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Integrating Bulk Transcriptome and Single-Cell RNA Sequencing Data Reveals the Landscape of the Immune Microenvironment in Thoracic Aortic Aneurysms
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Thoracic aortic aneurysm (TAA) is a life-threatening cardiovascular disease whose formation is reported to be associated with massive vascular inflammatory responses. To elucidate the roles of immune cell infiltration in the pathogenesis underlying TAA, we utilized multiple TAA datasets (microarray data and scRNA-seq data) and various immune-related algorithms (ssGSEA, CIBERSORT, and Seurat) to reveal the landscapes of the immune microenvironment in TAA. The results exhibited a significant increase in the infiltration of macrophages and T cells, which were mainly responsible for TAA formation among the immune cells. To further reveal the roles of immunocytes in TAA, we inferred the intercellular communications among the identified cells of aortic tissues. Notably, we found that in both normal aortic tissue and TAA tissue, the cells that interact most frequently are macrophages, endothelial cells (ECs), fibroblasts, and vascular smooth muscle cells (VSMCs). Among the cells, macrophages were the most prominent signal senders and receivers in TAA and normal aortic tissue. These findings suggest that macrophages play an important role in both the physiological and pathological conditions of the aorta. The present study provides a comprehensive evaluation of the immune cell composition and reveals the intercellular communication among aortic cells in human TAA tissues. These findings improve our understanding of TAA formation and progression and facilitate the development of effective medications to treat these conditions.
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INTRODUCTION

Thoracic aortic aneurysm (TAA) is a life-threatening condition characterized by the dilation of the thoracic artery to a diameter 1.5 times greater than normal size. It is regarded as a silent killer because there are no symptoms unless the individual is suffering from acute aortic events, such as dissection and/or rupture (1, 2). Once TAA ruptures, the first symptom in up to 95% of patients is death with severe pain (3). However, at present, no specific drug therapies have been clinically shown to effectively prevent the progression of TAA except moderate-risk prophylactic surgery (mortality 1–5%), duo to the incomplete understanding of the pathogenesis (4, 5). According to the presence or absence of a syndromic disorder, such as Marfan Syndrome, Loeys–Dietz Syndrome, Ehlers–Danlos Syndrome, or Meester-Loeys syndrome, TAA is broadly categorized as syndromic TAA and non-syndromic TAA with a patient ratio of approximately 2:8 (6, 7). It is well known that syndromic TAA is mainly a consequence of genetic mutations (for example, Marfan syndrome is due to FBN1 mutations, Loeys–Dietz syndrome is due to TGFBR1/2 mutations, and Ehlers–Danlos syndrome is due to COL3A1 mutations) (6). However, non-syndromic TAA results from a variety of etiologies, including hereditary factors, degenerative processes, hypertension, cigarette smoking, and atherosclerotic disease (8). Decades of research on the pathogenesis of TAA has shown that it represents a spectrum of disease pathologies that are the result of complex changes in the cellular and extracellular environment and not a simple degenerative process (8). In particular, immunity and inflammation play important roles in the formation and progression of non-syndromic TAA (9). Therefore, we focused on the landscape of the immune microenvironment in TAAs (refer to non-syndromic TAAs) without congenital diseases in the present study.

Currently, the known molecular mechanisms of TAA caused by inflammation mainly involve three aspects. First, inflammatory responses are involved in endothelial dysfunction. For instance, multiple inflammatory molecules, such as TGFβ, MCP-1, Mst1, and NF-κB, induce endothelial cell (EC) dysfunction through proinflammatory effects and further promote aortic aneurysm formation and development (4, 10, 11). Second, inflammation has been confirmed to induce vascular smooth muscle cell (VSMC) stress, contractile dysfunction, and VSMC phenotypic switching. For example, abnormal activation of the NLR family pyrin domain containing 3 (NLRP3) inflammasome in VSMCs activates caspase-1, which directly cleaves and degrades contractile proteins. This leads to contractile dysfunction, biomechanical failure, and TAA formation (12). In addition, VSMCs lacking SMAD3 switched from a contractile phenotype to a synthetic phenotype (13). Third, inflammation participates in the activation of matrix metalloproteinases (MMPs), leading to alterations in extracellular matrix homeostasis. Activation of STING, a stimulator of interferon genes, induces the MMP-9 production and ECM degradation. It also promotes VSMC apoptosis and necroptosis, resulting in aortic aneurysm/dissection development (14). After decades of accumulated research, we have gained a certain understanding of the roles of inflammation in TAA pathogenesis. However, the failure of the translation of the basic research results to clinical application implicates that the molecular mechanisms of inflammation in TAA remain elusive. Thus, a comprehensive understanding of the landscape of the immune microenvironment in TAA is needed to provide novel insight into the roles of immunity and inflammation.

Hence, in the present study, we downloaded multiple types of datasets, including bulk transcriptomic data and single-cell RNA sequencing (scRNA-seq) data, from the GEO database and adopted various immune-related algorithms (ssGSEA, CIBERSORT, and Seurat) to explore the landscape of immune cell infiltration in TAA at the cell level and in biological processes. Furthermore, intercellular communications among the aortic cells were inferred by the CellChat package. In particular, macrophages were regarded as the most prominent signal senders and receivers in TAA patients and controls, suggesting that macrophages play critical roles in both the physiological and pathological conditions of the aorta. This is consistent with the current state of knowledge. Previous studies only characterized the alterations of immune cell composition. However, we further explored the interactions between immune-immune cells or immune-non-immune cells and clarified the important roles of immune cells, especially macrophages, in TAA pathology. These findings could be helpful in directing future studies aiming to diagnose, treat and prevent TAA-associated complications.



MATERIALS AND METHODS


Transcriptional Data Acquisition

After retrieving the human TAA datasets in the GEO database1, we ultimately selected the GSE26155 (15) and GSE155468 (16) datasets for bioinformatics analysis. These datasets contain the largest number of samples among the transcriptome datasets. For the GSE26155 dataset (Platform: GPL5175, Affymetrix Human Exon 1.0 ST Array), we chose 13 normal thoracic aorta samples and 22 uncontroversial TAA samples excluding the samples with bicuspid aortic valve or borderline samples (40 mm < aortic dilation < 45 mm). The GSE155468 dataset [Platform: GPL24676, Illumina NovaSeq 6000 (Homo sapiens)] contains 11 samples (8 TAA samples vs. 3 control samples). It has been reported that all TAA samples are homogenous, and none have hereditary diseases, such as Marfan syndrome, Loeys–Dietz syndrome and bicuspid aortic valve malformation (15, 16). In addition, the normal thoracic aorta tissues obtained from donors (two from recipients) undergoing heart/lung transplantation served as the control group (15, 16). Detailed information on the TAA samples used in the present study is shown in Supplementary Table 1.



Data Preprocessing of the Microarray Dataset

The raw data of GSE26155 (TAA microarray dataset) were downloaded from the GEO database. Background correction and normalization of the dataset were performed by using the oligo package (version 1.56.0) (17). Principal component analysis (PCA) was performed after data normalization to ensure that the preprocessing analysis was successful. In addition, hierarchical cluster analysis was applied to identify outlier samples by the hclust function in weighted gene co-expression network analysis (WGCNA) (18). Based on the results, two TAA samples (GSM641986, and GSM642067) in GSE26155 were removed from subsequent analyses.



Identification of Differentially Expressed Genes and Functional Enrichment Analyses

The differentially expressed genes (DEGs) between the control and TAA groups were identified by the limma package (version 3.48.3) (19). Fold change (FC) > 1.5 (|log2FC| > 0.585) and adjusted P-value < 0.05 were set as the thresholds. The clusterProfiler package (version 4.0.5) (20) was used to perform the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis for the identified DEGs, and an adjusted P-value < 0.05 (corrected by Benjamini–Hochberg multiple test) was set as the threshold for the enriched significant pathways.



Estimation of Immune Cell Infiltration

Single-sample gene set enrichment analysis (ssGSEA) can calculate the rank value of each gene according to the expression profile and apply the characteristics of immune cell population expression to individual samples (21, 22). To estimate the population-specific immune infiltration, we performed ssGSEA to derive the enrichment score of immune cells and immune functions for each sample by using the GSVA package (version 1.40.1) (23). A total of 29 immune gene sets from Bindea et al. (24) were obtained; these sets included different immune cells and immune-related pathways and functions. In addition, to validate the effectiveness of ssGSEA, the CIBERSORT algorithm (25)2 was applied to calculate the proportion of 22 immune-infiltrating cells for each sample based on the LM22 signature for 100 permutations. The differences in immune cell subtypes between the control and TAA groups were validated again.



Single-Cell RNA Sequencing Data Analysis

To further validate and explore the landscape of immunocyte infiltration in TAA, GSE155468 (scRNA-seq dataset) was obtained from the GEO database for analysis. The scRNA-seq data were transformed into Seurat objects using the CreateSeuratObject algorithm in the Seurat package (version 4.0.2) (26). Then, the data were filtered with the following criteria: genes detected in >3 cells, cells with >200 distinct genes, and percentage of mitochondrial genes <10%. Next, data normalization and scaling were performed. Then, it was subjected to dimension reduction at three stages of analysis, including the selection of variable genes, principal component analysis (PCA), and uniform manifold approximation and projection (UMAP). Cell clustering was then assessed across a range of predetermined resolution scales to ensure separation of known major aortic cell types without excessive subclustering (resolution = 0.3). Cell types were identified by their expression levels of cell-specific markers according to the CellMarker database (27) (Supplementary Figure 3). Differences in cell proportions between the control and TAA groups were evaluated using the χ2 test. DEGs between the control and TAA groups for cell populations of interest were identified by the FindMarkers function in Seurat (26) with log2FC > 0.25 and adjusted P-value < 0.05 for KEGG pathway analysis by the clusterprofiler package (20). Furthermore, to discover the cell-state transitions from controls to TAA, pseudotime trajectory analysis was performed by the Monocle package (version 2.20.0) (28), which sorted individual cells by DEGs (TAA vs. controls) and constructed a tree-like structure of the entire lineage differentiation trajectory. The profile of DEGs between TAA and controls was calculated by the “differentialGeneTest” function in Monocle.



