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Purpose: Immune microenvironment plays an important role in aortic dissection (AD). Therefore, novel immune biomarkers may 
facilitate AD prevention, diagnosis, and treatment. This study aimed at mining key immune-related genes and relevant mechanisms 
involved in AD pathogenesis.
Patients and Methods: Key immune cells in AD were identified by ssGESA algorithm. Next, genes associated with key immune 
cells were screened by weighted gene coexpression network analysis (WGCNA). Then hub immune genes were picked from protein- 
protein interaction network of overlapped genes from differential expression and WGCNA analyses by cytohubba plug-in. Their 
diagnostic potential was evaluated in two independent cohorts from GEO database. In addition, the expressions of hub immune genes 
were determined by quantitative RT-PCR, immunohistochemistry, and Western blotting in dissected and normal aortic tissues.
Results: Activated B cells, CD56dim natural killer cells, eosinophils, gamma delta T cells, immature B cells, natural killer cells and 
type 17 T helper cells were identified as key immune cells in AD. Thereafter, a gene module significantly correlated with key immune 
cells were found by WGCNA method. Subsequently, KDR, IGF1, NOS3, PECAM1, GAPDH, FLT1, DLL4, CDH5, VWF, and TEK 
were identified as hub immune cell related genes by PPI network analysis, which may be potential diagnostic markers for AD, as 
evidenced by ROC curves. Moreover, the decreased expression of VWF in AD was validated at both mRNA and protein levels, and its 
expression was significantly positive correlated with the marker of smooth muscle cells, ACTA2, in AD. Further immunofluorescent 
results showed that VWF was colocalized with ACTA2 in aortic tissues.
Conclusion: We identified key immune cells and hub immune cell-related genes involved in AD. Moreover, we found that VWF was 
co-expressed with the smooth muscle cell marker ACTA2, indicating the important role of VWF in smooth muscle cell loss in AD 
pathogenesis.
Keywords: aortic dissection, infiltrating immune cells, diagnosis, smooth muscle cells

Introduction
Aortic dissection (AD) is a fatal emergency triggered by aortic wall rupture. Briefly, an intimal tear permits blood to enter 
the media, thus forming a false channel that might enlarge proximally or widely, possibly leading to rupture as the outer 
layer worsens. AD is categorized as Stanford type A or Stanford type B depending on the location of the initial rupture and 
the area of dissection involved. Stanford type A AD, defined as ascending AD, is associated with a high risk of death and 
morbidity. AD-specific causes are currently unclear, and it has been reported that inflammatory responses serve as disease 
mediator.1 AD is often associated with hypertension, hereditary connective tissue disease, aortic inflammatory diseases, and 
other diseases that contribute to the destruction of the aortic media. Although AD is uncommon, it is associated with high 
mortality rates.2 The full aorta computed tomographic angiography (CTA) is the preferred tool to support a diagnosis and 

Journal of Inflammation Research 2024:17 2119–2135                                                     2119
© 2024 Zheng et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research                                                         Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 11 August 2023
Accepted: 29 March 2024
Published: 5 April 2024

Jo
ur

na
l o

f I
nf

la
m

m
at

io
n 

R
es

ea
rc

h 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0001-7771-5483
http://orcid.org/0000-0002-9539-8968
http://orcid.org/0009-0005-1757-2691
http://orcid.org/0000-0003-0630-9976
http://orcid.org/0009-0009-9671-4019
http://orcid.org/0009-0005-4290-7262
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


follow-up evaluation after treatment. Through imaging examinations, the type of dissection, extent of involvement, tear 
location, and involvement of the aortic valve can be understood, and treatment measures can be decided afterwards. The 
survival rate after acute AD has significantly improved through timely emergency surgery, but operative mortality remains 
high.3 Thus, it is necessary to establish efficient strategies to predict the risk and prevent or mitigate AD injury.

Previous studies have shown that autoimmune diseases trigger vascular inflammatory responses, which in turn cause 
further aortic injury and ECM destruction, which is a main risk factor for dissection.4 Furthermore, immune cell 
infiltration is associated with AD development.5 Immune cell infiltration in the vessel wall of dissection has been 
observed, including macrophages, dendritic cells, natural cells, B cells, and killer T cells. Furthermore, macrophage recall 
and activation have been identified as critical events in the early stages of Stanford type A AD.6 According on reports, 
the monocyte-macrophage system is primarily responsible for the immunological inflammatory response that leads to the 
development of AD.1 In addition, Liu et al discovered that necroptosis causes cell swelling and rupture, releasing 
potentially inflammatory cellular contents that influence immune infiltration and the onset and development of 
dissection.7 The inflammatory and immune response in AD may have important implications.

Therefore, to determine the pathophysiology of AD from an immune and inflammatory perspective, this study was designed 
to determine the key immune infiltration-related target genes implicated in AD and investigate their functions based on 
bioinformatics and in vivo and in vitro experiments. An overview of the study design and main findings is presented in Figure 1.

