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Abstract

Abdominal aortic aneurysm (AAA) is a common cardiovascular
disease resulting in high mortality rate due to rupture. Intraluminal
thrombus (ILT) is involved in AAA progression via both
biomechanically protective and biochemically destructive properties.
In this study, we utilized multiplex immunofluorescence and GeoMx
Digital Spatial Profiler to explore the following issues: (a) Is ILT
associated with the phenotypic switching of vascular smooth muscle
cells (VSMCs) in aortic aneurysms? (b) Does ILT enrich macrophage-
like VSMCs in aortic aneurysms? (c) What role do macrophage-like
VSMCs play in aortic aneurysms? We found that the proportion of
CD68+SMA+ double-positive cells was significantly increased in
AAA with thrombus. Differential gene expression, gene set
enrichment and gene signature analyses weie performed, in which
enrichments were mainly related to VSMC phenotypic switching,
matrix remodeling and inflammatory response. The cell-type
identification by estimating relative subsets of RNA transcripts
(CIBERSORT) was used to quantify the proportions of immune
infiltration and the result was that the proportions of naive B cells,
M1-type macrophages, and neutrophils were significantly higher in
macrophage-like VSMC-rich areas of AAA with ILT. Furthermore, we
predicted IL-6 and IL-1pB as feature genes which displayed a positive
correlation with neutrophil activation. Further, through in vitro
assays, we showed that neutrophil extracellular traps (NETs) induce
the phenotypic switching of VSMCs through the NF-kB signaling
pathway. This study, based on cutting-edge GeoMx Digital Spatial
Profiling technology, systematically revealed the cellular and
molecular mechanisms underlying the phenotypic switching of
VSMCs into macrophage-like cells in AAA associated with ILT. This

discovery provides a novel cellular biology perspective for
/



understanding the destructive role of ILT.
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1. Introduction

Abdominal aortic aneurysm (AAA) is defined by a pathological and
progressive dilation of the infrarenal abdominal aorta, which
significantly increases the risk of rupture[3]. The mortality rate for
ruptured AAAs can reach as high as 85%[29]. In the past decade,
there has been growing recognition of the role of intraluminal
thrombus (ILT) in the expansion, remodeling, and rupture of AAA.
Early computational models of aneurysm hemodynamics
demonstrated that ILT might offer protective benefits by lowering
aortic wall stress[15]. However, more recent studies indicate that a
higher thrombus burden is associated with an increased rupture risk
at smaller AAA diameters[21]. The ongoing debate about whether
these damaging biochemical factors outweigh the potential
protective effects of reducing mechanical wall stress raises the
question of whether antithrombotic therapy aimed at preventing ILT

could be beneficial for AAA patients[5, 37].

Recent studies have shown that vascular smooth muscle cells
(VSMCs) in aortic aneurysms undergo phenotypic switching. In
healthy mature arteries, VSMCs exist in a terminally differentiated
and quiescent state known as contractile VSMCs[48], characterized
by low proliferation and migration capabilities but high contractile
ability[25]. Upon injury or environmental changes, contractile
VSMCs lose their contractile markers, such as ACTA2 and MYH11,
transitioning to an intermediate state. VSMCs in this intermediate
state can differentiate into distinct phenotypes in response to
various stimuli[14]. Some phenotypes, such as macrophage-like
VSMCs (which express macrophage markers MAC2 and CDG68),
exhibit features typical of immune cells, including phagocytosis and

the secretion of chemokines[4]. This raises questions about the
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potential for close communication between immune cells and VSMCs.
Evidence suggests that communication between smooth muscle cells
(SMCs) and macrophages can lead to an unbalanced secretion of
certain matrix proteins by SMCs (including collagen, elastin, and
MMP-9), while also promoting the secretion of VEGF and IL-1B,
which are known for their angiogenic properties[7]. Recently, our
research[38] and that of others[8, 13, 32] have found that
interactions between SMCs and monocytes/macrophages trigger an
inflammatory cascade that results in monocyte activation and a shift

of SMCs toward a synthetic phenotype.

However, three major questions have been raised: (1) Is ILT
associated with the phenotypic switching of VSMCs in aortic
aneurysms? (2) Does ILT enrich macrophage-like VSMCs in aortic
aneurysms? (3) What role do macrcphage-like VSMCs play in aortic
aneurysms? In this study, we |utilized the Multiplex
Immunofluorescence (mII’) assay and the GeoMx Digital Spatial
Profiler (DSP) platform to explore these questions. The
interchangeability of macrophages and VSMCs, along with their
crosstalk, suggests that these cell types contribute to the
progression of AAA in a more coordinated and interconnected
manner than previously thought. This research could potentially
reveal new strategies for preventing aortic aneurysm rupture in the

context of ILT.



2. Materials and Methods

2.1. Study population

This study was approved by the Ethics Committee of Shanghai
Changhai Hospital (approval no. CHEC2022-052) and conducted in
accordance with relevant guidelines and regulations. All
procedures involving human participants were performed in
compliance with the Declaration of Helsinki. Written informed
consent was obtained from all patients prior to specimen collection.
Open repair of an abdominal aortic aneurysm involved an incision
of the abdomen to directly visualize the aortic aneurysm. The
procedure was performed in an operating room under general
anesthesia. Once the abdomen was opened, the aneurysm was
repaired by the use of graft. After the resection of aneurysm
(specimen), the graft was sutured to the aorta connecting one end
of the aorta at the site of the aneurysm to the other end of the
aorta. A cohort of 26 human abdominal aortic aneurysm (AAA)
specimens was used for enzyme-linked immunosorbent assay
(ELISA) and multiplex immunofluorescence (mIF). An additional 6
AAA tissues were subjected to digital spatial profiling (DSP). The
clinical and pathological features of these participants are provided

in Supplementary Tables 1 and 2.

2.2. Cell culture and reagents

Human aortic vascular smooth muscle cells (HA-VSMCs) were
obtained from Pricella Life Science & Technology Co., Ltd. This
line, derived from the aortic smooth muscle of an 11-month-old
Caucasian female, displays a fibroblast-like phenotype. HA-VSMCs
were cultured in Ham'’s F-12 K medium supplemented with L-
ascorbic acid (0.05 mg/mL), insulin (0.01 mg/mL), transferrin (0.01

mg/mL), sodium selenite (10 ng/mL), endothelial cell growth
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supplement (0.03 mg/mL), 10% FBS, 10 mM HEPES, 10 mM TES,
penicillin (50 unit/mL) and streptomycin (50 pg/mL). All cellbased
assays employed HA-VSMCs at passages 3 to 4. The inhibitors CY-
09 (NLRP3 inhibitor, Cat. No. HY-103666) and BAY 11-7082 (NF-kB
inhibitor, Cat. No. HY-13453) were sourced from MedChemExpress
LLC.

