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Abstract
Background: Although it plays a vital role in the whole process of various cardiovascular diseases, the
characteristic immune changes of peripheral blood in patients with CAD have not been well recognized.
This study aimed to determine the expression of differentially expressed immune-related genes (DE-IRGs)
in CAD by screening three gene chips downloaded from the Gene Expression Omnibus (GEO) database.

Methods: We downloaded CAD and Healthy groups’ information and IRGs from the GEO database and
Immport database (ImmpDb) respectively. By R software, we processed GO and KEGG analysis to �nd out
the function and main enriched pathway between two groups. LASSO method was used to identify genes
for diagnostic testing. CIBERSORT analysis revealed the differential immune cell distribution. Finally, we
veri�ed the expression of these differential genes through an animal project.

Results: 762 differentially expressed genes (DEGs) were identi�ed in this process, which mainly enriched
in infection, immune response and neural activity and might participate in the CAD process by affecting
the extracellular matrix formation and receptor-ligand activity functions. In total, 58 DE-IRGs were
subsequently obtained by overlapping the DEGs and immune-related genes downloaded from ImmpDb.
Through LASSO regression, CCR9, CER1, CSF2, IL13RA1, INSL5, MBL2, MMP9, MSR1, NTS, TNFRSF19,
CXCL2, HTR3C, IL1A, and NR4A2 among the 58 DE-IRGs were distinguished as peripheral biomarkers of
CAD, which showed eligible diagnostic capabilities separately. These screened genes were then validated
by an animal subject. The real-time PCR test showed that CCR9, CSF2, IL13RA1, and NTS had signi�cant
differences between the CAD model and healthy control samples, suggesting that they were promising
diagnostic and therapeutic targets. Besides, CIBERSORT algorithm analysis showed that the immune-
related cells existed characteristic distribution in CAD, which was discovered to have a close relationship
with some speci�c DE-IRGs.

Conclusions: In summary, we con�rmed four peripheral immune biomarkers related to CAD and provided
new potential targets for regulating the immune relevant mechanism, laying a foundation for further
excavation of CAD immune mechanism.

1 Introduction
Cardiovascular and cerebrovascular diseases are still the leading cause of death in the global population
and continue to show a trend of younger age [1]. Coronary atherosclerosis is one of the most critical
pathological bases in coronary artery disease (CAD), leading to progressive coronary stenosis and
cumulative risk of the acute cardiovascular syndrome (ACS). According to incomplete statistics, CAD
independently resulted in about 18 million deaths in 2017[2]. By 2020, the global economic burden
caused by CAD has reached 237 billion dollars [3]. Some studies predicted that by 2030, the death toll
would reach 23.4 million [4], and 5 years later (by 2035), the total CAD costs will increase to 1.2 trillion
dollars [3], which is equivalent to about 3 times that China health care expenditure in 2021.Moreover, the
incidence of such underlying diseases may pose a more severe health in�uence in the context of the
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Covid-19 pandemic. In order to control the harm of CAD to human society, early diagnosis and early
treatment are quite important [5]. However, due to the occult onset, the complexity of symptoms and the
long-term course of the disease, we need a non-invasive, repeatable and relative accurate detection
method to screen CAD patients earlier and widely to achieve early prevention. Biomarkers in peripheral
blood are an essential way to achieve this goal.

Evidence accumulated over the past 20 years has shown that in�ammation and immune disorders were
not only accomplices in atherosclerosis but also played decisive roles in the initiation and development
of the pathology process [6]. Risk factors, such as a high-fat diet, impaired glucose tolerance, smoking
and alcoholism, triggered the change of immune signals in the circulatory system and promoted the
monocytes recruited into the media via endothelial injury. The monocytes transformed into macrophages
and subsequent foam cells through phagocytic cholesterol ester. The foam cells continuously secreted
in�ammatory factors, which aggravated the area and vulnerability of plaques, leading to a series of
symptoms and accelerating the deterioration of CAD. Innate immune cells (such as neutrophils, dendritic
cells and natural killer cells) and adaptive immune cells (such as T lymphocytes and B lymphocytes)
spontaneously but excessively participate in this process [7]. The up-regulation of cytokine ligand-
receptor interaction axes (such as CCL2/CCR2 and IL-33/ST2) also contribute to this disordered immune
activity [8–10], which worsens the microenvironment of atherosclerotic plaque; it has become an
essential reason for the repeated aggravation and long-lasting healing of atherosclerosis.

