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Background: Immune-inflammatory mechanisms contribute greatly to the complex process
leading to type A aortic dissection (TAAD). This study aims to explore immune infiltration
and key immune-related genes in acute TAAD.

Methods: ImmuCellAl algorithm was applied to analyze patterns of immune infiltration in
TAAD samples and normal aortic vessel samples in the GSE153434 dataset. Differentially
expressed genes (DEGs) were screened. Immune-related genes were obtained from over-
lapping DEGs of GSE153434 and immune genes of the ImmPort database. The hub genes
were obtained based on the protein—protein interaction (PPI) network. The hub genes in
TAAD were validated in the GSE52093 dataset. The correlation between the key immune-
related genes and infiltrating immune cells was further analyzed.

Results: In the study, the abundance of macrophages, neutrophils, natural killer T cells
(NKT cells), natural regulatory T cells (nTreg), T-helper 17 cells (Th17 cells) and monocytes
was increased in TAAD samples, whereas that of dendritic cells (DCs), CD4 T cells, central
memory T cells (Tcm), mucosa associated invariant T cells (MAIT cells) and B cells was
decreased. Interleukin 6 (IL-6), C-C motif chemokine ligand 2 (CCL2) and hepatocyte
growth factor (HGF) were identified and validated in the GSE52093 dataset as the key
immune-related genes. Furthermore, IL-6, CCL2 and HGF were correlated with different
types of immune cells.

Conclusion: In conclusion, several immune cells such as macrophages, neutrophils, NKT
cells, and nTreg may be involved in the development of TAAD. IL-6, CCL2 and HGF were
identified and validated as the key immune-related genes of TAAD via bioinformatics
analyses. The key immune cells and immune-related genes have the potential to be devel-
oped as targets of prevention and immunotherapy for patients with TAAD.
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Introduction
Aortic dissection (AD) is a rare life-threatening condition in the aorta with high
mortality and morbidity.! The mortality rate of acute type A aortic dissection
(TAAD), the most severe form of AD, reaches 26-58% in patients who have
undergone surgery or been treated noninvasively.” TAAD is a surgical emergency
and its management has the complexity and poor outcomes when there is organ
malperfusion.

Many pathological processes including dyslipidemia, smoking, hypertension
and vascular inflammation, interact with each other and accelerate the evolution
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of TAAD.' Particular autoimmune and infectious diseases
are implicated in the development of AD. Persistent aortic
inflammation and changes in the degree of elasticity of the
aortic media greatly increase the risk of intimal
disruption.* Recently, it has been shown that immune-
inflammatory mechanisms contribute greatly to aortic
wall remodeling, suggesting that immune response are
common steps in the complex process leading to TAAD.’

This study aims to analyze the infiltration of immune
cells in TAAD and explore key immune-related genes in
TAAD. The TAAD dataset GSE153434° was downloaded
from the Gene Expression Omnibus (GEO) database.
Immune Cell Abundance Identifier (ImmuCellAI)’ algo-
rithm was used to quantify the proportions of immune
cells in TAAD samples and normal tissues. Differentially
expressed genes (DEGs) of the TAAD and normal tissues
were analyzed. The identified key immune-related genes
were validated in another TAAD dataset GSE52093.% The
relationship between these genes and infiltrating immune

cells was also identified.

Methods

Data Acquisition and Processing

Two gene expression datasets, GSE153434 and GSE52093,
were downloaded from the GEO database. GSE153434
(including 10 TAAD samples and 10 normal aortic vessel
samples) was used to analyze DEGs and immune infiltration
in TAAD. Limma and SVA packages in R were used to
correct the sample data.” In addition, the GSE52093 dataset
(including 7 TAAD samples and 5 normal aortic vessel
samples) was used as the validation cohort.

Analysis of DEGs

The data were normalized and transformed into a log2-based
logarithm using the robust multiarray average algorithm after
background correction.'®™'* Thereafter, the internal standard
probe was removed and a box plot was drawn for the expres-
sion values of every chip before and after normalization. In
addition, the limma package in R was used to analyze four
subsets of DEGs,"? genes with a [log2 FC|> 1 and p < 0.05.

