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Abstract
Background: As the most prevalent valvular heart disease, calci�c aortic valve disease (CAVD) has
become a primary cause of aortic valve stenosis and a major health problem. We aimed to illustrate roles
of immune related genes (IRGs) and immune in�ltration in pathogenesis of CAVD.

Methods: We used Integrative meta-analysis of expression data (INMEX) to incorporate multiple gene
expression datasets related to CAVD. By matching the differentially expressed genes (DEGs) to IRGs from
ImmPort database, differentially expressed immune related genes (DEIRGs) were screened out. Biological
functional enrichment analysis were conducted based on GO database, KEGG database, DisGeNET
database and TRRUST database. Then, we constructed protein–protein interaction (PPI) network and
identi�ed the key DEIRGs of CAVD according to the mixed character calculation results. Moreover,
CIBERSORT was performed to explore the patterns of immune cells in�ltration in CAVD. Finally, using
Spearman method, correlation analysis between key IRGs and in�ltrating immune cells was conducted.

Results: 220 DEIRGs were identi�ed, and the enrichment analysis of DEIRGs showed that they were
signi�cantly enriched in in�ammatory responses. PPI network was constructed based on DEIRGs and
PTPN11, GRB2, SYK, PTPN6 and SHC1 were identi�ed as key IRGs. Compared with normal aortic valve
tissue samples, the proportion of neutrophils, T cells CD4 memory activated and macrophages M0 was
signi�cantly elevated in calci�ed aortic valves tissue samples, as well as reduced in�ltration of
monocytes and NK cells activated. Furthermore, IRGs identi�ed in the present study, including PTPN11,
GRB2, PTPN6, SYK, and SHC1, was signi�cantly correlated with the in�ltration of various immune cells.

Conclusions: This study suggested that PTPN11, GRB2, PTPN6, SYK, and SHC1 might be key IRGs
associated with immune in�ltration, which play a pivotal role in pathogenesis of CAVD.

Introduction
With the population aging, valvular heart disease has obtained growing attention worldwide [1]. Calci�c
aortic valve disease (CAVD), the most common cardiovascular valve disease, has become a major reason
for aortic valve stenosis and insu�ciency, especially in the elderly. It is reported that over 30% of
individuals beyond the age of 65 have echocardiography evidence of CAVD [2]. With the progression of
CAVD, aortic valve stenosis affects almost 3% of people over 65 years of age and in nearly 8% of people
over 75 years of age. The worldwide CAVD burden is projected to be 4.5 million in 2030, considering the
prolonged life expectancy [3]. Currently, surgical therapy remains the only effective therapeutic method
against CAVD, which is limited in terms of high costs, perioperative complications, and the complications
of life-long anticoagulation therapy [4].

CAVD is a progressive disease, including three stages. Valve endothelial cells injury and lipid deposition
are the main characteristics of the �rst stage, which are very similar to the initial pathological
characteristics of atherosclerosis; in the later phase, extracellular matrix changes are initiated, primarily
for bone-matrix proteins deposition, meanwhile, valve interstitial cells differentiation and
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microcalci�cation are also promoted; �nally, with activation of numerous in�ammatory and ossi�cation
signaling pathways, valvular osteogenesis occurs and CAVD eventually leads to aortic valve stenosis and
incomplete closure [5]. In�ammation and immunity has been found to be important in the progression of
CAVD. Indeed, nearly 15% of the cells come from hematopoietic sources in the aortic valve, with the
in�ltration of T lymphocytes, B lymphocytes and macrophages into the valve after in�ammation, this
number increases greatly, so as to promote further in�ammation response [6]. It is of great value to
evaluate immune cells in�ltration and �nd key genes that regulate the in�ltration of immune cells for
elucidating the molecular mechanism of CAVD and searching for new immunotherapy targets.