Materials and Methods
Data Source
Gene expression data of ascending aortic tissues collected from patients with Stanford type A AD (N = 10) and normal 
ascending aortic tissues collected from patients without any aortic disease (N = 10) samples were downloaded from 

Figure 1 The schematic workflow of the current study. 
Abbreviations: ECM, extracellular matrix; GO, gene ontology; KEGG; Kyoto Encyclopedia of genes and genomes; AD, aortic dissection; WGCNA, weighted gene 
coexpression network analysis; PPI, protein-protein interaction; TF, transcription factor; KDR, kinase insert domain receptor; IGF1, insulin-like growth factor 1; NOS3, nitric 
oxide synthase 3; PECAM1, platelet and endothelial cell adhesion molecule 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; FLT1, Fms-related receptor tyrosine 
kinase 1; DLL4, delta-like canonical notch ligand 4; CDH5, cadherin 5; VWF, von Willebrand factor; TEK, TEK receptor tyrosine kinase; ROC, receiver operating 
characteristic; HE, haematoxylin and eosin; ACTA2, actin alpha 2, smooth muscle; CA9, carbonic anhydrase 9; DIO3, iodothyronine deiodinase 3; CXCL5, C-X-C motif 
chemokine ligand 5; GCKR, glucokinase regulator; CCL20, C-C motif chemokine ligand 20; NPY2R, neuropeptide Y receptor Y2; C2CD4A, C2 calcium dependent domain 
containing 4A; MMP1, matrix metallopeptidase 1; SCN7A, sodium voltage-gated channel alpha subunit 7; RELN, reelin; PI16, peptidase inhibitor 16; ADIPOQ, adiponectin, 
C1Q and collagen domain containing; LSAMP, limbic system associated membrane protein; PMP2, peripheral myelin protein 2; RAMP3, receptor activity modifying protein 3; 
STAB2, stabilin.
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GSE153434 to identify potential AD biomarkers. The GSE52093 dataset, including seven ascending aortic tissues 
obtained from patients with Stanford type A AD and five normal control ascending aortic tissue samples, was also 
sourced from the GEO database to validate the diagnostic value of the markers identified in GSE153434. GSE222328 
was used to perform single-cell analyses from human AD. Using the limma R package, DEGs between the AD and 
control samples in GSE153434 were identified using |log2FC| > 1 and a p-value < 0.05.

Identification of Immune Cell Types Involved in AD
The ssGSEA algorithm was applied to count the enrichment fractions of 28 immune cells based on relevant immune gene 
sets. Compared with other methods, ssGSEA has less noise and more biological interpretability.8 The levels of 28 
immune cells evaluated in the current study were type 17 T helper cells, activated B cells, eosinophils, gamma delta 
T cells, immature B cells, natural killer cells, CD56dim natural killer cells, MDSCs, activated dendritic cells, plasma-
cytoid dendritic cells, central memory CD4 T cells, immature dendritic cells, macrophages, mast cells, memory B cells, 
neutrophils, type 2 T helper cells, activated CD4 T cells, activated CD8 T cells, effector memory CD8 T cells, T follicular 
helper cells, type 1 T helper cells, monocytes, CD56bright natural killer cells, and regulatory T cells. After calculating the 
above mentioned immune cells, we compared their levels between AD patients and controls using the Wilcoxon test, and 
significantly differentially infiltrated immune cells were identified using p-value <0.05.

Identifying and Analyzing the Functions of AD Hub Genes
Next, genes associated with differentially enriched immune cells were filtered using weighted gene coexpression network 
analysis (WGCNA). WGCNA is a method used for finding modules of highly correlated genes, relating modules to 
sample traits and calculating membership modules. One obvious advantage of WGCNA is that it transforms gene 
expression data into co-expression modules, which is also suitable for datasets having low abundance or small fold 
change genes without losing much information. In addition, WGCNA is performed in R, which is an open source 
programming language and user-friendly.9 Thus, we applied WGCNA to identify gene modules correlated with key 
immune cells. Briefly, to eliminate outliers, a clustering tree map of the samples was generated. Considering the sample 
size, we chose 8 as the soft threshold according to the instructions of the WGCNA. The adjacency matrix was 
transformed into a topological overlap matrix based on the soft threshold used to build the network, and the genetic 
dendrogram and modular colors were determined based on the degree of difference. Dynamic tree-cutting was used to 
isolate the initial modules. The coefficient of Pearson’s correlation involving the eigengenes of the module and the 
sample traits was calculated to identify the module that was most closely connected to the differentially infiltrated 
immune cells. The most positive module was selected, and module membership (MM) > 0.8 and gene significance (GS) 
> 0.2 were used to further screen genes.

Identification and Validation of Potential Diagnostic Biomarkers for AD
To further identify the important immune cell-related genes involved in AD, DEGs and WGCNA modular genes were 
overlapped, and the GO terms and KEGG pathways in which overlapping genes were enriched were analyzed. 
Meanwhile, the overlapped genes were uploaded to STRING database, which includes known and predicted protein- 
protein interactions from experimental validations and computational prediction. Those interactions in STRING database 
are critically assessed and scored.10 Next, Cytoscape plug-in “cytohubba”11 was applied to identify hub genes in the 
network by measuring and ranking the network features of overlapped genes. The diagnostic values of hub genes were 
evaluated using GSE153434 and validated using GSE52093. To determine the potential molecular mechanisms that 
regulate the expression of hub genes, we used the miRNet and NetworkAnalyst databases to search for miRNAs and 
transcription factors (TFs), respectively. Accordingly, regulatory networks of miRNA-hub genes and TFs-hub genes were 
established.