Analysis of Cell–Cell Communication

Based on scRNA-seq data, Jin et al. established a signaling molecule interaction database (CellChatDB)3 and developed the R package “CellChat” (29). This package is a tool used to infer, analyze and visualize intercellular communication networks (29). Then, the TAA scRNA-seq data were used to explore intercellular communications by applying the CellChat package (version 1.1.3). It can quantitatively characterize and compare intercellular communications through the major referred signaling inputs and outputs for cell populations based on the known structural composition of ligand–receptor interactions. More details about the framework and algorithms of CellChat were described in a previous study (29).



Immunohistochemical Staining

Thoracic aortic aneurysm specimens (n = 6) and normal aortic samples (n = 6) were obtained from Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology. IHC staining was performed on paraffin-embedded sections (5 μm) of the aortic tissues as previously described (30). Briefly, sections were incubated overnight with primary antibodies targeting CD3 (T cell biomarker; 1:2,000, ab16669, Abcam), ITGAM (macrophage biomarker; 1:2000, BM3925, Boster), α-SMA (VSMC biomarker; 1:1,000, ab7817, Abcam), and CD20 (MS4A1, B cell biomarker; 1:1,000, 60271-1-lg, Proteintech), followed by enhancer solution and biotinylated anti-IgG and streptavidin-peroxidase for 30 min at 37°C. Development of the chromogenic color reaction was accomplished using the peroxidase substrate 3,30-diamminobenzidine (Maixin, Fuzhou, China) after sections were washed with phosphate-buffered saline (PBS) three times.



Statistical Analysis

All statistical analyses were conducted in R software (version 4.1.1). The ssGSEA and CIBERSORT algorithms were used to characterize the immune-infiltrating cells in TAA. The immune infiltration levels and functions between different groups were compared by the Wilcoxon rank-sum test (control vs. TAA) (31). The P-value was corrected by the Benjamini-Hochberg multiple test, and P < 0.05 was considered statistically significant. Box plots, volcano plots, pie diagrams, and heatmap plots were generated by packages (ggplot2 and pheatmap) provided by the Bioconductor and CRAN projects.




RESULTS


Multiple Immune-Related Pathways Involved in Thoracic Aortic Aneurysm

As previous studies have reported, immune and inflammatory responses play a critical role in TAA. To further investigate the underlying roles of immunity and inflammation in TAA pathogenesis, we first screened the DEGs between TAA patients and control individuals based on TAA microarray data (GSE26155). After data preprocessing, all samples showed a reliable distribution of intensity values and two distinct group-bias clusters between TAA and controls (Figures 1A,B). In addition, two samples (GSM641986 and GSM642067) were excluded from subsequent analyses by hierarchical cluster analysis (Figure 1C). A total of 1525 DEGs in TAA were identified with the threshold of FC > 1.5 and adjusted P-value < 0.05, including 769 upregulated DEGs and 756 downregulated DEGs (Figure 1D). The KEGG analysis revealed that the DEGs were enriched in multiple immune-related pathways, such as the TGF-β signaling pathway, hematopoietic cell lineage, leukocyte transendothelial migration, complement and coagulation cascades, Fc gamma R-mediated phagocytosis, intestinal immune network for IgA production, and platelet activation (Figure 1E). The above results confirm the correlation between immune responses and TAA and suggested that a comprehensive understanding of the immune microenvironment will provide more insights into the formation and progression of TAA.
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FIGURE 1. Functional enrichment analysis of differentially expressed genes (DEGs) in thoracic aortic aneurysm (TAA). (A) Normalized data of the TAA dataset (GSE26155) are shown in a boxplot. (B) Two distinct group-bias clusters were identified by principal component analysis (PCA) based on the TAA dataset. (C) Sample clustering was performed to detect outliers. Two samples (GSM641986 and GSM642067) were excluded from the TAA dataset. The red line represents the cutoff of data filtering during data preprocessing. (D) DEGs between TAA and controls are shown in a volcano plot. The red and green nodes represent upregulated and downregulated DEGs, respectively. (E) KEGG enrichment analysis of the DEGs identified multiple immune-related pathways in TAA.




The Evaluation of Immune Cell Composition in Thoracic Aortic Aneurysm

To reveal the landscape of immunocyte infiltration in TAA at the cellular level and functional level, 16 immune cells and 13 immune functions were incorporated to estimate the immune capacity of TAA tissues by ssGSEA. The heatmap showed the richness levels of 29 immune cells and immune functions in the TAA samples (Figure 2A). Based on the 29 immune cells and immune functions of each sample, PCA identified two distinct group-bias clusters for the TAA and control samples (Figure 2B). Compared with control group, ten immune functions (for example, inflammation-promoting, type I IFN Response, T cell costimulation, check-point, and cytolytic activity) showed significant alterations in TAA samples (Figure 2C). There were 10 types of immune cells displaying different infiltrating levels, including macrophages, neutrophils, Th1 cells, mast cells, and DCs (aDCs, pDCs) (Figure 2D). To validate the reliability of the above results, we also performed the CIBERSORT algorithm to assess the fraction of twenty-two types of immunocytes based on the characteristics of immune-related gene expression via bulk transcriptome profiles in TAA samples, which exhibited a significant increase in the infiltration of M2 macrophages and CD8+ T cells and a decreased in the infiltration of M0 macrophages and activated NK cells (Figures 2E,F). The above results demonstrate that macrophages and T cells play a central role in TAA pathogenesis, which is consistent with previous studies (15, 16). To further validate and clarify the underlying immunobiological characteristics of TAA, we examined the scRNA-seq data of TAA in the subsequent analysis.
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FIGURE 2. Identification of the infiltrating immune cells and immune functions in TAA. (A) Twenty-nine immune-related gene sets, including 16 immune cells and 13 immune processes, were enriched by ssGSEA. (B) Two distinct group-bias clusters were identified by PCA based on the 29 immune-related gene sets. (C,D) The fractions of immune processes (C) and immune cells (D) between TAA and control samples are shown in boxplots. (E) The fractions of 22 types of immunocytes in each sample were identified by the CIBERSORT algorithm and are shown in the histogram. (F) The differences in immune infiltration levels between TAA and control samples, based on the CIBERSORT algorithm, are shown in a boxplot. ns: no significance; *P < 0.05; **P < 0.01; ***P < 0.001.




Single-Cell RNA Sequencing Data Preprocessing and Selection

In the present study, we reanalyzed scRNA-seq data (GSE155468) to assess the cellular composition of the thoracic aortic wall and reveal how the landscape of immune cells and their gene expression profile are altered. First, we performed individual data quality control and cell cluster identification by using the Seurat package to obtain a preliminary estimate of the cell composition of each sample (Supplementary Figures 1, 2). After characterizing each cell cluster by cell type-specific markers (Supplementary Figure 3), we examined the percentages of each cell population, which indicated significant alterations in cell composition between the two groups. However, we also noticed that the composition ratio of the same cells in different control (or TAA) samples was quite different. The heterogeneity of the different samples and the smaller sample size of the control group may limit the statistical power of this comparison. In addition, two control samples (GSM4704931 and GSM4704932) came from heart transplant recipients without aortic aneurysms, which may have exhibited molecular or cellular changes in the ascending aorta related to their cardiac disease (16). Taking the above limitations into consideration, we decided to select two representative samples to perform the analysis and display the results. Based on the clustering analysis of cellular composition from the 11 samples, we chose GSM4704938 and GSM4704933 to represent the TAA and control groups, respectively, for further analysis (Figure 3A).
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FIGURE 3. Identification of cell populations by single-cell RNA sequencing (scRNA-seq) analysis in TAA and control samples. (A) Sample clustering was performed based on the cellular composition of the 11 samples (8 TAA samples and three controls). Among them, GSM4704938 (TAA sample) and GSM4704933 (control sample) were chosen for further analysis. (B) Cell distributions in TAA and normal aortic samples are shown in a uniform manifold approximation and projection (UMAP) plot. After quality control, 4,760 and 3,898 cells from TAA and normal aortic samples, respectively, were captured for clustering analysis. (C) UMAP plot displaying the aggregate cells with colors denoting different clusters. (D) UMAP plot showing the identification of cell types for cell clusters based on cell-specific markers. (E) A comparison of the identified cell populations between the TAA and control groups is shown in the UMAP plot. (F) Pie plot exhibiting the percentages of each cell population in the control and TAA groups. (G,H) IHC staining showing the expression levels of CD3 (a marker of T cell; G) and CD11b (a marker of macrophage; H) in human TAA and normal aortic samples, which validated the elevation of the T cells and macrophages in TAA. ***p < 0.001; n = 6, Student’s t test.




Validation of Immune Cell Infiltration in Thoracic Aortic Aneurysm by Single-Cell RNA Sequencing Data

After integrating the TAA and control data by the CAA algorithm of Seurat, unbiased cell clustering analysis was performed (Figure 3B). Similar to the separate clustering data, 13 clusters representing eight-cell lineages were identified, encompassing ECs, VSMCs, fibroblasts, macrophages, mast cells, NK cells, T cells, and B cells (Figures 3C,D). Compared with the control group, obvious changes in cell composition were observed. Such changes included a decrease in the VSMC population and expansion of immune cell populations, especially macrophages (control vs. TAA: 21.14 vs. 57.42%) and T cells (control vs. TAA: 2.33 vs. 27.82%) (Figures 3E,F), consistent with previous studies (16). In addition, we quantified the expression of CD3 (a biomarker of T cell) and ITGAM (a biomarker of macrophage) (27) to assess T cell and macrophage infiltration in TAA by IHC staining, which confirmed the results of the scRNA-seq data (Figures 3G,H). Notably, we also verified the decrease in VSMCs population and an increase in B cells by IHC staining in Supplementary Figure 4.