Patterns of Immune Infiltration in TAAD
ImmuCellAl (http://bioinfo.life.hust.edu.cn/web/
ImmuCellAl/)” algorithm was used to estimate the abun-

dance of 24 types of immune cells based on a gene expres-
sion data set.'* Eighteen T-cell subsets and six key immune

cells including natural killer cells (NK cells), dendritic cells
(DCs), neutrophils, monocytes, macrophages and B cells.

Principal Component Analysis (PCA)

PCA is a linear transform that extracts the essential ele-
ments in the data using a covariance matrix or a correlation
matrix and can reduce the analysis dimension and determine
the essential elements.'> We performed PCA to realine the
dimensionality of the 24 types of immune infiltrating cells
while retaining key information.'®

Expression Profiles of Immune-Related

Genes
The list of immune-related genes was download from the
ImmPort database (www.immport.org).!” Differentially

expressed immune-related genes were intersected with
immune-related genes and DEGs in GSE52093.

Enrichment Analysis for the DEGs
The Ontology (GO) functional
Encyclopedia of Genes and Genomes (KEGG) pathway

Gene and Kyoto
analyses were performed on Metascape, a powerful anno-
tation tool for the analysis of gene function.'®'? Terms
with a p value <0.05, a minimum count of 3 and an
enrichment factor >1.5 were collected and grouped into
clusters based on their similarities in membership (Kappa
scores >0.3).2%?! Thereafter, the top 20 terms for GO or

pathway enrichment terms were selected for presentation.

Construction of a Protein-Protein

Interaction (PPl) Network

A PPI network for the enriched DEGs from KEGG analysis
was constructed using the STRING database and an inter-
action score with a median confidence of 0.4 was set as the
standard cutoff criterion.'*** The network was constructed
using the Cytoscape software platform based on the infor-
mation of the functional analysis.>* Additionally, the hub
genes were identified via cytoHubba in Cytoscape. The
maximum neighborhood component (MNC), edge perco-
lated component (EPC), node connect degree (Degree) and
closeness algorithms were used for selecting hub genes

from PPI networks in the cytoHubba plugin.?* ¢

Correlation Analysis Between Infiltrating

Immune Cells and Identified Genes
Spearman’s rank correlation analysis in R software was
used to explore the association of the hub genes with
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infiltrating immune cells. The “ggplot2” package was

applied for the charting to demonstrate the results.

Statistical Analysis

The differences of gene expression and immune cell infiltra-
tion were tested by Wilcoxon rank-sum test, and Pearson
correlation coefficients were calculated to reveal the correla-
tion between any two immune infiltrating cells. The relation-
ship between the expression of gene biomarkers and
infiltrating immune cells was analyzed using Spearman
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correlation coefficient. DEGs between TAAD and normal
aorta were analyzed with the volcano chart by Limma package
in R, and heatmap was drawn by “heatmap” package in R.

Results

Immune Infiltration Analysis

ImmuCellAl algorithm was used to analyze immune cell
infiltration in 10 TAAD samples and 10 normal aortic sam-
ples and a significant difference in the abundance of different
types of immune cells was found (Figure 1A and Table 1).
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Figure | (A) The composition of 24 subpopulations of immune cells in the chip. (B) Heat map of 24 subpopulations of immune cells in the sample. (C) Principal component

analysis distribution of normal aortic samples and TAAD samples.
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Table | Comparison of ImmuCellAl Immune Cell Compositions
Between TAAD and Normal Tissues

Immune Cell Type ImmuCellAl Composition in % of all
Infiltrating Immune Cells (Mean  SD)
TAAD (10) Normal (10) | p value