2.3. Isolation of Neutrophils

Neutrophils were isolated from the peripheral blood of healthy
volunteers using a neutrophil isolation kit (Cat. No. P9040,
Solarbio, China) according to the manufacturer's instructions. The
primary neutrophils obtained were maintained in RPMI-1640
medium containing 10% fetal bovine serum. The purity (>98%) and
viability (>95%) of the isolated neutrophils were assessed by

Giemsa staining and Trypan Blue exclusion assay, respectively.

2.4. In vitro Inductior of NETs

Isolated human neutrophils (1x107 cells/well) were plated in 6-well
plates in serum-fiee RPMI-1640 medium and allowed to adhere for
1 hour at 37°C, 5% CO,. NETosis was induced by adding 100 nM
phorbol 12-myristate 13-acetate (PMA; Cat. No. P1585, Sigma-
Aldrich) and incubating for 4 hours. Following stimulation, the
NET-containing supernatant was carefully collected on ice using
DNase-free precautions. NETs were then isolated and purified
through sequential centrifugation: first at 300 g for 5 min at 4°C to
remove cells and large debris, followed by centrifugation of the
resulting supernatant at 10,000 g for 10 min at 4°C. The pellet
containing NETs was gently washed once with ice-cold DNase-free
PBS, resuspended in a small volume of PBS, aliquoted, flash-frozen,

and stored at -80°C for subsequent experiments.
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2.5. ELISA assay of IL-6/IL-13/MMP-9

Twenty-six AAA tissue samples were harvested and immediately
cryopreserved in liquid nitrogen. Aortic tissue lysates were
prepared using T-PER tissue protein extraction reagent (Cat, No.
78510, ThermoFisher), and the total protein concentration was
determined using Pierce BCA Protein Assay Kits (Cat. No. 23225,
ThermoFisher). Additionally, fresh blood was collected from
patients using tubes without anticoagulants, allowed to stand at
room temperature for 1 hour, then centrifuged at 4°C at 3000 rpm
for 10 minutes. Supernatants were maintained at -20°C until
analysis. Concentrations of IL-6, IL-1B, and MMP-9 were
determined with the following ELISA kits: Human 1L6 ELISA Kit
(Cat. No. E-EL-H6156, Elabscience), Human iL.1B ELISA Kit (Cat.
No. E-E1-H0149, Elabscience), and Human MMP9 ELISA Kit (Cat.
No. SDH0487, Simuwubio). ELISA assays were conducted following

the manufacturer's instructions.

2.6. Multiplex immunofluorescence (mIF) assay

Multiplex immunofluorescence enables the simultaneous detection
of multiple protein markers on a single tissue section through
sequential rounds of staining and imaging. This technique allows
for the spatial profiling of diverse cell types and their phenotypic
states within the tissue microenvironment. A total of 26 AAA
patients were included. Among them, 14 cases were AAA with
mural thrombus, and 12 cases were AAA without mural thrombus.
26 specimens were prepared into formalin-fixed paraffin-embedded
tissue (FFPE) samples. The expression of the 5 proteins
ACTA2/SMA, CD31, CD68, CD8 and CD20 in cells from formalin-

fixed paraffin-embedded tissue samples was examined by multiplex
/



Immunofluorescence. Tissue sections were incubated with primary
antibodies that specifically bind to the target proteins (details see
in Supplementary Table 3) and with HRP-labelled secondary
antibodies that specifically bind to the primary antibodies. This
assay was performed by a Bond RX fully automated
immunohistochemical stainer and a Vectra Polaris fully automated
quantitative pathology imaging system. Scanned images were

analysed for positive cell density and proportion using HALO.

2.7. Real-time quantitative reverse transcription-polymerase
chain reaction (qRT-PCR)

Total RNA was isolated with the FastPure Cell/Tissue Total RNA
Isolation Kit (Vazyme, Cat. No. RC112-01), and reverse transcription
was carried out using the AceQ qPCR SYBR Green Master Mix
(Vazyme, Cat. No. Q121-02). Quantitative real-time PCR (qPCR) was
performed on a CFX96 system (Bio-Rad) with HiScript III SuperMix
(Vazyme, Cat. No. R323-01). Primer sequences are listed in
Supplementary Table 4. Relative mRNA levels were normalized

to GAPDH and calculated by the 2-2ACT method.

2.8. GeoMx Digital Spatial Profiler (DSP)

The GeoMx DSP platform facilitates spatially resolved, high-plex
molecular profiling (transcriptomic or proteomic) from user-defined
regions of interest (ROIs) on tissue sections. It bridges histology
with molecular data by isolating and collecting nucleic acids or
proteins from specific morphological contexts for downstream
sequencing or quantification. FFPE sections were hybridized with
UV-photocleavable barcode-conjugated RNA in situ hybridization
probes to capture and profile mRNA. Specifically, FFPE sections
were first stained with SMA and CD68 morphological markers. The
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slides were then placed on the GeoMx instrument for ROI selection
based on immunofluorescence images. Auto-segmentation was
performed using custom UV illumination masks to create AOlIs,
enabling the release of photocleavable tags specifically from
SMA+CD68+, SMA-CD68+, and SMA+CDG68- cells. Cleaved
barcodes from each AOI were collected and quantified through
sequencing. The experiment was supported by JMDNA Bio-Medical
Technology Co., Ltd. (Shanghai). The raw sequence data reported
in this paper have been deposited in the Genome Sequence
Archive[60] in National Genomics Data Center, China National
Center for Bioinformation / Beijing Institute of Genomics, Chinese
Academy of Sciences (GSA-Human: HRA017020) that are publicly

accessible at https://ngdc.cncb.ac.cn/gsa-human

2.9. Data Quality Control (QC) and data analysis for RNA
sequencing

Details see in Supplementary Methods and Supplemetary
Figure 1.

2.10. Transwell migration assay

HA-VSMCs were treated with 100 ng/mL NETSs, and then 2x10° cells
in serum-free medium were seeded onto 6.5 mm Transwell inserts
with 8.0 pm Pore Polycarbonate Membrane (Corning, Cat. No. 3422).
For Transwell migration assays, the lower compartment was filled
with medium containing 10% fetal bovine serum (FBS) as a
chemoattractant. Following 24 h of incubation, cells that had
traversed the membrane were fixed with 4% paraformaldehyde,
stained with 0.1% crystal violet (Maokangbio, Cat. No. MS4006-
100ML), and visualized by microscopy.