Integrative meta-analysis of expression data (INMEX) tool has been widely used in integrating gene
expression pro�les [7]. In this study, INMEX was used to integrate all related gene expression microarray
datasets of CAVD in GEO database (GSE12644, GSE83453, and GSE51472), and to identify differentially
expressed genes (DEGs). Subsequently, we screen out differentially expressed immune related genes
(DEIRGs) of CAVD via matching 2,484 immune-related genes (IRGs) in ImmPort database to DEGs [8].
CIBERSORT, a widely used algorithm, could be adopted to assess in�ltrating immune cells according to
gene expression patterns [9]. A large number of studies have adopted CIBERSORT to evaluate immune
in�ltration in various diseases [10–12]. In our analysis, for the �rst time, CIBERSORT was used to identify
the patterns of 22 in�ltrating immune cells in aortic valve tissues from CAVD and normal individuals. In
addition, we constructed protein-protein interaction (PPI) network and identifed the key DEIRGs, the
correlation between each key DEIRGs and in�ltrating immune cells was also studied.

Materials And Methods
Inclusion of eligible microarray datasets

The CAVD microarray datasets in Gene Expression Omnibus (GEO) database [13] were downloaded via
“GEO query” package in R 3.6.3 software [14]. As shown in Table 1, all of the microarray datasets related
to CAVD were included, including GSE12644 [15], GSE51472 [16], and GSE83453 [17]. For the accuracy of
the present study focusing on CAVD, stenotic aortic valve tissue samples without calci�cation were
excluded. GSE12644, based on GPL570 platform, which includes aortic valve samples from 10 patients
with CAVD and 10 normal individuals [15]. GSE51472, also performed by GPL570 platform, which
includes 5 valve samples from normal individuals and 5 valve samples from patients with CAVD [16].
GSE83453, based on GPL10558, which includes 10 valve samples from patients with CAVD and 8 valve
samples from normal individuals [17]. 

Quality assessment and removal of batch effects among different datasets

Log2-transformation and background correction were performed on the expression pro�les using
the“limma” package [18]. After the normalization process, all of the microarray probes were translated to
o�cial gene names in INMEX. Because of the gene expression pro�les included in the present study were
based on different platforms and carried out in different experimental conditions. We used the ComBat
option and visualized the principal component analysis (PCA) results using “ggplot2” package.
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Identi�cation of DEIRGs in CAVD

Following the PRISMA guidelines [19], INMEX was used to integrate gene expression datasets, including
GSE12644, GSE51472 and GSE83453 [7]. Considering the differences in experimental design,
experimental methods, and heterogeneity among different datasets, the random effect model (REM) was
selected in this study according to Cochran's Q test [7]. REM method is a statistical approach that widely
used for incorporating multiple gene expression datasets and screening DEGs. For multiple probes that
detected a single gene in the gene chip, we use their average expression values. Pattern extractor tool in
INMEX was used to construct a heatmap of the top 100 DEGs between aortic valve samples from
patients with CAVD and normal individuals. By matching 2,484 IRGs from the ImmPort database to DEGs,
we screened out DEIRGs in aortic valve of patients with CAVD [20]. 

Assessment of immune in�ltration

The present study �rstly used CIBERSORT algorithm to assess 22 types of immune cells in�ltration in
aortic valve tissue samples of CAVD [9]. CIBERSORT algorithm has been employed to evaluate immune
in�ltration in various diseases, such as osteoarthritis [10], high-grade serous ovarian cancer [11], and
breast ductal and lobular carcinoma [12]. For the accuracy of comparison between normal valve tissues
and calci�ed valve tissues among different datasets, the P value of CIBERSORT results adopted in the
present study are less than 0.05. In each sample, the proportions of immune cells were visualized using R
software. A correlation heatmap was created by “corrplot” package in R software to describe the
correlation between 22 types of immune cells. For a speci�c type of immune cell, the difference in
immune in�ltration levels between aortic valve samples from patients with CAVD and normal individuals
were represented by a violin plot established by “vioplot” package in R software. 

Enrichment analysis of DEIRGs

For exploring biological functions of DEIRGs and its roles in immune in�ltration in patients with CAVD, the
“clusterPro�er” package [21] was adopted to conduct GO and KEGG pathway enrichment analysis. For
elucidating the correlation between enrichment terms, they were also rendered as a network plot and
visualized by Metascape [22]. We also performed enrichment analysis based on DisGeNET [23] and
TRRUST [24] database to validate the roles of DIREGs in CAVD. 