To gain more insights into the macrophages and T cells in TAA, we compared the gene expression profiles of the macrophage/T cell population between control and TAA tissues. There were 39 DEGs identified in the macrophage population with an adjusted P-value < 0.05 and log2FC > 0.25 (Figure 4A). The KEGG analysis revealed that the 39 DEGs were mainly enriched in Antigen processing and presentation, Th-cell differentiation (Th17, Th1, and Th2), Phagosome, and IL-17 signaling pathway (Figure 4B). In the T cell population, a total of 30 DEGs were screened with an adjusted P-value < 0.05 and log2FC > 0.25, which were involved in Ribosome, Antigen processing and presentation, Lipid and atherosclerosis, Protein processing in endoplasmic reticulum, Estrogen signaling pathway (Figures 4C,D). Based on the above results, we found that some pathways enriched by the DEGs of macrophages were the same as the immune-related pathways identified by the bulk transcriptome data (GSE26155). These pathways included Complement and coagulation cascades, Hematopoietic cell lineage, Rheumatoid arthritis, and Phagosome (Figures 1E, 4B), which suggests that the inflammatory responses facilitating the initiation and progression of TAA were mainly induced by macrophages. In addition, we performed pseudotime analysis for macrophages and T cells to reveal the cell transition during the biological process from normal aorta to TAA, respectively (Supplementary Figure 5). Our results showed the different subtypes (states) of macrophages and T cells between TAA and control samples. Along with trajectory progression, T cells experienced seven states from normal aorta to TAA, while macrophages experienced more states, which further validated the recruitment and differentiation of macrophages and T cells contributing to the formation of TAA. Therefore, the next questions that we should answer are: which cells recruit macrophages to the aortic wall, and how the alterations of macrophages lead to the loss of VSMCs, i.e., intercellular communications?
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FIGURE 4. Analysis of the macrophages and T cells. (A,C) Heatmaps show the expression of DEGs with log2(FC) > 0.25 and adjusted P-value < 0.05, selected from macrophages (A) and T cells (C) between TAA and control samples. (B,D) KEGG annotations of the DEGs in macrophages (B) and T cells (D) were performed. KEGG pathways with an adjusted P-value < 0.05 were considered significant.




Inference of Intercellular Communications in Thoracic Aortic Aneurysm

To further explore the interactions among the identified cells, the selected scRNA-seq data (GSM4704938 and GSM4704933) were used to infer intercellular communications by applying the CellChat package (29). It is well known that signaling crosstalk among different cells is essential for informing diverse cellular decisions (32). The joint analysis of CellChat provides an opportunity to discover major signal changes that might drive the pathogenesis of TAA. Compared with the controls, the inferred interactions between cells in the TAA samples increased in both the number of interactions and the strength of the interaction, especially the cell-cell communications of macrophages, fibroblasts, ECs and VSMCs (Figures 5A,B). Based on the incoming/outgoing interaction strength, the cells were jointly mapped onto a shared two-dimensional manifold, which showed that macrophages were the most prominent signal senders and receivers in TAA and controls, suggesting that macrophages play an important role in both the physiological and pathological conditions of the aorta (Figure 5C). Furthermore, CellChat detected 45 signaling pathways among the eight cell populations, including multiple inflammatory signals, such as the MIF, CXCL, GLAECTIN, CCL, ANNEXIN, TNF, IFN-II, TGFb, IL-16, LIGHT, and COMPLEMENT pathways (Figure 5D). Therefore, we focused on the intercellular communications between macrophages and other cells and the changes to the signaling pathway between TAA and control samples (Figures 5E,F).
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FIGURE 5. Inference of the cell-cell communications among the identified cells in TAA. (A) CellChat analysis indicates the increase in inferred interactions (number of interactions and interaction strength) among the cells in TAA. (B) Overview of the intercellular communication networks among the identified cell lineages was measured by network centrality analysis. Nodes with different colors represent different cell populations, and the red (blue) edge represents an increase (decrease) in the number of interactions or interaction strength in TAA compared with controls. (C) Scatter diagram showing the macrophages as the most prominent signal senders and receivers in TAA and control samples. (D) Heatmaps showing the relative strength of 45 signaling pathways among the eight cell populations in the overall signaling patterns. A gradual change in the color from blue to white indicates the change in the relative interaction strength from high to low. (E,F) The significant ligand-receptor pairs between TAA and controls are shown in dotplots, which contribute to the signaling from macrophages to other cells, including B cells, endothelial cells, fibroblasts, mast cells, NK cells, T cells, and VSMCs (E), or from other cells to macrophages (F). Dot color reflects communication probabilities and dot size represents computed P-values.


The predicted results showed that as the signaling sources, a large portion of the outgoing macrophage signaling was received by ECs, fibroblasts and VSMCs (Figure 5E). By comparing the overall communication probability from macrophages to ECs between the two groups, multiple pathways were found to be highly active in TAA. For example, network centrality analysis of the CXCL signaling pathway revealed that macrophages are the main sources of the network (Figures 6A,B). The ligands CXCL2/3/8 and their receptor ACKR1 were inferred to be the most significant signaling pathways contributing to the communication from macrophages to ECs (Figures 5E, 6). In particular, the expression levels of CXCL2, CXCL3, and CXCL8, which are mainly located in macrophages, were significantly increased in TAA (Figures 6C–E), while ACKR1 was upregulated in ECs (Figure 6F). As the signaling targets, most of the incoming macrophage signaling came from fibroblasts and ECs (Figure 5F). Specific to MIF signaling, the MIF ligand and its multisubunit receptors CD74/CD44 and CD74/CXCR4 were found to act as major signaling from fibroblasts and T cells to macrophages in TAA compared to control samples (Figure 5F and Supplementary Figure 6). The results showed that CD74, the main receptor of MIF, was significantly upregulated in TAA and almost expressed in macrophages, while the expressions of CD44 and CXCR4 were also increased in the macrophages of TAA (Supplementary Figures 6D–F). Thus, in the present study, we not only provide a comprehensive evaluation of immune cell composition in human TAA tissues but also explore the interactions between immune cells (especially macrophages) and non-immune cells. These findings improved our understanding of TAA formation and progression.
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FIGURE 6. Representative signaling sent by macrophages. (A) Circular network plot showing the network centrality analysis of the CXCL signaling pathway. (B) Heatmap plot showing the communication probabilities of the CXCL signaling pathway among the cells in control and TAA samples. (C–F) UMAP and violin plots displaying the expression levels of CXCL2 (C), CXCL3 (D), CXCL8 (E), and ACKR1 (F) in all aortic cell clusters. ***P < 0.001.





DISCUSSION

The progression from normal aorta to aortic dilatation to final aortic aneurysm is a multifactorial process that has only been partially revealed. The main pathological changes of TAA are medial degeneration consisting of VSMC depletion, elastic fiber fragmentation, and collagen degradation, which was originally described by Erdheim as a non-inflammatory lesion (4, 33). However, with the deepening of our understanding of TAA pathogenesis, increasing evidence shows that immune and inflammatory responses are involved in the medial degeneration that is related to dilated aortas (9, 16, 34). To explore the underlying mechanisms of immunity and inflammation in TAA, we first performed KEGG pathway analysis for the identified DEGs of the GSE26155 dataset. Unsurprisingly, multiple immune-related pathways were enriched, such as the TGF-β signaling pathway, Hematopoietic cell lineage, Leukocyte transendothelial migration, Complement and coagulation cascades, Fc gamma R-mediated phagocytosis, and Platelet activation. To further depict the immune landscape of TAA and reveal how the immunological pathways are altered, we compared the composition of immune cells between TAA and control samples by ssGSEA. The results showed that multiple types of immune cells and immune functions displayed different infiltrating levels and significant alterations in TAA. These types of altered immune cells included macrophages, T helper cells, neutrophils, DCs (aDCs and pDCs), and mast cells.

As a well-known infiltrating immunocyte, macrophages have been confirmed to be associated with the formation of TAA. Previous reports have suggested that macrophages could contribute to TAA initiation and progression by secreting MMPs and proinflammatory factors to facilitate ECM destruction and VSMC apoptosis (35). In addition, Boytard et al. (36) observed the distribution of subtypes of macrophages as the course of the abdominal aortic aneurysm (AAA) progressed. At the early stage of aortic aneurysm, M1 macrophages dominate at the site of injured aortic tissue and function in inflammatory factor expression, proteolysis, and phagocytosis. At the late stage, M2 macrophages accumulate preferentially and facilitate reparative processes, such as ECM deposition and angiogenesis (35, 36). In the present study, we found M2 macrophages rather than M1 macrophages increased significantly in TAA (Figure 2F), which maybe because the samples in GSE26155 were largely the elderly degenerative TAAs within the advanced stage. Notably, whether macrophage subsets have similar evolution in TAA compared to AAA requires further experimental verification in the future.

