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Background

We investigated the effects of C-reactive protein (CRP) deposition on the vessel walls in abdominal aortic aneurysm (AAA) by analyzing spatially resolved changes in gene expression. Our aim was to elucidate the pathways that contribute to disease progression.





Methods

AAA specimens from surgically resected formalin-fixed paraffin-embedded tissues were categorized into the AAA–high CRP [serum CRP ≥ 0.1 mg/dL, diffuse and strong immunohistochemistry (IHC); n = 7 (12 cores)] and AAA–low-CRP [serum CRP < 0.1 mg/dL, weak IHC; n = 3 (5 cores)] groups. Normal aorta specimens obtained during heart transplantation were used as the control group [n = 3 (6 cores)]. Spatially resolved whole transcriptomic analysis was performed, focusing on CD68-positive macrophages, CD45-positive lymphocytes, and αSMA-positive vascular smooth muscle cells.





Results

Spatial whole transcriptomic analysis revealed significant differential expression of 1,086, 1,629, and 1,281 genes between high-CRP and low-CRP groups within CD68-, CD45-, and αSMA-positive cells, respectively. Gene ontology (GO) analysis of CD68-positive macrophages identified clusters related to inflammation, apoptosis, and immune response, with signal transducer and activator of transcription 3 implicated across three processes. Notably, genes involved in blood vessel diameter maintenance were significantly downregulated in the high-CRP group. GO analysis of lymphocytes showed upregulation of leukocyte rolling and the apoptosis pathway, whereas, in smooth muscle cells, genes associated with Nuclear factor kappa B (NF-κB) signaling and c-Jun N-terminal Kinase (JNK) pathway were upregulated, and those related to blood pressure regulation were downregulated in the high-CRP group.





Discussion

CRP deposition was associated with significant transcriptomic changes in macrophages, lymphocytes, and vascular smooth muscle cells in AAA, suggesting its potential role in promoting pro-inflammatory and apoptotic processes, as well as contributing to the degradation of vascular structure and elasticity.
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1 Introduction

Abdominal aortic aneurysm (AAA) is an age-related disease characterized by an enlargement of the entire wall thickness of the aorta, with an arterial diameter exceeding 50% of the normal size (1). In the United States, approximately 200,000 new cases of AAA are diagnosed annually, and AAA-related deaths account for 2% of all deaths (2). AAA is often asymptomatic until rupture, at which point the fatality rate is over 50%. Key risk factors for AAA include advanced age, male sex, atherosclerosis, hypertension, and genetic predisposition. Particularly, age is closely related to the incidence of AAA, and the prevalence of AAA is increasing with the aging population (3).

The molecular mechanisms underlying the development of AAA remain largely unknown, and there are no effective drugs available to prevent or delay its progression (4). Recent studies have increasingly highlighted the crucial role of inflammation in the development and progression of AAA. Macrophages, T cells, B cells, and neutrophils infiltrate the AAA, secreting cytokines, chemokines, and proteases that create an inflammatory environment, which subsequently leads to the degradation of the extracellular matrix and weakening of the aortic wall (5, 6). Importantly, recent studies have revealed that the deposition of C-reactive protein (CRP) in the aorta contributes to the exacerbation of AAA. CRP is a well-known prognostic marker in various cardiovascular diseases including AAA; in patients with asymptomatic AAA, higher CRP levels are associated with faster aneurysm expansion (7) and increased short-term mortality (8). Additionally, higher CRP levels correlate with larger aneurysm diameters in patients with AAA (9).

Circulating serum CRP typically exists in a pentameric form and plays an anti-inflammatory role. However, when CRP encounters damaged cell membranes, it converts to a monomeric form, deposits in tissues, and exhibits strong pro-inflammatory characteristics (10, 11). Our research group has studied the association between CRP deposition and immune cell infiltration into the aortic walls of AAA (12, 13). Specifically, patients with high serum CRP levels not only had larger AAA diameters but also exhibited strong CRP deposition at the atherosclerosis-aortic wall interface and within the intima and media of resected aortic specimens (12). Furthermore, CRP deposition in these areas was colocalized with CD68+ macrophages and complement components, indicating a significant immune response. Proteomic profiling of the vascular wall from resected AAA tissues with high–CRP deposition and high–serum CRP levels revealed a dramatic shift toward a pro-inflammatory status, with enrichment in atherosclerotic and complement signaling pathways (12). Additionally, by utilizing CO-Detection by indEXing (CODEX) multiplexed tissue imaging of resected AAA, we found that AAAs with high serum CRP levels and strong tissue CRP deposition exhibited significant immune cell infiltration, particularly with the presence of M1-like macrophages (13). However, these observations have been limited to the protein level, and the underlying changes at the transcriptomic level have not been explored.

Therefore, in this study, we aimed to investigate the transcriptomic changes associated with CRP deposition in AAAs to elucidate the underlying mechanisms contributing to poorer prognosis and larger aortic diameter in patients with elevated CRP levels. We utilized in situ spatial-specific transcriptomic profiling with the GeoMx Digital Spatial Profiler to conduct whole transcriptome analysis in CRP-deposited AAA. This approach allowed us to elucidate the mechanisms by which mCRP contributes to AAA progression through detailed transcriptomic analysis.




2 Materials and methods



2.1 Patient selection

We used archived surgically resected specimens from patients who underwent elective surgery for AAA with a diameter of 4 cm or more. The aortic specimens were sectioned at 4-mm intervals for gross examination. Regions with atheromatous plaque deposition and thinned aortic walls were identified, and at least three sections were selected. These sections were stored in 10% buffered formalin for 1 day before being processed into formalin-fixed paraffin-embedded (FFPE) blocks. Slides were prepared from the FFPE blocks at a thickness of 4 µm. Hematoxylin and eosin staining, Masson trichrome special staining, and Elastic staining were performed to analyze the structural changes in the elastic lamellae and extracellular matrix of the aortic wall and to assess degeneration. Immunohistochemical staining was carried out using an anti-CRP antibody (rabbit polyclonal, ab32412, Abcam, Cambridge, UK), which detects both monomeric and pentameric forms of CRP, and an anti-mCRP antibody (mouse monoclonal, C1688, Sigma-Aldrich, Saint Louis, MO, USA), which selectively detects monomeric CRP.

Consistent with previous studies (12), patients with AAA with serum CRP levels of 0.1 mg/dL or higher and CRP immunohistochemical staining showing 3+ diffuse strong staining were classified as the high-CRP group. This group included 12 cores from seven patients. Patients with AAA with serum CRP levels below 0.1 mg/dL and CRP immunohistochemical staining showing weak, focal staining were classified as the low-CRP group. This group included five cores from three patients. Lastly, normal vascular tissues obtained during heart transplantation from three individuals were used as the normal control group, comprising six cores.




