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Background: Fewer than 50% of patients who develop aortic valve calcification suffer from 

concomitant atherosclerosis, implying differential pathogenesis. While circulating extracellular 

vesicles (EVs) act as biomarkers of cardiovascular diseases, tissue-entrapped EVs associate with 

early mineralization but their cargoes, functions, and contributions to disease remain unknown.

Methods: Disease stage-specific proteomics was performed on human carotid endarterectomy 

specimens (n=16) and stenotic aortic valves (n=18). Tissue EVs were isolated from human carotid 

arteries (normal: n=6, diseased: n=4) and aortic valves (normal: n=6; diseased: n=4) by enzymatic 

digestion, (ultra)centrifugation, and a 15-fraction density gradient validated by proteomics, CD63-

immunogold electron microscopy, and nanoparticle tracking analysis. Vesiculomics, comprising 

vesicular proteomics and small RNA-sequencing, was conducted on tissue EVs. TargetScan 

identified miRNA targets. Pathway network analyses prioritized genes for validation in primary 

human carotid artery smooth muscle cells (hCtASMCs) and aortic valvular interstitial cells 

(hVICs).

Results: Disease progression drove significant convergence (p<0.0001) of carotid artery plaque 

and calcified aortic valve proteomes (2,318 proteins). Each tissue also retained a unique subset 

of differentially-enriched proteins (381 in plaques, 226 in valves, q<0.05). Vesicular GO terms 

increased 2.9x (p<0.0001) amongst proteins modulated by disease in both tissues. Proteomics 

identified 22 EV markers in tissue digest fractions. Networks of proteins and miR targets 

changed by disease progression in both artery and valve EVs revealed shared involvement 

in intracellular signaling and cell cycle regulation. Vesiculomics identified 773 proteins and 

80 miRs differentially-enriched by disease exclusively in artery or valve EVs (q<0.05); multi-

omics integration found tissue-specific EV cargoes associated with pro-calcific Notch and Wnt 

signaling in carotid arteries and aortic valves, respectively. Knockdown of tissue-specific EV 

cargoes FGFR2, PPP2CA, and ADAM17 in hCtASMCs and WNT5A, APP, and APC in hVICs 

significantly modulated calcification.

Conclusions: The first comparative proteomics study of human carotid artery plaques and 

calcified aortic valves identifies unique drivers of atherosclerosis vs. aortic valve stenosis and 

implicates EVs in advanced cardiovascular calcification. We delineate a vesiculomics strategy to 

isolate, purify, and study protein and RNA cargoes from EVs entrapped in fibro-calcific tissues. 

Integration of vesicular proteomics and transcriptomics by network approaches revealed novel 

roles for tissue EVs in modulating cardiovascular disease.
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Introduction

Cardiovascular calcification correlates with incidence of myocardial infarction, stroke, 

and heart failure, and strongly predicts morbidity and mortality.1 While pathological 

mineralization of arteries and heart valves share numerous risk factors, only 25–50% 

of patients with valvular calcification also develop vascular calcification, implying 

differential disease drivers.2 Histopathological studies described these two conditions as 

grossly comparable3 and there has been little subsequent study of this apparent paradox. 
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Despite histological similarities, pharmacotherapies such as statins successfully mitigate 

inflammation and lower cholesterol in patients with atherosclerosis but fail to improve 

outcomes for aortic valve stenosis – leaving patients without effective therapeutics.4 

Calcification-prone extracellular vesicles (EVs) offer a possible explanation; they are 

important drivers and building blocks of cardiovascular mineralization.5–8 EVs are small 

membrane-bound structures secreted by all human cell types and found throughout the 

body’s tissues and fluids.9 They contain actively-selected bioactive cargoes (lipids, proteins, 

and noncoding microRNAs [miRs]), and mediate cell-cell communication.10 Circulating 

levels of EVs rise in patients with coronary artery disease and associate with a higher risk 

of cardiovascular death, revascularization, and occurrence of major adverse cardiovascular 

events.11 This has spurred a focus on circulating EV cargoes as biomarkers in cardiovascular 

disease, however EVs entrapped within cardiovascular tissue remain understudied.