Recently, an intriguing type of VSMC with a macrophage-like phenotype was identified as macrophage-like VSMCs, which acquired characteristics reminiscent of immune cells but continued to express markers of the original VSMCs (37). However, it’s more appropriate to identify them as macrophages rather than VSMCs. The macrophage-like VSMCs suppress the expression of classic VSMC markers (such as SM22a, ACTA2, and MYH11), and turn on the expression of multiple macrophage markers, including CD68, CD11b, and LGALS3 (37–39). It’s reported that macrophage-like VSMCs were involved in chronic inflammatory processes by producing different cytokines (such as IL1b, IL8, IL6, and CCL2) and various adhesion molecules (37). In turn, these cytokines further recruited immune cells and promoted various biological processes. Chen et al. (38) concentrated on the VSMC reprogramming in aortic aneurysm and identified a modulated VSMC with a macrophage-like phenotype by using cell fate tracing with the CreERT2-loxP system and scRNA-seq analysis. Furthermore, they found that the key driver of this phenotype switch appeared to be a large increase in Klf4 expression and VSMC-specific Klf4 knockout largely prevented aneurysm development in this model. In addition, an increasing body of VSMC lineage tracing studies have revealed VSMCs undergoing remarkable changes in phenotype during development of atherosclerosis (39–42). It’s demonstrated that VSMCs in atherosclerosis expressed increased Klf4 and the transition to macrophage-like state was Klf4-dependent by utilizing VSMC-specific lineage tracing mice ± simultaneous VSMC-specific conditional knockout of Klf4 (41). However, there is no study using cell lineage tracking to investigate the process of phenotypic switching or cellular dedifferentiation in TAA. Whether macrophage-like VSMCs also exist in TAA, and which regulator is responsible for the transition, and what roles the special VSMCs play in initiation and progression of TAA all need further research to elaborate.

In addition to macrophages, T lymphocytes are frequently observed in TAA samples by IHC staining and flow cytometry (9). A number of previous studies reported that T cells are significantly increased in samples from patients with TAA compared with control aortas (9, 34), which is consistent with our results. To assess the infiltration of T cells in aortic walls, Wang et al. (43) detected CD3-positive cells in TAA samples and found accumulating CD3-positive cells predominantly in the adventitia and media of TAA, which implies that T cells might migrate from the adventitia into the media of the aortas. We demonstrated that the aortic walls of TAA patients display significantly more T cells than those in normal aortas. However, it should be noted that different T cell subsets have complex effects during the inflammatory response and might even contradict each other (44). For example, Th1 and Th2 (subsets of naïve CD4-positive T cells) are characterized by the production of IFN-γ and IL-4, respectively (45). Several studies reported that Th1 cells, as the predominant type of CD4+ T cells in TAA, positively correlated with aortic expansion in aneurysm patients (46–48). Upregulation of IFN-γ produced by Th1 cells significantly correlated with both the outward vascular remodeling and intimal expansion of TAA (46). After examining the immunocytes of TAA tissues, Tanimura et al. reported that stimulation of the Th1/IFN-γ system could lead to aortic aneurysm formation by inhibiting Treg cell proliferation (48). In contrast, other groups have found that CD4+ T cells in aortic aneurysms are predominantly IL-4-producing Th2 cells. Ntika et al. (49) reported that no change was observed in the Th1 cytokines in the TAA group; however, cytokines associated with Th2 cells, such as IL-4, IL-5, and IL-10, were significantly altered in TAA patients compared to the control individuals.

Currently, in addition to some algorithms for assessing the infiltration of immune cells in tissues based on bulk transcriptome profiles, scRNA-seq provides an opportunity for us to reveal complex immune cell populations (50, 51). To further validate the above-described findings based on the ssGSEA algorithm, we not only analyzed scRNA-seq data but also detected the infiltration of macrophages and T cells in human TAA samples by IHC staining. These results also revealed the expansion of macrophages and T cells. As the most suitable technology for revealing the cellular composition of tissues and gene expression profiles at the single-cell level, various studies have used the scRNA-seq technique to delineate the cellular heterogeneity of cardiovascular diseases. Zhao et al. (52) and Yang et al. (53) performed scRNA-seq on mouse AAA models to reveal the cellular heterogeneity of AAA. After integrative analysis of scRNA-seq data from ascending aortic aneurysm tissue in Marfan syndrome mice and humans, Pedroza et al. characterized the disease-specific signature of modulated VSMCs, a distinct cluster of cell populations, which might be driven by TGF-β signaling and Klf4 overexpression (54). However, at present, there is just one study that uses scRNA-seq analysis to uncover the cellular and molecular landscape of human TAA tissues without heritable diseases (16). In general, they identified 10 major cell types in human ascending aortic tissue, most of which were the same as our results. Compared with the control tissues, TAA tissues had fewer non-immune cells (such as VSMCs) and more immune cells, especially T lymphocytes. Their differential gene expression data suggested the presence of extensive mitochondrial dysfunction in TAA tissues.

Notably, scRNA-seq data inherently contain transcriptomic profile information that could be used to infer intercellular communications. The CellChat package was developed to predict and visualize cell-cell communications from scRNA-seq data based on the known structural composition of ligand-receptor interactions, as well as stimulatory and inhibitory membrane-bound coreceptors (29). By applying CellChat, macrophages were determined to be the most prominent signal senders and receivers in the TAA and control samples. These findings suggest that macrophages play critical roles in both the physiological and pathological conditions of the aorta, which was consistent with the current state of knowledge (35, 55). Whether in normal aorta or TAA tissues, the cells that interact most frequently are macrophages, ECs, fibroblasts, and VSMCs, which implies that cross-talk between these cells is essential for maintaining physiological homeostasis in the aorta, and dysfunction of the intercellular interactions can lead to the aortic disease. Unsurprisingly, the interaction between macrophages and ECs (or fibroblasts) is significantly enhanced, while the interaction with VSMCs is reduced in TAA. Notably, the transwell migration assays of VSMCs and macrophages showed that rs12455792 variant of SMAD4 gene in VSMCs significantly increased macrophages recruitment via activated TGF-β signaling pathway (56). In our study, we observed the activation of TGF-β signal from NK cells and T cells to macrophages (Figure 5F). Saito et al. (57) demonstrated that the endothelium played important roles in triggering macrophage infiltration and inflammation in the aorta, resulting in the vascular remodeling and aneurysm formation through intracellular NF-kB signal interaction. In addition, monocyte recruitment to the aorta requires the upregulation of chemoattractant or activating cytokines and adhesion molecules, such as Cyr61, ICAM-1/2, VCAM-1, and MCP-1, that are produced and secreted by ECs, fibroblasts, and other cell types (58). Zhou et al. (59) found that myelin debris significantly increased endothelial secretion of MCP-1 and other proinflammatory mediators (for example IL-4 and IL-6), which may contribute to macrophage infiltration in microvessels. In contrast, Gitzin et al. (60) demonstrated that following carotid injury, patrolling monocytes were recruited to the endothelium at wound sites to promote EC proliferation and tissue repair. Combining the above results and the anatomy of the aorta, we hypothesize that ECs and fibroblasts recruit macrophages by enhanced intercellular communications via CXCL and MIF signals. The recruitment of macrophages to the aortic wall is the primary culprit of VSMC loss, which ultimately results in aortic dilatation and rupture.

There is a limitation in our study. Based on the detailed information of TAA samples, we noticed that the mean age of the TAA patients in the GSE26155 dataset was 61.5 years, and the mean age of the TAA patients in the GSE155468 dataset was approximately 70 years. In addition, these TAA samples were homogenous, and none had hereditary diseases, such as Marfan syndrome, Loeys–Dietz syndrome or bicuspid aortic valve malformation. Taking these factors into consideration, we assumed that the predominant form of TAA in this cohort was the degenerative form of non-syndromic TAA. Therefore, the conclusions of our study might be limited to degenerative non-syndromic TAA. A further study containing different TAA forms is needed to reveal the representative landscape of the immune microenvironment in the future.



CONCLUSION

In conclusion, after characterizing the landscape of the immune microenvironment in TAA by various immune-related algorithms, we found that the infiltration of macrophages and T cells was mainly responsible for TAA formation among the immune cells. In particular, as macrophages are the most prominent signal senders and receivers of the aortic tissue, they play an important role in both the physiological and pathological conditions of the aorta. These immune cells might help to further provide novel insights into candidate targets of prevention and immunotherapy for TAA patients.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

XW and D-SJ designed and directed the entire study and critically reviewed the manuscript. QW and XG performed analyses of sequencing data. BH and XF performed IHC staining experiments and statistical analyses. XF and Z-MF provided clinical samples and data. QW wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants from the National Natural Science Foundation of China (Nos. 81873458 and 82170502) and National Key R&D Program of China-Key Project for R&D of Digital Diagnosis and Treatment Equipment (No. 2019YFC0121600).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.846421/full#supplementary-material


FOOTNOTES

1http://www.ncbi.nlm.nih.gov/geo/

2https://cibersort.stanford.edu

3http://www.cellchat.org/


REFERENCES

1. Kuo EC, Han SM. Treatment of complex thoracoabdominal aortic disease. Cardiol Clin. (2017). 35:411–29. doi: 10.1016/j.ccl.2017.03.008

2. Saeyeldin AA, Velasquez CA, Mahmood SUB, Brownstein AJ, Zafar MA, Ziganshin BA, et al. Thoracic aortic aneurysm: unlocking the “silent killer” secrets. Gen Thorac Cardiovasc Surg. (2019) 67:1–11. doi: 10.1007/s11748-017-0874-x

3. Isselbacher EM. Thoracic and abdominal aortic aneurysms. Circulation. (2005) 111:816–28. doi: 10.1161/01.cir.0000154569.08857.7a

4. Malecki C, Hambly BD, Jeremy RW, Robertson EN. The Role of inflammation and myeloperoxidase-related oxidative stress in the pathogenesis of genetically triggered thoracic aortic aneurysms. Int J Mol Sci. (2020) 21:7678. doi: 10.3390/ijms21207678

5. Davis FM, Rateri DL, Daugherty A. Mechanisms of aortic aneurysm formation: translating preclinical studies into clinical therapies. Heart. (2014) 100:1498–505. doi: 10.1136/heartjnl-2014-305648