Sample Collection
Five ascending aortic tissues from Stanford A AD patients who underwent thoracic aortic replacement surgery were 
obtained from the Second Affiliated Hospital of the Shanxi Medical University. Three normal thoracic aorta tissues were 
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obtained from patients undergoing heart coronary bypass surgery without any aortic disease. All arterial samples were 
collected following procedures authorized by the Office for Human Subjects Protection at Shanxi Medical University’s 
Second Affiliated Hospital.

Quantitative Real-Time PCR
AD and normal tissues were ground, and total RNA was extracted using an RNA extraction reagent according to the 
manufacturer’s instructions (Servicebio, China). A NanoDrop 2000 spectrophotometer was used to determine the 
concentration and purity of the total RNA (Thermo Fisher Scientific, Wilmington, DE, United States). A Servicebio 
RT First-Strand cDNA Synthesis Kit was used to create complementary DNA (cDNA). Quantitative real-time PCR was 
performed using the MonAmpTM ChemoHS qPCR Master Mix at 95 °C for 10 min, followed by 40 cycles of 95 °C for 
10s and 55 °C for 30s. The primer sequences used for detection are listed in Table 1. Beta-actin expression was used as 
an internal standard. The 2−ΔΔCt method was used to calculate gene expression levels.

Western Blotting
AD and normal tissues were ground and lysed using a protein lysis buffer (Merck, Germany). Protein concentrations 
were measured by the BCA assay (Beyotime, China). Briefly, 25 μg of lysate samples was separated on NuPage 4–12% 
Bis-Tris Gels (Novex, Life Technologies, Carlsbad, CA, United States). After transfer, the blots were incubated in 
blocking buffer for 1 h at room temperature, followed by incubation with primary antibodies overnight at 4 °C, PBST 
washing (three times, each for 10 min), secondary antibody for 1 h at room temperature, and PBST washing (three times, 
each for 10 min). Blots were imaged using the LiCor Odyssey imaging system. Primary antibodies against VWF (1:5000; 

Table 1 Primers for qPCR in the Current Study

Gene name Sequence (5’-3’)

Beta-actin F: CACCCAGCACAATGAAGATCAAGAT

R: CCAGTTTTTAAATCCTGAGTCAAGC

GAPDH F: GGAAGCTTGTCATCAATGGAAATC
R: TGATGACCCTTTTGGCTCCC

DLL4 F: GGGTCAGAACTGGTTATTGGATG

R: TGACAGCCCGAAAGACAGATAG
KDR F: GTAACCCGGAGTGACCAAGG

R: AACCAAGGTACTTCGCAGGG

CDH5 F: AGGTGCTAACCCTGCCCAAC
R: CGGAAGACCTTGCCCACATA

PECAM1 F: ACCAAGATAGCCTCAAAGTCGG

R: CTGGGAGAGCATTTCACATACG
TEK F: TGAAGGGCGAGTTCGAGGAG

R: GCTGAGCATGAGGCAGGTGTA

FLT1 F: GCACCTTGGTTGTGGCTGA
R: CTCTCCTTCCGTCGGCATT

NOS3 F: AGACAAGGCAGCAGTGGAAATC

R: TCTGCTCATTCTCCAGGTGCTT
VWF F: AATGACCTCACCAGCAGCAAC

R: TCACTGGTAAGGATTCTACAGGAGG

IGF1 F: GGTGGATGCTCTTCAGTTCGT
R: GCAATACATCTCCAGCCTCCTTA

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 
FLT1, Fms-related receptor tyrosine kinase 1; DLL4, delta-like canonical 
notch ligand 4; KDR, kinase insert domain receptor; PECAM1, platelet 
and endothelial cell adhesion molecule 1; CDH5, cadherin 5; TEK, TEK 
receptor tyrosine kinase; NOS3, nitric oxide synthase 3; VWF, von 
Willebrand factor; IGF1, insulin-like growth factor 1.
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11778-1-ap) and PECAM1 (1:500; 28083-1-ap) were purchased from Sanying (Wuhan, China). GAPDH (1:2000, 
GB15002) and ACTIN (1:2000, GB113225) were purchased from ServiceBio (Wuhan, China). The blot image was 
then analyzed using ImageJ software, according to the user guidelines.12

Immunohistochemical and Histopathological and Analyses
Formalin-fixed, paraffin-embedded human AD and normal tissue specimens were used for immunohistochemical 
analyses. A 1:5000 dilution of anti-VWF (Sanying, Wuhan, China) was used as the primary antibody. 
Immunohistochemical results were evaluated using the mean density. At least three 200× fields were randomly selected 
for each slide in each group. Efforts were made to ensure that the field of vision was largely filled with tissue, and that 
each image had the same background light. Image-pro Plus 6.0, which was used to select the same brown-yellow color as 
the unified standard to judge positivity. The cumulative optical density (IOD) and pixel AREA (AREA) were obtained 
and the mean density (IOD/AREA) was calculated. For histopathological evaluations, AD and normal samples were fixed 
in 4% paraformaldehyde, sectioned at 2.5-µm thickness after fixation and paraffin embedding, stained with hematoxylin 
and eosin (H&E) following standard procedures, and examined under light microscopy. Masson’s trichrome staining kit 
(DC0032-100, Leagene, Beijing, China) and Picrosirius Red Staining Kit (G1018, Servicebio, Wuhan, China) were used 
to measure collagen deposition according to the manufacturer’s instructions.

