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Single-Cell Sequencing of Immune Cells in Human Aortic Dissection Tissue Provides Insights Into Immune Cell Heterogeneity
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Background: Inflammation plays an important role in the progression of sporadic aortic dissection (AD). Immune cells, especially macrophages, infiltrate the aorta and secrete inflammatory cytokines and matrix metalloproteinases to cause degradation of the extracellular matrix, thereby contributing to the pathogenesis of AD. However, the cellular heterogeneity within these immune cells has not been fully characterized.

Methods: We used single-cell RNA sequencing to profile the transcriptomes of all immune cells in AD tissue and normal aorta. Using magnetic-activated cell sorting gating on CD45, we obtained a higher resolution identification of the immune cell subsets in the aorta.

Results: We observed significant differences in the proportion of major immune cell subpopulations between AD and normal aorta tissues. Macrophages accounted for a higher percentage in the normal aorta, while the proportions of T cells, B cells and natural killer (NK) cells were all increased in AD tissues. Macrophage clusters that expanded in AD tissues originated primarily from circulating monocytes and expressed genes encoding proinflammatory cytokines and molecules involved in tissue repair. T and NK cells in AD tissues exhibited enhanced cytotoxic properties. A cluster of CD4+ T cells that had expanded in AD tissues was Th17-like and might contribute to the pathogenesis of AD. Cell–cell interaction analysis highlighted the increased communication between macrophages and T cells, which primarily regulated the costimulation of T cells.

Conclusions: Our study provides a comprehensive characterization of immune cells in the dissected aorta with an emphasis on the role of macrophages and T cells. The information from our study improves our understanding of immune mechanisms in AD formation and helps to identify additional useful targets for early diagnosis or therapy of AD.
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INTRODUCTION

Aortic dissection (AD) is a life-threatening cardiovascular emergency characterized by destruction of the tunica media and separation of the aortic wall (1). Aortic inflammation is one of the primary features of AD. The infiltrated immune cells in the tunica media and adventitia can cause increased oxidative stress and expression of inflammatory factors and matrix metalloproteinases (MMPs), thereby contributing to vascular smooth muscle cell (VSMC) apoptosis and aortic remodeling, playing an important role in the pathogenesis of AD (2).

The infiltrating immune cells consist of multiple cell types, including neutrophils, mast cells, macrophages, and lymphocytes. It has been reported that aortic immune cells are highly heterogeneous, with different cellular states and functions in each population, playing different roles during AD progression (3). The presence of infiltrated macrophages is often linked to elevated MMP expression, elastic fiber degeneration and VSMC apoptosis, while different subtypes of T lymphocytes may function differently in AD. In addition, these inflammatory cells, especially macrophages, can have multiple origins (4). Although they are mostly thought to be recruited from the circulation, evidence suggests that local proliferation is an important way to refill aortic macrophages after replenishment, and VSMCs can undergo phenotypic changes and switch to a macrophage-like phenotype (4). How these resident or SMC-derived macrophages functionally differ from recruited macrophages and potentially contribute to AD is unknown. Hence, the global and systematic investigation of heterogeneous immune cell states, functions and origins is important to improve our understanding of how inflammation contributes to AD pathogenesis.

Single-cell RNA sequencing (scRNA-seq) is a newly developed tool that characterizes the transcription of genes in individual cells in an unbiased manner without prior knowledge of genes or proteins of interest and can be used to group cell populations, reveal their markers and functional states, and investigate their relationship with disease (5). Recently, studies using scRNA-seq to characterize the cell subsets of the aorta in a mouse model of Marfan syndrome or infrarenal abdominal aneurysm and patients with ascending thoracic aortic aneurysm have emerged (6–9). However, scRNA-seq studies on human AD tissues are lacking. In addition, due to the vast number of non-immune cells in the aorta, the investigation of less abundant immune cell subsets could be hindered by lower resolution (10–12).

To concentrate on inflammation in the aorta, we used leukocyte common antigen (CD45) to sort immune cells by magnetic-activated cell sorting (MACS), and all subsequent scRNA-seq analyses were performed on cells gated on CD45 (10–12). Here, we compare the transcriptional profiles of immune cells in AD tissues and normal aortas. Our results revealed that inflammation in AD tissues involves not only macrophages but also adaptive immune cells, especially T cells. Overall, we provide a comprehensive description of immune cells in AD tissues that may help to further explore the immune mechanism of AD and the identification of new therapeutic targets.



MATERIALS AND METHODS


Tissue Sample Collection

Aortic dissection tissues were collected from 3 patients with acute Stanford type A aortic dissection, and control aortic tissues were obtained from 2 heart transplant donors. This study was approved by the ethical committee of Zhongshan Hospital, Fudan University, China. Written informed consent was provided by all participants or their legal representatives.



Preparation of Single-Cell Suspensions and MACS Sorting of Immune Cells

Samples were washed with calcium-free and magnesium-free phosphate-buffered saline and then separated into thin layers and cut into small pieces on ice. The tissues were then digested using an enzyme cocktail, which consisted of 3 mg/ml collagenase type I (Sigma–Aldrich), 0.156 mg/ml collagenase type XI (Sigma–Aldrich), 0.25 mg/ml soybean trypsin inhibitor (Worthington), 0.1875 mg/ml lyophilized elastase (Worthington), 0.24 mg/ml hyaluronidase type I (Sigma–Aldrich) and 60 U/ml DNase I (Sigma–Aldrich) (6, 13). Tissues were digested in a 37°C water bath for 30 min, the supernatants were collected, with Dulbecco's modified Eagle's medium (DMEM) and 10% fetal bovine serum added to stop the reaction. Fresh enzyme cocktail was then added to the digested tissues for a second round of digestion. The digestion process was repeated 3–4 times. Then, the erythrocytes were removed via ACK lysis buffer (Lonza) treatment for 5 min. The CD45+ cells were then purified using a magnetic cell sorting system (Miltenyi Biotec) according to the manufacturer's instructions. Following centrifugation (300 g, 4°C, and 5 min), the cell pellet was collected. Finally, 10 μl of suspension was counted under an inverted microscope using a hemocytometer. Trypan blue was used to quantify live cells.



