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Abstract 

Thoracic aortic aneurysm (TAA) is a life-threatening condition characterized by aortic dilation, 
inflammation, and extracellular matrix degradation. Despite advances in surgical management, effective 
pharmacological therapies are still lacking, largely due to an incomplete understanding of the cellular 
mechanisms driving disease progression. Although recent single-cell RNA sequencing (scRNA-seq) 
studies have revealed diverse cell types in TAA, the intercellular communication driving pathological 
remodeling is still poorly defined. Here, we performed integrated scRNA-seq analysis of human TAA (n 
= 8) and healthy aorta (n = 8) to construct a comprehensive cellular landscape. We identified a 
disease-associated crosstalk between SPP1+ myeloid cells and POSTN+ fibroblasts, mediated by SPP1 and 
MK signaling. These two cell subsets were enriched in TAA and co-activated TNF-α signaling via NF-κB 
and epithelial mesenchymal transition (EMT) pathways, thereby promoting inflammation and ECM 
remodeling. Cell-cell communication analysis further uncovered upregulated interactions involving 
SPP1-integrin (e.g., ITGAV/ITGA8/ITGA5+ITGB1) and MDK receptors (SDC4/SDC2/NCL/LRP1/ 
ITGA4/ITGA6+ITGB1) in TAA. These computational findings were further supported by multiplex 
immunofluorescence and spatial transcriptomics analyses. By integrating key genes and signaling 
pathways, we identified hub genes and their associated transcription factors, whose regulatory activity 
was further supported by transcription factor regulon analysis. Our findings highlight the crucial role of 
myeloid-fibroblast interactions in driving TAA pathogenesis and identify potential therapeutic targets. 

Keywords: Thoracic aortic aneurysm, single-cell RNA sequencing, myeloid-fibroblast crosstalk, SPP1/MK signaling, aortic wall 
remodeling, transcriptional regulation 

Introduction 
Thoracic Aortic Aneurysm (TAA) is a 

life-threatening cardiovascular disorder characterized 
by pathological aortic dilation, persistent 
inflammation and extracellular matrix degradation, 
which ultimately resulting in progressive structural 
compromise of the vascular wall[1]. TAA is often 
asymptomatic until rupture, which is associated with 
a mortality rate as high as 90%, making it a critical 

public health concern[2, 3]. Epidemiological studies 
have reported a significant increase in the global 
burden of TAA. From 2002 to 2014, the annual 
incidence nearly doubled, rising from 3.5 to 7.6 cases 
per 100,000 individuals[4], and this upward trend 
continues[5]. Current clinical management of TAA 
primarily depends on open surgical repair involving 
resection and synthetic graft reconstruction, but this 
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approach is limited by elevated perioperative rupture 
risk and frequent postoperative complications, 
including infection and thrombosis[6]. More 
importantly, the lack of effective pharmacological 
treatments highlights a significant gap in the 
non-surgical management of TAA. Therefore, 
elucidating the underlying cellular and molecular 
mechanisms, identifying therapeutic targets, and 
developing novel treatment strategies are of great 
significance for the prevention and treatment of TAA. 

The pathological mechanisms underlying TAA 
are multifactorial, involving inflammatory responses, 
extracellular matrix (ECM) degradation, and aberrant 
aortic wall remodeling[1]. Although previous studies 
have demonstrated that both immune cells (e.g., 
macrophages) and non-immune cells (e.g., fibroblasts) 
contribute to disease progression[7-9], the distinct 
characteristics of key cellular subsets and their 
interaction networks remain to be fully elucidated. 
Among these, myeloid cells, particularly 
macrophages play a central role in aortic wall 
remodeling and the formation of aortic dissection[10, 
11]. Pro-inflammatory macrophages promote TAA 
progression by secreting matrix metalloproteinases 
(MMPs) and inflammatory cytokines, which induce 
ECM degradation and apoptosis of vascular smooth 
muscle cells[8, 12]. Adventitial fibroblasts, a major 
cellular component of the aortic wall[13], actively 
contribute to aortic wall remodeling by migrating, 
proliferating, and producing collagen and matrix 
components during injury repair[14]. In TAA, medial 
vascular smooth muscle cells are markedly reduced, 
and fibroblasts become the predominant effector cells 
promoting aortic wall remodeling[15]. 

Recent advances in scRNA-seq have 
substantially deepened our understanding of the 
cellular heterogeneity underlying TAA. However, 
most studies to date have primarily focused on 
characterizing VSMC and macrophage 
subpopulations, such as Il1rn+ or Trem1+ 
macrophages, or profiling global cellular composition, 
while the specific intercellular interactions between 
myeloid and fibroblast subsets have remained largely 
unexplored. For instance, Liu et al. delineated 20 
distinct cellular subpopulations in bicuspid aortic 
valve (BAV)-associated TAA tissues, including 
various subtypes of VSMCs, fibroblasts, 
macrophages, and T lymphocytes, yet did not 
investigate intercellular communication networks in 
detail[16]. Liu et al. focused on macrophage 
heterogeneity and demonstrated that selective 
targeting of Il1rn+/Trem1+ macrophages significantly 
reduced aortic rupture in murine models[8]. In 
parallel, their investigation into VSMC phenotypic 
modulation revealed potential transcriptional 

regulators but did not address broader patterns of 
cell-cell communication[17]. Cao et al. further 
uncovered VSMC diversity in aneurysm 
pathogenesis[18], while Wang et al. provided a 
broader cellular interaction map involving 
macrophages, endothelial cells, fibroblasts, and 
VSMCs in both healthy and diseased aortas, but did 
not specifically examine SPP1+ myeloid and POSTN+ 

fibroblasts[19]. Similarly, Chou et al. described the 
cellular diversity in sporadic ascending aortic 
aneurysms, concluding that disease progression is 
characterized by gene expression changes within 
established cellular lineages rather than the 
emergence of novel cell types[20]. Despite these 
important contributions, the mechanistic basis of 
myeloid-fibroblast interactions and their potential 
role in regulating chronic inflammation and ECM 
remodeling in TAA remains insufficiently 
understood. 

Midkine (MDK, also known as MK) is a 
heparin-binding growth factor that plays pleiotropic 
roles in inflammation, tissue repair, and aortic wall 
remodeling[21]. It exerts its biological effects through 
interactions with several membrane receptors and 
co-receptors, including PTPRZ1, LRP1, ALK, integrin 
complexes, Notch2 and proteoglycans, thereby 
activating downstream signaling cascades including 
PI3K/AKT, NF-κB, and JAK/STAT pathways[22]. In 
cardiovascular diseases, MDK has been implicated in 
promoting vascular smooth muscle cell proliferation, 
macrophage recruitment, fibroblast activation, and 
extracellular matrix remodeling, contributing to the 
progression of atherosclerosis, post-ischaemic 
remodelling, and aortic wall pathology[23-25]. Given 
its dual role in orchestrating inflammatory and 
fibrotic responses, MK signaling may serve as a 
critical mediator of immune–stromal crosstalk within 
the aneurysmal microenvironment, potentially 
linking myeloid derived inflammatory cues with 
fibroblast driven aortic wall remodeling. 

In this study, publicly available scRNA-seq data 
were integrated to construct a comprehensive cellular 
landscape of TAA and healthy aortic tissues, enabling 
a systematic characterization of the functional 
properties of myeloid and fibroblast subpopulations 
and their disease-associated alterations. Notably, 
SPP1+ myeloid cells and POSTN+ fibroblasts were 
found to cooperatively promote inflammation and 
ECM remodeling via SPP1/MK signaling-mediated 
ligand-receptor interactions, thereby exacerbating 
structural damage to the aortic wall. Further analysis 
identified potential hub genes and associated 
transcription factors that are linked to key molecular 
signatures and signaling pathways. These findings 
not only enhance our understanding of TAA 
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pathogenesis but also lay a theoretical foundation for 
the development of targeted therapeutic strategies. 