PPI network and identi�cation of key DEIRGs

To study the crosstalk among DEIRGs, the STRING plugin [25] was performed to construct PPI network
(con�dence value: 0.9, maximum number of connections: 3), which was visualized by Cytoscape
software 3.8.1 [26]. Furthermore, using Cytoscape plugin software “cytoHubba”, the top 5 hub DEIRGs
were screened out based on mixed character numeration.

Correlation analysis between key DEIRGs and in�ltrating immune cells
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The correlation between the key DEIRGs and immune cells in�ltration was analyzed using spearman
method in R software, and then the package of “ggplot2” was employed to visualize the correlation
analysis results.

Results
DEGs and DEIRGs screening between calci�ed and normal aortic valves

The work�ow of this analysis is shown in Figure 1. We performed principal component analysis (PCA) to
evaluate the batch effects among datasets included in the present study. In Figure 2B, PCA plot
demonstrated that the batch effects among GSE12644, GSE83453 and GSE20681 were removed. In
INMEX, random effect model was used to identify DEGs according to the adjusted P-value<0.05. 2465
DEGs were screened out, including 1306 upregulated and 1159 downregulated genes in aortic valve
tissues from patients with CAVD. As shown in Figure 2A, the top 100 DEGs are shown in a heatmap. Then,
after matching the IRGs from ImmPort database to the DEGs, 220 DEIRGs were �nally selected (Figure
2C). 

Immune in�ltration analysis

Based on CIBERSORT, we �rstly investigated 22 types of immune cells in�ltration in aortic valve tissues
from normal individuals and patients with CAVD. Figure 3A and Figure 3B vividly illustrate in�ltrating
immune cells in aortic valve tissue samples of 15 normal individuals and 25 patients with CAVD.
Compared with normal aortic valve tissue samples, the proportion of neutrophils, T cells CD4 memory
activated and macrophages M0 was elevated in calci�ed aortic valves tissue samples, as well as reduced
in�ltration of monocytes and NK cells activated (P < 0.05; Figure 4A). The results of correlation analysis
among different immune cells demonstrated that NK cells resting and T cells CD8 had the strongest
positive correlation (r = 0.75; Figure 4B). However, mast cells resting and NK cells resting had the most
intensive negative correlation (r=-0.7). According to the proportion of in�ltrating immune cells. 

Enrichment analysis of DEIRGs

Based on GO and KEGG databases, biological functional enrichment analysis of DEIRGs in patients with
CAVD was performed. Figure 5A shows that the biological processes were mainly enriched in positive
regulation of leukocyte migration, T cell activation, response to external stimulus, cytokine production
and cell chemotaxis. And the most enriched cellular components were mainly involved in vesicle lumen,
membrane region, the external side of plasma membrane, membrane raft, and membrane microdomain.
The molecular functions were mainly enriched in cytokine activity, cytokine binding, cytokine receptor
binding, receptor-ligand activity and cytokine receptor activity. In Figure 5B, KEGG analysis shows that NK
cell mediated cytotoxicity and cytokine to cytokine receptor interaction were most enriched, followed by
JAK-STAT pathway, chemokine, tuberculosis. Moreover, the top 20 pathways and processes in KEGG
enrichment analysis was shown in Figure 5C, such as leukocyte migration, cytokine signaling in the
immune system, lymphocyte activation, myeloid lymphocyte activation, T cell receptor signaling pathway.
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In addition, DisGeNET enrichment analysis revealed that DEIRGs were signi�cantly associated with
in�ammation, periodontitis, infection, dermatitis and pneumonitis (Figure 5D). Then, we screened out
transcription factors associated with DEIRGs based on the TRRUST database, including RELA, NFKB1,
SP1, STAT3, and JUN (Figure 5E).

PPI network analysis

Figure 6A is the PPI network of DEIRGs, CytoHubba software was used to identify the top 5 key DEIRGs
and its core network, including PTPN11, GRB2, SYK, PTPN6, and SHC1 (Figure 6B). As can be seen in
Figure 6C, PTPN11 was down-regulated in all expression pro�les included. Whereas GRB2, SYK, PTPN6
and SHC1 signi�cantly up-regulated in aortic valve tissues from patients with CAVD compared with
normal individuals (Figure 6D-G).

