increased, and positively 
correlated with the severity of the disease.34 Previous clinical studies have found that the expression of Th17 and IL-17 in 
peripheral blood of patients with acute coronary syndrome is increased compared with patients with stable angina 

Figure 7 Correlation analysis and diagnostic efficacy test of the five characteristic genes. (A–C) Correlation analysis using the three datasets. The red line represents 
positive correlation, the green line represents negative correlation. (D–F) Diagnostic ROC curves of the five genes. 
Abbreviations: ROC, receiver operating characteristic; AUC, area under the curve.
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pectoris and chest pain syndrome.39 Moreover, in vitro studies show that IL-17 can induce and stimulate the cells 
involved in atherosclerosis (macrophages, dendritic cells, vascular smooth muscle cells), thus causing inflammatory 
damage and apoptosis.36,38 Our results confirm these immune-related pathways are closely related to CAD, indicating 
their importance. However, the specific mechanisms by which these immune pathways and their involved inflammatory 
cytokines and chemokines participate in the occurrence of CAD still need further research.

Figure 8 Gene set enrichment analysis of single genes in the Reactome database.

Figure 9 qPCR analyses of the expression levels of three characteristic genes. Expression levels of CEL, CHFR and CCDC28A in healthy controls and CAD patients. **P<0.01; 
***P<0.001. 
Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; CAD, coronary artery disease; qPCR, real-time quantitative polymerase chain reaction.
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Immune cell infiltration plays a crucial and complex role in atherosclerosis. Many chemotactic circulating immune cells 
participate in endothelial injury and lipid infiltration. Our results revealed that the proportions of activated CD8 T cells and CD56 
DIM NK cells were decreased in the CAD group (P<0.05), indicating that these two immune cell subpopulations may play 
a crucial role in CAD related immune pathways. CD8 T cells are considered to be significant participants in atherosclerosis, 
protecting and promoting atherosclerosis at different stages of disease progression.40 Some studies have shown that in 
atherosclerotic plaque, CD8 T cells show different levels of activation and cytotoxicity. Some show signs of T cell depletion, 
especially in symptomatic patients, which may mean gradual adaptation and loss of function of a chronic persistent inflammatory 
response.40 In addition, studies have proved that a decrease in NK cells can lead to increased serum cholesterol level and plaque 
area, thus promoting atherosclerosis.41 However, their specific mechanisms in CAD still require further research.

It has been reported that CEL is mainly expressed in vascular endothelium and macrophages.42 Through our KEGG 
enrichment analysis of the module genes screened by the LASSO algorithm, we found that CEL was mainly enriched in “fat 
digestion and absorption” and “glycerol ester metabolism”. Previous studies have shown that CEL may regulate the 
development of atherosclerosis by participating in the interaction between cholesterol and oxidized lipoprotein42 or affecting 
the metabolism of plasma lipopolysaccharide. Other studies have found that CEL can promote the selective uptake of high- 
density lipoprotein-related cholesterol esters by liver cells; that is, CEL can prevent atherosclerosis by promoting reverse 
cholesterol transport and reducing the accumulation of cholesterol in peripheral tissues.43 In addition, our immune infiltration 
analysis results showed that the expression of CEL was significantly negatively correlated with plasmacytoid dendritic cell, 
and plasmacytoid dendritic cell were an important link in the initiation of adaptive immune response, participating in the 
immune inflammatory process of promoting atherosclerosis.44,45 In our study, CEL expression was downregulated in 
peripheral blood samples from CAD patients, which means that plasmacytoid dendritic cell will be recruited and activated, 
and promote the occurrence of atherosclerosis, which also confirms the previous view.

CHFR is an E3 ubiquitin-protein ligase, which can be used as a checkpoint to regulate the cell cycle.46 Our research results 
indicate that the expression of CHFR is downregulated in the peripheral blood of CAD patients. This may affect the DNA 
damage repair process, leading to vascular endothelial cell damage, thus promoting the occurrence and development of 
atherosclerosis.47 In addition, CHFR may prolong the half-life of low-density lipoprotein receptor-related protein 1 by 
preventing its ubiquitination,48 thus affecting the retention and aggregation of low-density lipoprotein. The immune infiltration 
results showed a significant correlation between CHFR and various immune cell subpopulations, including a significant 
negative correlation with activated CD4+T cells. This means that the down-regulation of CHFR will lead to the increase of 
CD4+T activation and play a role in promoting atherosclerosis.49,50 Interestingly, our GSEA results showed that CHFR was 
also related to the regulation of HMOX1, and HMOX1 may mediate ferroptosis and participate in the progression of 
atherosclerosis.51 These also provides new insights and evidence for CHFR to become a therapeutic target for CAD.

Interestingly, CCDC28A, LMAN1L and DOK4 were identified for the first time as possibly participating in the CAD 
process. CCDC28A is a coil domain with proteins, but its specific function has not been determined. As far as we know, it 
has not been reported to be directly related to CAD, but in our results it was downregulated in the peripheral blood of 
CAD patients, and significantly related to immune system regulation, cell cycle, intercellular connection and other 
pathways. Thus, it may be related to the occurrence and development of atherosclerosis, but the specific mechanism is 
still unclear, and more direct evidence is needed to explore the relationship between this gene and CAD.

Biomarkers in peripheral blood are an effective and noninvasive screening tool for early risk screening and timely 
progress assessment. The characteristic genes we screened showed good diagnostic efficiency. The AUC values of these 
genes were >0.5, indicating that they have certain accuracy and specificity in distinguishing CAD samples from normal 
samples. Finally, it was verified in clinical samples that the expressions of CHFR, CEL and CCDC28A in the peripheral 
blood of CAD patients were lower, which was consistent with previous research results. In conclusion, these three genes 
may be potential immune biomarkers of CAD.

Our research had some limitations. Firstly, it was a retrospective study based on public data sets and clinical samples. 
Prospective cohort studies with a larger sample size are needed to further study the potential of the characteristic genes in 
predicting disease progression. Secondly, we also have not further quantified these inflammatory cytokines or chemokines 
related to our findings and explored the specific mechanisms by which they affect CAD. In addition, we need in vitro and 
in vivo experiments to further explore the immune regulation mechanism of these potential biomarkers involved in CAD.
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Conclusion
In this study, we identified five immune-related characteristic genes in the peripheral blood of CAD patients. The results 
showed that the occurrence and development of CAD may be closely related to immune response and chemokine- 
mediated signal pathways. Finally, we identified CHFR, CEL and CCDC28A as potential biomarkers of CAD. This 
research will contribute to the early diagnosis of CAD and customized cardiovascular immunotherapy.
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