Single-Cell RNA Sequencing

The single-cell RNA-seq libraries were constructed using a Chromium Single Cell 3' Reagent Kit, version 2, according to the manufacturer's instructions. Single-cell suspensions were loaded onto the Chromium Single Cell Controller Instrument (10 × Genomics, Pleasanton, CA, USA) to generate single-cell gel beads in emulsions (GEMs). After the cells in the GEM were lysed, reverse transcription reactions using barcoded full-length cDNA were performed, and the cDNA was then amplified using PCR with appropriate cycles. The amplified cDNA was then fragmented, end-repaired, A-tailed, index adaptor ligated, and subjected to library amplification. The constructed libraries were sequenced on the Illumina NovaSeq6000 system.



Single-Cell RNA-Seq Data Processing

The CellRanger software pipeline (version 3.1.0, 10x Genomics) was used to demultiplex cellular barcodes, map reads to the genome and transcriptome using the STAR aligner, and downsample reads as required to generate normalized aggregate data across samples, producing a matrix of gene counts vs. cells. Global mapping statistics, such as the estimated number of cells, mean reads per cell and mean genes per cell for each sample, are reported in Table S1. The unique molecular identifier (UMI) count matrix was processed in R using the Seurat R package (version 3.1.2) (14). To remove low-quality cells and likely multiplet captures, we applied a criterion to filter out cells with UMI/gene numbers out of the limit of mean value ± 2-fold of standard deviations assuming a Gaussian distribution of each cell's UMI/gene numbers. We further discarded low-quality cells where >20% of the counts belonged to mitochondrial genes, following visual inspection of the distribution of cells by the fraction of mitochondrial genes expressed. After applying these QC criteria, 31,755 immune cells were included in downstream analyses. The “NormalizeData” function in Seurat was used for library size normalization and to obtain the normalized count (14). Specifically, the “LogNormalize” method normalized the gene expression measurements for each cell by the total expression, multiplied by a scaling factor (10,000 by default), and the results were log transformed.

Identification of the most variable genes across single cells was performed using the method described in Macosko et al. (15). The FindVariableGenes function (mean.function = FastExpMean, dispersion.function = FastLogVMR) in Seurat was used to select the most variable genes. Removal of the batch effects in scRNA-seq data was achieved by performing the mutual nearest neighbors (MNN) using the R package batchelor (16). Graph-based clustering of cells was performed based on their gene expression profile using the FindClusters function in Seurat (14). We relied on biological background knowledge and adjusted different parameters to obtain a relatively appropriate number of clusters. The selection of clustering parameters primarily depended on the complexity of the target cells. A 2-dimensional uniform manifold approximation and projection (UMAP) algorithm was applied to visualize cells using the RunUMAP function in Seurat. The FindAllMarkers function in Seurat (test.use = bimod) was used to identify marker genes of each cluster (14). The FindAllMarkers function identifies the positive markers for a given cluster of cells compared to all other cells. Differentially expressed genes (DEGs) were identified using the FindMarkers function (test.use = MAST) (14). The threshold for significantly differential expression was set as a P-value <0.05 and |log2foldchange| > 0.58. The GO enrichment and KEGG pathway enrichment analyses of DEGs were performed using R based on the hypergeometric distribution.

Gene set variation analysis (GSVA) was used to assign pathway activity estimates to cells of interest (17). The GSVA package (version 1.30.0) with standard settings was adopted. The LIMMA package (version 3.38.3) was used to calculate the differences in pathway activities scored on each cell.

The trajectory analysis was performed using the Monocle2 package (18). The raw count was imported into Monocle2, and ordered genes (qval <0.01) that could be informative in the ordering of cells along the pseudotime trajectory were selected using the differentialGeneTest function. After dimensional reduction clustering analysis, the inferred trajectory was acquired using the orderCells function with default parameters. The expression of selected genes was plotted using the plot_genes_in_pseudotime function.

The TFs (transcription factors) of different cell clusters in the groups were analyzed using the motifs database for RcisTarget and GRNboost (SCENIC version 1.1.2.2, which corresponds to RcisTarget 1.2.1 and AUCell 1.4.1) using default parameters (19).

The cell–cell communication analysis between different cell types was represented by the identification of biologically relevant ligand–receptor interactions from single-cell transcriptomics (scRNAseq) data using CellPhoneDB (version 2.0.0) (20). A ligand or a receptor was defined as “expressed” in a particular cell type if 10% of the cells of that type had non-zero read counts for the ligand/receptor encoding gene. The networks of cell–cell communication between any two cell types were defined first, and then the ligand–receptor interactions between selected cell types were displayed on a dot plot. The R packages Igraph and Circlize were used to display the cell–cell communication networks.