CD4_naive 0.0001+0 0.0+0.0 0.3681
CD8_naive 0.0249+0.029 | 0.0463+0.028 0.1195
Cytotoxic 0.2516+0.129 | 0.3193+0.138 0.1903
Exhausted 0.0227+0.022 | 0.0201+0.021 0.7302
Trl 0.0+0.0 0.0£0.0 [

nTreg 0.0212+0.026 | 0.0023+0.006 0.0450
iTreg 0.0155+0.022 | 0.0313+0.037 0417
Thl 0.1324+0.084 0.102+0.078 0.2879
Th2 0.2304+0.152 | 0.3426+0.162 0.1123
Thi7 0.0856+0.03 0.0074+0.01 0.0002
Tth 0.0548+0.075 | 0.1289+0.082 0.0659
Central_memory 0.0025+0.005 0.018+0.017 0.0296
Effector_memory 0.0294+0.032 | 0.0289+0.034 |

NKT 0.034+0.032 0.0099+0.022 0.0263
MAIT 0.2372+0.135 | 0.3566+0.085 0.0451
DC 0.0561+0.036 | 0.1112+0.047 0.0073
Bcell 0.0659+0.043 | 0.1045+0.018 0.0412
Monocyte 0.1326+0.029 | 0.0426+0.038 0.0006
Macrophage 0.1375+0.069 | 0.0688+0.041 0.0257
NK 0.1936+0.103 | 0.2744+0.105 0.0524
Neutrophil 0.0835+0.022 | 0.0486+0.035 0.0091
Gamma_delta 0.1263+0.042 | 0.1092+0.064 0.9705
CD4_T 0.0375+0.022 | 0.1084+0.028 0.0003
CcD8 T 0.1772+0.073 | 0.2102+0.082 0.1431

PCA analysis results show that TAAD samples and normal
aortic samples could be significantly distinguished
(Figure 1B). The abundance of T-helper 17 cells (Thl7
cells), neutrophils, T-helper 2 cells (Th2 cells), mucosa asso-
ciated invariant T cells (MAIT cells), and macrophages show
significant differences in TAAD samples and normal aortic
samples (Figure 1C).

In addition, the results reveal a correlation map dis-
playing the Pearson correlation values for each compari-
son between the immune cells. B cells have a positive
correlation value of 0.35 with CD4 T cells, 0.49 with
central memory T cells (Tcm), 0.05 with macrophages,
0.19 with MAIT cells, 0.02 with neutrophils, 0.75 with
dendritic cells (DCs). However, B cells have a negative
correlation value of —0.44 with natural killer T cells (NKT
cells), —0.32 with natural regulatory T cells (nTreg), and
—0.5 with Th17, —0.43 with monocytes (Figure 2).

The results clearly demonstrate that there are 11 types
of immune cells with different abundance in TAAD

samples and normal aortic samples. The abundance of
macrophages (p = 0.026), neutrophils (p = 0.0091), NKT
cells (p = 0.026), nTreg (p = 0.045), Th17 (p = 0.00016)
and monocytes (p = 0.00058) is increased in TAAD sam-
ples (Figure 3), whereas that DCs (p = 0.0073), CD4
T cells (p = 0.00033), Tem (p = 0.03), MAIT cells (p =
0.045) and B cells (p = 0.041) is decreased in TAAD
samples (Figure 4).

Screening of Differentially Expressed

Immune-Related Genes

DEGs in the GSE153434 dataset including 10 TAAD
samples and 10 normal aortic samples were analyzed in
the study. A total of 2286 DEGs in the TAAD samples
were identified. The volcano chart and heatmap demon-
strating the gene expression profiles of DEGs are pre-
sented in Figures SA and B. The detailed information
about DEGs
Furthermore, we obtained 228 overlapping immune-
related genes of DEGs in GSE153434 and immune-
related genes from ImmPort as shown in Supplementary
Table S2.

is listed in Supplementary Table SI.