In vitro, EVs from cell types found in diseased vessels and/or valves directly drive 

calcification. Cultured macrophages release EVs with high aggregation potential that 

nucleate hydroxyapatite, and EVs from vascular smooth muscle cells (SMCs) under 

calcifying conditions are loaded with pro-mineralizing annexins, phosphatidylserine, and 

reduced levels of calcification inhibitors.6,12 These EVs act as sites of mineral nucleation 

and modulate the formation of early plaque microcalcifications.8 Recent work has localized 

EVs in both human atherosclerotic plaques6,8 and calcified vessels from patients with 

chronic kidney disease;13,14 however, while tissue-entrapped EVs presumably mediate 

intercellular signaling within the plaque, they have not been previously characterized. Unlike 

straightforward isolation of EVs from biofluids, extracting tissue EVs of sufficient purity, 

quality, and quantity for downstream applications presents substantial challenges. Tissue 

EV contents have thus rarely been studied, and only in more readily-disrupted brain or 

tumor samples.15 Tissue EVs are therefore a rich, untapped source of biological insight into 

putative disease mechanisms and therapeutic targets.

Here, we addressed the persistent uncertainty surrounding differential pathogenesis of 

calcification in human atherosclerotic arteries and stenotic aortic valves (detailed study 

roadmap: Figure S1). Due to pathological EV secretion by cell types implicated in vascular 

and valvular disease, we hypothesized that tissue-entrapped vesicular cargoes contribute to 

shared/tissue-specific modulation of cardiovascular calcification. Using global proteomics, 

we examined three distinct stages of disease within human carotid artery plaques and 

calcified aortic valves, which identified unique drivers of atherosclerosis vs. aortic stenosis 

and implicated EV-associated pathways in disease progression of both tissues. Guided by 

proteomics, we developed an EV isolation approach that employed enzymatic digestion, 

sequential centrifugation, ultracentrifugation, and density gradient separation to enrich EVs 

from fibro-calcific human tissues (Figure 1). Lastly, we interrogated the normal and diseased 

cardiovascular tissue vesiculome by applying proteomics, small RNA-sequencing, multi-

omics integration, multi-dimensional network analysis, and systems approaches to derive 

biological insights from tissue EV cargoes. In doing so, we assess EVs as regulators of the 

distinctive pathogenesis of vascular and valvular calcification.
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Methods

Detailed methods are provided in the Supplemental Materials. Human carotid arteries 

were acquired from i) patients undergoing carotid endarterectomies due to carotid artery 

stenosis (diseased calcified carotid artery atherosclerotic plaques) and ii) autopsy (normal 

carotid arteries). Human aortic valve (AV) leaflets were obtained from i) valve replacement 

surgeries due to AV stenosis (diseased calcified AVs), ii) autopsy (normal AVs), and iii) 

heart transplant recipients (normal AVs). Human samples were handled under Institutional 

Review Board (IRB) protocols to Dr. Peter Libby (1999P001348), E.A. (2014P001505), 

and S.C.B/J.D.M. (2011P001703), approved by the Partners Human Research Committee 

IRB. For 1999P001348, the IRB approved a waiver of informed consent and authorization 

for the use of excess human material from procedures that would otherwise be discarded. 

The IRB determined 2014P001505 (autopsy) did not meet the definition of human subjects 

research. Collection of aortic valves under 2011P001703 included written consent from 

all donors. Proteomics datasets are deposited to the ProteomeXchange Consortium/PRIDE 

repository (Table S1). Bioinformatics datasets and raw small RNA-seq counts are included 

in the Supplemental Materials; small RNA-seq fastq files are not publicly available to 

protect research participant privacy/consent. All other data that support the findings of 

this study are available from the corresponding author upon reasonable request. Tissues 

underwent collagenase digestion, (ultra)centrifugation, and a 15-fraction density gradient 

to enrich EVs. Label-free liquid-chromatography-tandem mass spectrometry (LC-MS/MS) 

proteomics were undertaken on intact tissue samples, each fraction, and EV-enriched pooled 

fractions; the latter also underwent small RNA-sequencing. Knockdown of EV-derived 

calcification targets was performed in primary human adult carotid artery smooth muscle 

cells (hCtASMCs) and human adult valvular interstitial cells (hVICs) cultured in normal or 

pro-calcifying media.

Statistical analysis:

Proteomics were quantified in Proteome Discoverer v2.2, normalized by total peptide 

amount and median abundance (Figures S2–S4), and differential enrichment was assessed 

in Qlucore Omics Explorer v3.7 via ANOVA (mixed-effects as appropriate) at a Benjamini-

Hochberg false discovery rate (FDR, q/adjusted p-value) ≤0.05. Transcriptomics were 

processed by bcbio.nextgen and miRs were annotated against miRbase. miRs were tested for 

differential expression using DESeq216 defaults at an FDR≤0.05. miR targets were identified 

by TargetScan v7.2 (≥95th percentile weighted context++ score). BioCarta/KEGG/Reactome 

pathway analyses were tested for enrichment by a hypergeometric test and the Benjamini-

Hochberg FDR, with p≤0.05 considered to be significantly-enriched in a gene set of interest. 