Immunofluorescence

We adopted multiplexed immunofluorescence (mIF) to validate the primary findings of scRNA-seq. Formalin-fixed paraffin-embedded tissue sections of dissected and normal human ascending aortas were cut into 4 μm serial sections. A five-plex mIF assay was performed to validate the overall percent of each immune cell subtype (c-Kit for mast cells, CD66b for granulocytes, CD20 for B cells, CD68 for macrophages, and CD3 for T cells) present in the control and dissected aortas. An Opal Polaris 7-color Automation IHC Detection Kit (NEL871001KT, Akoya Biosciences, Marlborough, Massachusetts, USA) was used for mIF. Sections were prepared according to the instructions provided by the manufacturers. Briefly, sections were dewaxed and then underwent renaturation with sodium citrate or EDTA repair solution. Blocking buffer (Akoya) was used to block for 10 min. Then, sections were incubated with primary antibodies (at different dilutions and different incubation times for each marker) at room temperature, followed by incubation with Akoya's Opal Polymer anti-mouse and -rabbit HRP secondary antibodies for 10 min. The TSA fluor-marker pairings, staining order and other experimental conditions for the five-plex mIF assay are shown in Table S2.

Multispectral images were acquired using the Vectra Polaris Automated Quantitative Pathology Imaging System. All images were processed and analyzed using inForm software (V.2.6.0, Akoya Biosciences) for semiautomatic spectral unmixing, tissue identification, cell segmentation, cell classification, and quantification of expression intensity (21). After processing all images, the data were exported for further analysis of cell densities.



Statistics

Continuous variables are presented as the mean ± standard deviation (SD), and categorical variables are presented as n (%). The χ2 or Fisher's exact test was applied to compare differences between categorical variables. All statistical analyses were performed using SPSS (version 20.0, Chicago, IL, USA) and R (Version 4.0.5, https://www.r-project.org). The Beanplot R package was used to generate violin plots, with the data distribution bandwidth evaluated using kernel density estimation. A two-tailed P-value < 0.05 was considered statistically significant.




RESULTS


ScRNA-Seq Analysis of Human Sporadic Ascending Aortic Dissection-Associated Immune Cell Populations

We obtained non-diseased ascending aortic wall tissue from 2 heart transplant donors and ascending aortic dissection tissues from 3 patients with sporadic type A aortic dissection. The clinical information of these patients is summarized in Table 1. MACS was used to sort CD45+ leukocytes. After quality filtering, viable CD45+ cells were subjected to scRNA-seq using a 10x Genomics-based single-tube protocol (Figure 1A). The distribution of the percentage of mitochondrial counts, nGene, and nUMI as well as the expression level of genes encoding hemoglobin constituents (HBA1 and HBA2) are shown in Figure S1.


Table 1. Patient Information for Ascending Aortic Samples (n = 5).
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FIGURE 1. Sixteen clusters of immune cells identified using scRNA-seq analysis of human thoracic aortic dissection tissues. (A) Experimental approach of the experimental setup. Thoracic aortic dissection tissues were collected from 3 patients with sporadic type A aortic dissection, and normal aortas were collected from 2 heart transplant donors. Samples were digested, and live CD45+ cells were sorted by MACS and loaded for scRNA-seq. (B) The UMAP plot representation of 31,755 CD45+ immune cells colored by cluster. A total of 16 different clusters was identified after unsupervised clustering. (C) The sample origin of the cells. (D) The 5 major cell types identified by their marker genes. (E,F) Expression of marker genes for the different cell types. (G) The proportions of cells from the AD and NA groups in each cell type. The dashed line represents the proportion of cells from the AD group to all analyzed cells. MACS, magnetic-activated cell sorting; scRNA-seq, single-cell RNA-sequencing; UMAP, Uniform Manifold Approximation and Projection for Dimension Reduction; AD, aortic dissection; NA, normal aorta.


After quality control and exclusion of non-immune cells and doublets, 31,755 immune cells were enrolled for further analysis. Of these cells, 13,680 cells (43.1%) were derived from AD tissues, and 18,075 cells (56.9%) were derived from normal non-diseased ascending aortas (NA group). These cells were classified into 16 clusters (Figure 1B). The UMAP plot revealed separation of cells between the AD and NA groups, indicating a potential difference in the distribution of leukocytes between the two groups (Figure 1C).

Based on the marker genes, we identified these immune cells as 5 cell types (Figure 1D), B cells (2.6%); granulocytes (14.3%); myeloid cells, including monocytes, macrophages, and dendritic cells (DCs) (59.5%); T cells and natural killer (NK) cells (19.4%) and mast cells (4.1%) (Figures 1E,F). The composition of each cell type exhibited a significantly different distribution between the AD and NA groups (Figure 1G). The granulocytes were expanded in AD tissues, while the proportion of myeloid cells in AD tissues was smaller compared to that in normal aortas. The proportions of T and NK cells in the two groups were basically the same. The B cells appeared to expand in the AD group, while mast cells were relatively more abundant in the normal aorta. However, this could be because these two cell types were inherently less abundant, so small changes in cell numbers would result in larger percent changes.

The top marker gene heatmap shows the unique expression profile of each cluster (Figure S2). Overall, this analysis demonstrated the presence of a complex immune cellular ecosystem, and we focused on several important cell subclusters to explore their functions.



Macrophages Originating From Peripheral Circulation Contribute to AD Primarily by Secreting Proinflammatory Cytokines

In total, 18,910 myeloid cells were detected in this study, which were further divided into 5 clusters (Figure 2A). Differences in the distribution of cell clusters were observed between the two groups (Figure 2B). Among them, only cluster 2 had a higher proportion in AD samples. All 5 clusters of myeloid cells expressed high levels of macrophage/monocyte markers (CD68, CD163, MRCI, CD14) (Figure 2C). Cluster 4 also expressed dendritic cell markers (NRP1, IL3RA) and was defined as dendritic cells (DCs) (22).