GO and KEGG Enrichment Analyses

The GO and KEGG analysis of 228 immune-related genes
were performed by DAVID. The immune-related genes are
mostly enriched in biological processes (BP) including
immune response, inflammatory response, positive regula-
tion of ERK1 and ERK2 cascade, intrinsic apoptotic sig-
naling pathway, regulation of MAP kinase activity and
chemokine-mediated signaling pathway, as shown in
Figure 6A. The outcomes of CC and MF enrichment
analysis are listed in Figures 6B and C with specific
items. In particular, the immune-related genes are mostly
enriched in the KEGG pathway including Cytokine-
cytokine receptor interaction, Ras signaling pathway,
TNF signaling pathway, Chemokine signaling pathway
and PI3K-Akt signaling pathway, as shown in Figure 6D.

Construction and Analysis of the PPI

Network

The PPI network of 228 immune-related genes was con-
structed to distinguish the hub DEGs from the common
DEGs (Figure 7). Key immune-related genes were selected
using cytoHubba. Four hub genes were identified by the
overlap of the top five immune-related genes according to
four ranked methods in cytoHubba (Table 2). The four key
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Figure 2 Correlation among all immune cells.

immune-related genes are interleukin 6 (IL-6), vascular CCL2 and HGF were identified as key immune-related

endothelial

growth factor A (VEGFA), C-C motif chemo-  genes in TAAD.

kine ligand 2 (CCL2) and hepatocyte growth factor (HGF).

Correlation Analysis Between the Key

Validation of Key Immune-Related Genes |mmune-Related Genes and Immune
in GSE52093 Infiltration Cells

Furthermore, the GSE52093 dataset was used to validate the A5 shown in Figure 8A, IL-6 is positively correlated with
expression levels of the four key immune-related genes. The  Gamma delta T cells (v T cells) (r = 0.49, p = 0.0276) and
expression levels of IL-6, CCL2 and HGF in TAAD samples  nTreg (r = 0.53, p = 0.0167). CCL-2 is positively correlated
are significantly higher than those in the normal aortic sam-  with monocytes (r = 0.49, p = 0.0276), neutrophils (r = 0.52,
ples (Table 3; all p <0.05). However, the expression levelsof 5 =0.0172), Th17 (r= 0.64, p = 0.0023) and nTreg (r = 0.66,

VEGFA in

TAAD samples and the normal aortic samples  p = 0.0015) and negatively correlated with CD4 T cells (r =

show no significant difference (Table 3). Therefore, IL-6, —0.63, p = 0.0030), DC cells (r = —0.54, p = 0.0133), Tcm (r
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Figure 3 Immunocyte composition ratio. (A) The composition of macrophages. (B) The composition of monocytes. (C) The composition of neutrophils. (D) The
composition of natural killer T cells. (E) The composition of natural regulatory T cells. (F) The composition of T-helper 17 cells. Blue represents the composition of immune
cells in normal aortic tissues and red represents the composition of immune cells in TAAD tissues.

=-0.51, p=0.0201) and MAIT cells (r =—0.46, p = 0.0424),
as shown in Figure 8B. HGF is positively correlated with
monocytes (r = 0.55, p = 0.0111), Th17 (r = 0.58, p =
0.0073) and macrophages (r = 0.55, p = 0.0123) and nega-
tively correlated with CD4 T cells (r = —0.69, p = 0.0008)
and Tth cells (r = —0.50, p = 0.0255; Figure 8C).

Discussion

In this study, the GSE153434 dataset including 20 samples
was used to analyze the infiltration of immune cells in
TAAD and the -correlation among immune cells.
Moreover, the genes that play a key role in TAAD were
screened out by constructing a network and the results
were validated in the GSES52093 dataset, making the
results more reliable.

In this study, the infiltration ratio of 24 types of
immune cells in TAAD samples and normal aortic samples
shows a significant difference. PCA analysis demonstrates
that based on the infiltration of immune cells, TAAD
samples and normal aortic samples could be distinguished.
The abundance of macrophages, neutrophils, NKT cells,