CAD involves complex immune links, and the treatment of broad-spectrum immunosuppressants cannot
accurately and dynamically improve the immune microenvironment of CAD. Therefore the effect typically
remains limited in non-autoimmune-disease-related CAD patients [11]. However, some
immunotherapeutic drugs with �xed or precise targets have shown therapeutic effects [12]. With the
development of microarray and single-cell sequencing technology, more and more immune-related gene
expression and cell characteristics in peripheral blood were identi�ed, which gradually explained the
complexity of immunotherapy. In addition, new research showed that the complex crosstalk between
autophagy, ferroptosis and immune response blurred drugs' therapeutic targets [13–14]. Therefore,
although we have mastered some stable evidence [15–16], so far, our understanding of the immune
characteristics of CAD is still insu�cient. Therefore, it is necessary to collect the immunological evidence
of CAD patients further and evaluate their diagnostic potential and possible mechanisms. Therefore, our
work proceeded in this background. By identifying and verifying the diagnostic accuracy of 14
differentially expressed immune-related genes (DE-IRGs) as potential biomarkers and analyzing the
corresponding immune cell subgroups distribution, we proposed a peripheral blood immune diagnostic
landscape based on a scale of 199 CAD versus 218 healthy samples.

2 Materials And Methods
2.1 Data preparation
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The mRNA expression pro�les in the peripheral blood of these subjects were derived from the Gene
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi) based on the criteria below:
organism (homo sapiens), experiment type (expression pro�ling by array), disease (CAD). In this study, we
eventually obtained three datasets. The GSE20680 dataset involved 87 CAD patients and 108 healthy
controls blood samples on the platform of GPL4133[17]. The GSE20681 dataset included 99 pairs of
CAD patients and healthy controls peripheral blood samples on the platform of GPL4133[18]. Finally, the
GSE42148 was composed of 13 healthy controls and 11 CAD patients' blood specimens based on the
platform of GPL13607. Before the follow-up analysis, all the data from the three datasets were
normalized (Fig. 1).

2.2 Differentially expressed genes (DEGs) analysis

We used the LIMMA package to screen abnormally expressed mRNAs between CAD and healthy groups
with the cutoff of |fold change (FC)| 0.2 and adjusted p 0.05; then we visualized them by volcano and
heat maps [19].

2.3 Immune-related genes from DEGs

We obtained IRGs from Immport database (ImmpDb; https://www.immport.org/). The IRGs(n = 1793)
found in the datasets were overlapped with the DEGs(n = 762) and the overlapped part was used for the
subsequent analysis.

2.4 Protein-protein interaction (PPI) network construction, gene ontology (GO) analysis and KEGG
pathway enrichment analysis

The interactions between speci�ed proteins were analyzed via the STRING online tool (http://string-
db.org/) [20]. To con�rm the effectiveness of this interaction, we limited con�dence (combined score) >
0.7. Then we used Cytoscape software to visualize it [21]. The connective degree ≥ 3 were recognized as
hub genes to be recorded [22]. GO analysis and KEGG pathway enrichment analysis were proceeded by R
software.

2.5 Immune cell subgroups analysis

To better recognize the immune characteristics in peripheral blood of healthy people and CAD patients,
we compared the differences of immune subsets in the samples. We used the CIBERSORT algorithm to
compare the differential composition of 28 immune cells [23] between the two groups, and we correlated
the distribution of immune cells with the expression of the DE-IRGs.