[image: Figure 2]
FIGURE 2. The heterogeneity of macrophages between normal and dissected aorta tissues. (A) A UMAP plot of 18,910 myeloid cells reclustered into 5 clusters. (B) The sample origin of myeloid cells showing differences in the distribution of cell clusters between the two groups. (C) Violin plots displaying the expression of marker genes in macrophages and dendritic cells. (D) Violin plots displaying the expression of marker genes of aortic resident macrophages. (E) Heatmap displaying the scores of proinflammatory, anti-inflammatory, M1 polarization, M2 polarization, and proliferation in each cluster. (F) Violin plots displaying the expression of TIMPs and other genes involved in ECM repair. (G) The violinplot of genes involved in collagen organization and markers for SMCs. (H) SCENIC analysis of the top differentially expressed transcription factors among different clusters of myeloid cells. UMAP, uniform manifold approximation and projection for dimension reduction; ECM, extracellular matrix; TIMPs, tissue inhibitors of metalloproteinases; SCENIC, single-cell regulatory network inference and clustering.


We then attempted to determine the origins of these clusters using several markers of resident macrophages, including F13A1, LYVE1, and GAS6 (Figure 2D) (10). These genes were least expressed in cluster 2, indicating that the majority of the expanded macrophage clusters in AD samples originated from the circulation rather than from the proliferation of resident macrophages.

Macrophages with different polarization statuses can have different roles in the pathogenesis of aortic dissection (23). However, we could not clearly distinguish between M1- and M2-polarized macrophages using well-defined M1/M2 markers, such as MRC1 and CD163, since they were both expressed in almost all myeloid clusters (Figure 2C). Therefore, we calculated the M1 and M2 polarization, pro- and anti-inflammatory and proliferation scores of all myeloid clusters using reported gene sets (Figure 2E) (24). There were no clusters strictly resembling typical M1/M2 polarized macrophages. Cluster 2 highly expressed both M1 and M2 markers but acquired high pro- and anti-inflammatory scores concurrently. Hence, we attempted to further illustrate the function of each cluster by their marker genes and enrichment analysis using GSVA (Figures S3–S5).

We first concentrated on cluster 2 myeloid cells that were expanded in the AD samples. The heatmap of the top 20 marker genes selected based on the average log (fold change) for the 5 myeloid cell clusters showed that in addition to proinflammatory molecules encoding genes including CXCL5, CCL20, CXCL1, IL1B, and PTGS2, cluster 2 myeloid cells also highly expressed genes involved in ECM repair rather than degradation, including VCAN, EREG, AREG, TIMP1, and FN1 (Figure 2F and Figure S3) (6). Pathway enrichment analysis revealed that cluster 2 myeloid cells were involved in the IL17 signaling pathway, TNF signaling pathway, JAK–STAT signaling pathway and HIF−1 signaling pathway, which could be involved in the activation of macrophages or the secretion of proinflammatory cytokines (25, 26). In addition, enrichment of the ECM–receptor interaction pathway was also found in cluster 2 myeloid cells, consistent with the upregulation of ECM repair genes (Figure S4).

The remaining 4 myeloid cell clusters accounted for a higher proportion in control samples. The heatmap of the top marker genes showed that cluster 1 myeloid cells were primarily resident macrophages (F13A1). The highly expressed genes involved in lipid metabolism (APOE, PLTP, APOC1, LPL) as well as the enrichment of the linoleic acid metabolism pathway, cholesterol metabolism pathway and lipoic acid metabolism both indicate that cluster 1 myeloid cells have important functions in lipid metabolism. In addition, the upregulation of HMOX1 also demonstrated that this cluster of myeloid cells may be involved in the removal of senescent or dead red blood cells in the aortic wall. The proportion of cluster 3 was relatively small in both the AD and control groups. The heatmap of the top marker genes showed that the cell proliferation marker MKI67 was highly expressed in cluster 3 myeloid cells. Other top marker genes primarily encoded constitutive proteins of microtubules or histones. These results indicate that cluster 3 myeloid cells are primarily proliferative in nature.

Cluster 4 was defined as DCs. The heatmap of the top marker genes revealed elevated expression of the chemokine receptor ACKR1, a molecule that has a role in cell adhesion, including SELE, POSTN, and the secreted enzymes ADAMTS9 and ADAMTS1. Cluster 5 myeloid cells were related to connective tissue development and collagen fibril organization in the enrichment analysis performed using GSVA (Figure S5). Several genes that encode collagen components were also upregulated in cluster 5 (Figure 2G). Considering the possible VSMC origin of this cluster of cells, we drew featureplots of the SMC marker genes MYH11 and CNN1 (Figure 2G). The featureplot showed that MYH11 and CNN1 exhibited low expression in all 5 clusters, indicating that cluster 5 is not derived from SMCs.

We next sought to explore how the transcriptional state of myeloid cells was regulated by TFs using single-cell regulatory network inference and clustering (SCENIC) analysis. We found that members of the nuclear factor-κB (NF-κB) TFs family were most significantly upregulated in cluster 2, which has been reported to be a key TF of M1 macrophages and to promote inflammatory gene expression (Figure 2H) (27, 28). X-box binding protein 1 (XBP1) was also reported to be important in regulating the expression of proinflammatory cytokines in activated macrophages (29). Several other TFs that were upregulated in cluster 2, including CEBPB, FOSL2, and CREM, were found to function in the process of monocyte differentiation into macrophages (30). In summary, the SCENIC analysis again indicated that the cluster 2 myeloid cells originated from circulatory monocytes. However, it also suggested that this cluster of myeloid cells displayed a predominantly proinflammatory phenotype.