Pathway networks were based on Jaccard index gene overlap, while Louvain modularity 

optimization17 was utilized to cluster pathway nodes. Protein-protein interaction networks 

were built in STRING v11.0.18 Statistical analyses of non-omics datasets was performed via 

Student’s t-test (two-tailed, (un)paired as appropriate) for comparisons between two groups; 

one-way or two-way ANOVA with/without mixed-effects as appropriate with Holm-Sidak 

post-hoc multiple comparisons tests were used to evaluate statistically significant differences 

in multiple group comparisons (GraphPad Prism v9). Fisher’s exact test or multiple logistic 

regression assessed prevalence as appropriate.
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Results

Whole-Tissue Proteomics Identifies Unique Drivers of Vascular and Valvular Disease 
Progression and Conservation of EV-Associated Protein Expression

While proteomics has been previously performed separately on atherosclerotic plaques19,20 

or calcified stenotic aortic valves,21 the proteomes of these cardiovascular tissues have 

never been directly compared. To identify shared or deviating mechanisms underlying 

pathogenesis, we performed label-free LC-MS/MS on non-diseased, fibrotic, and calcified 

segments of age, sex, and histological disease burden-matched (Figures S5–S6, Table S2) 

human carotid artery atherosclerotic plaques (n=16×3 stages) and calcified aortic valves 

(n=18×3 stages). The proteomes of intact normal tissues and non-diseased regions are 

distinct from those of fibrotic or calcified regions (Figure S7). Principal component analysis 

of 2,318 proteins found clear tissue- and disease stage-specific clustering, with a significant 

convergence of carotid and valve tissue proteomes during disease progression (Figure 

2A). Despite this similarity in advanced disease stage, differential-enrichment analysis 

identified unique drivers of atherosclerosis vs. aortic stenosis, as 381 and 226 proteins were 

altered exclusively by disease progression in carotid arteries or aortic valves, respectively 

(FDR≤0.05; Figure 2B, Tables S3/S4). Disease-altered proteins in carotid artery plaques 

(Figure 2C, Table S5) were dominated by associations with cell adhesion, migration, 

and cytoskeletal force generation (SYNPO2, PLP2, CALD1, NEXN, SMTN, COTL1); 

SMC plasticity (LMOD1); inflammation and lipid metabolism (ORM2, CXCL16, CASP1, 

CLIC1, CD84, GRN, CTSG, DDAH1, NPC2); and calcification (OSCAR, ADAM10). We 

investigated the global impact of the 381 proteins altered only in carotid artery disease 

via pathway enrichment analysis: 413 KEGG, BioCarta, and Reactome pathways (Figure 

2F, Figure S8, Tables S6/S7) were significantly-enriched. Differentially-enriched pathway 

networks with unbiased Louvain clustering17 linked functional network communities to 

mechanotransduction, platelet activation, lipoprotein and energy metabolism, and FcεRI 

signaling and immune responses. In contrast, proteins significantly-enriched by aortic 

valve calcification (Figure 2E, Table S8) were associated with calcification/amyloidosis, 

(GAS6, SMOC1, PRPSAP1, TTR, CA1, CLEC11A, TNFRSF11B); apoptosis (ANP32A, 

PDCD6); inflammation and complement cascades (CRP, C4A, HBB, HBD, PROC, MASP1, 

SERPINE1); and histone/nucleosome function (H2BC17, U2AF2, NAP1L1). 169 pathways 

were significantly-enriched amongst the 226 disease-altered proteins unique to the aortic 

valve (Figure 2H, Figure S9, Tables S9/S10), including those involved in nonsense-mediated 

decay, complement cascades, carboxylation/hemostasis, apoptosis, and regulation of cell 

division. Lastly, 120 proteins were changed by disease progression in both carotid arteries 

and aortic valves (FDR≤0.05; Figure 2B, Table S11). These were associated with a 2.9-fold 

increase in vesicle-associated gene ontology (GO) terms vs. the total GO term database 

(p<0.0001; Figure 2D, Table S12). Furthermore, 70% of the most significantly-enriched 

GO terms in this shared proteome associated with EVs, exosomes, exocytosis, or secretion. 