2.11. NF-kB Transcription Factor Assay

Nuclear extracts were prepared using the Nuclear Extract Kit
(Active Motif, Inc., Cat. No. 40010). DNA-binding activities of cRel,
p52, and p65 were quantified with the TransAM NF-kB Transcription
Factor Assay Kit (Active Motif, Inc., Cat. No. 43296) according to the
manufacturer’s instructions. Briefly, 30 pL. of Complete Binding
Buffer was dispensed per well, followed by 10 ng of nuclear protein
diluted to 20 pL. After 1h incubation at room temperature with
orbital shaking (100 rpm), wells were washed thrice with 200 pL. 1x
Wash Buffer. Primary antibody (1:1000) was added and incubated
for 1h at room temperature, followed by three washes and
incubation with HRP-conjugated secondary antibody (1:1000) for
another hour. After final washes, 100 pL of Developing Solution was
applied and incubated in darkness for 5min. The reaction was
stopped with 100 pL. Stop Solution, and absorbance at 450 nm was

measured on a BioTek HIMED microplate reader.

2.12. NFKB Dual Luciferase Reporter Assay

293FT cells in logarithmic growth were plated at 4 x 10° cells/mL in
6-well plates and cultured overnight (37°C, 5% CO2). For
transfection, 2 pg of NF-kB luciferase reporter plasmid (Yeasen, Cat.
No. 11501ES03) was mixed with 125pL Opti-MEM, and 10 pL
Lipofectamine 2000 (Invitrogen, Cat. No. 10668018) was diluted in
another 125pL Opti-MEM. After 5min incubation at room
temperature, the two solutions were combined and left for 20 min to
form complexes, which were then added to each well. Following 24 h
transfection, cells were reseeded into 96-well plates at 2 x 10°
cells/100 pL and incubated overnight. Test compounds were serially
diluted 2-fold in culture medium, with a highest concentration of

200 ng/mL and 9 concentration points in total. After 24 hours of
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treatment, dual luciferase reporter gene assays were performed
following the instructions of the Dual Luciferase Reporter Gene
Assay Kit (Yeasen, Cat. No. 11402ES60) and using the Envision 2105
multimode plate reader (PerkinElmer). The results were calculated
using the following formula: 1). Experimental Group Ratio =
(Experimental Group Firefly Luminescence (F) - Background Firefly
Luminescence (F)) / (Experimental Group Renilla Luminescence (R)
- Background Renilla Luminescence (R)); 2). Control Group Ratio =
(Control Group Firefly Luminescence (F) - Background Firefly
Luminescence (F)) / (Control Group Renilla Luminescence (R) -
Background Renilla Luminescence (R)); 3). Fold Change =

Experimental Group Ratio / Control Group Ratio

Note:

a) Background F: Untransfected cells + Firefly luciferase assay
reagent

b) Background R: Transfected cells + Firefly luciferase assay
reagent + Renilla luciferase assay reagent

c) Experimental Group: Transfected cells treated with compounds

d) Control Group: Transfected cells without treatment, used for
standardization of results

Concentration-response experiments yielded an ECso value of

40.53 pg/mL; accordingly, a working concentration of 100 pg/mL

was selected for subsequent cellular assays.

2.13. Statistical analysis

The statistical details of all analyses are reported in the main text,
including the statistical test performed and statistical significance.
All experimental data were processed with GraphPad Prism 8.0
(GraphPad Software Inc., USA) and expressed as mean * standard

deviation (SD). One-way ANOVA followed by Dunnett’s multiple



comparisons test was used to determine differences among
multiple groups .The Wilcoxon rank-sum test or unpaired students’
t-test (two-tailed) was used to determine differences between two
groups. Pearson’s correlation coefficient was applied for
correlation analysis. A p-value of less than 0.05 was deemed

statistically significant.



3. Results

3.1. CD68+/SMA+ cells (macrophage-like VSMC) are enriched
in AAA with thrombus

First, we used multiplex immunofluorescence (mIF) technology to
compare the proportions of SMA+ and CD68+ cells in AAA with
thrombus and AAA without thrombus. SMA+ cells represent
vascular smooth muscle cells, while CD68+ cells represent
macrophages. As shown in Figures 1A and 1B, there was no
difference in SMA+ cell density between the two groups; however,
in AAA with thrombus, the CD68+ cell density was significantly
increased (P<0.0001). Macrophage-like VSMCs are named for their
similar surface markers and functions to macrophages. These cells
contribute to chronic inflammation and may participate in the
destruction of the aortic wall. Consisternt with our expectations, the
proportion of CD68+SMA+ double-positive cells was significantly
increased in AAA with thrombus (P<0.0001). Additionally, the
proportion of CD68+SMA- cells was significantly higher in AAA with
thrombus (P<0.0001), while the proportion of CD68-SMA+ cells
slightly decreased (Figures 1C-F). In summary, in AAA with
thrombus, the CD68+SMA+ double-positive cells may arise from the
conversion of CD68-SMA+ or CD68+SMA- single-positive cells, and
this cellular reclassification may be related to inflammation or
immune response in AAA with thrombus. Furthermore, we assessed
the densities of CD20+ B cells, CD8+ T cells, and CD31+ cells
(Supplementary Figure 2). In AAA with thrombus, the densities of
CD8+ and CD31+ cells were significantly increased (P<0.0001),
whereas the density of CD20+ cells slightly decreased (P<0.001).

3.2. Distinct Transcriptomic Signatures of CD68+SMA+ cells
in AAA with or without ILT



To clarify the biological role of CD68+SMA+ cells (macrophage-like
VSMCs) in AAA with thrombus at the cellular and molecular levels,
we utilized GeoMx Digital Spatial Profiler (DSP) technology for RNA
sequencing of specific cell subpopulations. We fixed, embedded, and
sectioned tissue samples from three cases of AAA with thrombus and
three cases of AAA without thrombus, followed by H&E staining
(Supplementary Figure 3) and multiplex fluorescence staining
(Figure 2A), respectively. We selectively outlined the CD68+SMA-,
CD68-SMA+, and CD68+SMA+ cell subpopulations using GeoMx
Digital Spatial Profiler software (Figure 2B).