T and NK Cells Derived From AD Tissues Have Enhanced Cytotoxic Properties

In the current study, 6,168 NK and T cells were detected. These cells were further divided into 18 clusters using unsupervised clustering (Figures S6A,B). Based on the expression of NKG7, CD3D, CD4, and CD8A (Figure S6C), we divided these cells into NK cells (n = 1,668), CD4+ T cells (n = 2,489), and CD8+ T cells (n = 2,011) (Figure S6D). The relative abundances of CD4+ and CD8+ T cells were similar. Unsupervised reclustering was then performed in each cell type.

CD4+ T cells were reclustered into 6 clusters (Figure 3A). Significantly different distributions of CD4+ T cells were detected between AD and NA samples (Figure 3B). Clusters 1, 2, and 6 were primarily detected in AD samples, and clusters 3, 4, and 5 were primarily observed in NA samples.
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FIGURE 3. Functional changes in CD4+ T cells in AD tissues compared to normal aorta tissues. (A) Reclustering of CD4+ T cells into 6 clusters, as shown by the UMAP plot. (B) A UMAP plot showing CD4+ T cells from the AD and NA groups. (C) Heatmap of different properties of CD4+ T cells as identified by corresponding canonical markers. (D) Heatmap of the top 10 [by average log (fold change)] marker genes in CD4+ T cells in the AD and NA groups. (E,F) SCENIC analysis of the top differentially expressed transcription factors among different groups (E) or clusters of T cells (F). AD, aortic dissection; NA, normal aorta; UMAP, uniform manifold approximation and projection for dimension reduction; SCENIC, single-cell regulatory network inference and clustering.


Cluster 1 expressed LTB, which is important for the formation of the germinal center and promotes Th1-type immunity (Figure S7) (31, 32). However, well-defined marker genes for Th1 cells, e.g., T-bet and IFNγ (33), were not upregulated in cluster 1. Instead, cluster 1 expressed CCR6, which is a homing receptor for Th17 cells (33, 34). The costimulatory receptor-encoding genes CD27, CD28 and integrin ITGAL, which mediate the migration of T cells into inflamed sites, were also expressed in cluster 1 (33). These results suggested that cluster 1 T cells were activated and were probably Th17 cells. Interestingly, markers for tissue resident memory T cells, including CD69 and CD103, were also expressed in cluster 1 (33). In addition, cluster 1 expressed granzymes encoding the GZMA, GZMK, GZMM genes and the cytokine IL32, suggesting that this type of CD4+ T-cell might be involved in the direct promotion of apoptosis and the secretion of inflammatory factors. Cluster 2 was also expanded in the AD tissues. The top marker gene heatmap showed that cluster 2 was characterized by expressing genes encoding proteins of cellular components, including mitochondrial DNA MT-ND3, MT-CO3, MT-ND1, and MT-CYB, and ribosomal small subunit encoding genes CMSS1 (Figure S7). These results indicated that the primary function of cluster 2 T cells was likely the biogenesis of organelles, especially mitochondria and ribosomes. Cluster 2 T cells also expressed the L-selectin-encoding gene SELL, which regulates T-cell homing to secondary lymphoid organs and is a marker for naïve and central memory T cells, while lacking other naïve T-cell markers, including CCR7 and IL7R (Figure S7) (33). Therefore, these T cells were likely a cluster of naïve T cells experiencing phenotypic changes. Cluster 6 highly expressed the naïve T-cell markers SELL, CCR7, LEF1, and TCF7 (Figure 3C and Figure S7). These T cells were defined as naïve T cells.

Cluster 3 T cells expressed apolipoprotein-encoding genes APOE and APOC1 and cytokine-encoding genes CCL3L1 and CCL20, indicating the lipid homeostasis maintenance function of this cluster of cells (Figure S7). Cluster 4 expressed heat shock protein-encoding genes, including HSPA1A, HSPA1B, and HSPA6, and cytokine-encoding genes CCL4L2, CCL4, and CCL3 (Figure S7), suggesting that this cluster of T cells is involved in the stress response. Cluster 5 highly expressed metallothionein (MT)-encoding genes, including MT1X, MT1G, MT1E, MT1F, and MT2A (Figure S7). MTs can bind various heavy metals but primarily zinc in human tissue (35, 36). Under oxidative stress, zinc can be released from MTs, thereby contributing to suppression of oxidative stress (36).

We also compared the top DEGs of CD4+ T cells between the AD and NA groups (Figure 3D). In the AD group, consistent with the expansion of clusters 1, 2 and 6, the top DEGs included LTB, which was highly expressed in cluster 1. Genes that were usually highly expressed in naïve T cells, including ATM and SELL (37), were also upregulated in the AD group. In the NA group, these top DEGs were primarily those encoding MTs as well as genes related to lipid metabolism and stress response.

Next, using SCENIC analysis, we found that ATF3 was one of the most highly expressed TFs in the AD group (Figure 3E). The ATF3 gene was reported to promote human Th1 differentiation and IL-17A expression in Th17 cells (38, 39). The SCENIC analysis in different clusters showed that ATF3 was primarily expressed in cluster 1 (Figure 3F). Overall, these results revealed that CD4+ T-cell clusters in the AD group had distinct functions from those in the NA group.

The cluster distribution of CD8+ T cells and NK cells was also different between the two groups (Figures S8A–D). The top DEGs of CD8+ T cells and NK cells between the two groups were similar to those of CD4+ T cells (Figures S8E,F). The CD8+ T cells and NK cells in the AD group exhibited elevated cytotoxic potential, while CD8+ T cells and NK cells in the NA group functioned primarily in lipid and zinc metabolism.