Pathway network communities (Figure 2G, Figure S10, Tables S13/S14) were linked to 

lipoprotein remodeling, adaptive immunity/antigen presentation, autophagy/phagocytosis, 

and various receptor-mediated signaling cascades. Together, these observations implied that 

EV-related functions were highly present in carotid artery plaque and calcified aortic valve 
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pathogenesis, prompting us to isolate and directly interrogate the contents of these tissue 

EVs.

Proteomics, Enzymatic Digestion, Serial (ultra)Centrifugation, and Density Gradient 
Separation Isolate and Enrich Tissue EVs

We dissociated intact human carotid artery plaques (n=3) and calcified aortic valves 

(n=4) by bacterial collagenase digestion. To enrich EVs from crude tissue digests, we 

coupled sequential centrifugation and ultracentrifugation to 15-fraction density gradient 

separation, an EV enrichment approach used with success in biofluids (Figure S11). We 

employed label-free proteomics to survey every density gradient fraction to assess where 

EVs had collected, quantified 1,491 proteins, and found that 22 EV marker proteins (e.g., 

annexins, CD63/81, flotillins, HSP70s, TSG101, tetraspanins)9 were enriched in the four 

least-dense fractions from both carotid artery plaques and calcified aortic valves, peaking 

in fraction 3 (Figure 3A,C, Figure S12A). Using clustering-to-networks (XINA22), protein 

co-abundance profiling across the 15 fractions demonstrated further indications of EV 

enrichment in fractions 1–4: the five clusters whose profiles mimicked those of the 22 

EV markers were highly significant for GO terms associated with vesicular processes 

(Figure S12B, Tables S15/S16). Fractionation successfully separated EVs from non-EV 

contaminants (Figure 3A,C): globular collagens (e.g., Collagen VIA1, VIA2, VIA3) and 

other extracellular matrix (ECM) components (e.g. Fibrillin 1, Versican) were enriched in 

fractions 5–10, and fibrillar collagens (e.g., Collagen IA1, IA2, IIIA1) were found primarily 

in fractions 11–15. This phenotypic separation was also visualized by CD-63 immunogold 

transmission electron microscopy (TEM), which confirmed CD63+ membrane-bound EVs 

in low-density fractions from vascular and valvular tissues, globular collagens in fractions 

5–10, and fibrillar collagens in the densest fractions (Figure 3E; Figures S13/S14). We 

then employed nanoparticle tracking analysis (NTA) to quantify the size and presence of 

tissue EVs (Figure 3B,D). In fractions 1–4, NTA identified particles ~200 nm in diameter 

with a size distribution characteristic of EVs and which agree with previous reports of EVs 

released in vitro from cultured macrophages, vascular SMCs, and VICs under calcifying 

conditions.6,14,23

Ultracentrifugation has been used in isolation to enrich EVs from biofluids and culture 

media.24 As tissues are inherently rich in ECM vs. cell culture and biofluids, we performed 

proteomics to compare calcified carotid artery plaque and aortic valve tissue EVs enriched 

by our fractionation pipeline vs. ultracentrifugation alone (Figure S15, Tables S17–S20). 

The fractionation-derived EV proteome was enlarged by nearly 40% vs. ultracentrifugation-

alone in both tissues, and loaded with cellular components that may contribute to cell-cell 

communication and known to be sorted and loaded into EVs during vesicle biogenesis. 

In contrast, the proteome produced uniquely by ultracentrifugation was rich in ECM 

and endoplasmic reticulum components.9 Lastly, we developed a targeted mass exclusion 

strategy that mitigated the impact of iodixanol, improved the size of the fractionation-

derived tissue EV proteome by 9.5%, and contributed to detection of pathologically-relevant 

EV cargoes (Figures S16–S17, Table S21).
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Tissue EV Protein Cargoes in the Normal and Diseased Vascular and Valvular Niches

EVs carry bioactive protein cargoes that mediate intercellular signaling, act as early 

nucleation sites of microcalcification, and reflect pathobiological processes occurring within 

EV-producing cells themselves.8 We applied our toolkit for enrichment of tissue EVs to 

study whether tissue-specific alterations of entrapped EV cargoes exist in cardiovascular 

disease, and examined contributions of these cargoes to the pathogenesis of vascular and 

valvular calcification. To this end, we extracted tissue EVs from intact normal carotid 

arteries (n=6 donors), diseased carotid artery atherosclerotic plaques (n=4), normal aortic 

valves (n=6), and diseased calcified aortic valves (n=4) by pooling density gradient fractions 

1–4 and confirmed EV enrichment by TEM and NTA (Figure 4A, Figure S18). Proteomics 

on these EVs quantified 1,942 proteins, and principal component analyses displayed strong 

tissue- and disease state-specific clustering (Figure 4B). We identified 525 tissue EV 

proteins that were differentially-enriched only between normal and diseased carotid arteries, 

248 whose abundances differed only between normal and diseased aortic valves, and 404 

EV proteins altered by disease in both tissues (FDR≤0.05; Figure 4B, Tables S22–S24). 