Correlation analysis of key DEIRGs and immune in�ltration

Correlation analysis indicated that PTPN11 was intensively correlated with mast cells resting (r=0.45,
P=0.01) and obviously negatively correlated with mast cells activated (r=-0.37, P=0.04) and T cells CD4
naive (r=-0.42, P=0.02). GRB2 had positive correlation with macrophages M0 (r=0.42, P=0.02) and
plasma cells (r=0.4, P=0.03) and had negative correlation with T cells CD4 naive (r=-0.41, P=0.02). SYK
had obviously positive correlation with mast cells resting (r=0.38, P=0.05) and T cells CD4 memory
activated (r= 0.450, P=0.03) and had negative correlation with T cells CD4 naive (r= 0.-42, P=0.02).
PTPN6 was positively correlated with macrophages M0 (r=0.43, P=0.02) and mast cells resting (r=0.38,
P=0.03). SHC1 had signi�cant positive correlation with mast cells resting (r=0.38, P=0.05) and T cells
CD4 memory activated (r=0.4, P= 0.03) and had negative correlation with T cells CD4 naive (r=-0.4, P=
0.02) and B cells memory (r=-0.37, P= 0.04) (Figure 7). The detailed results of sperman correlation
analysis is shown in Figure S1.

Discussion
CAVD, a chronic progressive disease, develops gradually from valvular sclerosis and valvular �brosis to
valvular calci�cation. CAVD eventually leads to stenosis of left ventricular out�ow and severely disrupts
hemodynamics [27]. As the population ages, CAVD becomes a major health problem due to its high
prevalence, morbidity, and mortality rate. With a deeper understanding of CAVD, treatment measures for
patients with CAVD will be more precise. Incremental proofs veri�ed that the pathology involved in CAVD
is multifactorial, including valve endothelial cells differentiation and damage, in�ammation, �brosis and
calci�cation. In recent years, studies have demonstrated that the in�ammatory response plays a pivotal
role in occurance and development of CAVD [28, 29]. In the present study, we aimed to screen out
important DEIRGs and identify the patterns of in�ltrating immune cells in CAVD in detail. 220 DEIRGs
were eventually identi�ed in aortic valve tissue samples from patients with CAVD after a detailed
integrative analysis that included all relevant gene expression pro�les in the GEO database. GO analysis
of DEIRGs in CAVD revealed that leukocyte migration, receptor-ligand activity, leukocyte cell-cell adhesion,
myeloid leukocyte migration and membrane raft and membrane microdomain were signi�cantly
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enriched. These biological processes and molecular functions were correlated with immune cells
in�ltration [29]. In�ltrating immune cells could release in�ammatory and �brotic cytokines and further
aggravate in�ammatory response. DEIRGs are also involved in the regulation of cytokine receptor activity,
cytokine activity and cytokine production in KEGG analysis. The in�ammatory factors secreted by
invading in�ammatory cells, such as IL-1β and NF-κB, promote extracellular matrix remodeling, lipid
deposition, �brosis, ossi�cation and calci�cation [30]. These �ndings indicate that DEIRGs in CAVD are
involved in the immune and in�ammatory processes In the “cytoHubba” plugin, PTPN11, GRB2, SYK,
PTPN6 and SHC1 were identi�ed as top 5 key DEIRGs according to the results of mixed character
calculation.

Protein tyrosine phosphatase (PTP) is a kind of protein phosphatase, including PTPN1, PTPN2, PTPN6,
PTP1 and PTPN22. PTPs function in various important biological processes, including cell circle and cell
differentiation, by carrying out phosphorylation and dephosphorylation of tyrosine residues [31]. The role
of PTPs in in�ammatory response and immune cells in�ltration was also gradually revealed [32, 33]. In
the present study, PTPN11 was signi�cantly down-regulated, whereas PTPN6 was up-regulated in aortic
valves from patients with CAVD. PTPN11 have already been linked to in�ammation response, which
could inhibit STAT1 pathway and ultimately reduce the level of Th1 cytokine through preventing
combination of STAT1 and IFN-γreceptor [34]. Moreover, studies have demonstrated that PTPN11 gene
variants are closely associated ulcerative colitis (UC) but not Crohn's disease (CD) [35]. PTPN11 is also an
important component in growth factor pathway and closely related to Egfr signaling and formation of
valve endothelial cells [36]. In addition, PTPN11 mutation in patients present signi�cantly higher
prevalence of pulmonary valve stenosis, named Noonan syndrome (NS) [37]. Interestingly, PTPN11
mutation has also been demonstrated to be harmful to inhibition of myocardial hypertrophy and cardiac
�brotic remodeling via crosstalk with NF-κB pathway and mTOR signaling [38, 39].