2.6 Establishment and assessment of the immune-based diagnostic model

By feature selection, we reduced the dimension through the least absolute shrinkage and selection
operator (LASSO) regression algorithms [24] and determined 14 IRGs to construct the diagnostic
recognition model of CAD. Then we conducted receiver operating characteristic (ROC) curves of the 14
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biomarkers based on the training set and test set and measure the area under the curve to evaluate the
diagnostic capacity (accuracy, sensitivity and speci�city) of different genes by R software. Similarly, we
evaluated the diagnostic power of the combined 14 IRGs by ROC analysis in training set and test set
respectively.

2.7 Animal subject validation

We processed animal tests to con�rm whether the differential genes detected in the database would meet
the same results in standard CAD models. 7-week-old male LDLR−/− and C57/B6j mice were raised in the
speci�c pathogen-free (SPF) barrier system of the experimental animal center of Longhua hospital
a�liated to Shanghai university of traditional Chinese medicine. Eight LDLR−/− mice in the CAD model
group were fed a high-fat diet, while eight C57/B6j mice in the control group were provided with a normal
diet for 20 weeks. During the 20-week keeping, the mice were free to eat and drink water. At the end of the
20th week, after anesthesia, the blood from the abdominal aorta was taken to detect lipid metabolism
indexes and real-time PCR analysis (Primers information is shown in Table 1). Meanwhile, we gathered
the aortic arch samples for oil red O staining to evaluate the degree of arterial stenosis.
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Table 1
List of primers for real-time PCR analysis.

Gene Oligonucleotide sequence

CCR9 Forward 5‘-CTGGTATTGCACAAGAGTGAAGA-3’

Reverse 5‘-CCACACTGATGCACATGATGA-3’

CSF2 Forward 5‘-TCTGAGGTGGATTGGTGTGAG-3‘

Reverse 5‘-TGAGGGGTCCAAAGATGAGGA-3‘

CXCL2 Forward 5‘-CCAACCACCAGGCTACAGG-3‘

Reverse 5‘-GCGTCACACTCAAGCTCTG-3‘

IL13RA1 Forward 5‘-ATGCTGGGAAAATTAGGCCATC-3‘

Reverse 5‘-ATTCTGGCATTTGTCCTCTTCAA-3‘

IL1A Forward 5‘-CGAAGACTACAGTTCTGCCATT-3‘

Reverse 5‘-GACGTTTCAGAGGTTCTCAGAG-3‘

INSF5 Forward 5‘-CCCCACTCTTGCTCTGTTTCT-3‘

Reverse 5‘-GGAAATGCCCCTCCAGATGTC-3‘

MSR1 Forward 5‘-GCACAATCTGTGATGATCGCT-3‘

Reverse 5‘-CCCAGCATCTTCTGAATGTGAA-3‘

NR4A2 Forward 5‘-GTGTTCAGGCGCAGTATGG-3‘

Reverse 5‘-TGGCAGTAATTTCAGTGTTGGT-3‘

NTS Forward 5‘-CCCTTTTGCTTTTGAAGCTATGC-3‘

Reverse 5‘-GGAGCACAAAGTGCCATCCT-3‘

TNFRSF19 Forward 5‘-TTCTGTGGGGGACACGATG-3‘

Reverse 5‘-AGAAAATTCAGCGCAGATGGAA-3‘

ACTIN Forward 5‘-ACTGTCGAGTCGCGTCC-3‘

Reverse 5‘-CCCACGATGGAGGGGAATAC-3‘

2.8 Statistical analysis

We conducted relative operating characteristic curves (ROCs) based on the expression features of the
abnormally expressed in�ammation-related mRNAs in peripheral blood. Undetected data of PCR test were
excluded. Besides, we used ImageJ software to quantify the degree of the lesion. Finally, we used
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GraphPad Prism 8 via unpaired two-tailed Student’s t-test to compare the measurement data of the two
groups.