2.2 Ethical approval and consent to participate

The study protocol was approved by the Institutional Review Boards (IRBs) of Asan Medical Center (IRB number: S2020-0196) and SMG-SNU Boramae Medical Center (IRB number: 20-2022-111). The study protocol adhered to the relevant ethical guidelines and regulations.

Because the bioethical law in the Republic of Korea requires written informed consent when using biological specimens obtained since 2013, we conducted a transcriptomic analysis using Nanostring GeoMx on FFPE tissue blocks obtained in 2012 with anonymized patient information. Both IRBs approved the use of clinical data and the collection and utilization of biological samples for research purposes, exempting the need for formal written informed consent.




2.3 Tissue microarray preparation

FFPE AAA specimens were used to create tissue microarrays. In the high-CRP group, low-CRP group, and the control aorta group, 3-mm-sized punches were made to include atheroma, immune cell infiltration, and adjacent smooth muscle. One or two independent cores per patient were prepared, resulting in a total of 24 cores (10 cases in the experimental group and 3 cases in the control group). The tissue microarray was sectioned at a thickness of 4 µm, stained with hematoxylin and eosin, and digitized using the Pannoramic P250 Digital Slide Scanner (3D Histech).




2.4 Sample preparation for spatial transcriptomics

FFPE tissue samples were sectioned at a thickness of 4 µm using a microtome and mounted on positively charged slides (Leica Bond Plus slides, Cat# S21.2113.A). The sections were air-dried overnight at room temperature and stored at 4°C in a desiccator. FFPE sample preparation was performed according to the NanoString (Seattle, WA, USA) GeoMx Digital Spatial Profiling (DSP) Manual Slide Preparation User Manual (MAN 10150-02). Slides with mounted sections were baked for 3 h in a 60°C drying oven before paraffin removal. Paraffin was removed by immersing the slides in Citrisolv three times for 5 min each, followed by washes with 100% ethanol, 95% ethanol, and phosphate-buffered saline (PBS) solutions. Rehydration was performed in 1× Tris-EDTA (pH 9.0) at 100°C for 15 min, followed by a PBS wash. To expose the RNA target, sections were digested with Proteinase K (0.1 μg/mL) for 15 min at 37°C and then washed with PBS. Tissue morphology was preserved by incubating the sections in 10% neutral-buffered formalin (NBF) for 5 min, followed by washes with NBF Stop Buffer and 1× PBS. The human whole transcriptome atlas was hybridized to the sections overnight at 37°C. During hybridization, slides were covered with HybriSlip hybridization covers (Grace BioLabs, Bend, OR). After incubation, coverslips were removed by soaking in 2× saline/sodium citrate (SSC) buffer with 0.1% Tween-20. Two 25-min stringent washes were performed in 50% formamide in 2× SSC at 37°C to remove unbound probes, followed by additional washes in 2× SSC. For antibody morphology marker staining, samples were incubated in a blocking buffer (W buffer) for 30 min at room temperature in a humidity chamber. After 30 min, the W buffer was removed, and the sections were stained with the antibody morphology marker.




2.5 IF staining for morphology analysis and ROI/AOI selection

To perform transcriptomic analysis of specific cell types in aortic aneurysm, we used four fluorochromes (AF488, AF532, AF594, and AF647) to label the following immunofluorescence (IF) markers: αSMA (#ab202368, Abcam, Cambridge, UK), CD45 (#NBP2-34528AF532, Novus, CO, USA), and CD68 (#sc-20060AF647, Santa Cruz, TX, USA) (Figure 1). Sections were incubated with these markers for 1 h at room temperature. This staining allowed us to differentiate cell lineages and establish three areas of illumination (AOIs) per region of interest (ROI). Sections were then loaded onto the GeoMx Digital Spatial Profiler (NanoString, GMX-DSP). After fluorescence imaging, geometric ROIs were selected using circles and user-defined polygons by a cardiovascular specialist pathologist (ENK). ROIs were chosen to include high concentrations of CD45+ immune cells in close proximity to αSMA+ vascular smooth muscle walls and CD68+ atherosclerotic areas. ROIs were further categorized into AOIs on the basis of the expression of these IF markers for whole transcriptomic analysis.




Figure 1 | Morphologic marker staining and area of illumination selection in aortic tissue analysis. (A) Whole TMA slide scan view images for a normal aorta, AAA with low CRP, and AAA with high CRP. Each TMA section was prepared by creating 3-mm-diameter cores from the aortic wall, focusing on areas in contact with atheroma if present [AAA–low-CRP (n = 3), AAA–high-CRP (n = 7), and control group (n = 3)]. (B) Representative sections of a normal aorta, AAA–low CRP, and AAA–high CRP. The normal aorta primarily consists of αSMA-positive vascular smooth muscle cells with minimal inflammatory cell presence. In AAA–low CRP, the αSMA-positive vascular wall is thinner with fibrotic changes (white arrow), and CD68-positive macrophage infiltration is observed between fibrotic regions (red arrow). In AAA–high CRP, an extensively stained CD68-positive atherosclerotic plaque (magenta arrow) accumulates on a significantly thinned αSMA-positive vascular smooth muscle cell layer (yellow arrow). (C) Representative image of AOI segmentation using IF morphologic markers. The atheromatous plaque and vascular smooth muscle interface were stained simultaneously with CD45, αSMA, and CD68 markers. Vascular smooth muscle segmentation is highlighted (yellow arrow).






2.6 Whole transcriptomic analysis

Spatially resolved whole transcriptomic expression profiling was performed using the NanoString GeoMx™ DSP RNA assay. The GeoMx platform for spatially resolved whole RNA transcriptome analysis is summarized in Figure 2. The Human NGS Whole Transcriptome Atlas RNA v1.0 probe kit, which consists of 18,677 RNA probes with ultraviolet (UV)–photocleavable indexing oligonucleotides, was used for this analysis. Each AOI was irradiated with UV light to induce photocleavage of the oligonucleotide probes conjugated to structural IF markers. The resulting photocleaved tags were released into a solution and collected in a 96-well plate. The collected aspirates contained photocleaved oligos, each tagged with a Readout Tag Sequence Identifier for identifying the biological target, and a Unique Molecular Identifier sequence for eliminating PCR duplicates in the subsequent data processing pipeline.