nTreg, Th17 and monocytes is increased in TAAD sam-
ples, while that of DC cells, B cells, Tcm, MAIT cells and
CD4 T cells is decreased in TAAD samples, suggesting
that several types of immune cells are involved in the AD,
including TAAD. Macrophages, which have both anti-
inflammatory and inflammatory effects, are related to the
pathophysiology mechanism of AD.?” Macrophages play
multiple roles in TAAD and the release of VEGF by
macrophages is positive in the tunica media, and all
AAD samples show immune-inflammatory infiltration
and vessel growth.”® As the dominant inflammatory cells
in acute inflammation, neutrophils mainly infiltrate the
adventitia of AD tissue.”’ Neutrophil to lymphocyte ratio
(NLR) is markedly increased in patients with TAAD and is
a prognostic predictor for TAAD.?® As a specialized lym-
phocyte subset recognizing lipid antigens, NKT cells can
be pro- or anti-inflammatory.*! NKT cells in the peripheral
blood of patients with TAAD are significantly increased.*>
Aortic atherosclerosis is more associated with aortic
dissection.*® Atherosclerotic plaques in the aortic root of
mice treated with Thymic stromal lymphopoietin (TSLP)
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related DEGs between TAAD tissues and normal tissues. The horizontal axis represents the ratio of enriched genes in the selected category to all genes analyzed in the GO
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and TSLP-conditioned bone marrow dendritic cells
(TSLP-DCs) are fewer than those in the control group.
Besides, the number of nTregs and CD4+LAP+ Tregs in
the spleen is increased.** Th17 is implicated in vascular
pathology.®® In patients with thoracic aortic dissections,
Th17 infiltration is increased. Monocytes can be classified
into nonclassical monocytes, intermediate monocytes, and
classical monocytes with distinctive functional and pheno-
typic properties. A previous study has revealed that inter-
mediate monocytes are notably decreased in the TAAD
group versus carotid artery stenosis and traditional cardi-
ovascular risk factors groups, whereas classical monocytes
are notably increased in the TAAD group versus carotid
artery stenosis group.>® As key immune modulators, DCs
can mount immune tolerance or responses.’’ The normal
intima is thought to be populated by vascular DCs that,
during hypercholesterolemia, initiate atherosclerosis by
1°%  TLR7

being the first to accumulate cholestero

stimulation is associated with the expansion of B-cell
and Treg response, which may have systemic and local
effects on lesions to prevent arterial lipid accumulation
and inflammation.*® B cells might participate in the patho-
physiology of p-aminopropionitrile-induced TAD in
mice.** Memory T cells play an important role to regulate
chronic inflammation and delay the progression of the
pathogenesis of atherosclerosis via the AMPK signaling
pathway.*' MAIT cells, which might be involved with
vascular dysfunction have been involved in various
inflammatory and autoimmune diseases.**** The results
in this study conform to these findings. The roles of
these immune cells in TAAD still need further study.

A total of 228 immune-related genes of DEGs in
GSE153434 and immune genes from ImmPort were iden-
tified in this study. The GO and KEGG analysis of these
immune-related genes were performed by DAVID. The

immune-related genes were mostly enriched in biological
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Figure 7 The protein-protein interaction network of DEGs between TAAD tissues and normal tissues. Red circular nodes were identified as hub genes.

processes (BP) including inflammatory response and
immune response. In particular, the immune-related
genes were mostly enriched in the KEGG pathway includ-
ing TNF signaling pathway, Cytokine-cytokine receptor

Table 2 Hub Genes for TAAD Ranked in cytoHubba

Rank Methods in cytoHubba
MNC EPC Degree Closeness
IL-6 IL-6 IL-6 IL-6
VEGFA VEGFA VEGFA VEGFA
CCL-2 CCL-2 CCL-2 CCL-2
TLR2 HGF TLR2 TLR2
HGF IGFI HGF HGF

Note: Bold gene symbols were the overlap hub genes in top 5 by four methods
respectively in cytoHubba.

Abbreviations: MNC, maximum neighborhood component; EPC, edge percolated
component; Degree, node connect degree.