Materials and methods 
scRNA-seq data acquisition and processing 

Raw scRNA-seq data were obtained from the 
SRA database (PRJNA919181/GSE222318 and 
PRJNA649846/GSE155468), comprising 8 healthy 
control and 8 TAA samples. Data preprocessing was 
performed using the Cell Ranger count pipeline 
(v8.0.1) with alignment to the GRCh38 human 
reference genome. Potential doublets were identified 
and removed using Scrublet (expected doublet rate: 
0.06)[26]. Low-quality cells were filtered out using 
Seurat (v4.0)[27] based on the following criteria: UMI 
counts <1,000 or >50,000, detected genes <300 or 
>5,000, mitochondrial gene content >10%, and 
Scrublet-flagged doublets. Batch effects across 
samples were corrected using Harmony (v1.2.3)[28], 
based on the top 30 principal components (PCs). The 
integrated dataset was then subjected to 
dimensionality reduction via UMAP and 
unsupervised clustering (30 PCs, resolution = 0.6). 
Cell types were manually annotated based on known 
canonical markers in combination with cluster- 
specific marker genes (Benjamini-Hochberg adjusted 
P values < 0.05). Major cell populations were further 
subclustered using the 30 PCs with a lower resolution 
parameter (resolution = 0.1). Subpopulations were 
named by combining cluster labels with the top 
differentially expressed genes (based on the highest 
log2 fold change). Hub gene score was calculated 
using the AddModuleScore function. 

Differential gene expression analysis, 
functional annotation, and GSEA 

Differentially expressed genes (DEGs) were 
identified using the FindAllMarkers function in the 
Seurat package. Genes expressed in at least 10% of 
cells within each cluster and with a log2 fold change 
greater than 0.25 were selected for further analysis. 
Genes with adjusted P values less than 0.05 were 
considered statistically significant. Among these, 
genes with an average log2 fold change greater than 0 
were regarded as upregulated. Functional enrichment 
analysis of DEGs was performed using the enricher 
function in the clusterProfiler package (v4.6.2)[29], 
with Hallmark gene sets (category “H”) from the 
msigdbr package (v10.0.1)[30] serving as the reference 
background. Gene Set Enrichment Analysis (GSEA) 
was also carried out using the clusterProfiler package 
with the same Hallmark gene sets from the MsigDB 
database Pathways with Benjamini-Hochberg (BH) 
adjusted P values below 0.05 were considered 

significantly enriched. Gene Set Variation Analysis 
(GSVA) was conducted using the GSVA package 
(v1.46.0)[31], based on the average gene expression 
within each cell cluster. The GSVA scores were 
calculated using the "gsva" method with a Poisson 
distribution kernel. 

Cell communication pseudotime and 
transcription factor prediction 

Intercellular communications were analyzed 
using the CellChat package (v1.6.1)[32], classifying 
interaction types into “Secreted Signaling”. The 
single-cell pseudotime differentiation trajectory was 
constructed using the monocle package (v2.34.0)[33]. 
Transcription factor prediction for single-cell 
subpopulations was performed using dorothea 
(v1.10.0)[34], with downsampling of 100 cells for 
calculation. Regulon activity was normalized using 
the scale method, and each regulon contained at least 
four target genes. Cell cluster-specific activated 
transcription factors were identified using the 
FindAllMarkers function. Only upregulated genes 
were selected, which were expressed in at least 25% of 
cells within the cluster and had a log2 fold change 
greater than 0.25. Transcription factors for hub genes 
were further predicted using the TRRUST 
database[35]. 

Transcription factor regulon inference and 
activity analysis 

Motif enrichment and regulon activity analyses 
were performed using the Python implementation of 
SCENIC (pySCENIC v0.12.1)[36]. The normalized 
single-cell expression matrix was converted to a loom 
file and used as input for downstream analyses. Gene 
regulatory networks were inferred using GRNBoost2 
with candidate regulators restricted to a curated list of 
human transcription factors. Regulons were 
subsequently defined using the cisTarget module 
implemented in pySCENIC, based on the hg38 
RefSeq-r80 cisTarget motif ranking database with a 
±10 kb window around transcription start sites 
(hg38__refseq-r80__10kb_up_and_down_tss.mc9nr.g
enes_vs_motifs.rankings.feather). Regulon activity 
was quantified at the single-cell level using AUCell by 
assessing the enrichment of regulon target genes 
within each cell’s expressed gene set. Regulon activity 
scores were compared across cell subtypes and 
disease conditions, with downstream interpretation 
focusing on eight transcription factors prioritized 
based on dorothea and TRRUST predictions (POU5F1, 
POU2F1, HOXD3, PAX6, TWIST2, JUND, CEBPA, and 
SP1). 
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Multiplex immunofluorescence staining and 
quantitative image analysis 

Multiplex immunofluorescence staining was 
performed on paraffin-embedded aortic tissue 
sections to validate the spatial association between 
SPP1+ myeloid cells and POSTN+ fibroblasts. Tissue 
sections (4–5 μm) were deparaffinized, rehydrated, 
and subjected to heat-induced antigen retrieval using 
citrate buffer (pH 6.0). Endogenous peroxidase 
activity was quenched with 3% hydrogen peroxide, 
followed by blocking with normal serum. Sections 
were incubated overnight at 4 °C with primary 
antibodies against CD68 (AF20022, AiFang Biological, 
1:1000 dilution), SPP1 (AFRP0012, AiFang Biological, 
1:500 dilution), α-SMA (AFMM0002, AiFang 
Biological, 1:1000 dilution), and POSTN (AFRM0263, 
AiFang Biological, 1:1000 dilution). HRP-conjugated 
polymer secondary antibodies were applied, and 
signal detection was achieved using tyramide signal 
amplification (TSA) with fluorophore-labeled 
tyramides. Antibody stripping by heat-induced 
antigen retrieval was performed between staining 
cycles to enable multiplex labeling. Nuclei were 
counterstained with DAPI. Fluorescence images were 
acquired using a multispectral fluorescence 
microscope under identical acquisition settings, and 
image processing was performed using KFSlideOS 
software. 

Quantitative analysis of mIF images was 
performed in QuPath (v0.5.1). Cells were segmented 
using a StarDist-based workflow. A supervised 
machine-learning object classifier was trained on 
representative regions to classify cell phenotypes and 
identify double-positive populations. For each group, 
15 randomly selected ROIs (150 μm × 150 μm) were 
annotated and analyzed. In each ROI, the proportions 
of CD68+SPP1+ and α-SMA+POSTN+ double-positive 
cells were calculated as the number of double-positive 
cells divided by the total number of detected DAPI+ 
cells. In addition, mean fluorescence intensity (MFI) of 
SPP1 and POSTN was quantified within the 
corresponding double-positive cells and normalized 
to DAPI intensity in the same ROI (SPP1/DAPI and 
POSTN/DAPI). For group comparisons of double- 
positive cell proportions, counts were pooled within 
each group and assessed using Fisher’s exact test 
(given the limited number of sections for mIF 
validation). DAPI-normalized MFI (SPP1/DAPI and 
POSTN/DAPI) was compared between groups at the 
ROI level using a two-sided Mann–Whitney U test 
(Wilcoxon rank-sum). 

Spatial Transcriptomics Analysis 
Spatial transcriptomics (ST) data were processed 

and analyzed using the Seurat (v4.0) framework. To 

enable accurate cell type annotation of ST spots, a 
curated scRNA-seq reference was constructed by 
integrating a comprehensive single cell dataset. Cells 
were grouped according to their annotated cell types, 
and approximately 300 cells were randomly 
subsampled from each group to generate a balanced 
reference. Both the reference dataset and the ST 
dataset were normalized using SCTransform, with 
3,000 variable features retained. SCT normalized 
assays were used for all downstream integration and 
label transfer steps. Cell type labels and associated 
prediction scores were transferred to ST spots using 
an anchor-based approach implemented in 
FindTransferAnchors and TransferData with 30 
dimensions. Transferred annotations were stored in 
the metadata of the ST object for subsequent analyses. 