To further investigate the role of CD4+ T cells in AD, we applied pseudotime methods to simulate the differentiation trajectory of CD4+ T cells. Eight cell states were subsequently identified (Figure 4A). Based on the previous findings that cluster 6 primarily consisted of naïve CD4+ T cells, we used the branch of state 6 as the starting point (Figures 4B,C). Compared to the NA group, state 6 comprised more cells from the AD group (Figure 4D). This suggested that there were more naïve CD4+ T cells in the AD group, consistent with our previous finding that the two clusters expanded in the AD group, i.e., cluster 6 and cluster 2, were naïve CD4+ T cells and naïve CD4+ T cells experiencing phenotypic changes, respectively. Genes significantly differentially expressed along the pseudotime axis were then clustered into 4 modules according to their expression patterns in a heatmap (Figure 4E). Among them, modules 1 and 4 were genes whose expression levels first increased and then decreased along the pseudotime axis, module 2 was genes whose expression levels increased along the pseudotime axis, and module 3 was genes whose expression levels decreased along the pseudotime axis. Naïve CD4+ T-cell markers, such as SELL and CCR7, were identified in module 3. Several inflammatory proteins produced by cluster 1, including granzymes such as GZMA and GZMK and cytokines such as IL32, were identified in module 2. In addition, genes encoding MTs, including MT1E, MT1G, MT1X, and MT2A, were all identified in module 4 (Figure 4F). We examined the expression of MT-encoding genes along the pseudotime axis in the AD and NA groups (Figure 4F). These four MT-encoding genes all increase first and then decrease along the pseudotime axis, suggesting a transient increase in cellular zinc concentration after T-cell activation. However, expression level of MTs in the NA group was higher than that in the AD group on almost the entire pseudotime axis. This suggests that the increase in MTs in the NA group is more likely to be due to the higher zinc concentration in the normal aorta ECM rather than the recent activation of T cells (36, 40).


[image: Figure 4]
FIGURE 4. Single-cell trajectory analysis of CD4+ T cells based on Monocle. (A) The CD4+ T-cell trajectory was separated into 8 cell states. (B) State 6 was set as the starting point. (C) The CD4+ T-cell trajectories of different clusters. (D) The CD4+ T-cell trajectories of different groups. (E) Heatmap of genes that were significantly differentially expressed along the pseudotime axis. These genes were further clustered into 4 modules according to their expression patterns along the pseudotime axis. (F) Profiling of MTs along the trajectories of CD4+ T cells in the AD and NA groups. MTs, metallothioneins.




B Cells as Antigen-Presenting Cells in the Dissected Aorta

In our study, 832 B cells were detected, which were clustered into 2 groups (Figure 5A). Cluster 1 expressed the mature B-cell marker MS4A1 (CD20) and was defined as follicular (FO) B cells. Cluster 2 exhibited marked upregulation of markers of plasma B cells, including IGHG1, MZB1, and SDC1, and was defined as plasma B cells (Figure 5B).
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FIGURE 5. Profiling of B cells between normal and dissected aorta samples. (A) A UMAP plot of 832 B cells reclustered into 2 clusters. (B) UMAP plots showing the expression of selected marker genes for subpopulations of B cells. (C) Heatmap of the top 10 [by average log (fold change)] marker genes in FO B cells and plasma cells. (D) Heatmap of the top 20 [by average log (fold change)] marker genes in B cells of the AD and NA groups. (E) Bar graph showing the proportion of B-cell clusters in the AD and NA groups. (F) SCENIC analysis of the top differentially expressed transcription factors among different clusters (left) or groups of B cells (right). FO B cells, follicular B cells; UMAP, uniform manifold approximation and projection for dimension reduction; SCENIC, single-cell regulatory network inference and clustering; AD, aortic dissection; NA, normal aorta.


A heatmap displaying the expression of the top 10 most differentially expressed genes in each cluster (Figure 5C) revealed that FO B cells exhibited increased expression of MHC class II molecules (HLA-DPB1, HLA-DQA1, and HLA-DQB1), indicating that the primary function of this cluster of B cells might be antigen presentation.

We next compared the gene expression profile of B cells in the AD group to that in the NA group (Figure 5D). Significantly higher expression of MHC class II molecules was detected in the AD group. The B cells expressed MHC class II molecules and presented T-cell–dependent antigens to T cells, promoting the activation of both B and T cells. However, genes encoding proteins of immunoglobulin were upregulated in normal aorta, and LAPTM5, which negatively regulates B-cell activation (41), was highly expressed in the AD group, suggesting that the major role of B cells in AD was antigen presentation and activation of T cells. Consistently, the proportion of plasma B cells was higher in the NA group (Figure 5E).

We next sought to explore how the transcriptional state of B cells was regulated by TFs using SCENIC analysis (Figure 5F). Comparison between FO B cells and plasma cells revealed significantly upregulated expression of the TFs KLF2, IRF4, and REL (Figure 5F, left). The KLF2 gene was found to be associated with the egress of FO B cells from the spleen and regulates the expression of the adhesion molecule SELL, which is critical for lymphocytes to home to peripheral lymph nodes (42). IRF4 and REL were reported to be important for the proliferation of B cells (43). We further analyzed differences between the AD and NA groups (Figure 5F, right). A significant difference in the expression of KLF2 still existed, while the expression of IRF4 and REL in the AD group was less elevated than that in the NA group, suggesting that the B cells in the AD tissue might be primarily derived from the peripheral circulation.