PTPN6, another phosphatase of PTPs, specially expressed in the cytoplasm, and prevented excessive
autoimmunity in IL-1 dependent in�ammatory diseases and pyroptosis dependent in�ammatory diseases
[40]. Studies have also demonstrated that PTPN6 signi�cantly ameliorates in�ammatory disease by
decreasing TNF-α, TGF-β and IL-6 [41]. In addition, PTPN6 is important in preventing the harmful effects
of pathogens on the host, which is crucial for successful defense mechanisms against invading
microorganisms [42]. PTPN6 is known as an important negative regulator of in�ammatory response and
signi�cantly down regulated in aortic valve tissues from patients with CAVD.

GRB2 is a 25-kDa adaptor protein that functions in modulating and integrating signals from cell
membrane surface receptors to intracellular effector proteins [43]. In CAVD, GRB2 was up regulated in
aortic valve tissues form patients with CAVD compared with normal individuals [44]. GRB2 is best known
in the cardiovascular �eld for activating Egfr tyrosine kinase and its downstream renin-angiotensin
system [45]. Recent studies also demonstrated that GRB2 was involved in the process of development of
T cells and Th cells. GRB2-knockout animals have reduced T cells and more prone to in�ammatory
diseases [46].
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Spleen-associated tyrosine kinase (SYK), a member of the none receptor type tyrosine kinase family [47].
SYK was involved in numerous biological functions, including cellular adhesion, vascular development,
platelet activation and relaying adaptive immune receptor signaling related to immune cells in�ltration
[48–50]. SYK, as a proin�ammatory molecule, has receiving increasing attention in a variety of diseases.
Liang et al. demonstrated that SYK was a crucial biomarker and closely related to the occurrence of
coronary heart disease (CHD) as an proin�ammatory factor [51]. Researches on the speci�c role of SYK
in CAVD is helpful to better understand the role of in�ammatory response and immune in�ltration in
patients with CAVD.

SHC1, a member of SHC family of adaptor proteins, roles of SHC1 in reactive oxygen species (ROS)
production has been widely studied. It is well known that overexpression of SHC1-induce ROS production
is related to development of atherosclerosis and CHD [52–53]. Recent evidence suggests that ROS also
plays a role in the pathophysiology of CAVD by inducing the differentiation of valvular stromal cells into
myo�broblasts, which then become osteoblasts. In addition, ROS directly causes valve endothelial cell
damage and lipid deposition in a variety of chronic diseases, including diabetes, and plays an important
role in the early stage of CAVD [54]. More studies are needed to determine the involvement of PTPN1,
GRB2, PTPN6, SYK, and SHC1 in CAVD.

CIBERSORT algorithm was performed to evaluate immune cells in�ltration in aortic valve tissues of
patients with CAVD. We found reduced monocytes and NK cells activated, as well as increased
neutrophils, T cells CD4 memory activated and macrophages M0, which may be related to the
pathogenesis of CAVD. Imbalance of M1 and M2 polarization in macrophages is known to be critical in
regulating the intensity of in�ammatory responses. Our results are the same as studies have reported
before that compared with aortic valves from normal individuals, there were fewer M2 macrophages in
calci�ed aortic valves [55]. In addition, our study has also shown that the macrophages M0 population
were signi�cantly elevated in CAVD. Monocytes are the largest white blood cells in volume, which is an
important part of the defense system of human bodys. The decrease of monocytes and NK cells in
patients with CAVD may be one of reasons for the intensi�cation of in�ammatory process and
calci�cation of valve interstitial cells. Neutrophils and C-reactive protein (CRP) are indirect blood markers
that roughly re�ect the level of in�ammation in our bodies, along with some pathological changes in
aortic valve tissue [56]. We found that neutrophils was also signi�cantly elevated in valve tissues from
patients with CAVD. These results are consistent with previous studies suggesting that calci�ed aortic
stenosis is characterized by chronic in�ammation with in�ltration of phagocytes, lymphocytes and
mammary cells [57].