Figure 2 | Schematic overview of the GeoMx platform for spatially resolved whole RNA transcriptome analysis. (A) Following the review of hematoxylin and eosin–stained slides, a pathologist selects regions of interest (ROIs) from the FFPE block of an aortic specimen. Tissue microarrays (TMAs) are created by punching 3-mm cores and sectioning them into micrometer-thin unstained sections. (B) A high-plex mixture of photocleavable oligo-linked probes and morphology-specific immunofluorescence (IF) antibodies is applied. (C) The pathologist uses IF morphologic markers to re-identify ROIs and defines the areas of illumination (AOIs). (D) The GeoMx instrument illuminates the AOIs with UV light, causing the photo-released oligos to detach and be deposited into a microtiter plate. (E) For NGS readout, the photo-cleaved oligos contain sequence identifiers that serve as readout tags. Each AOI is uniquely indexed during library preparation, pooled, and sequenced using the Illumina NextSeq 500 platform.



Additionally, the oligos contained Sequencing Primer Read 1 (SPR1) and Sequencing Primer Read 2 (SPR2) sequences for hybridization to GeoMx Seq Code primers during PCR amplification. The DSP aspirate was sealed with a permeable membrane and left to dry overnight at room temperature. Subsequently, the dried aspirate was reconstituted in 10 μL of diethylpyrocarbonate-treated water, and 4 μL was used for the PCR reaction. The PCR mixture comprised 2 μL of five PCR Master Mix, 4 μL of Seq Code primer, and 4 μL of the reconstituted aspirate. During PCR amplification, the GeoMx Seq Code primers introduced i5 and i7 indexing sequences (unique dual indexes) for multiplexing numerous GeoMx DSP aspirate sequences into a single sequencing run, along with P5 and P7 sequences for binding and amplification on Illumina flow cells. Following the PCR reaction, 1 μL of each PCR product was collected into a 1.5-mL tube and pooled. The pooled PCR product was quantified, and 1.2 times its weight in AMPure XP beads (Beckman Coulter, Indianapolis, IN) was added for purification. The purified libraries were sequenced on an Illumina NextSeq 500 with a minimum of 27 × 27 paired-end reads for the whole transcriptomic assay. The sequencing utilized paired-end 75 cycles.




2.7 Data preprocessing

To obtain clean data, preprocessing was performed using the GeoMx® DSP Analysis Suite (GEOMX-0181) version 2.3.0.268. A quality check was conducted on the GeoMx DSP raw data. Initially, raw sequencing FASTQ files were compiled with the configuration file specifying the processing parameters. Adapter sequences were computationally removed to produce trimmed reads, and overlapping paired-end reads were merged to generate stitched reads. These stitched reads were then aligned to the RTS-ID barcodes in the reference assay, creating aligned reads and assigning raw counts to biological target names. Unique molecular identifiers (UMIs) were used to remove PCR duplicates, resulting in deduplicated reads. Technical signal quality control (QC) involved verifying that the raw read threshold exceeded 1,000 raw reads, the percentage of aligned reads surpassed 80% of the total raw reads, and sequencing saturation was greater than 50%. For technical background QC, we ensured that the negative probe count geomean, indicating the level of technical noise, was above 4, and the No Template Control count, which is used to detect contamination in the library preparation, was below 1,000. Additionally, spatial profiling parameters were checked to confirm a minimum nuclei count above 200 and a minimum surface area exceeding 7,000 µm².




2.8 Bioinformatics and statistical analysis: pathway and system biology analysis

To delineate the molecular mechanisms underlying the aggravation of AAA with CRP deposition, we performed pathway enrichment and systemic biological analyses based on whole transcriptomic expression levels through similar approaches as previously reported (14). Differentially expressed gene (DEG) analysis was conducted by comparing transcriptomic profiles between the high-CRP and low-CRP groups for CD68-positive macrophages, CD45-positive lymphocytes, and αSMA-positive smooth muscle cells of the aortic wall. To identify DEGs, we utilized the DESeq2 package in R (15) (version 3.6.2). We compared the differences in gene expression levels according to the level of CRP deposition in AAA, between the high-CRP and low-CRP groups. Genes with a false discovery rate < 0.1 by the Benjamini–Hochberg correction were considered as DEGs. The resulting gene lists underwent pathway enrichment analysis to determine the biological pathways most affected by CRP deposition. For the analyses of Gene Ontology (GO), we used DAVID (16) and REVIGO (http://revigo.irb.hr), which clusters semantically similar terms and selects representative terms, streamlining the list and providing a concise overview of enriched pathways (17). We employed STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) (18) to construct protein–protein interaction networks (PPI). This analysis identified key regulatory transcriptomes and their interactions, clustering proteins with similar functions and highlighting significant interaction patterns.




2.9 Validation using immunohistochemistry

IHC validation for Phospho-Stat3 (signal transducer and activator of transcription 3, rabbit monoclonal IgG, Tyr705, D3A7, #9145, Cell Signaling Technology) was performed to confirm the translocation of phosphorylated STAT3 to the nucleus. For the secondary antibody, the OptiView DAB IHC Detection Kit (Ventana Medical Systems) was used. IHC was carried out on the Leica BOND Rx® using the OptiView Universal DAB Detection Kit (Ventana). The IHC slides were digitized, and positive staining in the nuclear localization of the atheroma’s intima was quantified using QuPath software (19). The mean optical density of DAB staining in the nucleus was compared between the high-CRP and low-CRP groups, and statistical significance was determined using the Mann–Whitney–Wilcoxon test two-sided with Bonferroni correction.





3 Results



3.1 Characteristics of the study patients

The patient cohort in this study is identical to that of a previous study on AAA utilizing CODEX multiplexed tissue imaging. Therefore, the patient characteristics are the same as those reported in the previous studies (12, 13). The maximal diameter of aortic aneurysms was 6.3 ± 1.5 cm in the high-CRP group and 5.8 ± 0.3 cm in the low-CRP group. Additional information can be found in our previous study (12). The high-CRP group (serum CRP ≥ 0.1 mg/dL, diffuse and strong IHC) included seven patients (12 cores), whereas the low-CRP group (serum CRP < 0.1 mg/dL, weak IHC) included three patients (five cores). The control group included normal aorta specimens obtained during heart transplantation from three patients (six cores).




3.2 Spatial transcriptomic profiling results

Using morphologic markers CD45, CD68, and αSMA, we performed segmentation on the 23 cores, resulting in a total of 72 AOIs for analysis. All AOIs passed QC. We conducted whole transcriptomic analysis separately for CD68-positive macrophages, CD45-positive lymphocytes, and αSMA-positive smooth muscle cells, and their respective results are outlined below.