Spatial colocalization between predicted cell 
type programs was assessed using a k-nearest- 
neighbor (kNN) based framework. Spatial 
coordinates for each spot were obtained using 
GetTissueCoordinates, and the k nearest neighbors (k 
= 3, 4, 5, 6, 8, 10, 12, and 15) were identified using the 
FNN algorithm. Given two cell type-specific 
prediction scores (A and B), a continuous 
colocalization metric was defined as: 

𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝟎𝟎.𝟓𝟓 × (𝑨𝑨 × 𝑩𝑩�𝒌𝒌𝒌𝒌𝒌𝒌 + 𝑩𝑩 × 𝑨𝑨�𝒌𝒌𝒌𝒌𝒌𝒌) 

where 𝐴̅𝐴𝑘𝑘𝑘𝑘𝑘𝑘 and 𝐵𝐵�𝑘𝑘𝑘𝑘𝑘𝑘 denote the mean values of 
A and B among the k nearest spatial neighbors, 
respectively. Spots with coloc > 0 were classified as 
colocalization positive. A k sensitivity analysis was 
performed to assess robustness across spatial scales. 
Group differences in the frequency of colocalization 
positive spots were evaluated using one-sided 
Fisher’s exact tests, and odds ratios were calculated. 

Results 
Cell type characteristics of human ascending 
aorta reveal pivotal roles of myeloid and 
fibroblast cells 

To construct a comprehensive and quantitatively 
matched cellular landscape of the human ascending 
aorta, we integrated publicly available scRNA-seq 
datasets from TAA patients (n = 8) and healthy 
controls (n = 8), specifically PRJNA919181 
(GSE222318) and PRJNA649846 (GSE155468). We 
employed the Harmony algorithm to correct for 
potential batch effects between these two distinct 
datasets (Supplementary Figure 1). Following 
stringent quality control batch effect correction, and 
normalization, we obtained a total of 120,057 
high-quality cells, including 55,337 from healthy 
individuals and 64,720 from TAA patients. Data from 
all 16 samples were integrated using the Seurat 
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framework. Unsupervised clustering based on 
canonical marker expression identified 11 major cell 
types (Figure 1A). These included fibroblasts (DCN, 
COL1A1, COL1A2; n = 22,743), smooth muscle cells 
(SMCs; MYH11, ACTA2, MYL9; n = 8,637), synthetic 
SMCs (DCN, COL8A1, ACTA2; n = 1,831), 
mesenchymal cells (MSLN, ITLN1, PRG4; n = 258), 
endothelial cells (PECAM1, PLVAP, PTPRB; n = 
2,738), myeloid cells (CD14, LYZ, CD68; n = 48,377), T 
cells (CD3D, CD3E, CD3G; n = 24,469), natural killer 
(NK) cells (KLRD1, NCAM1, NKG7; n = 4,618), 
proliferating cells (MKI67, TOP2A, CDC20; n = 1,337), 
mast cells (KIT, CPA3, TPSB2; n = 3,122), and B cells 
(MS4A1, CD79A, MZB1; n = 1,927) (Figure 1B-C). 
Representative molecular signatures for each cell type 
are presented in Figure 1D. Among these, myeloid 
cells, T cells, NK cells, proliferating cells, mast cells, 
and B cells were grouped as immune populations, 
while fibroblasts, SMCs, synthetic SMCs, 
mesenchymal cells, and endothelial cells were 
classified as non-immune populations. 

To investigate potential population shifts 
associated with disease, we compared cell 
distributions by separating the control and TAA 
groups in the UMAP visualizations (Figure 1A). 
Although only fibroblasts exhibited statistically 
significant changes between conditions, markedly 
declining in TAA tissues, myeloid cells showed a 
notable upward trend (Figure 1E, Supplementary 
Figure 2), consistent with prior studies implicating 
immune infiltration in TAA progression[7, 8]. The 
reduction in fibroblast populations aligns with 
previous reports of extracellular matrix degradation 
and aortic wall remodeling during aneurysm 
development[15]. Together, these compositional 
changes highlight myeloid cells and fibroblasts as key 
cellular contributors to TAA pathogenesis, guiding 
our subsequent analyses toward these pivotal cell 
types. 

Pro-inflammatory functions of myeloid cells 
play a crucial role in TAA pathogenesis 

To elucidate the molecular characteristics of 
immune cells within the thoracic aortic wall, we 
focused our analysis on immune cell populations, 
including myeloid cells, T cells, NK cells, proliferating 
cells, mast cells, and B cells (Figure 2A). Functional 
enrichment analysis revealed that myeloid cells were 
predominantly associated with pro-inflammatory 
responses. Key enriched pathways included TNF-α 
signaling via NF-κB, the inflammatory response, 
complement, and IL6-JAK-STAT3 signaling (Figure 
2B). 

To further dissect immune cell heterogeneity, we 
performed integrative unsupervised reclustering of 

all immune cells, identifying 43 distinct 
subpopulations (Figure 2C). These subtypes were 
annotated based on their unique gene expression 
profiles (Supplementary Figure 3A). Based on DEGs 
within each immune cell subset, we assessed 
transcriptional similarities among the subtypes. While 
most subtypes within the same major immune 
population clustered closely, further supporting the 
accuracy of our cell-type annotations. Interestingly, 
we also observed cross-lineage similarities among 
certain subpopulations (Figure 2C-D), suggesting that 
these subpopulations may be responding to similar 
stimuli, resulting in comparable transcriptional 
profiles. 

Comparative analysis of immune cells between 
TAA and control samples revealed that DEGs were 
predominantly enriched in TNF-α signaling via 
NF-κB, inflammatory response, and complement 
pathways (Figure 2E), consistent with the known 
pro-inflammatory roles of myeloid cells, even though 
cell proportions showed minimal differences between 
the groups (Figure 2F). Strikingly, we also identified 
significant enrichment of the EMT pathway (Figure 
2E), suggesting a pathogenic synergy: infiltrating 
myeloid cells may secrete effector molecules (e.g., 
proteases, cytokines) that act in concert with 
EMT-transformed non-immune cells. In this context, 
myeloid cells facilitate extracellular matrix 
degradation, while EMT-activated non-immune cells 
may promote maladaptive aortic remodeling, 
together driving progressive weakening and dilation 
of the vessel wall in TAA. Coupled with the observed 
expansion of myeloid populations in TAA tissues, 
these findings underscore the pivotal role of 
pro-inflammatory myeloid cells in driving TAA 
pathogenesis. 