3 Results
3.1 Identi�cation of differential mRNA expression pro�le in peripheral blood

To �nd the genes related to CAD, we analyzed the transcriptome of 199 CAD patients and 218 healthy
controls. First, we used the ComBat code to eliminate the batch effect of three gene sets (Fig. 2A-B). Then
we used the LIMMA package for differential analysis. A total of 762 DEGs were identi�ed, of which 396
genes were up-regulated, while 366 genes were down-regulated (Fig. 2C). The top �ve up-regulated genes
were C17orf78, TTTY21, TMEM213, COL21A1, and SNX31, while the top �ve down-regulated genes
included EGR3, TTTY7, TMEM196, DNAJC28, and OLR1. The heat map showed the genes with
|logFC|>0.2 between CAD patients and healthy people, suggesting that they are very likely to participate in
the pathological process of CAD (Fig. 2D).

3.2 DEGs function analysis

To explore the relationship between these DEGs and the biological functions involved in the regulation
process, we constructed protein-protein interaction (PPI) network. PPI analysis revealed that these genes
have strong connections at the protein level (Fig. 3A). GO analysis revealed the pro�le of the DEGs
involved in BP, CC and MF respectively, for example, receptor-ligand activity, transporter complex and
cellular process (Fig. 3B). The KEGG pathway enrichment plot showed that the main enriched pathways
were cytokine-cytokine receptor interaction, neuroactive ligand-receptor interaction, and IL-17 signaling
pathway, indicating a strong correlation with the functions related to in�ammation response and neural
activity (Fig. 3C).

3.3 Expression and distribution of differential genes in immune-related cell subgroups

In order to explore the immune-related gene expression in CAD patients, we overlapped the above DEGs in
CAD patients with immune-related gene groups. The results showed that 58 immune-related genes were
differentially expressed in CAD patients (Fig. 4A). Since the immune status of patients with CAD would
change signi�cantly, resulting in changes in the proportion of corresponding immune cell subsets,
identifying changes in the classi�cation proportion of cell subsets was also a potential diagnostic basis
[25]. To this end, we examined the proportion of cell subsets in these chips and found seven kinds of cell
groups different between CAD and healthy people. Among them, the proportion of activated dendritic
cells, mast cells, neutrophils, Th17 cells and MDSC in CAD increased, while the proportion of activated B
cell and CD56 killer cells in CAD decreased (Fig. 4B-C). In addition, we also found that there was a
signi�cant correlation between the content of immune cells in peripheral blood of patients with CAD
(Fig. 4D), such as activated CD4 T cell/Th2, Macrophage/Mast cell, and Neutrophil/plasmacytoid
dendritic cell.
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3.4 Diagnostic tests veri�ed the recognition e�ciency of differential genes as peripheral biomarkers for
CAD

We reduced the dimension through LASSO regression and �nally determined 14 model related genes to
construct the diagnostic recognition model of CAD(Fig. 5A-B). The correlation between immune-related
differentially expressed mRNA and CAD was evaluated by ROC curves. The areas under ROC curves were
respectively CCR9 (AUC = 0.686), CER1 (AUC = 0.604), CSF2 (AUC = 0.688), CXCL2 (AUC = 0.589), HTR3C
(AUC = 0.699), IL13RA1 (AUC = 0.650), IL1A (AUC = 0.667), INSL5 (AUC = 0.624), MBL2 (AUC = 0.619),
MMP9 (AUC = 0.649), MSR1(AUC = 0.679), NR4RA2(AUC = 0.657), NTS(AUC = 0.667), TNFRSF19(AUC = 
0.686)(Fig. 5C-D). These data showed that a single differential mRNA had a certain but limited effect on
distinguishing CAD from healthy people. However, when all the 14 genes were contained in one
diagnostic model, the area of the ROC curve in the training dataset and test dataset reached 0.968 and
0.859, respectively (Fig. 5E-F). The result proved that these immune-related differential genes have good
potential for diagnosis and might also be promising prevention and treatment targets of CAD.