6. Ostberg NP, Zafar MA, Ziganshin BA, Elefteriades JA. The genetics of thoracic aortic aneurysms and dissection: a clinical perspective. Biomolecules. (2020) 10:182. doi: 10.3390/biom10020182

7. Pinard A, Jones GT, Milewicz DM. Genetics of thoracic and abdominal aortic diseases. Circ Res. (2019) 124:588–606. doi: 10.1161/circresaha.118.312436

8. Quintana RA, Taylor WR. Cellular mechanisms of aortic aneurysm formation. Circ Res. (2019) 124:607–18. doi: 10.1161/circresaha.118.313187

9. Pisano C, Balistreri CR, Ricasoli A, Ruvolo G. Cardiovascular disease in ageing: an overview on thoracic aortic aneurysm as an emerging inflammatory disease. Mediators Inflamm. (2017) 2017:1274034. doi: 10.1155/2017/1274034

10. Lu K, Zhao J, Liu W. Macrophage stimulating 1-induced inflammation response promotes aortic aneurysm formation through triggering endothelial cells death and activating the NF-κB signaling pathway. J Recept Signal Transduct Res. (2020) 40:374–82. doi: 10.1080/10799893.2020.1738484

11. Huang K, Wang Y, Siu KL, Zhang Y, Cai H. Targeting feed-forward signaling of TGFβ/NOX4/DHFR/eNOS uncoupling/TGFβ axis with anti-TGFβ and folic acid attenuates formation of aortic aneurysms: novel mechanisms and therapeutics. Redox Biol. (2021) 38:101757. doi: 10.1016/j.redox.2020.101757

12. Wu D, Ren P, Zheng Y, Zhang L, Xu G, Xie W, et al. NLRP3 (nucleotide oligomerization domain-like receptor family, pyrin domain containing 3)-caspase-1 inflammasome degrades contractile proteins: implications for aortic biomechanical dysfunction and aneurysm and dissection formation. Arterioscler Thromb Vasc Biol. (2017) 37:694–706. doi: 10.1161/atvbaha.116.307648

13. Huang X, Yue Z, Wu J, Chen J, Wang S, Wu J, et al. MicroRNA-21 knockout exacerbates angiotensin II-induced thoracic aortic aneurysm and dissection in mice with abnormal transforming growth factor-β-SMAD3 signaling. Arterioscler Thromb Vasc Biol. (2018) 38:1086–101. doi: 10.1161/atvbaha.117.310694

14. Luo W, Wang Y, Zhang L, Ren P, Zhang C, Li Y, et al. Critical role of cytosolic DNA and its sensing adaptor STING in aortic degeneration, dissection, and rupture. Circulation. (2020) 141:42–66. doi: 10.1161/circulationaha.119.041460

15. Folkersen L, Wågsäter D, Paloschi V, Jackson V, Petrini J, Kurtovic S, et al. Unraveling divergent gene expression profiles in bicuspid and tricuspid aortic valve patients with thoracic aortic dilatation: the ASAP study. Mol Med. (2011) 17:1365–73. doi: 10.2119/molmed.2011.00286

16. Li Y, Ren P, Dawson A, Vasquez HG, Ageedi W, Zhang C, et al. Single-cell transcriptome analysis reveals dynamic cell populations and differential gene expression patterns in control and aneurysmal human aortic tissue. Circulation. (2020) 142:1374–88. doi: 10.1161/circulationaha.120.046528

17. Carvalho BS, Irizarry RA. A framework for oligonucleotide microarray preprocessing. Bioinformatics. (2010) 26:2363–7. doi: 10.1093/bioinformatics/btq431

18. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network analysis. BMC Bioinformatics. (2008) 9:559. doi: 10.1186/1471-2105-9-559

19. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. (2015) 43:e47. doi: 10.1093/nar/gkv007

20. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing biological themes among gene clusters. OMICS. (2012) 16:284–7. doi: 10.1089/omi.2011.0118

21. Barbie DA, Tamayo P, Boehm JS, Kim SY, Moody SE, Dunn IF, et al. Systematic RNA interference reveals that oncogenic KRAS-driven cancers require TBK1. Nature. (2009) 462:108–12. doi: 10.1038/nature08460

22. Song C, Guo Z, Yu D, Wang Y, Wang Q, Dong Z, et al. A Prognostic nomogram combining immune-related gene signature and clinical factors predicts survival in patients with lung adenocarcinoma. Front Oncol. (2020) 10:1300. doi: 10.3389/fonc.2020.01300

23. Hänzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis for microarray and RNA-seq data. BMC Bioinformatics. (2013) 14:7. doi: 10.1186/1471-2105-14-7

24. Bindea G, Mlecnik B, Tosolini M, Kirilovsky A, Waldner M, Obenauf AC, et al. Spatiotemporal dynamics of intratumoral immune cells reveal the immune landscape in human cancer. Immunity. (2013) 39:782–95. doi: 10.1016/j.immuni.2013.10.003

25. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust enumeration of cell subsets from tissue expression profiles. Nat Methods. (2015) 12:453–7. doi: 10.1038/nmeth.3337

26. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM III, et al. Comprehensive integration of single-cell data. Cell. (2019) 177:1888–902.e21. doi: 10.1016/j.cell.2019.05.031

27. Zhang X, Lan Y, Xu J, Quan F, Zhao E, Deng C, et al. CellMarker: a manually curated resource of cell markers in human and mouse. Nucleic Acids Res. (2019) 47:D721–8. doi: 10.1093/nar/gky900

28. Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse M, et al. The dynamics and regulators of cell fate decisions are revealed by pseudotemporal ordering of single cells. Nat Biotechnol. (2014) 32:381–6. doi: 10.1038/nbt.2859

29. Jin S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, Kuan CH, et al. Inference and analysis of cell-cell communication using cellchat. Nat Commun. (2021) 12:1088. doi: 10.1038/s41467-021-21246-9

30. Ishida Y, Kuninaka Y, Nosaka M, Kimura A, Taruya A, Furuta M, et al. Prevention of CaCl(2)-induced aortic inflammation and subsequent aneurysm formation by the CCL3-CCR5 axis. Nat Commun. (2020) 11:5994. doi: 10.1038/s41467-020-19763-0

31. Zhang X, Shi M, Chen T, Zhang B. Characterization of the immune cell infiltration landscape in head and neck squamous cell carcinoma to aid immunotherapy. Mol Ther Nucleic Acids. (2020) 22:298–309. doi: 10.1016/j.omtn.2020.08.030

32. Giladi A, Cohen M, Medaglia C, Baran Y, Li B, Zada M, et al. Dissecting cellular crosstalk by sequencing physically interacting cells. Nat Biotechnol. (2020) 38:629–37. doi: 10.1038/s41587-020-0442-2

33. Emmott A, Garcia J, Chung J, Lachapelle K, El-Hamamsy I, Mongrain R, et al. Biomechanics of the ascending thoracic aorta: a clinical perspective on engineering data. Can J Cardiol. (2016) 32:35–47. doi: 10.1016/j.cjca.2015.10.015

34. El-Hamamsy I, Yacoub MH. Cellular and molecular mechanisms of thoracic aortic aneurysms. Nat Rev Cardiol. (2009) 6:771–86. doi: 10.1038/nrcardio.2009.191

35. Cheng Z, Zhou YZ, Wu Y, Wu QY, Liao XB, Fu XM, et al. Diverse roles of macrophage polarization in aortic aneurysm: destruction and repair. J Transl Med. (2018) 16:354. doi: 10.1186/s12967-018-1731-0

36. Boytard L, Spear R, Chinetti-Gbaguidi G, Acosta-Martin AE, Vanhoutte J, Lamblin N, et al. Role of proinflammatory CD68(+) mannose receptor(-) macrophages in peroxiredoxin-1 expression and in abdominal aortic aneurysms in humans. Arterioscler Thromb Vasc Biol. (2013) 33:431–8. doi: 10.1161/atvbaha.112.300663

37. Sorokin V, Vickneson K, Kofidis T, Woo CC, Lin XY, Foo R, et al. Role of vascular smooth muscle cell plasticity and interactions in vessel wall inflammation. Front Immunol. (2020) 11:599415. doi: 10.3389/fimmu.2020.599415

38. Chen PY, Qin L, Li G, Malagon-Lopez J, Wang Z, Bergaya S, et al. Smooth muscle cell reprogramming in aortic aneurysms. Cell Stem Cell. (2020) 26:542–57.e11. doi: 10.1016/j.stem.2020.02.013

39. Pan H, Xue C, Auerbach BJ, Fan J, Bashore AC, Cui J, et al. Single-cell genomics reveals a novel cell state during smooth muscle cell phenotypic switching and potential therapeutic targets for atherosclerosis in mouse and human. Circulation. (2020) 142:2060–75. doi: 10.1161/circulationaha.120.048378

40. Depuydt MAC, Prange KHM, Slenders L, Örd T, Elbersen D, Boltjes A, et al. Microanatomy of the human atherosclerotic plaque by single-cell transcriptomics. Circ Res. (2020) 127:1437–55. doi: 10.1161/circresaha.120.316770

41. Alencar GF, Owsiany KM, Karnewar S, Sukhavasi K, Mocci G, Nguyen AT, et al. Stem cell pluripotency genes Klf4 and Oct4 regulate complex SMC phenotypic changes critical in late-stage atherosclerotic lesion pathogenesis. Circulation. (2020) 142:2045–59. doi: 10.1161/circulationaha.120.046672

42. Dobnikar L, Taylor AL, Chappell J, Oldach P, Harman JL, Oerton E, et al. Disease-relevant transcriptional signatures identified in individual smooth muscle cells from healthy mouse vessels. Nat Commun. (2018) 9:4567. doi: 10.1038/s41467-018-06891-x

43. Wang C, Wu T, Hu X, Huang R, Lian F, Wang W, et al. Identification and characterization of CD4(+)AT2(+) T lymphocyte population in human thoracic aortic aneurysm. Am J Transl Res. (2015) 7:232–41.