3.3 CD68-positive macrophages



3.3.1 DEGs according to the level of CRP deposition

In CD68-positive macrophages, 1,110 DEGs were observed between the high-CRP and low-CRP groups (Figure 3). Using Student’s t-test supported by a p-value under 0.05, we identified 803 downregulated DEGs and 307 upregulated DEGs in the high-CRP group compared to those in the low-CRP group. As shown in the heatmap (Figure 3B), macrophage gene expression clusters distinctly according to CRP levels.




Figure 3 | Differentially expressed genes (DEGs) in CD68-positive macrophages from spatial whole transcriptomic analysis [AAA–high CRP (n = 7) versus AAA–low CRP (n = 3)]. (A) Volcano plot displaying highly expressed DEGs in CD68-positive macrophages based on the degree of CRP deposition in AAA, using log10 fold changes. (B) Clustered heatmap of the selected ROIs showing whole transcriptomic expression fold changes (average gene expression, z-score) in relation to CRP levels in AAA. Approximately 1,100 genes were differentially expressed according to the CRP deposition level. (C) Key DEGs between the high-CRP and low-CRP groups from (A). The asterisk symbol (*) indicates statistical significance at p < 0.05.



Among 307 upregulated genes, five genes—STAT3, IL-17A, IFI16, ITGB2, and SPI1—were notably upregulated in the high-CRP group. Among 803 downregulated genes, MRTFA (myocardin-related transcription factor A), which is involved in the survival and proliferation of pro-atherogenic macrophages (20) and plays a protective role in the vascular wall by mitigating vascular degeneration (21), was significantly downregulated in CD68-positive macrophage in AAA–high-CRP group (Figure 3C).




3.3.2 Gene ontology analysis

GO analysis of DEGs between the high-CRP and low-CRP groups in CD68-positive macrophages revealed a significant enrichment of 34 biological processes. Using REVIGO (17) analysis to reduce redundancy, we applied multidimensional scaling to the matrix of the 34 GO terms’ semantic similarities and projected them into a two-dimensional space. In this two-dimensional representation, “blood vessel diameter maintenance,” “inflammatory response,” and “regulation of MAP kinase cascade” emerged as representative terms (Figure 4A).




Figure 4 | Functional enrichment and protein–protein interaction analysis of GO terms related to CRP deposition in AAA tissues: in CD68-positive macrophages [AAA–high CRP (n = 7) versus AAA–low CRP (n = 3)]. (A) Scatter plot from REVIGO illustrating cluster representatives after redundancy reduction in a two-dimensional space. Multidimensional scaling was applied to a matrix of the 34 GO terms’ semantic similarities. Notable GO terms identified include inflammatory response and blood vessel diameter maintenance. The bubble size indicates the frequency of the GO terms in the underlying GOA database, with color shading representing user-supplied p-values (legend in the lower right corner). (B) Potential enriched GO pathways in CD68+/CRP (high/low) regions. A total of 34 statistically significant biological process GO terms were observed. Further analysis highlighted representative GO terms such as inflammatory responses and MAPK cascade. Protein–protein interaction analysis using the STRING program with high confidence revealed that “STAT3” connects two other clusters associated with apoptosis and immune responses within the inflammation cluster. (C) GO analysis results of genes associated with “blood vessel diameter maintenance,” and “inflammation response.” DEG, differentially expressed gene; Down, downregulated; Up, upregulated; AAA–high CRP, abdominal aortic aneurysm with high CRP; AAA–low CRP, abdominal aortic aneurysm with low CRP. The asterisk symbol (*) indicates statistical significance at p < 0.05.



To investigate the physical and functional associations of these pathways, we utilized the PPI analysis tool, STRING. We found that STAT3 links two other clusters associated with apoptosis and immune responses within the inflammation cluster (Figure 4B), suggesting that STAT3 plays a central role in connecting these three clusters both biologically and functionally. Furthermore, we examined the genes that were either upregulated or downregulated in the high-CRP group according to each significantly identified GO term.

In terms of the genes related to the GO term “Inflammatory Response,” the high CRP group showed significant decreases in CXCL8, PTGER1, TNFRSF4, CNR2, GPR32, and IL-36B (Figure 4C). CXCL8 promotes M2 polarization (22); PTGER1 (prostaglandin E2 receptor 1) fine-tunes the inflammatory response and M1-M2 macrophage polarization; CNR2 [cannabinoid receptor 2 (23, 24)] facilitates the polarization from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype and inhibits the NF-κB pathway to mitigate inflammation; GPR32 (G protein–coupled receptor 32) resolves inflammation and reduces atherosclerosis (25, 26); and IL-36B (interleukin-36 beta) promotes phagocytosis and clearance in macrophages (27). The downregulation of genes related to M2 polarization and anti-inflammation in the high-CRP group is consistent with previous studies, indicating that CRP deposition creates a pro-inflammatory environment and M1 polarization (13).

In terms of genes corresponding to the GO term “blood vessel diameter maintenance,” NPPB, NPPC, ACE, UTS2, NTS, and ADCY6 were downregulated in the CD68-positive macrophages in the high-CRP group (Figure 4C). These protective role genes include NPPB, NPPC, ACE, UTS2, NTS, and ADCY6. NPPB (natriuretic peptide B) plays a role in protecting endothelial function (28, 29). Similarly, NPPC (natriuretic peptide precursor C) ensures vascular elasticity and expansion, thereby maintaining vascular health and protecting against hypertension-related damage (30). ACE (angiotensin-converting enzyme) expressed in macrophages contributes to lipid handling capacity (31). UTS2 (urotensin2) (32) maintains vascular integrity, regulates blood pressure, and preserves the structural and functional integrity, as well as the elasticity and function, of blood vessels. NTS2 (neurotensin receptor 2) regulates endothelial and smooth muscle function (33). Additionally, ADCY6 (adenylate cyclase type 6) facilitates the release of vasoactive substances like nitric oxide (NO) through ADCY6-mediated cAMP production in macrophages, leading to VSMC relaxation and vasodilation (34). The decrease in the expression of these genes responsible for maintaining vessel diameter, vascular tone, and structural integrity in the high-CRP group suggests that CRP deposition is closely associated with the compromised vascular integrity observed in aortic aneurysms.