3.5 Peripheral immune characteristics analysis of CAD patients

In addition, we further analyzed the expression and distribution of immune-related genes and immune
cells in CAD. CCR9, CER1, CSF2, IL13RA1, INSL5, MBL2, MMP9, MSR1, NTS and TNFRSF19 genes were
high expressed in CAD peripheral blood, while CXCL2, HTR3C, IL1A, and NR4A2 genes were low expressed
(Fig. 6A). We also found that some genes had a signi�cant correlation at the mRNA expression level, such
as CER1, NTS, TNFRSF19 (Fig. 6B). Considering that we had found that there was a considerable
difference in the content of immune cells in peripheral blood between CAD and healthy adults, we
analyzed the correlation between immune-related genes and immune cells, in which, for example, MMP9
and IL13RA1 genes had high correlations with neutrophil respectively (Fig. 6C).

3.6 Animal subject validation

At the end of the 20th week, pathological staining (Oil Red O) of mouse aorta arch showed that a large
number of lipid plaques gathered, resulting in lumen stenosis (Fig. 7A). The weight between the CAD
model group and the healthy control group differed sharply(P<0.0001) (Fig. 7B). Meanwhile, the
peripheral circulating LDL and TRIG levels of the CAD group are high increased(P<0.0001) (Fig. 7C-D).
The detection of whole blood total mRNAs showed that CCR9, CSF2, IL13RA1, NTS expression in the CAD
model group were signi�cantly higher than those in the healthy control group (Fig. 7E-H, 7M) (P < 0.05),
which demonstrated the same trend as those in the screened results from the datasets above. IL1A,
although it has also raised in the model group, showed an opposite tendency to the analysis results
based on online data (Fig. 7I). Besides, however, this validation showed no difference between CAD and
the healthy group with CXCL2, INSL5, MSR1, NR4A2, and TNFRSF19(Fig. 7G,7J-L,7N).

4 Discussion
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Coronary atherosclerosis is a complex pathological process that begins at an early stage of human life.
At �rst, it may be due to some minor vascular abnormalities, such as endothelial injury, arterial
calci�cation, lipid adhesion, etc. However, it develops and deteriorates over several years to decades and
�nally reaches a life-threatening level. In this long process, many pathophysiological factors affect the
outcome of the disease. For over one century, it has been believed that circulating lipid disorders was the
key reason to induce atherosclerosis-based cardiovascular disease. 20 years ago, Professor Peter Libby
put forward the view that in�ammation mediated atherosclerosis, which triggered a heated discussion on
immune-mediated CAD and been con�rmed by several subsequent studies [26]. Today, no one doubts
that the immune system impacts the entire process of CAD. Several important examples include:
allogeneic vascular transplantation still developed atherosclerotic lesions without lipid metabolism
disorder background [27]; the cardiovascular disease treatment strategy targeting in�ammation
effectively reduces the incidence of acute cardiovascular events [28]. Meanwhile, gene characteristic
changes in the circulatory system of CAD patients were reported to be signi�cantly correlated with the
degree of coronary artery stenosis [29], and the study also showed that 12 genes related to toll-like
receptors were related to coronary artery lesions [30]. However, these projects' current sample scale and
scope are still limited. We used the online dataset for re-analysis to screen the circulatory system's
immune-related differential genes and immune cell subgroups. We further established a diagnostic model
based on this discovery and evaluated its diagnostic e�ciency. In this study, we obtained high-throughput
mRNA data from 199 CAD patients and 218 healthy people samples online, then screened and
established 14 immune-related genes as essential immune characteristic genes in the peripheral blood of
CAD patients, including CCR9, CER1, CSF2, IL13RA1, INSL5, MBL2, MMP9, MSR1, NTS and TNFRSF19
gene were high expressed, while CXCL2, HTR3C, IL1A and NR4A2 gene were low expressed.