Immunofluorescent Staining
Paraffin-embedded aortic tissues from AD and controls were cut into 4 µm sections, followed by deparaffinized, 
rehydrated and antigen retrieval. Then tissue sections were incubated with primary antibodies (anti-ACTA2, 1:200 
dilution, GB12045; anti-VWF, 1:1000 dilution, GB11020; anti-SM22α, 1:2000 dilution, GB11366) overnight at 4°C and 
secondary antibodies (Cy3-labeled Goat Anti-Mouse IgG, 1:300 dilution, GB21201; Alexa Fluor 488 Goat Anti-Rabbit 
IgG, 1:300 dilution, GB25303;) for 1 hour at room temperature. Subsequently, the nuclei were counterstained with DAPI 
for visualization. All the antibodies were purchased from Servicebio company (Wuhan, China). Staining quantification 
was performed by Image-Pro Plus 6.0 software by counting cells at x400 magnification from randomly selected 4 fields 
in each slide.

Analysis of Single-Cell Sequencing Data
The Seurat packet (https://satijalab.org/seurat/ (accessed on June 11, 2023)) in R was used for cell filtration and analysis. 
We set the conditions for cell filtration as follows: the number of genes identified in single cells was greater than 500 and 
less than 30,000; the total number of UMI detected in a single cell was greater than 1000, the proportion of mitochondrial 
gene expression in single cells was less than 5%, and the DoubletFinder package was used to remove multicellular cells. 
After screening, 96,001 cells were obtained. Follow-up for further filtering, standardization, cell subgroup classification, 
subgroup analysis, and marker gene screening of differentially expressed genes was performed using Seurat.

Statistical Analysis
All analyses were performed using the R software. The Student’s t-test or Wilcoxon test was used to compare the results 
of qPCR, Western blotting, and immunohistochemistry between the AD and normal groups. The correlation between 
VWF and ACTA2 expression was analyzed using Spearman correlation coefficient. The P value less than 0.05 were 
considered statistically significant.

Results
DEGs Associated with ECM and Inflammation Were Identified Between AD and 
Controls
The GSE153434 dataset was first analyzed, and 1571 DEGs were identified between patients with AD and controls 
(Figure 2A). Among them, 566 genes were remarkably upregulated, whereas 1005 genes were downregulated in AD 
(Figure 2A). We then extracted the expression patterns of the top 10 upregulated [carbonic anhydrase 9 (CA9), 
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iodothyronine deiodinase 3 (DIO3), C-X-C motif chemokine ligand 5 (CXCL5), glucokinase regulator (GCKR), 
C-C motif chemokine ligand 20 (CCL20), CCL7, neuropeptide Y receptor Y2 (NPY2R), C2 calcium dependent domain 
containing 4A (C2CD4A), matrix metallopeptidase 1 (MMP1), and MMP10] and downregulated [sodium voltage-gated 

Figure 2 Identification and functional analysis of differentially expressed genes (DEGs) between aortic dissection (AD) and control samples. (A) Volcano plot for the 
differential expression analysis, in which red dots indicate upregulated DEGs and blue dots indicate downregulated DEGs in AD. (B) Heatmap showing the increased and 
decreased expressions of the most significant 15 up-regulated genes and 15 down-regulated genes (ranked according to the adjusted p-value). (C) Dot plot displaying GO 
terms sorted by adjusted p value in the category of biological process (BP), cellular component (CC) and molecular function (MF) that DEGs between AD and control are 
enriched in. (D) Chord diagram showing the corresponding relationship between the top 10 pathways with the highest significance and relevant DEGs involved in those 
pathways. The left are KEGG pathways, and the right is DEGs, and log2FC was displayed from top to bottom. When log 2 FC > 0, the larger the log 2 FC is, the greater the 
differential expression of up-regulated protein is; when log 2 FC < 0, the smaller the log 2 FC is, the greater the differential expression of down-regulated protein is. The 
closer the log 2 FC is to 0, the smaller the differential expression fold is.
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channel alpha subunit 7 (SCN7A), reelin (RELN), peptidase inhibitor 16 (PI16), CXCL14, CCL15-CCL14, adiponectin, 
C1Q and collagen domain containing (ADIPOQ), limbic system associated membrane protein (LSAMP), peripheral 
myelin protein 2 (PMP2), receptor activity modifying protein 3 (RAMP3), and stabilin 2 (STAB2)] genes in AD, as 
shown in the heatmap (Figure 2B). Interestingly, both GO and KEGG pathway enrichment results indicated that these 
DEGs may play important roles in ECM modeling, ECM-mediated cellular functions, and inflammation, such as BPs of 
ECM organization, cell migration, CCs of collagen-containing ECM, cell-cell junction, signaling receptor activator 
activity, cytokine activity, and KEGG pathways of cytokine-receptor interaction, TNF signaling pathway, ECM-receptor 
interaction, and focal adhesion (Figure 2C and 2D), indicating that aberrant expression of these genes may regulate AD 
development via ECM and inflammation. In addition, some DEGs were enriched in heart-related functions and diseases, 
such as heart contraction, vascular processes in the circulatory system, heart morphogenesis, and hypertrophic cardio-
myopathy (Figure 2C and 2D), suggesting that these DEGs may be common pathogenic factors in both AD and heart 
disease, which may guide further in vivo and in vitro studies.