3.4 CD45-positive lymphocytes



3.4.1 DEGs according to the level of CRP deposition

In CD45-positive lymphocytes, approximately 1,629 DEGs were observed between the high- CRP and low-CRP groups (Figures 5A, B). Notably, the high-CRP group showed increases in NKAP, TNF, CCR2, CCR6, ITGB6, DCXR, and IDH1 (Figure 5C). NKAP (NF-κB–activating protein) triggers macrophage infiltration and inflammation in the adventitia and media to induce vascular remodeling and contribute to the aneurysmal formation (35). TNF contributes to AAA formation by playing a central role in aortic wall inflammation and matrix remodeling by increasing pro-inflammatory cytokines and matrix metalloproteinase (MMP) expression (36, 37). CCR2 (C-C chemokine receptor type 2) recruits and activates monocytes and macrophages, increases inflammation in AAA, and promotes extracellular matrix degradation (38). CCR6 (CC chemokine receptor 6), which is highly expressed in the aneurysmal wall, contributes to aneurysm development by promoting the migration of T cells (39) and natural IL-17–producing γδ T cells (40). ITGB6 (integrin β6) promotes extracellular matrix degradation, inflammation, and fibrosis (41). Furthermore, genes involved in cellular metabolic processes, such as DCXR (dicarbonyl and L-xylulose reductase (42)) and IDH1 (43), were also upregulated in the high-CRP group.




Figure 5 | Differentially expressed genes (DEGs) in CD45-positive lymphocytes from spatial whole transcriptomic analysis [AAA–high CRP (n = 7) versus AAA–low CRP (n = 3)]. (A) Volcano plot displaying highly expressed DEGs in CD45-positive lymphocytes based on CRP deposition in AAA, using log10 fold changes. (B) Clustered heatmap of the selected ROIs showing whole transcriptomic expression fold changes (average gene expression, z-score) in relation to CRP levels in AAA. A total of 1,602 genes were differentially expressed according to the CRP deposition level. (C) Key DEGs between AAA–high-CRP and AAA–low-CRP groups from (A). (D) Scatter plot from REVIGO illustrating cluster representatives after redundancy reduction in a two-dimensional space. Notable GO terms identified include apoptosis and leukocyte rolling. The bubble size indicates the frequency of the GO terms in the underlying GOA database, with color shading representing user-supplied p-values (legend in the lower right corner). (E) GO analysis results of genes associated with “leukocyte rolling,” and “apoptosis.”. DEG, differentially expressed gene; Down, downregulated; Up, upregulated; AAA–high CRP, abdominal aortic aneurysm with high CRP; AAA–low CRP, abdominal aortic aneurysm with low CRP. The asterisk symbol (*) indicates statistical significance at p < 0.05.



In the CD45-positive lymphocytes of the high-CRP group, the following genes were significantly decreased: PDCD1 (programmed cell death protein 1 or PD-1), which is a negative regulator of inflammation that helps prevent pathological immune responses (44); OSGIN1 (oxidative stress–induced growth inhibitor 1), which protects endothelial cells from oxidative stress (45); and PDPK1 (3-phosphoinositide-dependent protein kinase 1), which is necessary for the maintenance of CD4+ FOXP3+ regulatory T cells, immune cell homeostasis, and the inhibition of effector T-cell function (46). Thus, immune regulatory genes, negative regulators, and protectors were decreased in the high-CRP group.




3.4.2 GO analysis

REVIGO analysis of DEGs in CD45-positive lymphocytes identified significant biological process terms, including leukocyte rolling and apoptosis (Figure 5D). In terms of genes associated with the GO term “leukocyte rolling,” FUT7, GP1BA, CHST2, and CCR2 were significantly upregulated in CD45-positive lymphocytes of the high-CRP group. FUT7 [fucosyltransferase VII (47, 48)], which is crucial for immune cell extravasation; GP1BA (glycoprotein Ib alpha chain), essential for leukocyte rolling and platelet adhesion to damaged endothelium, playing a key role in thrombosis (49); CHST2 (carbohydrate sulfotransferase 2), important for leukocyte rolling (50); and CCR2, which is involved in monocyte and macrophage recruitment during inflammation and related to leukocyte rolling (51), were significantly upregulated (Figure 5E).

In terms of genes associated with the GO term “apoptosis,” the high-CRP group showed decreases in PRELID1 (PRELI domain–containing protein 1), which induces mitochondrial ROS production and apoptosis (52) and LGALS16 (galectin-16), a strong inducer of apoptosis in CD3+ T lymphocytes (53) (Figure 5E).





3.5 αSMA-positive vascular smooth muscle cells



3.5.1 DEGs according to the level of CRP deposition

In αSMA-positive vascular smooth muscle cells (VSMCs), 1,280 genes exhibited differential expression depending on the CRP levels (Figures 6A, B). Specifically, AKT2, BCL2, NOS1, NOS2, ROCK1, and PIK3CD were upregulated in the high-CRP group (Figure 6D). AKT2 regulates vascular cell survival (54), endothelial NO synthase and vascular tone (55), and VSMC proliferation (56). BCL2 regulates apoptosis in VSMCs (57, 58). NOS1 and NOS2 generate NO and regulate vascular tone (59). ROCK1 (Rho-associated, coiled-coil containing protein kinase 1) regulates the contraction of VSMCs and the maintenance of vascular tone (60); accordingly, the dysregulation of ROCK1 can alter the phenotype of VSMCs, promote their proliferation, contribute to the formation of neointima, and facilitate vascular remodeling (61). PIK3CD (phosphoinositide-3-kinase catalytic subunit delta) is involved in the proliferation, survival, and migration of VSMCs (62).




Figure 6 | Differentially expressed genes (DEGs) in αSMA-positive vascular smooth muscle cells from spatial whole transcriptomic analysis [AAA–high CRP (n = 7) versus AAA–low CRP (n = 3)]. (A) Volcano plot displaying highly expressed DEGs in αSMA-positive vascular smooth muscle cells based on CRP deposition in AAA, using log10 fold changes. (B) Clustered heatmap of the selected ROIs showing whole transcriptomic expression fold changes (average gene expression, z-score) in relation to CRP levels in AAA. A total of 1,280 genes were differentially expressed according to the CRP deposition level. (C) Scatter plot from REVIGO illustrating cluster representatives after redundancy reduction in a two-dimensional space. Notable GO terms identified include NF-κB signal transduction, NJK cascade, and regulation of blood pressure. The bubble size indicates the frequency of the GO terms in the underlying GOA database, with color shading representing user-supplied p-values (legend in the lower left corner). (D) Key DEGs between the AAA–high-CRP and AAA–low-CRP groups from (A). (E) GO analysis results of genes associated with “blood pressure regulation” and “NF-κB signal transduction.” DEG, differentially expressed gene; Down, downregulated; Up, upregulated; AAA–high CRP, abdominal aortic aneurysm with high CRP; AAA–low CRP, abdominal aortic aneurysm with low CRP. The asterisk symbol (*) indicates statistical significance at p < 0.05.



Conversely, the AAA–high-CRP group showed a decrease in the level of ALDH3A2 (aldehyde dehydrogenase 3 family member A2), which is involved in detoxifying lipid peroxidation-derived aldehydes and plays a role in lipid metabolism by oxidizing fatty aldehydes to fatty acids (63) (Figure 6D).