Table 3 Four Hub DEGs in GSEI53434 and GSE52093 Datasets

interaction and Chemokine signaling pathway. Obtained
biological processes and pathways were closely associated
with inflammation and immunity. Regulation of inflamma-
tory response was identified as one important pathway
involved in the pathological progress of TAAD.**
Previous studies have identified the involvement of che-
mokine and cytokine. A significant increase in CCL2,
TNF-a, IL-10 and IL-8 was observed in the peripheral
blood of patients with TAAD.*? Local neutrophil recruit-
ment and activation were triggered by adventitial CXCL1/
granulocyte-colony expression in
response to AAD.*®

Four hub immune-related genes in TAAD were identified
from the PPI network, including IL-6, CCL2, VEGFA and
HGF using cytoHubba in Cytoscape. the
GSES52093 dataset was used to validate the expression of

stimulating  factor

Moreover,

four key immune-related genes and it was found that the

Gene Symbol GSEI153434 GSE52093

logFC P-value Up/Down logFC P-value Up/Down
IL-6 2.3100 0.0088 Up 4.2544 0.00679 Up
CCL2 2.7388 1.26 10E-06 Up 1.7890 0.00282 up
VEGFA 4.1261 4.8457E-09 Up 1.0268 0.251 up
HGF 1.7910 0.0002 Up 2.8770 0.000195 Up
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trend of IL-6, CCL2 and HGF was similar to that in the
GSE153434 dataset. Vascular inflammation is a common
pathophysiological response to aortic aneurysms/dissection
and the NF-kappaB/IL-6 signaling pathway mediating vascu-
lar inflammation.*® IL-6 level in the TAAD group significantly
increased compared to those in the control group.?**’ D-dimer
>14.0 pg/mL and IL-6 > 108 pg/mL can be the best predictive
signs for early poor postoperative prognosis after TAAD.*
Tissue homogenized levels of IL-6 and TNF-a markedly
increased in the TAAD group compared with those in the
healthy group.*’ The mRNA expression level of CCL2 nota-
bly increased in the mice AD model group compared with that
in the control group.>® Serum CCL2 level in the AAD group
was also significantly higher than that in the control group.’
CCL2 plays a key role in atherosclerosis and the monocyte
containing MCPs regulates the growth of other types of cells
within the atherosclerotic lesion.”> The interaction between
macrophages and aortic adventitial fibroblasts provides an IL-
6/CCL2 amplification loop for the acceleration of vascular
inflammation leading to aortic dissection in mice.”> HGF is
a pleiotropic cytokine involved in multiple biological and
cellular processes, including the improvement of alleviation
of inflammation and cell injury.>* In patients with AD, higher
HGF concentrations in serum have been reported to be corre-
lated with the thrombi.>®> Furthermore, correlation analysis
between immune cells and IL-6, CCL2, HGF was performed
respectively. IL-6 and CCL2 were found to be positively
correlated with nTreg. CCL2 and HGF were found to be
positively correlated with monocytes and Th17 was positively
correlated with CD4 T cells. The existing evidence and our
findings reveal that several types of infiltrating immune cells
and three key immune-related genes play important roles in
TAAD and deserve future exploration.

While the study uncovered some insightful findings, it had
several limitations. First, the results and the validation process
were based on bioinformatics analysis. mRNA expression
levels in the microarray analysis may not be directly correlated
with the protein expression levels, and the calculated value of
immune cells may not directly show the abundance of infiltrat-
ing immune cells in the tissue. Second, the sample size in the
GSE153434 and GSE52093 datasets was relatively small. In
addition, clinical information concerning the GSE153434 and
GSES52093 datasets was not available. Therefore, the valida-
tion of the results at the cell and protein levels using different
methods such as immunoblotting and immunostaining might
be better. A multicentre study with larger sample size is still
needed in the future.

In conclusion, IL-6, CCL2 and HGF were identified
and validated as the key immune-related genes of TAAD
via bioinformatics analyses. Macrophages, neutrophils,
NKT cells, nTreg, Th17, monocytes, DCs, CD4 T cells,
Tem, MAIT cells and B cells might be involved in the
pathogenesis of TAAD. These key immune-related genes
and immune cells might help to further provide novel
insights for candidate targets of prevention and immu-
notherapy for patients with TAAD.
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