To examine how EV cargoes reflect tissue-level processes, we assessed overlap of the 

whole-tissue and tissue EV proteomes (Figure 4C): 45.9% of proteins detected overall 

were found in both datasets and abundances of these shared proteins were significantly 

correlated between the whole-tissue and EV proteomes. EVs are thus reflective of some, 

but not all, phenotypes found at the whole-tissue level and may have important biological 

functions missed by whole-tissue omics (and vice-versa). To obtain further biological 

insights, we examined the tissue EV proteome through pathway enrichment analyses 

(Figure 4D, Tables S25–S28); 749 significantly-enriched KEGG pathways were detected 

in total. Pathways linked to EV proteins changed by disease in both tissues described roles 

previously implicated in cardiovascular calcification, including leukocyte transendothelial 

migration, lipolysis/fatty acid degradation, gluconeogenesis, and pyruvate metabolism. 

Of note, disease-altered carotid EV cargoes were specifically tied to pathways involved 

in complement and coagulation cascades, platelet activation, and mechanotransduction 

(including focal adhesions, cytoskeletal regulation, ECM-receptor interactions, and cell 

adhesion). In contrast, EV proteins enriched by aortic valve pathogenesis associated with 

amino acid metabolism, calcium reabsorption, PI3K-Akt signaling, and cGMP signaling. 

Differentially-enriched tissue EV proteins were confirmed by immunogold-TEM (Figure 

S19, Table S29).

Sequencing Reveals the Tissue EV Non-Coding miRNAome

Along with protein cargoes, noncoding miRs are also incorporated into EVs and can impact 

post-transcriptional regulation in recipient cells.10 We extracted miRNA from the same 

tissue EV samples that underwent proteomics (n=20, reported in Figure 4) and performed 

small RNA-sequencing to assess the cardiovascular tissue EV miRNAome (Figure 5A, 

Table S30). 1,083 EV-derived miRs were mapped to miRbase; their expression clustered by 

tissue-type and disease-state. 44 EV miRs were differentially-enriched by disease only in 

carotid arteries, 36 miRs changed only in aortic valves, and 26 miRs were altered in EVs 

from both tissue types (Figure 5B, Tables S31–S33). To determine the biological roles of the 

EV miRNAome, we used TargetScan 7.2 to predict high-confidence mRNA targets.
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miRs impacted by disease exclusively in vascular and valvular EVs targeted 710 and 

1,813 genes, respectively (Tables S34–S36). We then built EV miRNA/mRNA target 

regulatory networks (Figure 5C, Figures S20–S22, Tables S37–S39), which exhibited 

clustering and segregation of target genes by tissue type, and leveraged pathway enrichment 

analysis of EV miR gene targets to examine roles of tissue EV contents (Figure 5D, 

Tables S40–S43). Target genes of the disease-altered EV miRNAome were significantly-

enriched among 821 KEGG pathways, with a shared alteration of miRs targeting protein 

digestion and TNF, NFκB, and TLR signaling. EV miRs changed by carotid atherogenesis 

targeted the constituents of pathways associated with osteoclasts and mineral reabsorption, 

mechanotransduction, and Rap1/Notch/sphingolipid signaling pathways. Meanwhile, targets 

of miRs altered with disease in aortic valve EVs targeted regulatory programs associated 

with autophagy, proteoglycan biosynthesis, and calcium metabolism in addition to cGMP, 

Wnt, TGFβ, and FcεRI signaling that play complementary roles in inflammation and 

calcification.

Vesiculomics Integration Identifies Conserved Cardiovascular Tissue EV Cargoes

While the protein and noncoding miR contents of EVs are both bioactive and modulate 

recipient cell phenotype and function, their impact has previously only been studied 

separately. To assess the unified effect of these two types of cargo, we completed pathway-

level integration on EV multi-omics data to delineate the predicted impact of the vesiculome 

as a whole. We first integrated EV cargoes altered by disease in both intact carotid 

arteries and aortic valves (Figure 4B/5B; orange Venn segments), which represent putatively 

conserved cardiovascular tissue EV-borne drivers of disease. Pathogenesis modified 50 

pathways (Figure 6A, Tables S28, S43) in both the EV proteome and gene targets of the 