44. Lv BJ, Li J, Cheng X. T lymphocytes and aortic aneurysms. Sci China Life Sci. (2014) 57:795–801. doi: 10.1007/s11427-014-4699-x

45. Zhang Y, Zhang Y, Gu W, Sun B. TH1/TH2 cell differentiation and molecular signals. Adv Exp Med Biol. (2014) 841:15–44. doi: 10.1007/978-94-017-9487-9_2

46. He R, Guo DC, Sun W, Papke CL, Duraisamy S, Estrera AL, et al. Characterization of the inflammatory cells in ascending thoracic aortic aneurysms in patients with Marfan syndrome, familial thoracic aortic aneurysms, and sporadic aneurysms. J Thorac Cardiovasc Surg. (2008) 136:922–9; 929.e1. doi: 10.1016/j.jtcvs.2007.12.063

47. Tang PC, Yakimov AO, Teesdale MA, Coady MA, Dardik A, Elefteriades JA, et al. Transmural inflammation by interferon-gamma-producing T cells correlates with outward vascular remodeling and intimal expansion of ascending thoracic aortic aneurysms. FASEB J. (2005) 19:1528–30. doi: 10.1096/fj.05-3671fje

48. Tanimura M, Dohi K, Hirayama M, Sato Y, Sugiura E, Nakajima H, et al. Recurrent inflammatory aortic aneurysms in chronic mucocutaneous candidiasis with a gain-of-function STAT1 mutation. Int J Cardiol. (2015) 196:88–90. doi: 10.1016/j.ijcard.2015.05.183

49. Ntika S, Jois H, Lång K, Olsson C, Franco-Cereceda A, Björck HM, et al. Elevated glucagon-like peptide-1 and a Th2 shift may support reduced prevalence of thoracic aortic aneurysm in patients with diabetes. J Cardiovasc Dev Dis. (2021) 8:143. doi: 10.3390/jcdd8110143

50. Lukowski SW, Patel J, Andersen SB, Sim SL, Wong HY, Tay J, et al. Single-cell transcriptional profiling of aortic endothelium identifies a hierarchy from endovascular progenitors to differentiated cells. Cell Rep. (2019) 27:2748–58.e3. doi: 10.1016/j.celrep.2019.04.102

51. Cochain C, Vafadarnejad E, Arampatzi P, Pelisek J, Winkels H, Ley K, et al. Single-cell RNA-seq reveals the transcriptional landscape and heterogeneity of aortic macrophages in murine atherosclerosis. Circ Res. (2018) 122:1661–74. doi: 10.1161/circresaha.117.312509

52. Zhao G, Lu H, Chang Z, Zhao Y, Zhu T, Chang L, et al. Single-cell RNA sequencing reveals the cellular heterogeneity of aneurysmal infrarenal abdominal aorta. Cardiovasc Res. (2021) 117:1402–16. doi: 10.1093/cvr/cvaa214

53. Yang H, Zhou T, Stranz A, DeRoo E, Liu B. Single-cell RNA sequencing reveals heterogeneity of vascular cells in early stage murine abdominal aortic aneurysm-brief report. Arterioscler Thromb Vasc Biol. (2021) 41:1158–66. doi: 10.1161/atvbaha.120.315607

54. Pedroza AJ, Tashima Y, Shad R, Cheng P, Wirka R, Churovich S, et al. Single-cell transcriptomic profiling of vascular smooth muscle cell phenotype modulation in marfan syndrome aortic aneurysm. Arterioscler Thromb Vasc Biol. (2020) 40:2195–211. doi: 10.1161/atvbaha.120.314670

55. Hadi T, Boytard L, Silvestro M, Alebrahim D, Jacob S, Feinstein J, et al. Macrophage-derived netrin-1 promotes abdominal aortic aneurysm formation by activating MMP3 in vascular smooth muscle cells. Nat Commun. (2018) 9:5022. doi: 10.1038/s41467-018-07495-1

56. Wang Y, Yin P, Chen YH, Yu YS, Ye WX, Huang HY, et al. A functional variant of SMAD4 enhances macrophage recruitment and inflammatory response via TGF-β signal activation in thoracic aortic aneurysm and dissection. Aging. (2018) 10:3683–701. doi: 10.18632/aging.101662

57. Saito T, Hasegawa Y, Ishigaki Y, Yamada T, Gao J, Imai J, et al. Importance of endothelial NF-κB signalling in vascular remodelling and aortic aneurysm formation. Cardiovasc Res. (2013) 97:106–14. doi: 10.1093/cvr/cvs298

58. Hernandez GE, Iruela-Arispe ML. The many flavors of monocyte/macrophage–endothelial cell interactions. Curr Opin Hematol. (2020) 27:181–9. doi: 10.1097/moh.0000000000000573

59. Zhou T, Zheng Y, Sun L, Badea SR, Jin Y, Liu Y, et al. Microvascular endothelial cells engulf myelin debris and promote macrophage recruitment and fibrosis after neural injury. Nat Neurosci. (2019) 22:421–35. doi: 10.1038/s41593-018-0324-9

60. Getzin T, Krishnasamy K, Gamrekelashvili J, Kapanadze T, Limbourg A, Häger C, et al. The chemokine receptor CX(3)CR1 coordinates monocyte recruitment and endothelial regeneration after arterial injury. EMBO Mol Med. (2018) 10:151–9. doi: 10.15252/emmm.201707502


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Guo, Huo, Feng, Fang, Jiang and Wei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Integrating Bulk Transcriptome and Single-Cell RNA Sequencing Data Reveals the Landscape of the Immune Microenvironment in Thoracic Aortic Aneurysms



		INTRODUCTION



		MATERIALS AND METHODS



		Transcriptional Data Acquisition



		Data Preprocessing of the Microarray Dataset



		Identification of Differentially Expressed Genes and Functional Enrichment Analyses



		Estimation of Immune Cell Infiltration



		Single-Cell RNA Sequencing Data Analysis



		Analysis of Cell–Cell Communication



		Immunohistochemical Staining



		Statistical Analysis







		RESULTS



		Multiple Immune-Related Pathways Involved in Thoracic Aortic Aneurysm



		The Evaluation of Immune Cell Composition in Thoracic Aortic Aneurysm



		Single-Cell RNA Sequencing Data Preprocessing and Selection



		Validation of Immune Cell Infiltration in Thoracic Aortic Aneurysm by Single-Cell RNA Sequencing Data



		Inference of Intercellular Communications in Thoracic Aortic Aneurysm







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Cardiovascular Medicine

Integrating Bulk Transcriptome
and Single-Cell RNA
Sequencing Data Reveals
the Landscape of the Immune
Microenvironment in Thoracic
Aortic Aneurysms






OPS/images/fcvm-09-846421-g001.jpg
Sample dendrogram and trait heatmap

[@] TAA

[@] Control

[ L9OTYONSD

— 9861+9NSD

786 179INSO

9LOTYONSD

L8TTYONSD
S8TTYINSD
98TTYINSD
S6CTYIONSD
Y6CTYINSD
88TTYONSD
€6TTYINSD
16CTYINSD
06TTYINSD
68CTYINSD
TOTTYONSD
LO6TTYINSD
96CTYINSD

r T T T T 1
00 06 08 0L 09 0S O¥ 0O¢€

W310H

TAA

Control

50 100 150

PC1 (22.1%)

50

100

@ Control

l TAA

— L6CCYINSD

— Y6CTHIINSD
— €6CTYIINSD
— CO6CTYIINSD
— [6CCYIINSD
— 06CCHIINSD
— 68CCYIINSD
— 88CTHIINSD
— L8CTYIINSD
— 98CCYIINSD
— mu mmvwEmO
— €

— [80TY9INSD
— LLOTYIINSD
— 9L0TYIINSD
— L90CYIINSD
— 6S
— 8¢
—
= [
— Ot
— €€

— 80

— 986 I79INSD
— 786 I79INSD
— SLO1VIINSD
= 996 179INSD

il L il LAl L Ll il L Ll LAl LAl LLLLL LAl L L L L L)

— SSO61VINSD

anjeA uorssardxyg

Intestinal immune network for IgA production -

Kemyred DOT

AGE—-RAGE signaling pathway in diabetic complications -

*® ®: ©
@ p
T T 71T 7T 71T "T"71 T T T 71T 71T "71T:.7 LI B |
O S D 2> > LR I~ I R oo og
E50 PR E83880=EREE6S
oBEBBEEBEE CRESEEZSERD
n QoS 208 = 2o S O —
OB OBV EBVE > ysr.mNht ‘5= 9
gﬂ]aaaaﬁ Ca.wolara = S 4
o oaaaayp @cm“ c = 5 8%
SEEwnanunSE P2 s w5~ S
AL g EESEEED WMﬂcmdm =32
2S25ESES T SG2S880T L g
ansSsccSRg—~99=20E8 < - Pg
g 2 .50 oh 5h oh = 2EE 530919 51
ST an®m B~ .MWOOW._C 7 = <
- < S — dOdOM = Q G
= E & ax e 58 E82 ©
= 5 0O < L T % O
Me.lba mdS < = (=)
AN T =S E BES -2
m < N Rare I~ =
Y o aMNH =
—
=
= o~ g 25 on
EEQ g
s 2 Q a7
oh ‘a4
o E 0
~ o
&

wv
—

(anyea-d4)0 130~

04

Gene Count

-log10(P-Value)

10 20 30 40 50

log2(Fold Change)