Some of these genes have been reported to play a protective role in CAD. The colony-stimulating factor
(CSF2) promotes the colonization of granulocytes and macrophages. They are released into the blood
from ischemic cardiomyocytes, promoting the homing of cells, including cardiac mesenchymal stem
cells, to the heart and playing the function of damage repair [31]. Macrophage scavenger receptor 1
(MSR1) inhibits TNFs by promoting the expression of IL-10α, MMP-9 expression to regulate immunity,
which is bene�cial to the stability and regression of AS and myocardial repair after infarction [32].
Interleukin-13 receptor α1(IL-13Rα1) is one of the primary receptors of anti-in�ammatory type 2 cytokine
IL-13, which, as reported, has the effects of regulating myocardial homeostasis and anti-in�ammatory. In
previous studies, il-13Rα1 in myocardial tissue was down-regulated, probably because of the decrease of
collagen deposition in the myocardial [33]. However, in this study, the mRNA expression of IL-13RA1 in the
blood of patients with CAD was up-regulated. We speculated that the decrease of this receptor in the
target organ might cause the accumulation of IL-13 in the circulation and increase the compensatory
expression of this gene in the circulating nucleated cells, which needs to be further con�rmed. NR4A2 has
been reported as a transcription factor to protect cardiomyocytes by transcriptionally inhibiting CCR5 and
promoting macrophage polarization to M2 type [34], therefore seemed to play a positive role in anti-
in�ammation.



Page 10/24

Another group of genes exacerbated the progress of CAD. The C-C motif chemokine receptor 9(CCR9) was
previously reported to be related to the process of in�ammatory expression and myocardial remodeling
after myocardial infarction. After the gene was knocked out, it reduced cardiac-related in�ammatory
factors such as IL-6 and IL-1β, TNF-α and so on, which may be mainly through NF-κB and MAPK
signaling pathways to regulate the production of myocardial hypertrophy [35]. Matrix metallopeptidase
9(MMP9) regulation is closely related to multiple signaling ways of cardiovascular disease,
atherosclerotic plaque instability, and myocardial tissue repair after infarction. Previous studies have
shown that the change of MMP9 level in circulation is an independent predictor of atherosclerosis [36].
Circulating Neurotensin (NTS) is a previously reported risk factor for cardiovascular disease. Its up-
regulation increased the risk of type I diabetes and multiple atherosclerotic diseases by promoting lipid
absorption [37].

Some of the genes only showed a correlation with CAD. Previous studies have shown that MBL2 is high
expressed in peripheral blood of patients with CAD [38], related to various heart risks, and has led to the
critical value of early diagnosis. CXCL2 and IL-1α were also found up-regulated in the atherosclerotic
mouse model [39–40], but the results of this study were the opposite, which might be the impact of
treatment. They are both typical pro-in�ammatory genes and participate in CAD-related in�ammatory
responses. However, CXCL2 had no signi�cant difference in our animal validation, while up-regulation of
IL-1α was displayed in the CAD group. TNF receptor superfamily member 19 (TNFRSF19) is a serum
biomarker of chronic in�ammation. Previous studies have reported the increased expression of
TNFRSF19 in CAD [41], but these studies were very preliminary.

Furthermore, 5-hydroxytryptamine receptor 3C (HTR3C), Cerberus 1(CER1) and insulin-like 5(INSL5) were
screened out for the �rst time and might have the potential to participate in the CAD process. As far as we
know, they have never been reported to be directly related to CAD before, but some have been con�rmed
to affect the changes of immune targets in circulation. For example, INSL5, as a peptide hormone, after
intraperitoneal injection, leads to signi�cant changes in in�ammatory factors such as IL-5, IL-7, M-CSF, IL-
15 and IL-27 [42], and these in�ammatory signals typically play a regulatory role in CAD. PCR experiments
based on animal models partially con�rmed the results of the above screening (Fig. 7).