217 Genes Associated with Activated B Cells Were Mined by WGCNA
ssGSEA was used to calculate the enrichment score of 28 distinct cell types to compare cellular heterogeneity 
between the AD and control samples. We found a significant difference between AD and control samples in the 
infiltration of type 17 T helper cells, activated B cells, gamma delta T cells, immature B cells, eosinophils, and 
natural killer cells (Figure 3A and 3B). To identify genes associated with type 17 T helper cells, activated B cells, 
eosinophils, gamma delta T cells, immature B cells, and natural killer cells, we performed WGCNA. First, one 
outlier sample was removed after clustering (Figure 4A). To achieve a scale-free topology, 8 was selected as the 
optimal soft threshold power, according to the instructions of the WGCNA package (Figure 4B). Twenty modules 
from the coexpression network were identified after merging the similar modules (Figure 4C). According to the 
module-trait relationships in Figure 4D, the blue module and activated B cells had the strongest positive correlation. 
Thus, 217 activated B cell-related genes in the blue module were further obtained under module membership (MM)> 
0.8 and gene significance (GS)> 0.2.

Hub Activated B Cell Related Genes May Serve as Potential Diagnostic Biomarkers 
in AD
By overlapping 1571 DEGs with 217 genes related to activated B cells, 192 activated B cell-related DEGs were 
obtained (Figure 5A). GO and KEGG enrichment analyses again showed that these genes were mainly involved in 
ECM- and inflammation-related biological functions, such as ameboidal-type cell migration, cell junction assembly, 
the PI3K-Akt signaling pathway, focal adhesion, and complement and coagulation cascades (Figure 5B and 5C). 
Pathways associated with heart function and related pathways, such as the calcium signaling pathway, dilated 
cardiomyopathy, and vascular smooth muscle contraction, were detected (Figure 5C). To better understand their 
interactions, we constructed a PPI network (Figure 5D) in which kinase insert domain receptor (KDR), insulin-like 
growth factor 1 (IGF1), nitric oxide synthase 3 (NOS3), platelet and endothelial cell adhesion molecule 1 
(PECAM1), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Fms-related receptor tyrosine kinase 1 (FLT1), 
delta-like canonical notch ligand 4 (DLL4), cadherin 5 (CDH5), von Willebrand factor (VWF), and receptor tyrosine 
kinase (TEK) had the highest connection degrees calculated by cytohubba (Figure 5E). Thus, those genes were 
identified as hub activated B cell-related genes in AD. Next, we evaluated the potential of hub genes for AD 
diagnosis using ROC analysis. The AUCs of KDR, IGF1, NOS3, PECAM1, GAPDH, FLT1, DLL4, CDH5, VWF, 
and TEK were 1.00, 0.96, 1.00, 0.99, 0.99, 0.94, 0.95, 1.00, 1.00, and 1.00, respectively (Figure 6A), indicating that 
they all performed well in distinguishing AD and control samples and thus may serve as potential biomarkers for the 
diagnosis of AD. Furthermore, similar expression patterns were found in both the training and validation datasets 
(Figure 6B and 6C), further demonstrating their potential as diagnostic biomarkers. Due to their aberrant expression 
in AD, it is important to explore potential regulatory factors to guide future upstream molecular mechanisms of AD 
pathogenesis. Thus, we constructed networks of TFs-hub genes and miRNA-hub genes (Figure 6D and 6E) and 
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found that some hub genes were regulated by common TFs and miRNAs. These shared TFs and miRNAs may play 
important roles in the initiation and development of AD; however, solid in vitro and in vivo experiments need to be 
performed to provide more information.

Figure 3 Analysis of immune cell infiltration in aortic dissection (AD) and control samples. (A) Heatmap showing the distribution of 28 immune cell in AD and control 
samples. The row means the type of immune cells, and the column corresponds to each sample. Red and blue represent high and low expression, respectively. (B) Box plot 
showing the difference of immune cell levels between AD and control group. Wilcoxon test was used, and P was corrected by false discovery rate (FDR). The red colored 
p values highlight the immune cells (type 17 T helper cell, activated B cell, eosinophil, gamma delta T cell, immature B cell, natural killer cell, CD56dim natural killer cell) that 
were significantly infiltrated between AD and control samples.
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VWF Plays a Key Role in AD, Maybe via Regulating Loss of Smooth Muscle Cells
We first observed the histopathological characteristics of our clinical AD samples, including elevated deposition of total 
collagens (Figure 7A) and loss of smooth muscle cells (Figure 7B and 7C) during dissection. Next, we performed qPCR 
to validate the aberrant expression of hub genes in clinical samples. The results showed that VWF mRNA expression was 
significantly reduced in AD samples (Figure 7D), which was consistent with the RNA sequencing results in GSE153434. 
Moreover, the protein level of VWF was also remarkably decreased in the AD samples (Figure 7E). In addition, 
immunohistochemistry revealed that the VWF-positive area in the dissection was much smaller than that in normal 
artery walls (Figure 7F). These results indicate that aberrant expression of VWF is associated with AD development. To 
further investigate the role of VWF in AD, we analyzed human single-cell sequencing data of AD sourced from 
GSE222328. After removing the unqualified cells, the remaining 96,001 cells were grouped into 29 subpopulations 
using tSNE (Figure 8A). Using standard marker genes of established cell lineages, these 29 subpopulations were 
annotated into 8 cell types, including B cells, neutrophils, macrophages, NK cells, monocytes, endothelial cells, smooth 
muscle cells, and T cells (Figure 8A). We found that ACTA2 expression was significantly decreased in AD samples, and 
ACTA2 was mainly expressed in smooth muscle cells (Figure 8B), indicating that ACTA2 is a marker for muscle cells 
in AD, which was verified by co-staining with another smooth muscle cell marker, SM22α, in Figure 7C. Thus, to 
determine the relationship between muscle cells and VWF, we analyzed the correlation between ACTA2 and VWF 
expression. Interestingly, we found a significant positive correlation between VWF and ACTA2 (p = 0.001, cor = 0.67) 
(Figure 8C). Moreover, immunofluorescent staining showed that VWF was co-localized with ACTA2 in aortic tissues, 