OPS/images/fcvm-09-846421-g002.jpg
A Group B

~ APC co_stimulation 5.0 4 J
aDCs 3
T_cell_co—stimulation
Parainflammation

Type_ I _IFN_Reponse 1
- Macrophages
T cell_co—inhibition 95|
Neutrophils -1

Check—point

Groups
[@] TAA
D] Control

Group

T helper_cells
~ Mast_cells . Control

Thl_cells - TAA
DCs

Inflammation—promoting
Cytolytic_activity

MHC class_I

APC_co_inhibition

0.0 — —

PC2 (9.7%)

Treg
| CD8+ T _cells
T

iDCs

Th2_cells

NK_cells -5.0
B_cells l

Type II_IFN_Reponse _-5 0 5 1.0

PC1 (49.2%)

]

Q
2]
=
53
I\
)
S
G
o0

SS6IYINSD
096 1¥9NSD
€961 V9NSD
996179NSD
SLO6TYINSD
¥86179NSD
8861F9INSD
686179NSD
6661179NSD
EE0TYINSD
I70TPINSD
PPOTrINSD

Q
%)
<
N
=
)
S
b
=)

LLOTYINSD

Q Q
» @
= =
AN D
A A
SRS
S S
o oo
—_ W

C8TTYINSD
98TTYINSD
L8TTYINSD
88TTYINSD
68TTYINSD
06CTINSD
[6CTHINSD
TOTTYINSD
€6TTYINSD
Y6TTYINSD
SOTTYINSD
96CTYINSD
LO6TTYINSD

Group $ Control E TAA Group E Control E TAA

fis i *kk  kk *kk kEkEk kkk kR kR * * *k% g * U5 mg TP pgp ¥ OERF VR g VEE R pg PR opg B W

= y
=

e
~
vy

0.8

0.61 E -
® == .

04 eses '.'$ éé ,_4_':,‘#' : ¢$

Fraction Score
..[I]_.
Fraction Score
-} o
y | o
1
i+
o}
o Wil
e
(L= &
wlig
= i
{tee
i
—I}
I
1
2l
i} o
“+ 13—

0.2 0.00 (=ST
™ o < s s ™ % % . i i 0 % T - r r * T T T T - r T T v T T
S S > $ S S S S S ) S > o D) ) S > N> (B S S s
F & ¢ §F ¢ §F ¢ f FF F S §F F FTFF ST FF FEF O
® S 4 & o ¥ S S S > 2 g S ¢ KX SR < g
&\ & R N {7 0“9 & () () Qs N Q &7 &8 «g./ &7 N7 s
N X Q O 7 > s X X / L > N ’é XS &8
Qs 3 @4 N { ez S N S > > R, & N X8 B
- p# » & W 4 < S < < Q N
/ o Ky > g N © N @ Kot
Vg QC) 4 @) &g\‘z’ ® & D 6}/ N
(e 2/
E F Group E Control E TAA
100% -
044 ns ns ns * F¥ pg  F*x pg ¥ F¥ g ¥ png ns  ** ns ns
80% -
=
= 0.3- .
Q
S 60%-
o 8 <]
] @
> =
5 15 A
] 40%- 2 02
_- =
2
20% ‘
01 0.1- E ’ " ’ .
. Z
[ ] @ [ ]
=H 1. éﬁ s 2
[ J [
0,0 s=as 8 H S s ° -y
b T T T T T T T T T T T T T T T T T
= o 5 O % 5
& SFTSTFTI P& F L S ES
Q S L9 < < < <
= B cells naive = T cells CD4 naive = T cells regulatory (Tregs) = Monocytes = Dendritic cells resting = Eosinophils & Q')\\G‘, q,,d\ %\Q > > ,\\‘b- \\% o'Q q§‘ .\\,% & ,a Qb‘ «z,\\% \tﬁ&\ %k
= Bcellsmemory = T cells CD4 memory resting = T cells gamma delta = Macrophages M0 = Dendritic cells activated = Neutrophils &\p"’ ) \\% {()0 ) 0%’\ N é\ Q N 8) O &0 < 00' \0&
= Plasma cells = T cells CD4 memory activated = NK cells resting = Macrophages M1 = Mast cells resting & % & & & & & IS; s&.« ) e}\% N Q‘\‘b’
= T cells CDS8 = T cells follicular helper = NK cells activated = Macrophages M2 = Mast cells activated 2 o @‘b @‘b’ @‘b @‘b‘ ‘%&&v ~ b&'@ &0 \Gj@ ,@Qo
& S F
N & &
QF° ¥ & &






OPS/images/fcvm-09-846421-g003.jpg
A Average Linkage Clustering B C

S 3 9
2 -
10 10 - ® 0
= 5 o 1
» " e 2
w 8 - S o4 1 ' > ® 3
5 S o[ .
Q ol
T S % 3 @ Control < B :2
S ® TAA >
= | 5 > = & o]
Q ® 8
8 & ® 9
o - . S @ 10
12l 2 28 &8 & 3 [8] &8 3 ¢ & 4 o 1
(@)} (@)} (=) (@) (o)) (=) N (o) (o)} @) N o
< < < < < i < <t <r o < ® 12
= =2 o = = = =2 = = = = —10 A =104
= = = = = = = = = = =
= = > > > > = = > - 2
2] 2] w2 w2 wn 75 wn n ) n w2
O @) &) &, o &) O O &) @) O T T T T T T T T
| = | " -10 0 10 20 -10 0 10 20
UMAP 1 UMAP 1
D E Control TAA
\ " \
B cells
10 10 -
Endothelial cells es Endothelial cells Endothelial cells
] » ] °
® Bcells
5 ® Becells & )
" ’ le;ells ® Endothelial cells , NKXells . NK'GHS ® Endothelial cells
a..l Mast cells @® Fibroblasts | Mast cells " Mast cells ® Fibroblasts
< 0 s ® Macrophages % 0 - ";, ' " ® Macrophages
= ® Mast cells > I 4 ® Mast cells
- B®ells ® NK cells = T cells B el ® NK cells
©® Tcells @ Tcells
-5 - ® VSMCs =" 1 © VSMCs
%
’ ‘ V§MCS 1
101 -10 A ¥, 15'
roblasts ,ﬂ)roblasts ‘%‘ s \Elbrob]asts
-10 0 10 20 -10 0 10 20 -10 0 10 20
UMAP 1 UMAP 1
F Endothelial cells (15, 0.38%) G CD3 H CD11b (ITGAM)
B cells (3.0.08%) Fj | 164, 421% :
ibroblasts (164, 4.21%) (a biomarker for T cells) (a blomarker for Macrophages)
Control [ Control
Control (MM Mast cells (4,0.1%)
\ NK cells (33, 0.85%)
T cells (91, 2.33%)
TAA
B cells (192, 4.03%) 0.20 0.3 = e s sk
VSMCs (148, 3.11%) Endothelial cells (18, 0.38%) %)
Fibroblasts (97. 2.04%) L ook = ©
3 3
O 0.15 1 © h
+m Ne)
a .IO = 02~
c o c
G
S 0.10 |’ <
/ (D)
) L] & )
<
= & 0.1-
TAA 5
S 0.05 - 5
O 2
ol )
a®
NK cells (206, 4.33%) 0.00 T T 0.0

Mast cells (42, 0.88%)

1 1
Control TAA Control TAA






OPS/images/fcvm-09-846421-g004.jpg
A

Control

HLA-DQA?2 |
IGKC
HLA-DQA 1
IGLC2
HLA-DRA
C3

HSP90AATI
HSPATA
HSPAIB

Macrophages
TAA

Expression

. Control
TAA

L

W
it
L |

T cells
TAA

Expression

- Control
TAA

HSP90AAI

B KEGG analysis of the DEGs in Macrophages

Antigen processing and presentation -
Rheumatoid arthritis -

Th17 cell differentiation A

Type 1 diabetes mellitus -
Hematopoietic cell lineage -
Phagosome -

Intestinal immune network for IgA production -

Th1 and Th2 cell differentiation -

IL—17 signaling pathway -

Fluid shear stress and atherosclerosis
Estrogen signaling pathway -

Cell adhesion molecules -

Necroptosis -

Lipid and atherosclerosis -

MAPK signaling pathway -

Ribosome -

Protein processing in endoplasmic reticulum -
NOD-like receptor signaling pathway -

Complement and coagulation cascades -

IIIIII 44

oA

Ribosome

DNAJBI
HSPD1

HSP90ABI1

HSPA1B

HSPA1TA

RPS26

RPL38

RPL35
RPS28

RPL39

N+

RPL36

e

RPS21

Gene Count

Antigen processing and presentation

Lipid and atherosclerosis

RPS29

RPS27

RPL37A

RPL37

RPL27A

-log10(P-value)