Increased Cell–Cell Communication Between NK/T Cells and Macrophages in AD Tissues

To further investigate the mutual regulatory process between the innate and acquired immune systems in AD tissues, we performed cell–cell communication analysis by mapping the ligand–receptor interactions with our scRNA-seq data.

We found that the largest number of ligand–receptor interactions occurred between macrophages and macrophages, indicating that both paracrine and autocrine signaling play a significant role in regulating macrophage functions (Figures 6A,B and Figure S9). In addition, compared to normal aorta, the signaling from CD4+ T cells, CD8+ T cells, NK cells to macrophages in the AD tissue was increased.


[image: Figure 6]
FIGURE 6. Cell–cell communication between immune cells. (A,B) Number of predicted interactions (P < 0.05) between macrophages, T cells, NK cells, B cells, neutrophils and mast cells based on CellPhoneDB in AD tissues (A) and normal aorta tissues (B). (C) Selected ligand–receptor interactions between CD4+ T cells, CD8+ T cells, NK cells and macrophages, comparing the AD vs. NA group. AD, aortic dissection; NA, normal aorta.


Cell–cell communication involving T and NK-cell costimulation was found to be upregulated in AD tissues. Elevation in the binding of the integrin αLβ2 complex (LFA1) to ICAM3 was identified between CD8+ T cells, NK cells and macrophages. The binding of LFA1 to ICAM3 augments LFA-1/ICAM-1-mediated T-cell adhesion and functions in T-cell costimulation (44). The communication between integrins in CD4+ T cells, CD8+ T cells, NK cells, and fibronectin secreted by macrophages was also upregulated in AD tissues (Figure 6C).

T cells and NK cells also secrete cytokines to regulate macrophage functions. In AD tissues, elevated secretion of both TNF and VEGFβ was found in NK and T cells, with increased expression of their corresponding receptors in macrophages. These results suggested that T cells in the AD tissue induced the differentiation of macrophages to both the M1 and M2 phenotypes.



Validation

We adopted mIF to validate the overall proportion of each immune cell subtype (mast cells, granulocytes, B cells, macrophages, and T cells) present in control and dissected aorta tissues. All 5 immune cell subsets were successfully identified in both control and dissected aorta samples (Figure 7).


[image: Figure 7]
FIGURE 7. The five-plex mIF assay was performed in control and dissected aortas to validate the proportion of immune cells. (A) Representative mIF images of normal and dissected human ascending aortas stained with CD68 (green), CD3 (yellow), CD20 (red), CD66b (magenta), and c-Kit (cyan). (B) Bar graphs showing increased cell density of all five immune cell types in the AD tissue. (C) Bar graphs showing the percentage of immune cell populations from normal and dissected aortas identified by scRNA-seq analysis (2 bars on the left) or with mIF analysis (2 bars on the right). mIF: multiplexed immunofluorescence.


By comparing the density of immune cells between the two groups, we found that all immune cell subsets were expanded in AD tissues, and the expansion of granulocytes, T cells and myeloid cells was the most obvious (Figure 7B). The proportions of each immune cell subset identified using mIF vs. scRNA-seq were similar in AD tissues (Figure 7C). However, the findings of the proportion of immune cell subsets in normal aortas were not consistent between the two methods. This could be due to the limitation of mIF as a semiquantitative method, as well as individual differences in patients. In addition, since the total number of immune cells in normal aortic tissue was low, small deviations in cell counts could cause large changes in their percentage calculations. However, inconsistencies in these cell proportions should have little effect on the qualitative features of each cell subset.




DISCUSSION


General Findings

Using scRNA-seq, we analyzed the immune cell subpopulations in sporadic human thoracic aortic dissection tissues. We found that after the onset of AD, 5 major types of immune cells expanded in AD tissue, among which granulocytes were predominant. The function of immune cells in AD tissues also changed, which manifested as a change in the distribution of cell subsets and different transcriptome profiles identified using scRNA-seq. Among them, macrophages and T cells exhibited the most prominent changes. Macrophages in normal aortas primarily function in lipid metabolism, whereas macrophages expanded in AD tissues primarily play a proinflammatory role. The functional changes of T cells in AD tissue were similar to those of macrophages. T cells were also primarily related to lipid metabolism and stress response in normal aorta, while the main function of the expanded T-cell subsets in AD tissues was to secrete inflammatory factors and granzymes. These expanded macrophages and T-cell subsets in AD tissues might contribute to the immune mechanism of AD.



Infiltration of Circulating Macrophages Into the Aorta Might Contribute to Triggering Aortic Dissection

Activated macrophages can usually be simply divided into two major phenotypes, i.e., the proinflammatory M1 type and the anti-inflammatory M2 type. In studies concerning the immune mechanisms of aortic dissection, macrophages have usually been reported to manifest as the M1 phenotype and contribute to the occurrence of AD by secreting proteases and chemokines, which result in extracellular matrix degradation, elastic lamina breakdown and promotion of inflammatory responses (4).