For CD68+SMA+ double-positive cells, 985 genes were significantly
differentially expressed between AAA with thrombus and AAA
without thrombus, with thresholds set at FDR (False Discovery Rate)
< 0.05 and log2 (Fold Change) > 1. Among these, 778 genes were
upregulated and 207 were downregulated (Figures 3A & 3B).
Notably, IL-6 was significantly upregulated in AAA with thrombus
(logFC=5.4). ELISA results indicated that the average IL-6 content
in AAA tissue with thrombus was 631+265 pg per mg of total protein,
significantly higher than in AAA without thrombus (271%+175)
(Figure 3D). However, most serum samples had IL-6 levels below
the detection limit of 0.94 pg/mL (data not shown). Subsequently, we
performed GO and KEGG enrichment analyses on the differentially
expressed genes using ORA and GSEA methods. The results showed
enrichment in phenotypes and signaling pathways, including
response to reactive oxygen species, macrophage cytokine
production, neutrophil activation, leukocyte aggregation, cytokine-
cytokine receptor interaction, TNF signaling pathway, AGE-RAGE
signaling pathway, NF-kappaB signaling pathway, MAPK signaling

pathway, Ras signaling pathway, HIF-1 signaling pathway, PI3K-Akt
/



signaling pathway, apoptosis, ferroptosis, and ECM-receptor
interaction, and etc (Figure 3C & Supplementary Table 5).
Figure 3E illustrates the differentially expressed cytokines involved
in cytokine-cytokine receptor interaction, including IL-6, CCL2, IL-
1B and etc. For single-positive cells, details are described in
Supplementary Results 3.2, Supplementary Table 6-7 and
Supplementary Figure 4-5.

3.3. CD68+SMA+ cells display a specific transcriptional
regulatory network compared to CD68-SMA+ cells

In AAA with thrombus, we compared the molecular phenotypes of
the CD68+SMA+ and CD68-SMA+ cell subpopulations. A total of 77
differentially expressed genes were identified, with thresholds set at
FDR < 0.05 and log2 (Fold Change) > 1. Among these, 64 genes
were upregulated and 13 genes were downregulated. Notably, MMP-
9 (logFC=1.7) and IL-1p (logFC=2.3) were significantly upregulated
in AAA with thrombus (Figures 4A & 4B). We performed GO and
KEGG enrichment analyses on the differentially expressed genes
using ORA and GSEA methods. The results indicated enrichment in
pathways such as regulation of inflammatory response, neutrophil
activation, response to reactive oxygen species,
macrophage/monocyte activation, leukocyte aggregation, cytokine-
cytokine receptor interaction, TNF signaling pathway, NF-kappaB
signaling pathway, AGE-RAGE signaling pathway, and HIF-1
signaling pathway, and etc (Figure 4C & Supplementary Table 8).
In the cytokine-cytokine receptor interaction analysis, the cytokines
with FDR < 0.05 and log2 (Fold Change) > 2 included TNFRSF10C,
IL-1B, and CCL8. Additionally, ELISA results indicated that the
average IL-1B content in AAA tissue with thrombus was 150+110 pg

per mg total protein, significantly higher than in AAA without
/



thrombus (49+32) (Figure 4D). However, most serum samples had
IL-1pB levels below the detection limit of 4.69 pg/mL (data not shown).
Circulating MMP-9 levels showed no significant difference between
patient groups (data not shown). In line with this proteolytic
phenotype, our previous evaluation of aortic tissue from a related
cohort revealed elevated levels of MMP-2, a key protease associated
with cell migration, in aneurysms covered with ILT[39]. In AAA
without thrombus, we also compared the molecular phenotypes of
the CD68+SMA+ and CD68-SMA+ cell subpopulations. Details are
described in Supplementary Results 3.3, Supplementary Table
9 and Supplementary Figure 6.

3.4. Gene signature analysis of CD68+SMA+ cells in AAA
(using Molecular Signatures Database)

Gene signatures represent the expression patterns of single or
multiple genes that reflect unique cellular characteristics, often
related to physiological or pathological states. In our study, we
utilized the Hallmark gene sets from MSigDB to characterize the
gene expression data of our gene panel, comprising 50 hallmark
gene sets. We employed the Wilcoxon rank-sum test to assess
significant differences in signatures between the two groups, with a
p-value < 0.05 considered significant. For CD68+SMA+ double-
positive cells, several signatures were significantly enriched in AAA
with thrombus compared to AAA without thrombus, including
Complement, IL6/JAK/STAT3 signaling, inflammatory response,
interferon alpha and gamma responses, IL2/STATS signaling,
PI3K/Akt/mTOR signaling, TGF beta signaling, TNFa signaling via
NFkB, apoptosis, and hypoxia (Figure 5). In AAA with thrombus,
comparisons between CD68+SMA+ and CD68-SMA+ cells revealed

significant enrichment of signatures such as Complement,
/



IL2/STATS signaling, TNFa signaling via NFkB, and hypoxia in
CD68+SMA+ cells (Figure 6). Details are described in
Supplementary Results 3.4 and Supplementary Figure 7-9.

3.5. Cellular Landscape of Inflammation in CD68+SMA+ cells
The CIBERSORT bioinformatics method was employed to assess the
potential abundance of immune cells within specific cell
subpopulations. Figure 7 illustrates the distribution analysis of 22
types of infiltrating immune cells in CD68+SMA+ cells. Compared
to AAA without thrombus, the proportions of naive B cells, M1-type
macrophages, and neutrophils were significantly higher in AAA with
thrombus. In AAA with thrombus, we compared the potential
abundance of immune cells in CD68+SMA+ and CD68-SMA+ cells.
The proportion of neutrophils in CD68+SMA + cells was significantly
greater than that in CD68-SMA-+ cells (Figure 8A). We also
compared CD68+SMA+ and CD68+SMA- cells in AAA with
thrombus. The proportion of naive B cells and neutrophils in
CD68+SMA+ celis was significantly greater than in CD68+SMA-
cells (Figure BR). Details are described in Supplementary Results

3.5 and Supplementary Figure 10-13.

3.6. The association of feature genes with immune cell
infiltration in CD68+SMA+ cells

As shown in Figure 9, we examined the association between the IL6
/ IL-1B genes and infiltrating immune cells using Spearman’s rank
correlation analysis (Supplementary Table 10). IL-6 displayed a
positive correlation with activated mast cells (r=0.38, p=0.014), M1
macrophages (r=0.39, p=0.011), and neutrophils (r=0.49, p=0.001),
while showing a negative correlation with resting mast cells (r=-0.34,

p=0.030). Similarly, IL-1p showed a positive association with
/



regulatory T cells (Tregs) (r=0.42, p=0.007), neutrophils (r=0.44,
p=0.004), and activated mast cells (r=0.71, p<0.0001), along with a

negative association with resting mast cells (r=-0.44, p=0.004).