3.5.2 GO analysis

GO analysis of the upregulated genes in αSMA from the high-CRP group revealed significant alterations in the JNK cascade, NF-κB signaling pathway, and the regulation of the blood pressure pathway (Figure 6C). Notably, genes associated with the NF-κB signaling pathway, including APP, TCIM, TRIP6, TRIM26, ACTN4, EGFR, and RC3H2, were significantly increased, whereas NOD1 was significantly decreased (Figure 6E).

Within the blood pressure regulation category, genes such as SCPEP1, CALCA, CNR1, ADM2, GJA5, OPRL1, and NOS1 were significantly upregulated in the AAA–high-CRP group (Figure 6E).

SCPEP1 (serine carboxypeptidase 1) is involved in the regulation of vascular tone and hemodynamics. By inactivating endothelin-1 through cleavage of its C-terminal Trp residue, SCPEP1 promotes vasoconstriction, and its upregulation increases vascular sensitivity to ET-1, leading to elevated blood pressure (64). CALCA (calcitonin gene–related peptide alpha) is a potent microvascular vasodilator (65), is considered a therapeutic target for subarachnoid hemorrhage-triggered cerebral vasospasm and is known to play a protective role in vascular diseases such as hypertension (66); however, its direct role in aortic aneurysms remains to be elucidated. CNR1 (cannabinoid receptor 1, CB1) plays a role in vasodilation, reducing vascular resistance, and lowering blood pressure. CB1 antagonists exert beneficial effects in atherosclerosis and restenosis by decreasing vascular smooth muscle proliferation and migration (67). ADM2 (adrenomedullin 2) exerts a vasomotor effect by inducing peripheral vasodilation through binding to its receptors on endothelial cells and VSMCs (68, 69). GJA5 (gap junction protein alpha 5, connexin 40) is crucial for coordinating endothelial and smooth muscle cell functions, and it regulates vasomotor tone by transmitting electrical signals from the endothelium to the underlying smooth muscle and moderates arterial blood pressure through the renin-angiotensin system in afferent arterioles (70). The downregulation of connexin 40 has been associated with the development of aortic aneurysms (71). Furthermore, NOS1 (neuronal-derived NOS) exerts a potent vasodilatory effect (72).





3.6 Validation using pSTAT3 immunohistochemistry

Immunohistochemistry targeting phosphorylated STAT3 (pSTAT3) was performed to verify its expression in CD68-positive macrophages, which are central to inflammation, apoptosis, chemotaxis, type 1 T helper cell response, and defense response signaling. Consistent with the spatial transcriptomic results, the high-CRP group showed a significant increase in pSTAT3 expression (p < 0.001) (Figure 7).




Figure 7 | Validation with phospho-STAT3 immunohistochemistry [AAA-high CRP (n = 7) versus AAA-low CRP (n = 3)]. To validate the transcriptome enrichment of STAT3 in AAA–high CRP compared to that in AAA–low CRP, immunohistochemical staining for phospho-STAT3 was performed. (A) Low magnification, (B) medium magnification, and (C) high magnification. (D) Intensity of nuclear pSTAT3-positive cells in the vascular tissue of the AAA-high-CRP group compared to that of the AAA–low-CRP group (Mann–Whitney–Wilcoxon test two-sided with Bonferroni correction, p < 0.0001). The symbols used to indicate levels of statistical significance are as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.







4 Discussion

The present study investigated the lineage-specific transcriptome of AAA tissue in relation to the degree of CRP deposition by employing GeoMx for spatially resolved whole RNA transcriptome analysis. CRP deposition was associated with numerous transcriptomic alterations in macrophages, lymphocytes, and VSMCs, which may be linked to the pathogenesis of AAA. In CD68-positive macrophages, we identified significant dysregulations in pathways related to the inflammatory response, regulation of the MAPK pathway, and maintenance of blood vessel diameter. In CD45-positive lymphocytes, pathways related to leukocyte rolling and apoptosis were prominently highlighted. Additionally, in αSMA-positive smooth muscle cells, significantly upregulated pathways included NF-κB signaling transduction, the JNK cascade, and regulation of blood pressure.

Recent research by Fu et al. demonstrated that CRP-deficient mice exhibited suppressed aneurysmal elastin destruction in the aorta when AAA was induced with elastase (73). In our previous research, we reported extensive proteomic changes in tissues with strong CRP deposition between atheroma and eroded aortic aneurysmal tissue in AAA; moreover, our CODEX multiplexed tissue imaging using 31 antibodies for deep phenotyping revealed pro-inflammatory immune cell deposition and M1 macrophage polarization in CRP-deposited aortic walls (13). Combining our findings with those of Fu et al., we suggest that CRP deposition is closely related to the pathogenesis of AAA in that its accumulation in the aortic wall may actively drive the pathogenesis and progression by modulating the cellular landscape.

In the current study, by employing spatial transcriptomics, we were able to analyze gene expression separately for each cellular lineage and in relation to the degree of CRP deposition. This approach allowed us to identify gene dysregulation that had not been detected in previous studies using bulk sequencing on aneurysm-specific samples. A previous study analyzed the full-length transcriptome of AAA using nanopore-based direct RNA sequencing (74); however, this study lacked spatial information. Our study is the first to conduct a whole transcriptomic analysis while preserving spatial information.

In this study, patients with AAA with a high degree of CRP deposition showed significant inflammatory responses, apoptosis, chemotaxis, type 1 T helper cell immune response, and defense response signaling in macrophages and leukocytes. Recently, there has been increasing interest and research into the active pro-inflammatory role of CRP. In the serum, CRP exists in a pentameric form, where it plays a protective role by promoting opsonization and assisting phagocytes in clearing bacteria or damaged cells, thus preventing further damage. However, when CRP encounters damaged cell membranes or macrovesicles, it undergoes a structural change from the pentameric form to the monomeric form (mCRP). This transformation enhances pro-inflammatory processes, leading to the activation of endothelial cells, monocytes, platelets, and neutrophils. It also promotes the adhesion of inflammatory cells to endothelial cells, strengthens neutrophil-platelet and platelet-monocyte aggregation, and increases the production of pro-inflammatory cytokines, thereby contributing to tissue damage (75, 76). Accordingly, we observed enhanced pro-inflammatory signaling, innate immune response, and leukocyte rolling signaling in the CRP-deposited areas of AAA tissue. These findings suggest that CRP deposition in AAA may enhance pro-inflammatory signals, thereby exacerbating tissue damage in AAA.