Fibroblasts exhibit both remodeling and 
pro-inflammatory characteristics 

Non-immune cells play essential roles in 
maintaining the structural and functional integrity of 
the aortic wall. We conducted an in-depth analysis of 
non-immune populations, including fibroblasts, 
synthetic SMCs, contractile SMCs, mesenchymal cells, 
and endothelial cells (Figure 3A), and found that 
fibroblasts exhibited notable both remodeling and 
pro-inflammatory characteristics. Functional 
enrichment analysis revealed significant enrichment 
of the EMT pathway in fibroblasts, synthetic SMCs, 
and SMCs (Figure 3B), indicating their involvement in 
aortic wall remodeling processes. Remarkably, 
fibroblasts also showed significant enrichment in the 
TNF-α signaling via NF-κB pathway, a characteristic 
feature of inflammatory activation, despite their 
classification as non-immune cells. 
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Figure 1. Single-cell transcriptomic profiling of 120,057 cells from control and TAA groups. A, UMAP plot on the left displays the integrated dataset, with cells 
colored by 11 major cell types. The UMAP plots on the right show the distribution and composition of these major cell types in each group. B, Dot plot showing the expression 
of classical marker genes used to define each major cell type. C, UMAP plots illustrating the spatial expression patterns of representative marker genes. D, Heatmap showing the 
top five marker genes for each major cell type. E, Stacked bar plot comparing the proportions of each major cell type between control and TAA groups. 
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Figure 2. Molecular characteristics of immune cells in human ascending aortic tissue. A, UMAP plots showing the distribution of immune cells. B, Hallmark pathway 
enrichment analysis across immune cell types. Marker color and size represent the adjusted P value and gene ratio, respectively. Adjusted P values were calculated using the BH 
method. C, Unsupervised hierarchical clustering of the average gene expression for the top 1000 variable genes among immune subpopulations, illustrating the correlation 
distance and relatedness between clusters. D, Unsupervised hierarchical clustering of the top 1,000 most variable genes from each immune subcluster reveals the transcriptional 
relatedness among distinct cell lineages. E, Bar plot showing hallmark enrichment of differentially expressed genes between TAA and control immune cells. Adjusted P values 
were calculated using the BH method, and marker color indicates the adjusted P value. F, Violin plots showing a trend toward higher levels of immune cells in the TAA group 
compared to the control group, although the difference was not statistically significant. Statistical analysis was performed using the Wilcoxon rank-sum test. 
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Figure 3. Molecular characteristics of non-immune cells in human ascending aortic tissue. A, UMAP plots showing the distribution of non-immune cells. B, 
Hallmark pathway enrichment analysis across non-immune cell types. Marker color and size represent the adjusted P value and gene ratio, respectively. Adjusted P values were 
calculated using the BH method. C, Unsupervised hierarchical clustering of the average gene expression for the top 1000 variable genes among non-immune subpopulations, 
illustrating the correlation distance and relatedness between clusters. D, Unsupervised hierarchical clustering of the top 1,000 most variable genes from each non immune 
subcluster reveals the transcriptional relatedness among distinct cell lineages. E, Bar plot showing hallmark enrichment of differentially expressed genes between TAA and 
control non-immune cells. Adjusted P values were calculated using the BH method, and marker color indicates the adjusted P value. F, Violin plots showing a trend toward lower 
levels of non-immune cells in the TAA group compared to the Control group, although the difference was not statistically significant. Statistical analysis was performed using the 
Wilcoxon rank-sum test. 
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To further dissect cellular heterogeneity, we 
performed reclustering and reannotation of non- 
immune cells (Supplementary Figure 3B), resulting in 
the identification of 25 distinct subpopulations. DEG- 
based similarity analysis (Figure 3C) revealed 
considerable cross-lineage relationships, especially 
among fibroblast subsets (Figure 3D), suggesting 
functional diversity within this cell type. For example, 
the Fibroblast_c0-CFD subpopulation clustered 
closely with mesenchymal cells, whereas Fibroblast_ 
c1-POSTN was more closely aligned with SMCs and 
synthetic SMCs, indicating that fibroblasts may 
exhibit functional diversity driven by distinct 
regulatory mechanisms or activation state. 

Differential analysis between control and TAA 
samples confirmed that the EMT pathway was the 
most significantly altered across non-immune 
populations (Figure 3E), reflecting disruption of 
vascular structure in disease, despite no significant 
differences in cell proportions between the groups 
(Figure 3F). Notably, the TNF-α signaling via NF-κB 
pathway was also prominently enriched in the TAA 
group (Figure 3E). Together with the observed 
transcriptional profile of fibroblasts, these findings 
underscore their central role in TAA pathogenesis, not 
only as structural components but also as active 
participants in inflammatory processes. 

Coordinated but cell type-specific pathway 
activation across immune and stromal 
populations 

Our preceding analyses revealed that key 
signaling pathways, including TNF-α signaling via 
NF-κB and EMT, were significantly enriched across 
diverse cell types spanning both immune (for 
example, myeloid cells) and stromal (for example, 
fibroblasts) lineages (Figures 2B, and 2E, 3B, and 3E, 
Supplementary Figure 4A). To determine whether this 
broad enrichment was driven by a common set of 
genes or by distinct, cell type-specific modules, we 
performed Jaccard similarity analysis of the gene sets 
constituting these pathways across cell populations. 

The analysis demonstrated limited overlap 
among the underlying gene modules. For the TNF-α 
via NF-κB signaling pathway, the gene set similarity 
between immune (myeloid and mast) cells and 
stromal fibroblasts was moderate (Jaccard index = 
0.33) (Supplementary Figure 4B), indicating partially 
shared but largely distinct transcriptional programs. 
EMT-related genes showed higher similarity among 
stromal subtypes (SMC and synthetic SMC; Jaccard 
index = 0.33) but minimal overlap with immune 
clusters (Jaccard index < 0.25) (Supplementary Figure 
4C). These results suggest that the execution of these 
broadly enriched biological processes is highly 

dependent on cellular lineage. 
Together, these findings highlight a coordinated 

but specialized pattern of pathway activation across 
immune and stromal compartments in TAA. 
Although immune and stromal cells exhibit 
simultaneous activation within the diseased 
microenvironment, they rely on distinct molecular 
programs to mediate inflammation and aortic wall 
remodeling. This integrated pattern of coordinated 
but cell type-specific pathway activation reveals a 
well-orchestrated functional interplay among distinct 
cell populations that collectively drive TAA 
progression. 

Cell-cell communication reveals 
myeloid-fibroblast interactions mediated by 
SPP1 and MK signaling pathways 

Building upon our findings that identified 
myeloid cells and fibroblasts as key contributors to 
TAA pathogenesis, we employed CellChat to 
systematically explore intercellular communication 
networks. Our analysis revealed that fibroblasts and 
myeloid cells function as central hubs in the signaling 
landscape of the aortic wall (Figure 4A-E). Notably, 
fibroblasts exhibited the strongest outgoing signaling 
toward myeloid cells and also received the most 
intense incoming signals from them, highlighting 
their central role in intercellular communication 
(Figure 4B-C). Myeloid cells, in turn, demonstrated 
robust bidirectional communication with all immune 
cell populations (Figure 4D-E), and their increased 
proportion in TAA further supports the presence of 
extensive immune infiltration. Notably, among 
non-immune cells, fibroblasts showed the strongest 
bidirectional signaling interactions with myeloid cells 
(Figure 4D-E). Importantly, disease-specific 
comparison revealed a marked enhancement in 
myeloid-fibroblast communication in TAA samples 
relative to controls (Figure 4F), emphasizing a 
potential cooperative interaction that contributes to 
disease progression. Differential communication 
analysis identified the SPP1 and MK pathways as the 
most significantly upregulated signaling axes in TAA 
(Figure 4G). Among these, myeloid-to-fibroblast 
interactions were primarily mediated by disease- 
enriched ligand-receptor pairs, including SPP1- 
(ITGAV+ITGB1), SPP1-(ITGA8+ITGB1), and SPP1- 
(ITGA5+ITGB1) (Figure 4H), suggesting that SPP1 
signaling from myeloid cells plays a crucial role in 
activating fibroblasts during TAA. Fibroblast-to- 
myeloid communication in the disease group revealed 
activation of the MK signaling pathway through 
multiple ligand-receptor pairs, including MDK-SDC4, 
MDK-SDC2, MDK-NCL, MDK-LRP1, MDK-(ITGA6+ 
ITGB1), and MDK-(ITGA4+ITGB1) (Figure 4H). 
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Figure 4. Cell-cell communication between 11 major cell types. A, Radar plot displaying intercellular communication patterns among the 11 major cell types. Outgoing 
and incoming signaling are represented by red and blue lines, respectively. B, Outgoing signaling from fibroblasts to the other ten major cell types. C, Incoming signaling to 
fibroblasts from the other ten major cell types. D, Outgoing signaling from myeloid cells to the other ten major cell types. E, Incoming signaling to myeloid cells from the other 
ten major cell types. F, A bubble plot displays the number of cell-cell communication interactions among 11 major cell types in the Control and TAA groups. Each bubble 
represents the interaction count between a pair of cell types, with size and color corresponding to the number of interactions. Interactions between myeloid cells and fibroblasts 
are highlighted with red circles. G, Cell-cell communication analysis identifying significantly upregulated signaling pathways in the TAA group. H, Disease-specific ligand-receptor 
pairs between myeloid and fibroblast populations. Circle size represents interaction significance (-log₁₀[P value]), while color indicates the different pathways for ligand-receptor 
pairs. 
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Detailed analysis of SPP1 signaling identified the 
SPP1+ myeloid subset Myeloid_c2-SPP1 as the 
predominant source of this pathway (Supplementary 
Figure 5A-B). Interestingly, in the TAA group, the 
Myeloid_c1-EREG subset also partially contributed to 
SPP1 signal output, further amplifying pathway 
activity. For the MK signaling pathway, the primary 
sources of signaling were the CFD+ and POSTN+ 
fibroblast subsets, namely Fibroblast_c0-CFD and 
Fibroblast_c1-POSTN (Supplementary Figure 5C-D). 
In the TAA group, signal output from Fibroblast_ 
c0-CFD was reduced, whereas Fibroblast_c1-POSTN 
maintained a strong signaling contribution. Notably, 
Fibroblast_c2-CCL4 and Fibroblast_c3-TPSAB1 
displayed a striking increase in MK pathway signal 
output. Importantly, both Myeloid_c2-SPP1 and 
Fibroblast_c1-POSTN subpopulations showed 
proportional significantly increases in TAA samples 
(Figure 5A), along with significantly enhanced 
intercellular communication (Figure 5B-C). These 
findings collectively demonstrate that Myeloid_ 
c2-SPP1 and Fibroblast_c1-POSTN subsets enhance 
mutual interactions through the SPP1 and MK 
signaling pathways, respectively, thereby actively 
contributing to TAA pathogenesis. 