EV miRNAome. To dissect their conserved biological impact, we assembled them into 

a pathways network based on the Jaccard index of overlap between pathway members 

that were detected in our multi-omics. Unbiased Louvain clustering17 identified functional 

communities within the pathway network, revealing that disease-altered EV cargoes shared 

4 distinct annotations including modulation of intracellular signaling cascades, cell cycle 

regulation/apoptosis, protein processing and vesicular transport, and ECM synthesis and 

organization (Figure 6B, Figure S23, Table S44). These data indicated that cardiovascular 

tissue EV cargoes are predicted to modulate intracellular signaling of recipient cells in 

diseased tissues, while pathway network betweenness-centrality scores implicated epidermal 

growth factor receptor (EGFR) and estrogen signaling as a key shared disease-driven 

molecular constituent of tissue EVs.

Network Analyses Across Omics Layers Identify EV-Borne Modulators of Calcification

Vesiculomics clustering and differential enrichment analyses indicated that large subsets of 

EV protein and miR cargoes were uniquely altered by disease pathogenesis solely in one 

tissue type (Figures 4B/5B; blue and green segments of Venn diagrams). We therefore 

also performed tissue-specific multi-omics integration of EV cargoes to assess overall 

tissue-specific bioactivity of EV contents. 27 and 29 overlapping KEGG/Reactome/BioCarta 

pathways were enriched amongst both disease-altered EV proteins and gene targets of EV 

miRs in intact carotid arteries or aortic valves, respectively (Figure 7A/B). Protein-protein 

interaction networks were generated to assess the integrated impact of those overlapping 
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pathways for which there was robust literature evidence of their involvement in calcification 

(Figure 7C/D, Tables S45, S46). Among other pathways, EVs carried tissue-specific cargoes 

associated with pro-calcific Notch and Wnt signaling in carotid arteries and aortic valves, 

respectively. Carotid artery EV cargoes that i) we identified as disease-regulated and 

ii) had high betweenness-centrality scores in their respective networks included FGFR2 

(Fibroblast Growth Factor Receptor 2; a critical mediator of osteogenic fate in mesenchymal 

stem cells (MSCs) via ERK/PKC signaling25), PPP2CA (Protein Phosphatase 2 Catalytic 

Subunit Alpha; an ERK/p38-dependent regulator of MSC osteogenesis/bone formation26), 

and ADAM17 (ADAM metallopeptidase domain 17; a NOTCH signaling activator regulated 

by RUNX2 in osteoblasts27). In aortic valve EVs, our network approach identified WNT5A 

(Wnt Family Member 5A; controller of non-canonical Wnt-mediated osteogenesis28), APP 

(Amyloid Beta Precursor Protein; basis for amyloid plaques found in AV stenosis and 

a promoter of osteoblast survival and bone formation29–31), and APC (Adenomatous 

Polyposis Coli Regulator of WNT Signaling; antagonizes Wnt signaling via degradation 

of β-catenin32). siRNA-mediated knockdown (Figure 7E/F/I) of FGFR2, PPP2CA, or 

ADAM17 mRNA significantly reduced Alizarin Red calcification of primary human carotid 

artery smooth muscle cells (hCtASMCs, n=3 donors) when cultured for 14–21 days in 

pro-calcifying media. In contrast, knockdown of WNT5A, APP, and APC (Figure 7G/H/J) 

significantly altered calcification in primary human aortic valvular interstitial cells (hVICs, 

n=3 donors). Reciprocal knockdown experiments (Figures S24–S25) found that PPP2CA, 

ADAM17, APP, and APC significantly inhibited calcification in hCtASMCs and VICs, 

while the effects of FGFR2 and WNT5A were cell-type-specific. These data suggest that 

cardiovascular EV cargoes regulated in a tissue-specific manner by disease include potent 

modulators of SMC or VIC calcification, respectively.

Discussion

A common set of risk factors predispose patients to cardiovascular calcification, though only 

a subset suffer from calcification of both the vessels and valves.2 Our comparison of whole-

tissue proteomes across a spectrum of disease stages revealed novel insights into tissue-

specific modes of calcification and identified a set of differentially-enriched proteins that 

have potential usage as therapeutic targets for tailored treatments of vascular vs. valvular 

calcification, or as putative biomarkers to discriminate between these two pathologies. 