In our study, the primary cluster expanded in AD tissues (cluster 2) was also predominantly a proinflammatory phenotype. However, unlike the classic M1-type macrophages reported to promote AD or aneurysmal diseases (45, 46), MMP-related genes were not found to be significantly elevated in cluster 2. In contrast, genes involved in ECM repair rather than degradation, especially VCAN, EREG, AREG, and TIMP1, were significantly expressed in cluster 2. This raises the question of whether the expansion of this cluster of macrophages is a consequence or a cause of AD. Although the findings of this study alone cannot answer this question, previous research might help shed light on this query. In the scRNA-seq study of ascending thoracic aortic aneurysm by Li et al. (6), a group of macrophages seemed to have a transcriptome similar to that of cluster 2 in our study, both of which significantly expressed inflammatory factors and tissue repair cytokines, including TIMP1, VCAN, EREG, and AREG. The chronic nature of aortic aneurysm development suggests that this population of macrophages is already present in the aortic wall, even in the absence of the event of AD onset, which suggests that the expansion of cluster 2 in the AD tissue is not simply the consequence of AD onset. In addition, we previously used BAPN and angiotensin II (Ang II) to create AD models in wild-type C57BL/6J mice and LysMiDTR mice (47), in which monocytes in the peripheral blood were depleted after diphtheria toxin injection. The depletion of circulating monocytes significantly reduced the incidence of AD, indicating that the infiltration of macrophages in the aorta is more of a causal event of AD than simply a consequence of it. Notably, in this mouse AD model created using BAPN and Ang II, we only observed macrophage infiltration after dissection onset. This suggests that, unlike mouse AAA models, in which long-term infiltration of macrophages and chronic degradation of extracellular matrix can be observed (48, 49), macrophage infiltration in the AD model might act as a “trigger” event. Based on the medial VSMCs or ECM lesions, macrophages might infiltrate into the media and participate in ECM repair (46). However, proinflammatory cytokines can be produced in this process, which leads to chemotaxis and the activation of other immune cells, especially neutrophils and T cells. These immune cells could further secrete inflammatory factors and granzymes, aggravating the medial lesions and causing abrupt onset of aortic dissection.



T Cells Might Play an Important Role in the Progression of AD

In our study, we found that T cells might play an important role in the development of AD. Similar to the study of Li et al. (6), we could not identify typical T-cell subtypes using their classical marker genes. However, a cluster of Th17-like T cells was found to expand in the AD group. Previous studies also reported elevation of Th17 cells both in AD tissues and blood samples of AD patients (50, 51). Ju et al. (52) observed Th17-cell accumulation in both patients and mouse models of aortic dissection. They found that Th17 cells contributed to the formation of AD primarily through the recruitment of macrophages. In our study, the cluster of Th17-like CD4+ T cells primarily secreted IL32, which induces macrophages to secrete inflammatory cytokines, including TNF-α (53). The recruitment of macrophages and secretion of TNF-α could further aggravate inflammatory responses and ECM degradation, thereby exacerbating the onset of AD. Moreover, these T cells also expressed the cytolytic molecules GZMA, GZMK, and GZMM, suggesting cytotoxic potential. Other cytotoxic immune cells, including CD8+ T cells and NK cells, also expressed higher levels of GZMA, GZMK, and GZMH in AD tissues. Deduction of the aortic wall cytotoxic T-cell content has been demonstrated to be one of the mechanisms of the inhibition of aneurysm formation by doxycycline (54).

Another interesting finding of this study was that the expression of MTs was upregulated in T cells of the normal aorta compared to the AD group. Combined with the pseudotime analysis, we found that this increase in MT expression might represent a higher zinc concentration in the normal aorta than in the dissected aorta. Edvinsson et al. found that Zn levels were decreased in human thoracic aortic dissection tissues and in the plasma of AD patients (55). Similar results were also detected in patients with AAA and TAA, suggesting that Zn levels in the plasma and aorta might influence the progression of aortic dissection and aneurysms (56, 57). Zinc deficiency has been reported to cause increased oxidative stress and autoreactive inflammation, which contribute to many cardiovascular diseases (36). Therefore, the upregulated MTs in our study may indicate a protective role of Zn in the progression of AD. However, the lower concentration of Zn in AD tissue could also be caused by higher expression of MMPs, which are Zn dependent. Further studies are required to determine the specific role of zinc in AD.

In the cell–cell communication study, we found that compared to the normal aorta, cellular connections were primarily increased between macrophages and T/NK cells. Most of these upregulated connections were related to T-cell activation, and T cells secrete TNF and VEGFβ to modulate the functions of macrophages. Together, these findings indicate that T cells might play an important role in the pathogenesis of AD by directly inducing cell death in AD tissues, as well as recruiting macrophages in turn and modulating their functions.



Limitations

The sample size included in this study is relatively small; however, we enrolled a high number of immune cells for analysis after MACS sorting of CD45+ cells. Considering that heart transplants are infrequent and the high cost of scRNA-seq, we chose to load more cells from normal aorta onto the Chromium Single Cell Controller Instrument to obtain sufficient immune cells for the control group, which led to an abnormal increase in the proportion of immune cells in normal aortic tissue in our study. Another limitation of this study is that a large number of immune cells infiltrate into the aorta after AD onset, making it difficult to determine to what extent the described profiles are a consequence of dissection or its cause. Combined with previous studies, we preliminarily speculated that the macrophages expanded in the AD tissue in this study were likely to be the cause of the AD. More research is needed in the future to further clarify the role of these immune cells in the pathogenesis of AD. Finally, cluster 5 myeloid cells have also been found to function in connective tissue development and collagen fibril organization. It is therefore important to determine whether this cell cluster originates from VSMCs. Although the featureplot of MYH11 and CNN1 showed low expression of these two SMC marker genes in cluster 5, further confirmation with a higher level of evidence using reporter mice or MYH11 in situ Hybridization and Proximity Ligation Assays is required in the future (58).




CONCLUSION

Herein, we revealed the landscape of immune cells in human thoracic aortic dissection tissues at the single-cell level. We identified a macrophage cluster with a unique transcriptome that was expanded in AD tissues. These macrophages might contribute to AD through secretion of cytokines and recruitment of other immune cells, especially granulocytes and T cells. Further investigation of the different roles of macrophages and T cells in AD may offer new diagnostic or treatment targets for AD.
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