3.7. NETs promote the switching of VSMCs into an
inflammatory phenotype through the NF-x B/NLRP3 signaling
pathway

Activation of neutrophils leads to the formation of neutrophil
extracellular traps (NETs), which capture various enzymes,
including proteases, MMP-9, elastase, and pro-oxidative enzymes.
Neutrophils were isolated from the peripheral blood of healthy
volunteers and induced to form NETs in vitro. After stimulating HA-
VSMCs with NETs for 24 hours, qPCR results showed a reduction in
the expression of contractile markers MYH 11 and Acta2, and an
increase in the expression of synthetic markers (KLF4, Opn), matrix
metalloproteinases (MMPs), and inflammatory markers (NLRP3,
Caspase-1, IL-1B, IL-6) (Figure 10A). ELISA results showed that
NETSs promoted the secretion of IL-1B, IL-6, and IL-18 in HA-VSMCs
(Figure 10B). Transwell migration assays confirmed that NETSs
enhanced the migratory ability of HA-VSMCs after 24 hours of
treatment (Figure 10C). To further validate the induction of a
macrophage-like phenotype, we stimulated primary mouse aortic
SMCs with NETs. Consistent with the findings in human cells, qRT-
PCR analysis revealed a significant increase in the expression of the
macrophage marker CD68 in NET-treated mouse SMCs
(Supplementary Figure 14). The TransAM NF-kB transcription
factor assay demonstrated that NETs promoted the protein levels of
c-Rel, p52, and p65 in the nucleus of HA-VSMCs (Figure 10D). Dual-
luciferase reporter assays indicated that NETs activated the NF-kB

signaling pathway (Figure 10E). Furthermore, the NLRP3 inhibitor
/



CY-09 and the NF-kB inhibitor BAY11-7082 were able to reverse the
activation of the NF-kB pathway induced by NETs in HA-VSMCs
(Figure 10F).



4. Discussion

The pathogenesis of abdominal aortic aneurysm (AAA) involves a
complex interplay between vascular inflammation, extracellular
matrix (ECM) remodeling, and phenotypic modulation of vascular
smooth muscle cells (VSMCs). Vascular inflammation in AAA
involves the chemotaxis of inflammatory cells and the release of pro-
inflammatory factors, initiating a cascade of inflammatory
responses[59]. Clinically, patients with AAA exhibit elevated levels
of circulating pro-inflammatory cytokines[23, 33], and
immunohistochemical studies have identified inflammatory cells,
including macrophages, T cells, B cells, dendritic cells, natural killer
cells, neutrophils, and mast cells, within the aneurysmal wall[2, 44,
54]. The infiltration of inflammatory cells often prompts smooth
muscle cells to secrete matrix metalloproteinases (MMPs), which
degrade elastin and collagen, reducing arterial wall stability and

triggering apoptosis in vascular smooth muscle cells[43].

VSMCs, located in the middle layer of arterial vessels, are essential
for maintaining arterial structure and regulating vascular tone. In
response to harmful stimuli, some VSMCs lose their contractile
protein expression and transition into an intermediate state, which
can further differentiate into macrophage-like VSMCs (expressing
markers such as MAC2 and CD68)[48]. The interchangeability of
macrophages and VSMCs, along with their crosstalk, suggests that
these cell types contribute to vascular disease progression in a more
integrated manner than previously understood. Our study revealed
a marked increase in CD68+SMA+ double-positive cells in AAAs
with thrombus, potentially originating from either CD68-SMA+ or
CD68+SMA- single-positive precursors. Notably, these dual-positive

cells demonstrate specific localization within the adventitia. We
/



propose that adventitial CD68+SMA+ cells may represent a
response to thrombus-associated inflammatory stimuli, possibly
involving VSMC migration from media to adventitia, interaction
between macrophages & VSMC or cellular transdifferentiation.
Besides, co-expression of VSMC-specific markers such as MYHI11
(smooth muscle myosin heavy chain) distinguishes these cells from
SMA+  activated fibroblasts, underscoring their unique
pathobiological significance. It is important to note, however, that
VSMCs play complex and dual roles in vascular pathology. Beyond
their involvement in inflammatory and destructive processes,
VSMCs are also crucial for maintaining vascular structural integrity
and can engage in reparative functions. Under certain conditions,
VSMCs can increase the synthesis of extracellular matrix (ECM)
components, such as collagen, which is essential for providing
tensile strength and stabilizing the aortic wall against expansion and
rupture[35]. For instance, specific subpopulations of activated
mesenchymal cells, including VSMCs and fibroblasts, can upregulate
molecules like tumor endothelial marker 1 (TEM1) and enhance
collagen production via pathways such as TGF-B/SMAD?2 signaling.
This profibrotic response represents an intrinsic compensatory
mechanism aimed at reinforcing the weakened arterial wall during
aneurysm development[24]. Thus, the role of VSMCs, particularly
the CD68+SMA+ population observed in our study, may be
multifaceted. While they likely contribute to inflammation and
matrix degradation as discussed, they may also participate in
adaptive or reparative processes. The net impact on aneurysm
progression likely depends on the balance between these destructive

and protective functions within the local microenvironment.

As early as 1997, Andreeva et al. identified cells co-expressing CD68
/



and a-SMA in human aortic atherosclerotic plaques, particularly in
lipid-rich areas[1]. In contrast to atherosclerosis, where oxidized
lipids drive VSMC transformation into foam cells, the ILT in AAA
establishes a hypoxic, cytokine-rich niche. Within this environment,
we observed a pronounced accumulation of CD68+SMA+ cells,
particularly in the adventitia, accompanied by significant neutrophil
infiltration. This spatial association suggests that ILT-derived stimuli,
such as neutrophil extracellular traps (NETs)—which our in vitro
data confirm can induce CD68 expression in VSMCs—play a pivotal
role. This mechanism distinguishes AAA from other vascular
diseases where VSMC phenotypic shifts are primarily driven by
endothelial dysfunction or lipid accumulation, underscoring the
unique role of the thrombus as a source of pro-inflammatory
mediators. Based on reports in the literature[1, 10-12, 30, 48], we
hypothesize that thrombus adjacent to the vessel wall promotes the
generation of macrophage-like VSMCs and disrupts the stability of
the vascular wall by modulating phenotypes such as inflammation,
matrix remodeling, and cell proliferation. Through these
mechanisms, 1i.'T not only alters the structure of the vessel but also,
through immune responses and matrix degradation, significantly
increases the likelihood of aneurysm rupture. Future research
should focus on the role and mechanisms of ILT in promoting the
generation and phenotypic conversion of macrophage-like VSMCs.
Clinically, interventions targeting the generation and phenotypic
conversion of macrophage-like VSMCs or inhibiting their interaction

with immune cells may offer new strategies for the treatment of AAA.