We revealed enrichment of cell adhesion, migration, and cytoskeletal force generation, 

inflammation, and lipid metabolism in carotid artery atherogenesis. In calcific aortic 

valves, our whole-tissue results demonstrate over-representation of amyloid formation, 

apoptosis and complement cascade-associated components vs. atherosclerotic plaques 

– hallmarks of valvular stenosis in humans.21,30,31,33 We also identified a previously-

unreported enhancement of nonsense-mediated mRNA decay (NMD) pathways in valvular 

pathogenesis. NMD is a critical cellular surveillance mechanism whose enrichment 

underscores potential genetic contributions to AV stenosis and represents a novel avenue 

for repurposing therapeutic NMD inhibition.34 Electron microscopy has shown calcified 

EVs to be present in mineralized regions of both tissues,8,14 consistent with the substantial 

enrichment of vesicle ontologies shared by the disease-altered proteomes of carotid arteries 

and aortic valves.
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EVs regulate a spectrum of biological processes, act as mediators of cell-cell 

communication,10 predict cardiovascular events,11 and form the building blocks of 

cardiovascular microcalcification.8 This work represents, to the best of our knowledge, the 

first comprehensive study of EV cargoes from tissues other than easy-to-dissociate brain or 

tumors.15 Extraction of EVs from diseased cardiovascular tissues is particularly challenging 

due to the extensive ECM-rich fibrosis and severe calcific burden present. Loss of cellular 

integrity due to mechanical tissue homogenization leads to co-isolation of intracellular 

vesicles or artifactual membranous particles,35 and the apoptotic/necrotic nature of these 

diseases can also leave the extracellular microenvironment replete with large apoptotic 

bodies. Previous attempts to extract large microparticles from atherosclerotic human plaques 

by mincing and centrifugation alone36 or from calcified aorta by tissue grinding, enzymatic 

digestion, and ultracentrifugation13 were prone to these potential sources of contamination. 

Our use of bacterial collagenase circumvented mechanical homogenization and enabled 

digestion of collagen-rich cardiovascular tissues, maintenance of cell integrity/viability, 

and effective in silico elimination of the enzymatic protein. Our approach removes non-

EV contaminants that are present should tissue digests solely undergo high-speed and/or 

ultracentrifugation prior to downstream analyses. Prior studies in brain have relied on 

sucrose-based gradients which can cause leaching of vesicle cargoes; here we employ 

iodixanol gradients while accounting for the impact of this compound on proteomics. By 

combining ultracentrifugation with density gradients, we enrich EVs from cardiovascular 

tissues and thoroughly classify them based on their size, density, morphology, and protein/

nucleic acid cargoes as per MISEV guidelines.35

Overall, we found that the cardiovascular EV vesiculome was associated with pathways that 

included intercellular vesicle-mediated communication and processes that are incriminated 

in cardiovascular calcification: fatty acid degradation, macrophage activation, TNF 

signaling, NFκB signaling, and TLR signaling. In vascular vs. valvular calcification, 

~13–27% of the EV proteome was differentially-enriched in a tissue-specific manner, 

indicating that this set of proteins may delineate pathophysiology of these two 

diseases. The disease-modulated carotid artery EV proteome linked to complement and 

coagulation cascades, mechanotransduction, SNARE interactions, and PPAR signaling, 

while EV cargoes implicated in valvular pathogenesis were associated with alternatively 

activated M2 macrophage polarization, cholesterol efferocytosis, calcium reabsorption, and 

cGMP/PKG signaling. Notably, cGMP/PKG signaling has been shown to control valvular 

myofibrogenesis, osteogenesis, calcification, and stenosis.37 We also identified disease-

driven tissue-specific enrichment of 80 EV miRs, some of which have been previously 

implicated in cardiovascular disease, though not in the context of EV-mediated delivery. EV 

levels of miR-199b-5p and miR-381–3p were lowered in plaque-derived EVs vs. normal 

controls; reduction of miR-199b-5p is associated with production of reactive oxygen species, 

mitochondrial fission, and endothelial apoptosis38 while miR-381–3p protects against ox-

LDL-induced endothelial inflammatory damage and inhibits hyperglycemia-driven SMC 

oxidative stress, and proliferation.39 In contrast, miR-27a-3p was depleted in diseased 

valvular EVs; this miR reduces calcium deposition via the osteogenic transcription factor 

ATF3 and protects against VIC inflammation.40 Disease also drove valvular EV enrichment 

of miR-181a-5p, which is shear-regulated, highly-enriched in the disease-prone fibrosa layer 
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of the aortic valve, and promotes osteogenesis through CREB1.41 Pathway analysis of these 