We also studied the correlation between key DEIRGs and in�ltrating immune cells. Based on these results,
PTPN1, GRB2, PTPN6, SYK and SHC1 may play a key role in CAVD by modulating immune in�ltration.
However, roles of various in�ltrating immune cells and key DEIRGs in development and progression of
CAVD still need to be studied further.

Conclusion
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Above all, we found that the PTPN11, GRB2, SYK, PTPN6, and SHC1 are key DEIRGs of CAVD. Compared
with normal aortic valve tissue samples, the proportion of neutrophils, T cells CD4 memory activated and
macrophages M0 was signi�cantly elevated in calci�ed aortic valves tissue samples, as well as reduced
in�ltration of monocytes and NK cells activated. Moreover, the regulation of PTPN11, GRB2, SYK, PTPN6,
and SHC1 on immune cells in�ltration may play an important role in the pathogenesis of CAVD. Further
researches are needed to explore whether it might be a new molecular targeted therapic method for
patients with CAVD.
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expression beadchip

Guauque-Olarte S, et al. Physiol
Genomics, 2016;48(10):749-
761. PMID: 27495158

Quebec,
Canada

8 10
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Figure 1

Work�ow of the present study. PPI, protein–protein interaction; GO, gene ontology; CAVD, calci�c aortic
valve disease; DEIRGs, differentially expressed immune related genes; KEGG, kyoto encyclopedia of genes
and genomes.
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Figure 2

Identi�cation of DEIRGs between aortic valve samples from patients with CAVD and normal individuals. A
Heatmap of top 100 DEIRGs across different datasets. B PCA plot after removing batch effect between
GSE12644, GSE51472 and GSE83453. C Venn plot of screening DEIRGs by matching the 2484 IRGs from
ImmPort database to the 2465 DEGs. CAVD, calci�c aortic valve disease; IRGs, immune related genes;
DEGs, differentially expressed genes; DEIRGs, differentially expressed immune related genes. 
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Figure 3

Summary of immune in�ltration in calci�ed and normal aortic valve samples. A Barplot shows the
proportion of 22 types of immune cells in each sample. B Heatmap of the 22 subpopulations of
in�ltrating immune cells in aortic valve samples from patients with CAVD and normal individuals. CAVD,
calci�c aortic valve disease.
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Figure 4

Evaluation of the difference in immune cells in�ltration between aortic valve samples from patients with
CAVD and normal individuals. A The difference of 22 subpopulations of immune cells between calci�ed
and normal aortic valve samples. B Correlation heatmap shows the correlation between 22 immune cell
subpopulations. CAVD, calci�c aortic valve disease.
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Figure 5

Enrichment analysis of DEIRGs in CAVD. A GO enrichment analysis. B KEGG pathway enrichment
analysis. C The network of enriched terms and each node represents an enriched term. D Summary of
enrichment analysis in DisGeNET. E Summary of enrichment analysis in TRRUST. DEIRGs, differentially
expressed immune related genes; GO: gene ontology; KEGG: kyoto encyclopedia of genes and genomes.
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Figure 6

PPI network and identi�cation of hub genes. A PPI network of DEIRGs in CAVD. B Top 5 hub genes
identi�ed by ‘cytoHubba’ according to mixed character calculation and its core network. The signi�cance
of hub genes gradually increases from yellow to red. C-G The expression pattern of PTPN11, GRB2, SYK,
PTPN6 and SHC1 in calci�ed or normal aortic valve tissues. PPI: protein-protein interaction; DEIRGs:
differentially expressed immune related genes; CAVD, calci�c aortic valve disease.
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Figure 7

Correlations between DEIRGs in CAVD and in�ltrating immune cells. A-E Correlation between PTPN11,
GRB2, SYK, PTPN6 and SHC1 and in�ltrating immune cells.
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