Figure 4 Identification of immune cell-related modules by weighted gene coexpression network analysis (WGCNA). (A) The clustering dendrogram of samples showing 
that one sample (Normal 4) was an outlier, and the others were well divided into two groups with no outlier. (B) Determination of the soft-threshold to achieve the scale- 
free network. The left panel shows the influence of soft-threshold power on the scale-free fit index, and the right panel shows the impact of soft-threshold power on the 
mean connectivity. (C) Gene dendrogram obtained by hierarchical clustering and modules with different colors assigned by dynamic tree cutting. (D) Heatmap displaying the 
correlation between modules and immune cells. Each row correlates to a module eigengene, and each cell includes the corresponding correlation and p value.
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and again we found that VWF expression was significantly reduced in aortic tissues from AD patients (Figure 8D). Those 
findings suggested that VWF may be involved in the pathology of AD by affecting the loss of smooth muscle cells.

Discussion
To date, few medical treatments are available for the prevention or treatment of AD. Therefore, clarifying the 
pathological mechanism of AD, determining the risk factors, early detection and diagnosis, and active prevention are 
important for improving the survival rate and prognosis of AD. Several studies have identified hub genes in AD using 
bioinformatic strategies.13–16 For example, Li et al calculated the immune scores of AD patients and identified key 
immune related genes by WGCNA and PPI analyses.14 Zhong et al16 and Luo et al17 first identified AD associated genes 
via WGCNA and then calculated their correlations with immune cells. In addition, Zeng et al18 and Ren et al19 performed 
mass spectrometry to identify biomarkers in the serum of AD patients via differential expression and correlation 
analyses. However, to the best of our knowledge, information directly on the role of infiltrated immune cells in AD 
pathogenesis and diagnosis using aortic tissues is still lacking. Thus, we first identified key immune cells involved in AD 
and performed a bioinformatic study directly focusing on identify core differentially expressed genes associated with key 
immune cells in AD.

In the current study, bulk sequencing results showed that infiltration of B cells (activated and immature) was 
significantly altered in the AD immune microenvironment. In addition, by analyzing single-cell sequencing data, we 
found that B cells were one of the main cell types in AD. Thus, both bulk and single-cell sequencing results indicate an 
important role of B cells in AD. Thereafter, using WGCNA, we identified 192 DEGs associated with activated B cells, 
which secrete antibodies and cytokines to regulate vascular immune and inflammation response.20,21 To further inves-
tigate the function of these activated B cell-related DEGs. We performed GO and KEGG pathway enrichment analyses 
and found that they were mainly enriched in cell migration and the PI3K-Akt signaling pathway. It has been reported that 
migration, proliferation, and phenotypic switching of smooth muscle cells contribute to the alteration of the structure and 