Myeloid_c2-SPP1 and Fibroblast_c1-POSTN 
may form “a positive feedback loop” that 
exacerbates vascular wall damage in TAA 

To elucidate the biological roles of Myeloid_c2- 
SPP1 and Fibroblast_c1-POSTN in TAA, we 
performed detailed molecular characterization, 
revealing that these subpopulations possess distinct 
yet synergistic functional signatures and form 
coordinated regulatory networks. 

Myeloid_c2-SPP1 was characterized by high 
expression of SPP1 (osteopontin), a multifunctional 
secreted protein that interacts with integrin receptors 
to regulate cell adhesion, migration, proliferation, and 
ECM remodeling[37]. Gene Set Variation Analysis 
(GSVA) revealed significant enrichment of 
differentiation and proliferation-associated pathways, 
including MYC targets v1/v2, E2F targets, G2M 
checkpoint, adipogenesis, and angiogenesis, as well as 
tissue remodeling associated pathway epithelial 
mesenchymal transition (EMT) (Figure 6A). These 
findings suggest that Myeloid_c2-SPP1 contributes to 
vascular wall dysfunction and ECM degradation 
through its involvement in cell proliferation, 
differentiation, and remodeling associated processes. 

Similarly, Fibroblast_c1-POSTN exhibited high 
expression of POSTN (periostin), a key fibrotic 
mediator known to promote collagen crosslinking and 
ECM stiffening[38]. GSVA analysis indicated strong 
fibrotic proliferation and remodeling activity, marked 

by enrichment in MYC targets v1, mitotic spindle, 
EMT, and TGF-β signaling pathways (Figure 6B), 
collectively driving abnormal matrix deposition and 
remodeling. 

Furthermore, we analyzed the DEGs and 
functional profiles of the two cell populations 
between the disease and control groups. The results 
showed that the subpopulation-specific genes SPP1 
and POSTN were significantly upregulated in the 
TAA group (Figure 6C-D). Functional enrichment of 
upregulated DEGs revealed that both populations in 
the TAA group accelerate the formation of a 
malignant microenvironment through similar 
signaling pathways. Notably, both Myeloid_c2-SPP1 
and Fibroblast_c1-POSTN exhibited significant 
activation of the TNF-α signaling via NF-κB, and 
EMT, as well as hypoxia (Figure 6E-F, Supplementary 
Figure 6). This convergence suggests a self-reinforcing 
interaction between Myeloid_c2-SPP1 and Fibroblast_ 
c1-POSTN. These mutual interactions may constitute 
a pathological feedback loop that amplifies 
pro-inflammatory and pro-fibrotic signals, thereby 
accelerating vascular wall damage and maladaptive 
remodeling in TAA. 

Convergent pathway activation driven by cell 
type-specific transcriptional regulation in 
Myeloid_c2-SPP1 and Fibroblast_c1-POSTN 

Pseudotime analysis revealed that both 
Myeloid_c2-SPP1 and Fibroblast_c1-POSTN occupy 
late-stage positions along their respective 
developmental trajectories (Figure 7A-F), indicating 
that while they may not initiate disease onset, they 
likely represent terminally differentiated or activated 
cell states that intensify vascular wall damage during 
advanced stages of TAA. 

To elucidate the upstream regulatory 
mechanisms driving their pathological roles, we 
conducted transcription factor (TF) prediction using 
DoRothEA. In the Myeloid_c2-SPP1 subset, 14 specific 
regulators were significantly activated, with the top 
five being PPARG, FOXP1, ERG, NR1H3, and FOXL2 
(Supplementary Table 1). These TFs are primarily 
involved in the modulation of lipid metabolism 
(PPARG), regulation of immune cell function 
(FOXP1), promotion of angiogenesis (ERG), 
maintenance of cholesterol homeostasis (NR1H3), and 
ovarian development (FOXL2), suggesting their 
potential contribution to TAA pathogenesis by 
modulating lipid metabolism, regulating immune 
responses, promoting angiogenesis, and compro-
mising vascular homeostasis, thereby facilitating 
chronic inflammation, aortic wall remodeling, and 
disease progression. Similarly, Fibroblast_c1-POSTN 
exhibited significant activation of 40 distinct TFs, with 
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the top five being TEAD1, PBX3, POU5F1, NANOG, 
and TCF4 (Supplementary Table 1). These regulators 
are mainly associated with ECM regulation (TEAD1), 
developmental gene regulation and ECM remodeling 
(PBX3), maintenance of stemness and cellular 
reprogramming (POU5F1 and NANOG), and 
modulation of the Wnt/β-catenin signaling pathway 
(TCF4). Their activation implies a key role in 
promoting fibroblast activation, ECM remodeling, 
and pathological tissue repair, all of which are crucial 
processes contributing to TAA progression. 

Despite distinct differences in transcriptional 
regulatory mechanisms, comparative transcriptomic 
analysis uncovered a convergence in downstream 
responses. Both subpopulations in the TAA group 
shared strong enrichment in TNF-α signaling via 
NF-κB pathway (33 overlapping genes, 27 of which 
were upregulated in both subpopulations, e.g., 
ACKR3, CCL2, JUNB, NFKBIA, IL6; Supplementary 
Table 2-3) and EMT pathway (21 genes, 16 of which 
were upregulated in both subpopulations, including 
DCN, TPM4, TGFB1, TIMP1, IL6; Supplementary 
Table 2-3). Intersection analysis further pinpointed 
five core hub genes: GADD45B, GADD45A, PMEPA1, 
PTX3, and IL6 that were upregulated in the TAA 
group (Supplementary Table 2-3), suggesting a shared 
transcriptional mechanism underlying their 
inflammatory and fibrotic activities. 

By integrating population-defining markers 
(SPP1 and POSTN), disease-specific ligand-receptor 
pairs involved in cell-cell communication (ITGAV, 
ITGB1, ITGA8, ITGA5, MDK, SDC4, SDC2, NCL, LRP1, 
ITGA6, ITGA4), and the five shared crucial pathway 
associated genes (GADD45B, GADD45A, PMEPA1, 
PTX3, and IL6), we identified a set of 18 core hub 
genes. Using the AddModuleScore algorithm, we 
calculated a composite activity score for these genes 
and observed significantly elevated scores in myeloid 
cells and fibroblasts within the TAA group (Figure 
7G), highlighting their potential functional relevance 
in disease progression. To explore upstream 
regulatory mechanisms, we conducted transcription 
factor (TF)-target prediction using the TRRUST 
database, which revealed that these hub genes are 
potentially regulated by eight key TFs: POU5F1, 
POU2F1, HOXD3, PAX6, TWIST2, JUND, CEBPA, and 
SP1 (Supplementary Table 4, Supplementary Figure 
7A). Within this network, POU2F1 emerged as the 
most interconnected TF, and SPP1 and GADD45A 
were the most frequently targeted genes 
(Supplementary Figure 7A). 