With the popularization of single-cell sequencing technology, we can further describe the immune
system's participation in the CAD pathological process [43, 44] on the single-cell levels. The
understanding of the landscape of immune cells has therefore changed signi�cantly. Investigating the
distribution characteristics of immune cell subsets in patients with coronary heart disease has been
revealing enormous value in CAD studies [45], however, more studies focused on the aorta and plaque. By
constantly observing, the pathological landscape world of the lesion was mapped [46], but insu�cient
attention was paid to the changes in immune cell subsets in peripheral blood. In many diseases,
including CAD, the state change of circulatory system content is the decisive factor of aorta local
pathological risk. In atherosclerotic plaque, many in�ammatory cells with chemotaxis participate in plate
and lipid in�ltration [47]. It is of great signi�cance to clarify the peripheral immune subsets for precise
drug use. In particular, when the distribution of cell subsets changes, immune-related genes change
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accordingly; this will provide critical clues to clarify the causal relationship of the complex immune world.
Our results showed that the number of mast cells, neutrophils, activated dendritic cells, MDSC, type 17 T
helper cells in the CAD group increased sharply. The neutrophil is a crucial cell to promote the progress of
atherosclerosis. It can increase the area and instability of plaque by releasing a variety of cytokines and
adhesion factors, which would promote macrophage phagocytosis of lipids and inhibit MMP-9
inactivation. In this study, the number of neutrophils in patients with CAD was associated with the
increasing high expression of MMP-9 (Fig. 6C), which further proved its critical role in the development of
CAD. Dendritic cells proliferated and activated in the presence of GM-CSF produced by endothelial cells
[48], which is consistent with the �ndings of this study. Generally, B1 lymphocytes were considered to
have a solid ability to resist atherosclerosis plaque formation and play an essential role in reducing foam
cells [49]. In this study, the number of activated B cells was signi�cantly reduced compared with those in
the healthy group, suggesting that the adaptive immune function of the patients was decreased to a
certain extent. Natural killer cell-de�cient mice were found to have elevated serum cholesterol levels and
increased plaque area in the former studies [50]. Consistently, in this study, CD56dim natural killer Cells of
the CAD group showed a downward trend. However, although differentially expressed in this study, the
role of mast cells, MDSC, type 17 T helper cells in CAD is still unclear. In fact, the effects of most immune
cells in immune-related diseases remain complex and two-sided, which makes the identi�cation of their
role ambiguous. Therefore, it is quite di�cult to treat them as reliable targets. Anyway, our study showed
that this existing phenomenon could be used as a mean of early identi�cation and screening of CAD and
a starting point for further con�rmation of these cell functions.

GO analysis showed that the differential genes were mainly concentrated in cell proliferation, intercellular
communication and mutual regulation, cell adhesion and migration, which were closely related to the
progress of CAD key pathological. KEGG pathway enrichment analysis suggested that the IL-17 signaling
pathway and cytokine-cytokine receptor interaction were still the main enrichment pathways, which was
previously emphasized in a similar study [15]. The results rea�rmed that the genes related to these two
pathways are signi�cantly enriched in CAD patients, reminding us that continuous attention to them is
necessary to be taken. Moreover, the pathways were also associated with nervous system diseases
relevant pathways, indicating that they might be related to the simultaneous neurodegenerative changes
of patients (such as Alzheimer's disease Parkinson's syndrome).

Notably, in this study, some traditionally considered risk genes and cell subsets of CAD patients did not
enter our candidate team, such as CRP, MCP-1, monocytes, etc. We speculated that these patients might
be related to statins or other therapeutic drugs, which have proved to be signi�cantly changed the
immune characteristics in peripheral blood [51].

The potential of serum immune biomarkers in the diagnosis and typing of CAD has attracted more and
more attention. Because of its accessibility and non-invasive, circulating mRNA detection and immune
cell subsets detection have attracted more and more attention in the early screening of diseases. Our
study suggested that the diagnostic model constructed by combining multiple immune-related genes had
high sensitivity and speci�city for identifying CAD and healthy individuals. Therefore, it might play a role
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in clinical application in the future. At the same time, some newly discovered immune characteristics may
be used as the starting point for further research. However, the results of this study still have some
limitations. First, to control the variables associated with CAD as much as possible, we used model
animals for veri�cation. Although we know that the above genes are highly conserved between mice and
humans, the results may still differ from human samples; Second, due to the lack of evaluation of the
individual information from the sample source, the impact of inter-individual treatment schemes and
primary diseases on the changes of these immune indicators cannot be evaluated and removed. These
need to be veri�ed by large-scale randomized clinical trials.