Neutrophils are abundant in the most luminal layer (blood interface
layer) of the intraluminal thrombus (ILT) and the adventitia of

AAA[19]. In an experimental animal model, depletion of neutrophils
/



inhibited AAA formation[17]. Due to their role in the immune-
inflammatory response, neutrophils primarily participate in the early
inflammatory response and multiple processes of AAA progression,
such as oxidative stress, extracellular matrix (ECM) degradation,
and ILT formation[40]. As we further explored the role of neutrophils
in AAA with concomitant wall thrombus, we noted that in addition to
the release of traditional inflammatory cytokines, neutrophils also
play an important role in the disease process through the formation
of Neutrophil Extracellular Traps (NETs). NETs are net-like
structures released by neutrophils, composed of chromatin, histones,
and granule proteins[18]. In vivo experiments have shown that
inhibiting NET formation (e.g., using DNase, Cl-amidine, GSK484)
can effectively slow the progression of AAA[58]. The formation of
NETs may serve as a key link in the interaction between neutrophils
and VSMCs. After neutrophils release NETs, these NETs not only
directly interact with vascular smooth muscle cells but also influence
VSMC phenotypic switching (e.g., from contractile to macrophage-
like VSMCs). To directly validate the increased neutrophil activity
and NETosis inferred from our bioinformatic analyses, we performed
multiplex immunofluorescence on human AAA tissue sections. This
independent histological assessment confirmed the heightened
presence of neutrophils (CD66b+) and NET structures (Citrullinated
Histone H3, CitH3+) in ILT-positive AAA. Notably, we observed
CD66b+/CitH3+ neutrophils in proximity to, and in some instances
infiltrating, CD68+SMA+ double-positive cells. These direct
observations corroborate the association between neutrophil/NET
infiltration and the macrophage-like VSMC phenotype, providing
spatial context to our computational findings. The interaction
between neutrophils and VSMCs has not been thoroughly explored.

We observed a positive correlation between the expression of classic
/



inflammatory cytokines IL-6 and IL-1p and neutrophil infiltration in
CD68+SMA+ double-positive cells (Figure 9). This result suggests
that inflammatory cytokines may play a key role in the interaction
between neutrophils and VSMCs. Wall thrombus may promote
VSMC phenotypic switching and AAA progression by enhancing
neutrophil infiltration and their interaction with VSMCs. Specifically,
wall thrombus, through neutrophil infiltration and NET release, may
lead to changes in the local inflammatory environment, which in turn
promotes VSMC phenotypic transformation, thereby exacerbating

aortic wall remodeling and aneurysm expansion.

Both Thl and Th2 CD4+ T cells, as well as CD8+ T cells, have been
implicated in promoting AAA formation[16, 20, 49, 53]. B cells have
been found in human AAA for decades and are most frequently
located in the adventitia. Potential mnechanisms by which B cells may
affect AAA include the production of immunoglobulins and cytokines,
the regulation of T cells, and the formation of complement
components, which may provide the necessary chemotactic signal to
recruit neutrophils to the aortic wall[45, 47, 61]. Additionally, B cells
produce various cytokines, such as IL-6, TNF-alpha, and IL-10, which
are also found in high concentrations in human AAA tissue[41, 55].
These cytokines may mediate the formation and development of
human AAA by promoting the activation of lymphocytes or
macrophages and mast cells that produce MMPs and cathepsins. In
this research, the density of CD8+ cells was significantly increased
(P<0.0001), while the density of CD20+ cells slightly decreased
(P<0.001) in AAAs with thrombus. For CD68+ SMA+ cells, the
proportion of naive B cells was considerably greater in AAAs with
thrombus compared to those without thrombus. In AAAs with

thrombus, the proportion of naive B cells in CD68+ SMA+ cells was
/



considerably greater than in CD68+ SMA- cells. In AAAs without
thrombus, we also compared the potential abundance of immune
cells in the CD68+ SMA+ and CD68+ SMA- subpopulations.
Interestingly, the proportion of naive B cells was considerably lower

in CD68+ SMA+ cells compared to CD68+ SMA- cells.

Regarding the molecular pathways responsible for cell cross-talk,
previous studies have indicated the activation of signaling pathways
such as p38 MAPK and JNK, as well as inflammatory transcription
factors like AP-1, NF-kB, and STAT3, in VSMCs and/or
monocytes/macrophages following their interactions[9]. In our study,
for CD68+ SMA+ double-positive cells, the NF-kB signaling pathway,
MAPK signaling pathway, IL-6/JAK/STAT2  signaling, and
PI3K/Akt/mTOR signaling were enriched in AAAs with thrombus
compared to those without. In AAAs with thrombus, the NF-kB
signaling pathway was enriched in CD68+SMA+ double-positive
cells relative to CD68- SMA- single-positive cells. NF-kB, a family of
transcription factors, plays a crucial role in both inflammatory
responses and oxidative stress, promoting chronic inflammation in
the aortic wall and regulating the transcription of MMPs. NF-kB
activity is elevated in both human AAA tissues and experimental
models of AAA[51], with Angll-induced NF-kB activation identified
as a central player in AAA development through the regulation of
inflammatory gene expression[22]. Additionally, NF-kB inhibitors
have demonstrated significant efficacy in inhibiting AAA formation
in animal models[42]. The JAK2/STAT3 signaling pathway is another
critical mediator of vascular inflammation during AAA progression.
A STAT3 inhibitor (S3I-301) was able to reduce the incidence and
severity of Angll-induced AAA formation, decreasing MMP activity

and altering the M1/M2 macrophage ratio[46]. These findings
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suggest that the JAK2/STAT3 and NF-kB signaling pathways may
represent potential therapeutic targets for AAA treatment. Moreover,
studies have shown that PI3K inhibitors, such as LY294002 and
Gambogic acid, can reduce levels of TNF-«, IL-1B, IL-6, and IL-18,
while also suppressing TGF-B, MMP-2, MMP-9, and NF-kB activity.
These inhibitors induce VSMC phenotypic conversion and apoptosis,
and reduce MMP accumulation in AAA mice, ultimately mitigating

the development of aortic aneurysm[34, 36, 52, 56, 57].