Recent studies have identified inflammation and immune response as key factors in the pathogenesis of AAA. Established risk factors, such as hypercholesterolemia, hypertension, and cigarette smoking, trigger vascular endothelial injury, which promotes leukocyte infiltration and initiates inflammatory cascades. Monocyte infiltration into the vessel wall leads to lipid accumulation and foam cell formation, whereas T lymphocytes accumulate in the intimal layer, releasing interferon-gamma and TNF. These cytokines further activate macrophages, as well as vascular endothelial and smooth muscle cells, perpetuating the inflammatory state. This chronic inflammation exacerbates endothelial injury and promotes extracellular matrix remodeling, driving the progression of AAA (5, 77). Our findings underscore the significant role of CRP deposition within the aortic wall as a potent pro-inflammatory stimulus, suggesting that it may amplify these pathological processes by fostering a chronic inflammatory environment critical to the development and progression of AAA.

Five genes—STAT3, IL-17A, IFI16, ITGB2, and SPI1—were notably upregulated in the high-CRP group. Especially, we found that pro-inflammatory and pro-apoptotic signals were centrally connected via STAT3, suggesting that STAT3 plays a central role in mediating aortic wall pathophysiologic changes associated with CRP deposition. STAT3 is essential for inflammation and is well-known as a key mediator in the pathogenesis and progression of AAA (78, 79). IL1-7A, which is mediated by the activation of STAT3, induces aneurysm development by the production of pro-inflammatory cytokines in macrophages through the MAP kinase, NF-κB, and AP-1 pathways (80), thereby influencing macrophages and activating atherogenesis (81). Inhibition of STAT3 has been shown to prevent the progression of AAA (82, 83). Additionally, IL-6, a major inducer of CRP expression, also activates STAT3 signaling (84). There is evidence that STAT3 participates in the transcriptional activation of CRP in response to IL-6 (85). Furthermore, studies have identified multiple STAT3-binding sites on the promoter region of the CRP gene (positions 72, 108, 134, and 164) (86). Therefore, there might be a close crosstalk between CRP deposition and STAT3. This synergistic effect between CRP and STAT3 likely enhances pro-inflammatory and pro-apoptotic signals, exacerbating AAA pathology.

IFI16 (interferon gamma–inducible protein 16) is involved in pro-inflammatory responses, DNA sensing, and interferon signaling. ITGB2 (integrin subunit beta 2) plays a crucial role in neutrophil extravasation and macrophage complement receptor function. SP1 [Spi-1 proto-oncogene, transcription factor PU.1 (87)] plays a role in cell fate decisions and pro-fibrotic activities. The increase in pro-fibrotic SP1 in macrophages of the high-CRP group is likely associated with increased fibrosis related to atherosclerosis.

We found that AAA tissues with a high degree of CRP deposition had downregulations in the expression of CXCL8 and CNR2, which are associated with M2 macrophage polarization (22). Additionally, PGFER1, which fine-tunes M1-M2 macrophage polarization, was also downregulated, suggesting a shift toward M1 polarization in macrophages in the presence of CRP deposition. Other studies have also reported that CRP induces M1 macrophage polarization and inhibits the transformation to the M2 phenotype, thereby enhancing the inflammatory response (88, 89). Our previous research using CODEX multiplexed imaging on CRP-deposited AAA tissues also demonstrated that high–CRP deposition levels were associated with M1 macrophage polarization, while low–CRP deposition levels were associated with M2 polarization. Moreover, M1 polarization of macrophages in the aortic wall has been shown to exacerbate aortic aneurysm formation (90). Collectively, these findings suggest that CRP deposition in the aortic wall is associated with a pro-inflammatory milieu through M1 macrophage polarization, which may contribute to the pathogenesis of AAA.

NF-κB, MAPK, and JAK-STAT pathways closely interact with each other and are involved in the development of aortic aneurysms (35, 91). NF-κB plays a prominent role in atherosclerosis and is also a key element in the pathogenesis of aortic aneurysms (92). Specifically, NF-κB enhances endothelial cell dysfunction and inflammation (35), increases pro-inflammatory cytokines, and promotes the infiltration of lymphocytes and macrophages from the vascular lumen into the subendothelial layer of the arterial intima (35, 91, 93), thereby contributing to the development of aortic aneurysms.

The MAPK pathway, particularly the ERK pathway, plays a crucial role in the development of AAA by regulating the activation of MMPs (94). The JNK cascade, a component of the MAPK pathway, activates MMP9, which is essential for AAA formation (95–97). Inhibiting the JNK pathway has been shown to prevent aortic aneurysms (95), highlighting its potential as a therapeutic target for AAA. In this study, we found that CRP deposition significantly activated the MAPK pathway in macrophages and the NF-κB and JNK pathways in VSMCs. These pathways were markedly more active in the high-CRP group compared to those in the low-CRP group.

Interestingly, we found that a high degree of CRP deposition in AAA was associated with significant downregulation of blood vessel diameter maintenance–related genes in macrophages. Furthermore, genes associated with vasodilation and protective roles were predominantly upregulated in the high-CRP group. These results suggest that CRP-induced transcriptomic changes are closely linked to the development and exacerbation of AAA. Whether this upregulation of vasodilatory genes acts protectively against aneurysm formation or contributes to a deleterious effect by weakening the vasoconstrictive strength of the aorta and thus promoting the progression of aortic aneurysms requires further investigation.



4.1 Source of CRP deposited in AAA

Some reports suggested that certain types of macrophages express CRP (98), and Kaplan et al. (99) reported that, in aortic aneurysms, macrophages express CRP, which leads to macrophage polarization toward the M1 phenotype through the NF-κB signaling pathway. In this study, however, CRP transcriptomes were not detected in macrophages, lymphocytes, or VSMC components. Therefore, it is suggested that the CRP deposited in the vascular wall is not secreted by macrophages but likely originates from serum CRP, which deposits onto the atherosclerotic wall. Our previous studies (12) demonstrated a correlation between serum CRP levels and the immunopositivity of CRP deposited in atherosclerotic plaques. This supports the idea that, in AAA, CRP is deposited from circulating blood rather than produced within the vascular wall.




4.2 Relationship between atherosclerosis, aortic aneurysm, and CRP

Atherosclerosis is closely linked to the pathophysiology of aneurysms. A detailed pathological study conducted by Xu et al. revealed that, in aortic walls with significant plaque accumulation, the internal elastic lamina adjacent to the plaque is lost. As this condition progresses, the media thins and results in the formation of an aneurysm (100). Furthermore, AAA and atherosclerosis share clinical risk factors and molecular mechanisms, including male sex, tobacco use, family history, hyperlipidemia, and advanced age (101). Both conditions are characterized by chronic inflammation and accompanying immune responses.