Figure 5 Identification of activated B cell-related hub genes in aortic dissection (AD). (A) Venn plot showing 192 overlapped genes between WGCNA modular genes and 
differentially expressed genes (DEGs). (B) Gene ontology (GO) enrichment of 192 activated B cell related DEGs. GO-biological processes (BPs) for the 20 pathways with 
the highest significance (according to the p value order after correction), all GO-cellular components (CCs) and GO-molecular functions (MFs) are displayed. (C) Kyoto 
Encyclopedia of genes and genomes (KEGG) pathway enrichment of 192 activated B cell related DEGs. The 10 pathways with the highest significance type were selected. (D) 
Visualization for the predicted results of protein-protein interaction (PPI) network among 192 activated B cell-related DEGs via STRING and Cytoscape. Each node 
represents a protein, and each line refers an interaction. Line thickness indicates the strength of interaction. (E) PPI subnetwork of hub genes identified by cytohubba plug-in. 
Hub genes were colored from yellow to red with red being the most important.
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Figure 6 Analysis of hub genes in aortic dissection (AD). (A) Receiver operating characteristic ROC curves of hub genes on determining AD patients from normal control. 
(B, C) Box plots showing the expressions of hub genes in training and validation cohorts. (D) Transcription factors-hub genes regulation network, in which rectangles in cyan 
indicate hub genes and diamonds in violet indicate transcription factors. The lines between rectangles and diamonds mean that they have regulatory relationship. (E) 
MiRNAs-hub genes regulation network, in which rectangles in cyan indicate hub genes and circles in Orange indicate miRNAs. The lines between rectangles and circles mean 
that they have regulatory relationship. 
Abbreviations: KDR, kinase insert domain receptor; IGF1, insulin-like growth factor 1; NOS3, nitric oxide synthase 3; PECAM1, platelet and endothelial cell adhesion 
molecule 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; FLT1, Fms-related receptor tyrosine kinase 1; DLL4, delta-like canonical notch ligand 4; CDH5, cadherin 5; 
VWF, von Willebrand factor; TEK, TEK receptor tyrosine kinase.
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Figure 7 Validation of the expression of von Willebrand factor (VWF) in aortic dissection (AD). (A) Representative images of Masson staining in the aortic tissue from 
control (left) and AD patient (right). The collagens are stained blue and smooth muscle cells are stained red. In the AD (right), there was significantly elevated deposition of 
total collagens compared with controls (left). (B) Representative images of haematoxylin and eosin (HE) staining in the aortic tissue from control (left) and AD patient 
(right). In the control (left), the smooth muscle cells are evenly distributed and neatly arranged. In the AD (right), the disarrangement and the loss of smooth muscle cells are 
detected as indicated by black arrows. (C) Representative images of immunofluorescent staining of smooth muscle cells in aortic tissue from control and AD patients using 
specific marker proteins ACTA2 and SM22α. Nuclei (blue) were visualized with DAPI. ACTA2 (red) – actin alpha 2, smooth muscle, and SM22α (green) – smooth muscle 
protein 22 alpha were labelled with the respective antibodies. (D, E) Decreased VWF expressions in aortic tissues from AD patients were detected by PCR and Western 
blotting compared to controls. (F) Representative images of VWF immunohistochemistry in control (left) and AD (right) tissue. The staining for VWF was significantly 
decreased in AD. *p <0.05.

Figure 8 Analysis of the relationship between von Willebrand factor (VWF) and smooth muscle cells. (A) 29 cell clusters were identified from single-cell sequencing data of 
human aortic dissection (AD). Subsequently, 29 cell clusters were annotated into 8 cell types, including B cells, neutrophils, macrophages, NK cells, monocytes, endothelial 
cells, smooth muscle cells, and T cells. (B) Actin alpha 2, smooth muscle (ACTA2) was mainly expressed in smooth muscle cells, and its expression was significantly 
decreased in AD at single-cellular level. (C) The expression of VWF was significantly correlated with ACTA2 in human aortic tissues. (D) Representative images of 
immunofluorescent staining of VWF in aortic tissues from control and AD patients. Nuclei (blue) were visualized with DAPI. ACTA2 (red) – actin alpha 2, smooth muscle, 
and VWF (green) – von Willebrand factor were labelled with the respective antibodies. The images showed that VWF was co-localized with ACTA2, the marker of smooth 
muscle cells, in the aortic tissues. Again, the expressions of both VWF and ACTA2 were significantly reduced in aortic tissues from AD patients compared to controls. ****p 
<0.0001.
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function of smooth muscle cells, thus leading to AD formation.22–24 PI3K-Akt signaling plays an important role in 
phenotypic switching and apoptosis of human aortic vascular smooth muscle cells.25–27 Those studies together with our 
results suggest that activated B cell-related DEGs may regulate the migration, apoptosis, and phenotype switch of smooth 
muscle cells to further affect the development of AD.

Next, using the PPI network and ROC curves, we screened 10 hub activated B-cell-related DEGs, including KDR, 
IGF1, NOS3, PEAM1, GAPDH, FLT1, DLL4, CDH5, TEK, and VWF. KDR, also known as vascular endothelial growth 
factor receptor 2 (VEGFR2), is mainly expressed on vascular endothelial cells. It binds to VEGFs to regulate the 
survival, proliferation and migration of endothelial cells.28 Many studies have shown its importance in cardiomyocyte 
growth,25 vasculogenesis, normal and pathological angiogenesis.29,30 In addition, KDR could form complexes with 
adhesion molecules, which destabilize endothelial junctions and increase vascular permeability when PI3K and p38 
MAPK signaling are activated.31 However, the exact function of KDR in AD remains unclear. Wang et al have reported 
that knockdown of osteoglycin promotes the proliferation and migration of vascular smooth muscle cells in AD via 
VEGF/VEGFR2.32 IGF1 plays a critical role in regulating behaviors of endothelial cells, such as migration and tube 
formation, by binding to its receptors. In cancers and eye diseases, IGF1 has shown to be involved in angiogenesis.33,34 

In addition, a recent study on atherosclerosis showed that IGF1 pathway could regulate the inflammation and prolifera-
tion of vascular smooth muscle cells.35 In AD-related disease, IGF1 has been reported to be positively correlated with an 
increased aortic diameters36 in Turner syndrome, which is a common cause of AD. NOS3 is a key player in governing 
angiogenesis, and its aberrant expression will result in the dysfunction of vascular endothelium.37 In addition, NO 
generated by endothelial NOS3 spread into vascular smooth muscle cells, thus leading to relaxation of smooth muscle 
cells and vasodilation.38 Özmen et al found higher expression of NOS3 intron 4b/4b in AD than in the control group.39 