This study provides valuable insights into the role of intraluminal
thrombus in the progression of abdominal aortic aneurysm,
particularly through its effects on vascular smooth muscle cell
phenotypic switching. Our findings demonstrate that ILT promotes
the accumulation of macrophage-like VSMCs, which contribute
significantly to the inflammatory microenvironment in the
aneurysmal wall. Differential gene expression analysis and immune
cell infiltration profiling revealed that key inflammatory mediators,
such as IL-6 and 1L-10, are associated with neutrophil infiltration,
suggesting a !link between VSMC phenotypic switching and immune
response in AAA. These results highlight the critical role of
macrophage-like VSMCs in driving inflammation within AAA,
offering potential therapeutic targets for modulating these

processes.

Beyond these insights, our work directly informs critical avenues for
future mechanistic and translational investigation. Mechanistically,
the strong association between ILT, neutrophil extracellular traps,
and the emergence of CD68+SMA+ macrophage-like VSMCs
warrants focused in vivo studies to dissect the precise causal

hierarchy and signaling cascades, utilizing tools such as lineage-
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tracing models to definitively establish the cellular origin and
phenotypic plasticity of these double-positive cells. Furthermore,
decomposing the ILT secretome to identify specific factors beyond
NETs that drive phenotypic switching could reveal novel druggable
pathways. Translationally, the molecular signature of the ILT-
associated microenvironment, particularly markers of NETosis (e.q.,
citrullinated histones, MPO-DNA complexes), should be evaluated in
patient plasma as potential prognostic or diagnostic biomarkers to
stratify AAA risk or progression. Finally, our data strengthen the
rationale for testing therapeutic strategies that target this axis, such
as NET inhibition or modulation of the identified NF-xkB/STAT3
pathways, moving towards personalized interventions for this high-

risk subgroup.

Limitations of this study

While this study was conducted rigorously, we acknowledge its
limitations, particularly the need to expand the sample size. The
digital spatial profiling analysis, which provided high-resolution
spatial transcriptomic data, was performed on a limited cohort of
n=3 patients per group with a total of 41 regions of interest (ROIs).
Although this approach enabled the discovery of spatially resolved
molecular features within specific tissue niches, the sample size
constrains the statistical power of these findings and necessitates
cautious interpretation. Future validation in larger, independent
cohorts is essential to confirm the identified transcriptomic
signatures. Besides, future investigations should prioritize
mechanistic exploration of molecular drivers underlying VSMC
phenotypic switching and their crosstalk with the immune
microenvironment, including validation of inflammatory pathways

such as TGF-Bf and NF-kB identified in bioinformatics analyses. A
/



related and important caveat concerns the cellular origin of the
CD68+SMA+ population observed in our multiplex imaging. In the
absence of lineage tracing, we cannot definitively distinguish
whether these cells represent VSMCs that have acquired CD68
expression or macrophages that have gained SMA expression, as
rightly noted in the review process. This fundamental ambiguity
underscores the need to elucidate cellular origins through lineage
tracing models to resolve debates on  macrophage
transdifferentiation @ versus VSMC reprogramming[6, 31].
Furthermore, our conclusion that the intraluminal thrombus is
associated with VSMC phenotypic switching is based on correlative
evidence from human tissues and supportive but reductionist in
vitro models. While new experiments in this revision demonstrate
that neutrophil extracellular traps (NETs) can induce CDG68
expression in SMCs, these findings do not fully recapitulate the
complex in vivo ILT microenvironment nor establish definitive
causation in human AAA pathogenesis. Therefore, the relationship
should be interpreted as a strong correlation, and future studies
employing longitudinal designs or causative interventions in more
representative animal models are needed to confirm a direct driving
role. Our measurements of systemic inflammatory biomarkers,
specifically serum IL-6 and MMP-9, which were low or showed no
significant difference between groups in our cohort, contrast with
some reports in the literature[50]. This discrepancy likely reflects
the considerable clinical heterogeneity among AAA patients (e.g., in
aneurysm size, progression rate, comorbidities, and medication use)
and underscores that circulating levels may not consistently capture
the pathologically relevant, local activity within the aneurysm wall
and ILT microenvironment - the primary focus of our investigation.

Other key directions include deciphering spatial interactions using
/



integrated spatial transcriptomics and single-cell RNA sequencing,
and characterizing co-localization patterns with fibroblast markers
to clarify phenotypic boundaries. Finally, the development of animal
models that better mimic human AAA with ILT could help to validate

these findings and translate them into clinical applications.
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Figure 1. CD68+/SMA+ cells (macrophage-like VSMC) are enriched in AAA
with thrombus.

A-E. Multiplex Immunofluorescence (mIF) assay and HALO software analyzed
the proportion of double- and single- positive cells in patient AAA with (n=14)
or without thrombus (n=12). Data are presented as the meanzstandard
deviation. The statistical analysis was performed using an unpaired t-test. *

indicates P<0.05 and **** indicates P<0.0001. F. Representative images of
/



mIF. Green fluorescence represents for marker CD68 while yellow for a-SMA.
The white solid arrow indicates double-positive cells.
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A GeoMx DSP with Next Gen Sequencer Workflow
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Figure 2. Spatial transcriptomic profiling of AAA tissue using GeoMx
Digital Spatial Profiler (DSP)

A. The workflow of GeoMx Digital Spatial Profiler (DSP) with next generation
sequencing. B. The ROI (Regions of Interest) and AOI (Areas of Illumination)
selection based on immunofluorescence images. This project contains a total
of 41 ROIs/AOIs. The numbers in the images represent ROI/AOI labels. The

circled ROIs/AQOIs represent double-positive or single-positive cell regions.
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Green fluorescence represents for marker CD68 while red for a-SMA.



Figure 3

Figure 3
CD68+/aSMA+, AAA with thrombus versus AAA without thrombus
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Figure 3. Distinct Transcriptomic Signatures of CD68+SMA+ cells in AAA with
or without ILT.