To further support these predictions, we 
performed motif enrichment and regulon activity 

analyses using the pySCENIC workflow. Among the 
eight predicted transcription factors (TFs), six 
(POU5F1, HOXD3, PAX6, TWIST2, JUND, and 
CEBPA) were successfully enriched for specific 
binding motifs, with the number of enriched motifs 
ranked as JUND > TWIST2 > CEBPA > PAX6 > 
HOXD3 > POU5F1 (Supplementary Figure 7B). In 
contrast, POU2F1 and SP1 did not yield detectable 
motif enrichment, likely due to the absence of 
high-confidence binding motifs or low expression 
signal strength in our dataset. Notably, although 
POU2F1 and SP1 were identified as potential 
regulators by the TRRUST database, this discrepancy 
likely reflects the methodological differences between 
the two approaches. Regulon activity analysis further 
revealed distinct TF activation patterns between 
disease and control groups (Supplementary Figure 
7C). Specifically, CEBPA was highly activated in 
Myeloid_c2-SPP1 cells of the TAA group, whereas 
JUND showed enhanced activity in Fibroblast_ 
c1-POSTN cells. Moreover, PAX6 and TWIST2 
exhibited stronger activity in fibroblasts than in 
myeloid cells, while CEBPA displayed the opposite 
trend. HOXD3 and POU5F1 were broadly activated 
across both fibroblast and myeloid subclusters. These 
results provide convergent computational evidence 
supporting the involvement of these TFs in cell 
type-specific transcriptional regulation associated 
with inflammatory and ECM remodeling in TAA. 

Collectively, these findings suggest that 
although Myeloid_c2-SPP1 and Fibroblast_c1-POSTN 
are regulated by distinct, cell type-specific 
transcriptional programs that nonetheless converge 
on shared inflammatory and fibrotic pathways, 
thereby reinforcing pathological intercellular 
communication in TAA. 

Experimental and spatial transcriptomic 
validation of SPP1+ myeloid and POSTN+ 
fibroblast colocalization 

To independently validate the computationally 
inferred interaction between SPP1+ myeloid cells and 
POSTN+ fibroblasts, we performed multiplex 
immunofluorescence on an independent set of TAA 
and control tissues (1 case each; Figure 8) and further 
assessed spatial colocalization using an independent 
spatial transcriptomics dataset (2 TAA and 2 controls; 
Figure 9). These validation samples were independent 
of the scRNA-seq cohort, and their clinical 
characteristics are summarized in Supplementary 
Table 5. 
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Figure 5. Disease associated changes in myeloid and fibroblast subpopulations and their intercellular signaling. A, Boxplot comparing the proportional 
differences of myeloid and fibroblast subclusters between TAA (red) and control (blue) groups. Statistical analysis was performed using the Wilcoxon rank-sum test. B, 
Significantly enhanced ligand-receptor signaling from fibroblast_c1-POSTN to myeloid_c2-SPP1 in the TAA group. C, Increased ligand-receptor signaling from myeloid_c2-SPP1 to 
fibroblast_c1-POSTN in the TAA group. 
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Figure 6. Functional characterization of the myeloid_c2-SPP1 and fibroblast_c1-POSTN subpopulations. A, GSVA enrichment scores for myeloid subpopulations 
across MSigDB Hallmark gene sets. B, GSVA enrichment scores for fibroblast subpopulations across MSigDB Hallmark gene sets. C-D, Volcano plots depict significantly 
differentially expressed genes (DEGs) in myeloid_c2-SPP1 (C) and fibroblast_c1-POSTN (D) subpopulations between TAA and control groups. E, Dot plot showing hallmark 
pathway enrichment based on upregulated DEGs in myeloid_c2-SPP1 (TAA vs. control). Dot size indicates the number of DEGs per pathway, and color represents the adjusted 
P value (calculated using the BH method). F, Dot plot showing hallmark pathway enrichment based on upregulated DEGs in fibroblast_c1-POSTN (TAA vs. control), using the 
same visual metrics as in (E). 
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Figure 7. Single-cell trajectory analysis of myeloid and fibroblast lineages using Monocle. A, Pseudotime trajectory of myeloid cells during differentiation. B, 
Trajectories for myeloid cells of control and the TAA groups. C, Trajectories for myeloid cells of subtypes. D, Pseudotime trajectory of fibroblast cells during differentiation. E, 
Trajectories for fibroblast cells stratified of two groups. F, Trajectories for fibroblast cells of subtypes. G, Feature plots showing the hub gene score based on 18 core hub genes 
across control and TAA groups. 
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For the multiplex immunofluorescence (mIF) 
validation, markers for myeloid cells (CD68), SPP1, 
activated fibroblasts (α-SMA), and POSTN were 
simultaneously visualized (Figure 8A-B). For 
quantitative analysis, 15 regions of interest (ROIs; 150 
μm × 150 μm) were randomly selected per group, and 
the proportions of CD68+SPP1+ and α-SMA+POSTN+ 
double-positive cells as well as DAPI-normalized MFI 
(SPP1/DAPI and POSTN/DAPI) were calculated in 
each ROI. Representative TAA sections showed an 
apparent increase in both SPP1+ myeloid cells and 
POSTN+ fibroblasts compared with control, 

accompanied by increased spatial proximity between 
these populations. Merged images revealed evident 
colocalization of SPP1 and POSTN signals within 
fibrotic regions, whereas control tissue showed sparse 
expression and minimal overlap. Consistent with 
these observations, regional quantification 
demonstrated a higher proportion of CD68+SPP1+ and 
α-SMA+POSTN+ double-positive cells in TAA 
compared with control (Figure 8C), together with 
significant differences in DAPI-normalized SPP1 and 
POSTN fluorescence across regions (Figure 8D). 

 

 
Figure 8. Multiplex immunofluorescence validation of SPP1+ myeloid and POSTN+ fibroblast colocalization, with regional quantification of 
double-positive cell proportions and DAPI-normalized fluorescence intensity. Representative multiplex immunofluorescence images of control (A) and TAA tissue 
sections (B) stained for DAPI (nuclei, blue), CD68 (myeloid cells, cyan), SPP1 (red), α-SMA (activated fibroblasts, yellow), and POSTN (green). Yellow arrows indicate SPP1+ 
myeloid cells, and white arrows indicate POSTN+ fibroblasts. Scale bars, 25 μm. (C) Proportions of CD68+SPP1+ and α-SMA+POSTN+ double-positive cells per region (each dot 
= one region; boxplots show median and IQR); group differences were assessed by Fisher’s exact test on pooled counts, with p values shown. (D) DAPI-normalized MFI 
(SPP1/DAPI and POSTN/DAPI) per region (each dot = one region; boxplots show median and IQR); group differences were assessed by Mann–Whitney U test (Wilcoxon 
rank-sum), with p values shown. Colors indicate groups. 
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Figure 9. Spatial transcriptomic validation of SPP1+ myeloid and POSTN+ fibroblast colocalization. A, Odds ratios (ORs) for detecting spatial colocalization (coloc 
> 0) between SPP1+ myeloid and POSTN+ fibroblast signatures across varying k-nearest-neighbor values (k = 3, 4, 5, 6, 8, 10, 12, and 15). Points represent OR estimates comparing 
disease versus healthy samples, and error bars indicate 95% confidence intervals derived from one-sided Fisher’s exact tests (disease > healthy). The dashed line denotes OR = 
1. B, Proportion of coloc-positive spots in disease and healthy samples across different k values. Points indicate coloc positivity rates, with labels showing percentages and raw 
counts (n_pos/n_total); lines illustrate trends across spatial scales. C, Expression levels of 18 core hub genes comparing healthy and disease samples. Each dot represents a spot, 
and gene expression is shown as log-transformed values. P values were calculated using one-sided Wilcoxon rank-sum tests. 
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Consistent with these histological observations, 
analysis of independent public spatial transcriptomics 
datasets derived from Marfan syndrome-associated 
aortic root aneurysm, a fibrotic aortic disease sharing 
key pathological features with thoracic aortic 
aneurysm, provided additional support for the 
enhanced interaction between SPP1+ myeloid and 
POSTN+ fibroblasts in disease tissues. This dataset is 
deposited in the Genome Sequence Archive (GSA; 
accession no. HRA004063)[17]. Spatial colocalization 
analysis revealed that disease samples exhibited 
significantly higher odds ratios for coloc-positive spots 
and consistently elevated coloc-positive proportions at 
the spot level across multiple k-nearest-neighbor 
values (Figure 9A-B). Notably, nearly all of the 18 
predefined core hub genes, identified from single-cell 
analyses based on population markers, ligand–
receptor interactions, and shared pathway activation, 
were upregulated in disease samples versus controls, 
with 16 of 18 showing significant increases and the 
remaining two exhibiting similar upward trends 
(Figure 9C). Together, these experimental and spatial 
transcriptomic data provide convergent evidence 
supporting increased abundance and enhanced 
spatial colocalization of SPP1+ myeloid cells and 
POSTN+ fibroblasts in diseased aortic tissues. 