However, there are distinct clinical features that differentiate aortic aneurysms from atherosclerosis. For instance, whereas atherosclerotic disease is common in patients with diabetes mellitus, aortic aneurysms are conversely less prevalent in this population, suggesting a protective effect (102, 103). Therefore, while atherosclerosis and aortic aneurysms are closely related and share similar etiologies and progression, the direct causal relationship between the two conditions has not been well-defined. Nonetheless, the significant overlap between these diseases indicates that there is still much to be understood about their close association in certain subsets of patients.

Our current results suggest that CRP deposition may play a role in the link between atherosclerosis and aneurysms. In our previous study (12), using IHC antibody specific to the mCRP form, we observed strong mCRP immunodeposition at the interface of the eroded aortic wall in both atherosclerosis and aortic aneurysms. CRP immunopositivity was predominantly observed in atherosclerotic regions. Proteomic analysis of this area revealed significant activation of pro-inflammatory signaling, complement signaling, and thrombosis signaling pathways. Therefore, our results suggest that the deposition of CRP in various components of AAA led to widespread transcriptome dysregulation, exacerbating the condition.




4.3 Comparison with published single-cell RNA sequencing

Recent studies have provided single-cell RNA sequencing (scRNA-seq) data on AAA. However, most studies have primarily focused on the pathogenesis of AAA, particularly utilizing induced animal models. In contrast, our study investigated the transcriptomic differences within AAA lesions based on the extent of CRP deposition. Consequently, direct comparisons with studies that analyze AAA in relation to normal aorta are limited. Nonetheless, a common finding across the majority of studies is the central role of inflammation in the progression of AAA, with particular emphasis on the crucial contribution of macrophages. Le et al. (104) reported in an angiotensin II–infused ApoE−/− mouse model of AAA that gene set variation analysis (GSVA) of scRNA-seq data revealed activation of the JAK-STAT pathway in monocytes and macrophages, promoting the secretion of type I interferon. These monocytes and macrophages were identified as interferon-inducible (IFNIC), contributing to the development of AAA. Similarly, in our study, CD68+ macrophages in CRP-enriched AAA lesions exhibited elevated JAK-STAT pathway activity, suggesting a comparable role in AAA progression. Both studies highlight the involvement of the JAK-STAT pathway in macrophages during AAA progression. Additionally, Le et al. also observed activation of the NF-κB signaling pathway, as we did, further reinforcing the inflammatory nature of aneurysm development. Given that CRP deposition in our study correlates with enhanced expression of these pathways, we propose that CRP contributes to the progression of inflammation-induced aneurysms.

Zhang et al. (105) found that, while normal controls clustered homogeneously, AAA samples formed multiple distinct clusters, suggesting the presence of subgroups within AAA. Our findings similarly indicate that CRP depositions may stratify AAA into distinct subgroups, further supporting the role of CRP in the pathogenesis of AAA. Additionally, Zhang’s study identified CXCL8 as a key gene associated with AAA, which aligns with our findings, where leukocyte rolling and related pathways were significantly enriched. Yuan et al. (106) analyzed CD45+ cell populations in an elastase-induced murine model of AAA and observed increased expression of inducible nitric oxide synthase (iNOS) in CD68+ macrophages and CCR6+ CD4+ T cells in AAA compared to that in normal tissue. In our study, these gene expressions were significantly upregulated in CRP-enriched AAAs, further reinforcing the relationship between CRP deposition and enhanced inflammatory responses in AAA. Yuan et al. also reported the enrichment of interferon-induced proteins, including Ifit1, in response to interferon signaling (106), which aligns with our observations regarding the pivotal role of macrophages in CRP-rich AAAs. Moreover, their pseudo-time analysis indicated a shift in monocyte/macrophage phenotypes driven by unidentified stimuli, and we propose that CRP could be a potential factor contributing to these transcriptomic alterations in macrophages. Xiong et al. (107) reported the upregulation of the PI3K-AKT signaling pathway in macrophages within mouse AAA samples, which is consistent with our findings of elevated PI3K-AKT signaling in VSMCs. In our study, the TNF signaling pathway was upregulated in CD45+ lymphocytes within CRP-rich AAAs, whereas Xiong’s study observed its activation in fibroblasts.




4.4 Limitations

Firstly, due to IRB issues, we utilized samples that had been archived for over 10 years. However, all samples passed QC and yielded biologically relevant results consistent with previous IHC (12) and multiplexed imaging findings (13). This confirms the feasibility of performing spatial transcriptomic analysis on long-archived FFPE paraffin blocks. Secondly, during STAT3 validation, we were unable to specifically quantify its expression in macrophages. Future studies should incorporate multiplexed tissue imaging for a more detailed analysis in this context.

A further limitation of this study is the use of thoracic aorta specimens, obtained during heart transplantation, as controls. Given the difficulty of obtaining normal abdominal aorta tissue from living patients, thoracic aorta samples were used despite their distinct embryological origins—where the thoracic aorta derives from neural crest cells (108) and the abdominal aorta originates from mesodermal tissue (109). This difference may introduce some bias. To address this issue, our primary analysis concentrated on the differential gene expression between the CRP-low and CRP-high groups, thereby minimizing reliance on comparisons with the normal control group.

Another limitation of this study is the difficulty in determining whether the observed transcriptomic changes are directly attributable to CRP deposition or are secondary to inflammation, as CRP deposition often follows IL-6–driven inflammatory processes. In studies of human diseases, it is inherently difficult to separate the direct effects of CRP from the broader inflammatory response, as these processes typically occur concurrently. However, in our previous study utilizing a rat model of ischemia-reperfusion myocardial injury, we injected CRP in the absence of an inflammatory environment (110, 111). We observed that CRP accumulated in ischemic myocardial cells, exacerbating damage, increasing infarct size (110), and inducing widespread changes in microRNA expression (111). This suggests that CRP deposition itself, rather than inflammation-induced processes, can intensify damage in already compromised cells (76). To further elucidate this distinction, future in vitro studies, including CRP loss-of-function experiments, are necessary to isolate the specific effects of CRP.





5 Conclusions

CRP deposition in aortic atheroma was associated with significant changes in the transcriptomic profile of macrophages, promoting pro-inflammatory and apoptotic alterations predominantly mediated by STAT3. Furthermore, CRP deposition affected genes involved in the MAPK and JNK signaling pathways, vascular diameter regulation, and smooth muscle blood pressure signaling pathways (Figure 8). These findings suggest that CRP is not merely a prognostic marker for AAA but also plays an active role in its pathogenesis at the transcriptomic level. Thus, targeting CRP-associated pathways could present novel therapeutic strategies for managing AAA.




Figure 8 | Gene expression changes in abdominal aortic aneurysm.
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