5 Conclusion
In conclusion, we screened 14 immune-related genes related to the pathogenesis of CAD, which may be
used as biomarkers and immunotherapeutic targets of CAD. Furthermore, we con�rmed the expression
changes of immune cell subsets in the circulation of CAD patients. To a certain extent, these �ndings
together constituted the circulating immune landscape of CAD patients. In addition, through animal
veri�cation, the expression changes of CCR9, CSF2, IL13RA1, and NTS were con�rmed to be convinced
immune targets of CAD. However, the conclusion of this study is still preliminary and needs to be
con�rmed by corresponding clinical trials and more studies at the single-cell level, which is our future
direction.
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Figure 1

Normalization of data. Box plots for the expression levels of mRNAs in CAD and healthy groups before (A,
B, C) and after (D, E, F) normalization. A/D, B/E and C/F were from GSE20680, GSE20681 and GSE42148
separately.
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Figure 2

Identi�cation of abnormal genes. A, B. PCA cluster plot of GSE20680, GSE20681 and GSE42148 before
and after batch effect removal. C. Volcano plot of differential expressed mRNAs between CAD and
healthy groups. D. Heatmap for the top 17 abnormal mRNAs between CAD and healthy samples. Red: Up-
regulation; Green: Down-regulation.
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Figure 3

Function enrichment analysis of screened differential genes. A. Protein-Protein Interaction (PPI) network
construction to reveal the interaction on protein level between different genes. B. GO analysis bar plot
showed the enrichment of the abnormal genes in BP, CC, MF processes. C. KEGG pathway enrichment
analysis plot displayed that the differentially expressed genes focus on �ve immune-related signal
pathways, and the most was on the cytokine-cytokine receptor interaction (Size=20).
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Figure 4

Immune-related genes and corresponding subgroups of immune cells. A. Venn diagram of 58 immune-
related DEGs in CAD. B. Heatmap to show the main 28 types of immune cells changed in CAD. Red: Up-
regulation; Green: Down-regulation. C. Box diagram for the enrichment score differences of the immune
cells above between CAD group (Red) and healthy group (Blue). D. Correlation bubble chart of 28 types of
immune cells. The size of the colored bubbles represented the strength of correlation. Red: Positive
correlation; Blue: Negative correlation. The bigger and darker the bubble is, the stronger the correlation is.



Page 22/24

Figure 5

Establishment and test of differential gene diagnosis model. A, B. 14 circulating abnormally expressed
mRNAs were identi�ed as diagnostic biomarkers. C, D. ROC curves evaluated the diagnostic effect of the
14 genes: CCR9, CER1, CSF2, CXCL2, HTR3C, IL13RA1, IL1A, INSL5, MBL2, MMP9, MSR1, NR4A2, NTS,
TNFRSF19. E. ROC curves analysis of training dataset for the diagnostic model including the 14 genes
above. F. ROC curves analysis of test dataset for the diagnostic model including the 14 genes above.
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Figure 6

Immune landscape of peripheral blood in patients with CAD. A. The boxplot of the identi�ed mRNAs
signi�cantly differed in peripheral blood. B. The bubble plot illustrated that most of the identi�ed genes
had positive correlations. C. Heatmap showed the correlations between the 14 identi�ed genes and 28
types of immune cells. Red: Up-regulation; Blue: Down-regulation. The depth of the colors represented the
strength of the correlation. *P value 0.05, **P value 0.01, ***P value 0.001.
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Figure 7

Animal subject validation. A. Oil red O staining of mouse aortic arch. B-D. Weight, LDL, TRIG of two
groups of Mice. E-N. The relative mRNA expression value of CCR9, CSF2, CXCL2, IL13RA1, IL1A, INSL5,
MSR1, NR4A2, NTS, TNFSF19 detected by real-time PCR. *P 0.05, **P 0.01, ****P 0.0001. “**” in red
represented the PCR result was opposite to the result obtained from the databases.