Differential Gene Volcano Plot displayed the Fold Change and FDR (False
Discovery Rate) of differentially expressed genes. Genes shown in gray
indicate no differential expression in the corresponding analysis, blue points
represent downregulated genes, and red points represent upregulated genes.
B. A clustering analysis was performed on the obtained differentially
expressed genes, and the heatmap displays the results. Red represents up-
regulated genes and blue represents down-regulated genes. C. Upregulated
genes are subjected to enrichment analysis using Over-Representation
Analysis (ORA) for GO/KEGG pathways. The pathway data used in this
analysis are derived from the KEGG database (Kanehisa Laboratories)[26-
28]. This figure incorporates KEGG pathway imagery/data and is reproduced
with permission from Kanehisa Laboratories. D. ELISA results indicated that
the average IL-6 content in AAA tissue with thrombus (n=14) was
significantly higher than in AAA without thrombus (n=12). Data are
presented as the meanz+standard deviation. The statistical analysis was
performed using an unpaired t-test, ~versus without thrombus, P<0.001. E.
The differentially expressed cytokines involved in cytokine-cytokine receptor
interaction.
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Figure 4. CD68+SMA+ cells display a specific transcriptional regulatory
network compared to CD68-SMA+ cells in AAA with thrombus.
A. Differential Gene Volcano Plot displayed the Fold Change and FDR of
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differentially expressed genes. Genes shown in gray indicate no differential
expression in the corresponding analysis, blue points represent
downregulated genes, and red points represent upregulated genes. B. A
clustering analysis was performed on the obtained differentially expressed
genes, and the heatmap displays the results. Red represents up-regulated
genes and blue represents down-regulated genes. C. Upregulated genes are
subjected to enrichment analysis using Over-Representation Analysis (ORA)
for GO/KEGG pathways. The pathway data used in this analysis are derived
from the KEGG database (Kanehisa Laboratories)[26-28]. This figure
incorporates KEGG pathway imagery/data and is reproduced with permission
from Kanehisa Laboratories. D. ELISA results indicated that the average IL-
1B content in AAA tissue with thrombus (n=14) was significantly higher than
in AAA without thrombus (n=12). Data are presented as the mean=*standard
deviation. The statistical analysis was performed using an unpaired t-test,
~versus without thrombus, P<0.01.



CD68+/aSMA+, AAA with thrombus(G2) versus AAA without thrombus(G1)
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Figure 5. Gene signature analysis of CD68+SMA+ cells in AAA with and

without thrombus
expression data utilized known gene sets defined in the MSigDB (Molecular

Signatures Database) Hallmark collection, which comprises 50 hallmark gene
sets. These gene sets facilitate the identification of specific biological



processes or pathways. This differential analysis focuses on the differential
expression of signatures between two groups across (A) Signaling (B) Pathway
and (C) Immune. The Wilcoxon rank-sum test is employed to assess whether
there are significant differences in each signature between the groups. A p-
value < 0.05 is used as the numerical criterion for significance testing.
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Figure 6
In AAA with thrombus, CD68+/aSMA+(G1) versus CD68-/aSMA+(G2)
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Figure 6. Gene signature analysis of CD68+SMA+ (versus CD68-SMA+) cells
in AAA with thrombus (using Molecular Signatures Database).

The gene expression data utilized known gene sets defined in the MSigDB
(Molecular Signatures Database) Hallmark collection, which comprises 50
hallmark gene sets. These gene sets facilitate the identification of specific
biological processes or pathways. This differential analysis focuses on the

differential expression of signatures between two groups across (A) Signaling
/



(B) Pathway and (C) Immune. The Wilcoxon rank-sum test is employed to
assess whether there are significant differences in each signature between the
groups. A p-value < 0.05 is used as the numerical criterion for significance

testing.
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CD68+/aSMA+, AAA with thrombus(G2) versus AAA without thrombus(G1)
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Figure 7. Cellular Landscape of Inflammation in CD68+SMA+ cells (AAA with
thrombus versus AAA without thrombus).

Immune cell infiltration was assessed using the bioinformatics tool
CIBERSORT (https://cibersortx.stanford.edu/) to compare the relative
proportions of various infiltrating immune cell subtypes.
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Figure 8. Cellular Landscape of Inflammation in CD68+SMA+ (versus CDG68-
SMA+ or CD68+SMA-) cells in AAA with thrombus.

Immune cell infiltration was assessed using the bioinformatics tool
CIBERSORT (https://cibersortx.stanford.edu/) to compare the relative
proportions of various infiltrating immune cell subtypes.
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Figure 9. The association of feature genes with immune cell infiltration in
CD68+SMA+ cells.
The correlations between the identified features were analyzed using Pearson
correlation coefficient tests. IL-6 displayed a positive correlation with
activated mast celis (r=0.38, p=0.014), M1 macrophages (r=0.39, p=0.114),
and neutrophils (r=0.49, p=0.001), while showing a negative correlation with
resting mast cells (r=-0.34, p=0.030). Similarly, IL-1p showed a positive
association with regulatory T cells (Tregs) (r=0.42, p=0.007), neutrophils
(r=0.44, p=0.004), and activated mast cells (r=0.71, p<0.0001), along with a
negative association with resting mast cells (r=-0.44, p=0.004).
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Figure 10
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Figure 10. NETs promote the switching of VSMCs into an inflammatory
phenotype through the NF-kB/NLRP3 signaling pathway

Neutrophils were isolated from the peripheral blood of healthy volunteers and
induced to form NETs in vitro. (A) After stimulating HA-VSMCs with NETs for
24 hours, qPCR results showed a reduction in the expression of contractile
markers MYH11 and Acta2, and an increase in the expression of synthetic
markers (KLF4, Opn), matrix metalloproteinases (MMPs), and inflammatory
markers (NLRP3, Caspase-1, IL-1B, IL-6). (B) ELISA results showed that NETs
promoted the secretion of IL-1B, IL-6, and IL-18 in HA-VSMCs. (C) Transwell
migration assays confirmed that NETs enhanced the migratory ability of HA-
VSMCs after 24 hours of treatment. (D) The TransAM NF-kB transcription
factor assay demonstrated that NETs promoted the protein levels of c-Rel, p52,
and p65 in the nucleus of HA-VSMCs. (E) Dual-luciferase reporter assays
indicated that NETs activated the NF-kB signaling pathway. (F) RT-qPCR was
used to validate the effects of the NLRP3 inhibitor CY-09 and the NF-kB

inhibitor BAY11-7082 on the expression of MMPs and inflammatory markers
/



induced by NETs. Data are presented as the mean =+ standard deviation (mean
+ SD). The results shown in A, B, D, and F are mean * SD from three
independent experiments, each performed with duplicate wells. The statistical
analysis was performed using an unpaired t-test. * indicates a significant
difference between Nets treatment group and control group or between
Nets+CY-09 group and Nets group. # indicates a significant difference
between Nets+BAY11-7082 group and Nets group.