Discussion 
This study systematically deciphered the critical 

roles of myeloid cells and fibroblasts in the 
progression of TAA through single-cell 
transcriptomic analyses. Our findings not only reveal 
the functional characteristics of key cellular 
subpopulations but also elucidate how they form a 
vicious cycle through specific signaling pathways and 
transcriptional regulatory networks, collectively 
contributing to vascular wall injury and remodeling 
in TAA. 

First, we identified two novel subpopulations, 
Myeloid_c2-SPP1 and Fibroblast_c1-POSTN, that play 
pivotal roles in TAA progression. In TAA, myeloid 
cells (e.g., macrophages, monocytes) contribute to 
vascular wall inflammation and ECM degradation by 
secreting pro-inflammatory cytokines and proteolytic 
enzymes, thereby activating inflammatory signaling 
pathways such as NF-κB[1]. In our study, 
Myeloid_c2-SPP1 subset displayed strong SPP1 
expression and was significantly enriched in TAA 
samples. Elevated plasma SPP1 levels have been 
linked to increased TAA risk[39, 40], and SPP1+ 
macrophages have been shown to promote fibrosis 
and endothelial-mesenchymal transition (EndoMT) in 
degenerative ascending aortic aneurysms[41, 42]. 
Mechanistically, SPP1 may activate the TGF-β 
signaling pathway via integrin receptors (e.g., ITGAV, 

ITGA8, ITGA5, ITGB1), inducing 
fibroblast-to-myofibroblast differentiation and 
amplifying inflammation via NF-κB and NLRP3 
inflammasome activation[43-45]. 

On the other hand, we observed a notable 
enrichment of the Fibroblast_c1-POSTN 
subpopulation in TAA tissues, despite an overall 
reduction in fibroblast abundance. POSTN, a 
matricellular protein, regulates ECM remodeling and 
activates TGF-β, NF-κB, and PI3K/Akt signaling to 
drive fibrosis and chronic inflammation[46]. Its 
expression is normally low but rapidly induced 
following acute vascular injury, and is upregulated in 
aortic aneurysm tissues[47-49]. Notably, 
Fibroblast_c1-POSTN also serves as a major source of 
MK signaling. MK, a heparin-binding growth factor 
involved in cell proliferation, survival, migration, and 
inflammation[50, 51]. MK interacts with several 
receptors such as SDC4/SDC2, LRP1, ITGA4/ITGB1, 
and NCL to promote macrophage recruitment and 
fibroblast activation, thereby contributing to 
pathological ECM remodeling and vascular wall 
weakening[52-56]. 

Second, our study identifies a synergistic 
interaction between SPP1+ myeloid cells and POSTN+ 
fibroblasts that contributes to the progression of TAA. 
While previous single-cell studies have advanced our 
understanding of TAA pathogenesis, they mainly 
focused on the heterogeneity of individual cell types. 
For instance, Li et al. (2020) mapped the cellular 
composition of ascending thoracic aortic aneurysm 
and highlighted regulators like ERG but did not 
explore immune–stromal crosstalk[7]. Liu et al. (2022) 
identified Il1rn+/Trem1+ pro-inflammatory 
macrophages as key drivers of inflammation and 
aneurysm rupture but did not examine their effects on 
fibroblast activation or ECM remodeling[8]. In 
contrast, our analysis reveals a specific interaction 
between SPP1+ myeloid cells and POSTN+ fibroblasts, 
mediated by SPP1 and MK signaling. Both SPP1 and 
MK are secreted matricellular proteins that exert 
overlapping roles in inflammation, angiogenesis, and 
fibrosis through shared receptor complexes, including 
integrins (ITGA5/ITGB1), and downstream 
PI3K/AKT, JAK/STAT, and NF-κB signaling[22, 57]. 
In the aneurysmal microenvironment, 
myeloid-derived SPP1 may activate fibroblasts via 
integrin-mediated signaling, potentially enhancing 
ECM production, while fibroblast-derived MK may 
further recruit macrophages and potentially amplify 
inflammatory cascades through NF-κB and STAT3 
activation. This feedback loop could contribute to 
TNF-α signaling mediated inflammation and promote 
ECM remodeling, processes that are likely central to 
TAA pathogenesis. Compared to the general 
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macrophage-fibroblast interactions described by 
Wang et al. (2022)[19], our findings specify unique 
cellular subsets and signaling pathways, offering new 
mechanistic insights and suggesting the SPP1 and MK 
signaling as potential therapeutic targets. Similar 
SPP1/MK signaling has also been observed in lung 
adenocarcinoma[58], supporting its broader relevance 
in pathological tissue remodeling. Clinically, the 
concurrent upregulation of SPP1 and MK signaling in 
TAA tissues raises the intriguing possibility that their 
circulating protein levels may serve as non-invasive 
biomarkers for disease diagnosis or monitoring. Both 
SPP1 (osteopontin) and MK are secreted proteins 
detectable in plasma and have been reported to 
correlate with disease severity in various 
cardiovascular and inflammatory conditions[59, 60]. 
Quantifying serum SPP1 and MDK concentrations 

could therefore provide complementary insights into 
the inflammatory and remodeling status of the aortic 
wall. Future prospective studies combining plasma 
proteomics, imaging, and histopathological validation 
are warranted to assess their predictive value for TAA 
onset, progression, and postoperative outcomes, 
ultimately facilitating early detection and 
individualized therapeutic stratification. 

Third, our study shows that despite their distinct 
transcriptional profiles, Myeloid_c2-SPP1 and 
Fibroblast_c1-POSTN synergistically promote 
inflammation and ECM remodeling in TAA through 
coordinated activation of the TNF-α signaling via 
NF-κB and EMT pathways, supported by shared hub 
genes. These findings provide important molecular 
insights into the cellular crosstalk driving TAA 
pathogenesis. 