About 13% of NOS3 knockout mice had spontaneous AD in the sinotubular junction,40 indicating the important role of 
NOS3 in AD development. FLT1, also known as VEGFR1 is expressed in endothelial cells, vascular smooth muscle cells 
and some other non-endothelial cells. Like KDR, FLT1 plays an important role in the vasculogenesis and angiogenesis 
process via regulating the differentiation, migration and proliferation of endothelial cells and migration of immune 
cells.29,30 Additionally, it can bind with VEGF-A to activate cardiomyocytes.41 However, its role in AD has not been 
studied yet. PECAM1 is a key endothelial adhesion molecule, which is involved in endothelial force sensing.42 In 
a recent study from myocardial ischemia mice model, Chu et al found that the survival of cardiomyocytes may be 
associated with decreased PECAM1 in endothelial cells, which induced the permeability of endothelial cells and 
increased blood infiltration in subendocardial area.43 CDH5, also known as VE-cadherin, participates in maintaining 
the integrity of endothelial and vascular tissues via cell adhesion.44 A single-cell study on AD identified CDH5 as a core 
gene in smooth muscle cells,45 but its role in AD is unclear. DLL4 is an important regulator in angiogenesis and vascular 
morphogenesis by binding to Notch receptors.46 Multiple studies in cancers showed that DLL4/Notch signaling may 
interact with VEGF signaling to modulate tumor angiogenesis.46,47 Zou et al observed a significant reduction in the 
expression of DLL4 in vascular smooth muscle cells from thoracic AD samples.48 As for TEK, studies have shown that 
its mutation is associated with venous malformations,49,50 but its role in AD has not been identified. VWF, a large 
glycoprotein, is mainly secreted by endothelial cells and stored in Weibel-Palade bodies.51 The interactions of VWF with 
other cellular and extracellular proteins make it able to regulate blood clotting, would healing, arteriogenesis, leukocyte 
infiltration and angiogenesis.52 In addition, another factor affecting the function of VWF is its multimeric structure, 
which ranges from single dimer to 20 dimers.51 In preoperative acute type A AD patients, the activity of VWF was 
remarkably higher than control group.53 Taken together, hub genes identified in our study is involved in the cellular 
behaviors of epithelial cells and/ or vascular smooth muscle cells, which play important roles in angiogenesis and 
vasculogenesis. However, the precise molecular mechanisms of how they regulate AD development have not been 
studied or clarified.

To validate the bioinformatic results, we performed qPCR, Western blotting, and immunohistochemistry. Only VWF 
was successfully validated at both mRNA and protein levels, which were all decreased in AD. As mentioned above, 
VWF is mainly secreted by endothelial cells, we are just wondering if the decreased VWF expression is caused by 
endothelial cell dysfunction in AD. In addtion, we found that its expression was significantly correlated with the marker 
of smooth muscle cells, ACTA2. Qin et al reported that VWF treatment promotes smooth muscle cell proliferation in 
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a dose-dependent manner.54 Further investigations by another group revealed that VWF may regulate smooth muscle cell 
proliferation via VWF/LRP4/αVβ3 axis.55 In addition, VWF was found to inhibit Notch signaling, which could further 
lead to the loss of smooth muscle cells.56 However, the correlation between VWF and ACTA2 found in the current study 
did not imply causation. Further work is required to determine what cause the decrease of VWF expression and whether 
VWF regulates smooth muscle cell loss in AD in the same manner as previously reported or depend other molecules and 
signaling. In consideration of our findings and other reports, it can be anticipated that VWF is involved in the 
pathogenesis of AD, at least via affecting the loss of smooth muscle cells.

Our study has several limitations. First, our study is mainly based on public transcriptome datasets, which are 
relatively small sample sizes, and may affect the reliability of the model and miss some biomarkers. Larger clinical 
samples from our own institution and external cohorts from another institution should be collected to determine and 
validate the diagnostic performance and clinical utility of hub genes, especially VWF. Second, in vitro and in vivo 
experiments are needed to investigate the exact molecular mechanism by which VWF regulates loss of smooth muscle 
cells obtained from patients with AD and also the relationship between infiltrated activated B cells and altered VWF 
expression in AD requires further clarification. In addition, further studies are required to determine whether those hub 
genes are specific for AD or shared by aortic aneurysm to better evaluate their clinical utility. Thus, based on above 
limitations, we plan to (1) collect fresh samples at different stages (acute, subacute and chronic) of AD to examine the 
expressions and locations of VWF by using qPCR and immunofluorescence and to detect whether there is endothelial cell 
dysfunction by immunofluorescence; (2) seek collaboration from other institutions to obtain a large external cohort to 
validate the diagnostic value of VWF in AD; (3) overexpress and knock down of VWF in aortic smooth muscle cells to 
evaluate its effect on the proliferation and survival of smooth muscle cells in vitro; (4) construct VWF-deficient mouse 
model to examine the role of VWF in immune cell infiltration and smooth muscle cell loss in vivo.

Conclusion
This study identified ten hub immune cell-related genes involved in AD by differential expression, WGCNA and PPI 
network analysis. Among them, by experimental validation, VWF was found to be colocalized with the marker of smooth 
muscle cells, ACTA2, and was significantly correlated with ACTA2 expression in AD. Those findings provide a basis to 
further investigate the role of VWF in AD’s smooth muscle cell loss, thus enriching our understanding of AD 
pathogenesis and also diagnosis, prevention and VWF targeted treatment for AD patients.
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