Protein processing in endoplasmic reticulum

Estrogen signaling pathway

Gene Count





OPS/images/fcvm-09-846421-g005.jpg
400 7.198 : : . : ' 1al i '
400 Differential number of interactions Differential interaction strength
g 347
1)
5 5.583
2 300 e
§ E‘) elial cells AN N End 1al cells
.= o -w/4IR\ >
- = /11 \ BN Macrophages
5 z < SN
& 84 - 4 \ ><3
< 200 = i~ y
R= 3! e,
B 2 Mast cells g rals
5 k= Mast cells =y
'Q gy —
g
Z= 100 .
’.'\
~&\
NK cells /7 -4V SMCs
1/
0 0 I,{//-
Control TAA Control TAA
C Control D
1.6] °
Endothelial cells i lr. 0 11 s i . .
g acrophages verall signaling patterns — Control Overall signaling patterns — TAA
%0 31 l 4]
o 2
2 e [ W ]_mmB
wn
e 19 g - == Bn BN B o) — i -_— s BN .
) B D — | — —
= CXCL ==
*g VISFATIN ] - —
S Count GALECTIN == ==
jl_é ‘ gg (];% | .— ___ — [ |
TS | .
o0 0.8] @ 20 ANNGHIE ] — =
£ @ 160 GAS
é [ cells E‘K}P{] ; ._
5 S _ — |
: i ]
=, NK cells e IFNI1 —
0.41 B cells . Fibroblasts l]’)%gg
AR GRN i | ==
N TGEh 1 £
a;t cells IFLC%E ED 1
(]
- . - - LIGHT =]
0.4 0.8 1.2 1.6 ANGET 0 ©
Outgoing interaction strength ngi% : %
TAA CALCR | — I =W,
PERIOSTIN | [ — I |
BAG — = = ——|
- 2.5 Endothelial cells \%[g[NE
—
50 ncWNT
z SB\"I;{IAA3 — =
*E 2.0 Macrophages C]I)(%I(’) ===l ‘
o FASLG ] ]
g o]
et MK —
)51 Count COMPLEMENT ]
E s o 40 AN ==
2 ® 80 BAFE
o= @ 120 CX3C
E 1.0 Fibroblasts = = a 8 = = = 6 8 8 = = 2 3 = = = 5 e
cibrolilasts = = — = = — = 2 = = =
3 Py 3 3 £ 2 3 BT B % 3 3T £ 2 3% 3T 3 S
S m s 8 s 3 . - % m = 8 s 2 v ~ 2
| = ) ] > st = o < >
O ) = Z B e = Z
I cells = iz 8 = = fu e =
0.5 NK UL‘I]\. .. ‘5 2 6 §
. ks S
VSMC
B gell . a ta
Mast cells
E 1 2
Outgoing interaction strength O, L ) g I i i | _— _— |
TNFSF14 — LTBR - . | | [ @ |
VEGEB - VEGFR] 1 e . ] . . TNF — TNFRSFIA - i : -3 l e :
= 1 | ® e | | | | TGFB3 — (TGFBRI+TGFBR?2) + i i |
VEGFA — VEGFRIR2 - @ ® i i | TGFBI — (TGFBRI . i i '
VEGFA — VEGFR] A P ® I ( +TGFBR2) 4 | | 1 e | @ ® 1 © ® |
o i l | | 1 | | SPP1 — (ITGAV+ITGBS5) + o @ | 1 |
TNFSF13B — TNFRSF17 ® ! !
e L - | | | ; ; SPP1 ~(ITGASHITGBI) 4 o | ® | i | |
TNFSF12 —~ TNFRSF12A 4 ! ' ® ' ! ! ! ° PTN — SDCS3 I o @ [ | [ )
R S | e e e Komg SR EE B ' ' '
- - | | | = 1
o] @ e T T 1 e ele eie i e eie POSTN — (ITGAV+ITGB3) 1 e e | ! | -
SPPI — (ITGAV+ITGBS) ] i = e . i i o A NAMPT —(ITGAS+ITGBl){ ® @ , = © , @ @ , © | e , o e o o
SPPlfgITGAVHTGBl)- ) e 1 o ® | I i I ® @ MIF — (CD74+CXCR4) 4 © I 1 & 0 @ ) P & e e o | P-value
SPPI—}ITGASHTGBU- I I @ ® | I | 1 ® E MIF — (CD74+CD44) o @ @ . ® | ® e 0 o 0.01
SPPI — ITGA5+ITGBI%- ) ® | | | i i Commun. Prob MDK — NCL - o e e | | s CEITpSUR
SPP1 — (ITGA4+ITGB1) - i | | i e o e max ) MDK — LRPI 1 o ® ® I |
~PDGERB - , 'e o | ' | e @ MDK - (ITGA4+ITGBI) 1 ° o ® | ! w il
PDGFB — PDGFRA - ] L e e | , ] e e LGALS9 ~ HAVCR? - , ! Lo e | ' '
O DR e ——— | . . LA EB . | e | |
NAMPT — (ITGA5+;T(§1351% / : S $ . : ! ' @ IL34 " CSFIR 1 : ! o' ° ! ! | Commun. Prob.
5 1 — 4 @ & [] o
- e e : : @ : : : . : ® IFNG — (IFNGRI+IFNGR2) : : : : ® e ' e o '
LGALS9 — HAVCR? - [ [ . e ' o o ! . GA?JI,SSRTQ' LI LI e | LI : : L
LGALS9 — CD45 4 @ | | 1 ® | © ® | @ ® | min GAS6 — AXL ] o ' L e ' : e ® 1 I 1 o
LGALS9 — CD44 - @ ® | 1 @ ® | & e 1 o ® |1 @ ® 1 o = N 1 1 1 1 1 1 _ o
IGF1 —IGFIR 4 1 1 @ | 1 I 1 @ C%(SHZ_ (:?(38%?1 d 1 . ; | e : | | 1 1 ®
O BEOE RGN - | : : : : . ® ks CD40LG IT%S/I: _TGFIZR i o — - i s | I
. I - M+ITGB2) I I I I )
HBEGF (EggﬁtEggEng_ | — o | | | : ® ® p<0.01 CD40LG—((1TCGCA5+ITGCBII;- I I I I : : : min
i i 1 1 I L5-CCR14 @ | | | ©
S i e @ e | | | CCL3L1 - CCRI - ® ! | | e -
CXCL3 — ACKRI A o - | 1 I I CL3—CCRI + e | e | | ® | ® | o | )
CL2 — ACKR]1 4 ) e ' I 1 I I CCL14 - CCRI1 -+ I ® | | 1 1 |
CXCL16 — CXCR6 A | 1 1 I @ I ® () 1 C3 -C3ARI | | e | | | |
1.8 — ACKR4 4 | | | 1 | | . BTLA — TNFRSF14 . I I I | I I
8 — ACKRI1 4 ) | | | | | NXAI - FPRI 1 o ® 1 ©® ® 1 © ® I e e ® | © [ J
— ACKR1 - I @ ® | I | I I ANGPTL4 — SDC3 + I | o | | |
C3 - (ITGAX-+ITGB2) A 1 I I ] o | I ANGPTL4 — (ITGAS+ITGBI) | | o I 1 |
BAG6-NCR3-PS{ @ I | | I @ @ | | ANGPTL2 — TLR4 1 I I e I ! I
—EGFR + I I I | I I @ ANGPTL2 — PIRB + I I o I I |
AREG — (EGFR+ERBB2) - | | | | | ) ANGPTL2 — (ITGAS+ITGBI) - I I e | 1 1
ADM — CALCRL 4 . — ? — — —_— —_—— —_— . ANGPT2 — (ITGAS+ITGBI) A - il , ) , ? - —_— —y ]
S P PSP SO P S PSP S H P P PSP PSP S PSP
) ¢ d IS Y 3 i d ) S J ¥ Q o Q ™ Q b Q § & ¥ ey 4 N g
K o o FFFIT e e ry g ey
& N o&\ F & & Qb\ > cF}\ > cf}\ > @Q & & & & £ & L& &L qugf’ & & & r§§% &
A P o N P e Sl A o 4 A o o o o o & .
A a4 & FEF Y X g o F g g W & & & F P F LKL S
W o o FEF I
N Q’Qb Q\L\o A SN - R & & 7 4 . > o " i /ﬁ\ & G5
e S R S ] S o ; 7 A A & 7 A 2
N & G o O S g 22 K P P 85 e B & - LN, - - S & S e
& zgo/ o be ¥ & Q\{b & & \éo\ c}OQ P & & cf‘\\ > \‘z’c’\ & cf}\ > c?‘\\ 2 cf‘\\ > @CJ &
N & W & T S S S » P @ D S AY F O & & & o N & «fﬁ\
B0 O & i F o ¥ 3 N DT > & & (& & & & 8§ ) X
FEIF 3 FTF IS TS :
< 3 N S
) bo b\
A ¥ <





OPS/images/fcvm-09-846421-g006.jpg
A

CXCL signaling - C

ontrol

CXCL signaling - TAA

. . 8'%1- — - [ §§1— —_— - —— == BN ___
CXCL signaling pathway network - Control ~CXCL signaling pathway network - TAA B cells | |
_Fibroblasts Fibroblasts ___ Endothelial cells I I
Macrophage 7 : ndgigélial cells Macrophag, et sl calls "QUE Fibroblases . - . l —g
\ \‘\ % Macrophages . - . . '%
)’/ 3] 2
- é Mast cells I | é
Mast cells ' B cells Mast cells B cell z
. \ e NK cells ’ | S
® T cells| M
NK cells VSMCs NK cells & VSMCs S CSI | I I
T cells T cells —TT — T
T3 2 2T TS T3 2 2T TS
m 3 S E g ¥ 2 m 3 S B g ¥ QD
T S £ 5 7 T 8 £ S “Z
s = = s <
S = 2 =
(=] =]
m m
: D :
c CXCL2 (ligand) CXCL3 (ligand) 6 -
154 15+ .
Macrophages T>) '§ g . :
1€ 4 : — 10 - = 3
- = ts
A NK cells .S © 44 X
NI 5 - < g ECs % (\]l 5 — % 3{
] Q. < (oF =
g 0 - ‘ 3] 0 - %
= T cells 2 Kot % 5
= 0 d =2 5] ol
VSMCs >< ><
R et O
—101 - Fibroblasts ~10
0 -
-10 0 10 20 Control TAA e J “ - Control  TAA
UMAP 1 UMAP 1
E CXCLS (ligand) F ACKRI (receptor)
151 15 - 4 -
) o)
10 3 10 5 .
_— - 8
B % o S 4 @
% 4 = oW 3 £ 9.
§ 0 1 ' % < 0 - 2 %
5 : Z
5. = = oa
0 O 5 M 1 . ]
< Q
~10- U 10 - -
O .
UMAP 1 UMAP |





OPS/images/logo.jpg
’ frontiers | Frontiers in Cardiovascular Medicine