 
 

 
Figure 10. Schematic model of the disease-associated SPP1–POSTN–MDK circuit in thoracic aortic aneurysm (TAA). In TAA, SPP1+ myeloid cells 
(Myeloid_c2-SPP1) secrete SPP1, which activates POSTN+ fibroblasts (Fibroblast_c1-POSTN) through SPP1–integrin interactions (e.g., ITGAV/ITGA8/ITGA5–ITGB1). Activated 
fibroblasts upregulate POSTN and MDK, and fibroblast-derived MDK signals back to myeloid cells via MDK receptors (e.g., SDC4/SDC2/NCL/LRP1/ITGA4/ITGA6–ITGB1), 
reinforcing myeloid recruitment/activation and forming a positive feedback loop. This circuit converges on TNF-α signaling via NF-κB and epithelial–mesenchymal transition 
(EMT), whose downstream effects are executed through cell type-specific transcriptional programs, thereby amplifying inflammation and ECM remodeling and ultimately 
exacerbating vascular wall damage. 
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Shared inflammatory signaling mechanisms 
were observed between the two cell populations, with 
27 out of 33 key genes (e.g., IL6, CCL2, NFKBIA) 
co-upregulated in the TAA group within the TNF-α 
signaling via NF-κB pathway, underscoring the 
central role of inflammation in TAA progression[7, 
61]. Moreover, activation of the EMT pathway, 
evidenced by the co-upregulation of 16 out of 21 
genes (e.g., TGFB1, TIMP1, DCN) in the TAA group 
suggests that both cell types may enhance migratory 
capacity and ECM synthesis through EMT-like 
processes. However, dysregulated EMT can further 
aggravate fibrosis or matrix degradation[62]. Notably, 
five cross-pathway hub genes (GADD45B/A, 
PMEPA1, PTX3, and IL6) were significantly 
upregulated in both cell types, potentially serving as 
key signaling bridges coordinating inflammation and 
ECM remodeling. For instance, IL6, a 
pro-inflammatory cytokine and NF-κB target, forms a 
positive feedback loop with STAT3 to amplify 
inflammatory responses, while also inducing POSTN 
expression in fibroblasts, thereby promoting 
fibrosis[63]. The GADD45 family is closely associated 
with inflammation, fibrosis, and oxidative stress in 
various tissues; GADD45A has been reported to exert 
a cytoprotective effect by modulating these 
processes[64], whereas GADD45B , induced by 
stressors such as IL-6, TNF-α, TGF-β, and LPS, is 
involved in immune response and key regulators of 
fibrotic processes[65, 66], suggesting a tissue 
microenvironment enriched in inflammatory and 
fibrotic features in TAA. PMEPA1 has been implicated 
in EMT promotion and may modulate NF-κB 
signaling via its antisense lncRNA NKILA[67-69]. 
Additionally, PTX3 activates NF-κB to upregulate 
MMP3 and POSTN, thereby reinforcing EMT-like 
phenotypes and contributing to ECM remodeling[70, 
71]. 

Furthermore, to further elucidate the upstream 
regulatory mechanisms governing the functional 
states of Myeloid_c2-SPP1 and Fibroblast_c1-POSTN, 
we integrated three categories of hub genes: highly 
expressed marker genes (SPP1 and POSTN), 
ligand-receptor interaction molecules (including 
ITGAV, ITGB1, ITGA8, ITGA5, MDK, SDC4, SDC2, 
NCL, LRP1, ITGA6, and ITGA4), and core genes 
co-upregulated in inflammatory and EMT pathways 
(e.g., GADD45B, GADD45A, PMEPA1, PTX3, and 
IL6), totaling 18 hub genes. Using the TRRUST 
database, we identified eight TFs were predicted as 
upstream regulators: POU5F1, POU2F1, HOXD3, 
PAX6, TWIST2, JUND, CEBPA, and SP1 
(Supplementary Table 4). Subsequent pySCENIC 
motif enrichment and regulon activity analyses 
largely supported these predictions. Among them, six 

TFs (JUND, TWIST2, CEBPA, PAX6, HOXD3, 
POU5F1) exhibited significant motif enrichment and 
cell type-specific activity, with CEBPA preferentially 
active in Myeloid_c2-SPP1 and JUND in 
Fibroblast_c1-POSTN. Although direct evidence of 
their involvement in TAA remains limited, prior 
studies support their critical roles in aortic wall 
remodeling, inflammation, and cell migration. For 
example, JUND, a component of the AP-1 
transcriptional complex, regulates degenerative gene 
mechanisms in smooth muscle cells, acting as a critical 
driver of aortic dissection and rupture[72]. TWIST2 
plays a key role in EMT, with its suppression 
impairing multiple steps of peritoneal metastasis[73]. 
CEBPA directly binds and upregulates SPP1, 
modulating cell migration and angiogenesis[74]. The 
5a splice variant of PAX6 upregulates the integrin 
complex ITGA5+ITGB1 in lens fiber cells, contributing 
to cataract formation[75]. HOXD3 activates integrin 
β3[76] and enhance the expression and function of 
integrin α5β1[77].POU5F1 (OCT4) induces 
dedifferentiation of human aortic smooth muscle cells 
via KLF5 upregulation, contributing to the thoracic 
aortic dissection pathogenesis[78]. Notably, our 
TF-target interaction analysis identified cell type–
specific TF modules in Myeloid_c2-SPP1 and 
Fibroblast_c1-POSTN. These distinct modules may 
nonetheless converge to promote inflammation and 
ECM remodeling. Collectively, the identified 
signaling pathways, hub genes and common TFs may 
inform future therapeutic strategies for TAA. 

Importantly, the key computational findings of 
this study were supported by independent 
histological and spatial transcriptomic validations. 
Multiplex immunofluorescence analyses of aortic 
tissues confirmed increased abundance and spatial 
proximity of SPP1+ myeloid cells and POSTN+ 
fibroblasts in the TAA sample, providing direct 
tissue-level evidence for immune stromal 
colocalization. Consistently, analysis of an 
independent public spatial transcriptomics dataset 
derived from Marfan syndrome-associated aortic root 
aneurysm further demonstrated enriched spatial 
colocalization between SPP1+ myeloid and POSTN+ 
fibroblast signatures, together with elevated 
expression of 18 core hub genes. Although derived 
from a related but distinct aortic disease context, these 
spatial data capture shared features of aortic 
inflammation and ECM remodeling, reinforcing the 
biological relevance of the immune and stromal 
interaction axis mediated by SPP1 and MK. Together, 
these orthogonal validations strengthen the 
conclusion that spatially organized crosstalk between 
myeloid cells and fibroblasts represents a conserved 
pathogenic mechanism in aortic wall remodeling. 
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In summary, this study establishes an integrated 
single-cell framework for thoracic aortic aneurysm 
pathogenesis and identifies a disease associated 
inflammatory and fibrotic circuit between SPP1+ 
myeloid cells and POSTN+ fibroblasts. Through 
signaling mediated by SPP1 and MK, these cell 
populations coordinate immune activation and ECM 
remodeling, thereby promoting vascular wall 
degeneration. While pathways such as TNF-α 
signaling via NF-κB and EMT are broadly activated 
across cell types in TAA, their functional execution is 
governed by distinct, cell type-specific transcriptional 
programs (Figure 10). This organization highlights 
how shared inflammatory cues are translated into 
specialized cellular responses that collectively drive 
aortic wall remodeling. Together with spatial 
validation, our findings underscore immune–stromal 
crosstalk as a central mechanism in TAA progression 
and point to a targetable signaling network with 
therapeutic potential. 

Limitations 
Despite these insights, several limitations should 

be acknowledged. First, we integrated publicly 
available scRNA-seq datasets, and key observations 
were further supported by multiplex 
immunofluorescence and independent spatial 
transcriptomics. However, the multiplex 
immunofluorescence validation cohort was small (n = 
3), which may limit statistical power and 
generalizability across clinical contexts. In addition, 
the spatial transcriptomics data used for validation 
were derived from Marfan syndrome-associated 
aortic root aneurysm rather than sporadic TAA, 
reflecting the limited availability of public spatial 
transcriptomics datasets for sporadic TAA; 
nevertheless, shared features of aortic inflammation 
and ECM remodeling support the relevance of this 
validation. Finally, the clinical applicability of SPP1 
and MK signaling as circulating biomarkers or 
therapeutic targets requires confirmation in 
prospective and longitudinal studies. Despite these 
limitations, our study provides a systematic 
framework for understanding immune–stromal 
crosstalk in TAA and generates testable hypotheses 
for future investigation. 
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