80 miRs strongly implicated osteoclast differentiation, neuregulin growth factor signaling, 

mTOR signaling, and o-linked glycosylation as key downstream pathological effectors of 

vascular EVs, while valvular EV miRs were linked to autophagy, TGF-β signaling, and Wnt 

signaling pathways involved in osteogenesis/calcification.42

Integration of these multiple omics layers allows for more coherent biological insight to 

be drawn than from the perspective provided by any one omics modality,21 and offered 

the first means to predict the combined impact of protein and RNA EV cargoes. Disease 

altered components of the tissue EV vesiculome connected to a host of signaling cascades, 

including a potential bi-directional role for EGFR signaling in EV-associated cardiovascular 

disease: vascular EGFR activation promotes inflammation and oxidative stress, while 

pharmaceutical inhibition prevents atherogenesis. In contrast, disrupted EGFR signaling 

induces aortic valve hyperplasia and stenosis – likely via induction of pro-osteogenic BMP 

signaling.43 Disease-regulated carotid artery plaque EV protein and miR contents also 

revealed a strong tissue-specific signal for Rap1, sphingolipid, and Notch signaling, all 

of which play fundamental roles in atheroprogression. EV cargoes FGFR2, PPP2CA, and 

ADAM17 were selected by network-based prioritization and promoted SMC calcification. 

FGFR2 drives osteogenic transitions via ERK/PKC signaling, while inhibition of FGFR2 in 
vivo attenuates atherosclerosis in ApoE-deficient mice by reducing SMC proliferation and 

macrophage infiltration.25 PPP2CA, a Ser/Thr phosphatase that inhibits MSC osteogenesis 

and long bone formation, prevents macrophage accumulation, lipid uptake, and foam cell 

formation.44 Meanwhile, RUNX2 regulates osteoblastic expression of the Notch signaling 

activator ADAM17; this metalloprotease controls endochondral ossification and regulates 

atherogenesis via TNFα.27 We also identified a link between aortic valve-derived EV 

cargoes, Wnt signaling, and advanced glycosylation endproduct receptor signaling (AGE-

RAGE), and validated the impact of WNT5A, APP, and APC on hVIC mineralization. 

Aberrant Wnt signaling is implicated in osteogenic cardiovascular calcification, and 

WNT5A controls osteogenesis via non-canonical PKC/JNK upregulation and β-catenin 

antagonization.28 It is found focally around areas of calcification in human aortic valves,42 

and hVIC treatment with the calcification inhibitor Fetuin A reduces WNT5A expression.45 

APC acts as Wnt signaling antagonist via degradation of β-catenin.32 Notably, peripheral 

blood APC is associated with aortic stiffness and cardiovascular disease, raising EV-bound 

APC as an intriguing potential biomarker of AV stenosis.46 The AGE-RAGE axis promotes 

progression of valvular calcification and RAGE serves as a receptor for amyloid-β.47 

Amyloid plaque co-localizes with apoptosis and calcific nodule formation in AVs, increases 

mineralization of hVICs,31 and multi-omics meta-analyses of AV stenosis suggest a role for 

the amyloid-β precursor APP in the formation of amyloid structures.30 Our whole-tissue 

proteomics provide some of the first evidence that amyloid contributes predominantly to 

valvular, not vascular, calcification.48 Knockdown of PPP2CA, ADAM17, APP, and APC 
significantly inhibited calcification in both cell types, suggesting that the pro-calcifying 

potential of these pathways is not specific to carotid arteries or aortic valves. Rather, 

differential EV loading may induce tissue-specific levels of these molecules and thus a 

calcification-prone environment. In contrast, the cell type-specific calcification effect of 

FGFR2 and WNT5A marks these cargoes as high-priority candidates for future translational 

Blaser et al. Page 11

Circulation. Author manuscript; available in PMC 2024 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



efforts aimed at targeted treatment of vascular vs. valvular calcification. While further 

studies will be needed to delineate the mechanistic contributions of EVs to these processes, 

our data indicate that tissue-specific EV cargoes include powerful regulators of SMC or VIC 

calcification and may act as differential disease drivers in carotid arteries and aortic valves.

Though our findings are robust and represent important progress in the understanding 

of vascular/valvular pathobiology, there are limitations to this study. Despite participants 

being similar in age, sex distribution, and comparable for histological measures of 

inflammation, fibrosis, and calcification, carotid artery and aortic valve specimens would 

ideally be obtained from the same patient. While our knockdown experiments confirm the 

pathobiological relevance of key tissue EV cargoes, future studies will need to examine how 

these cargoes reflect biology of the cells from which EVs originate or their extracellular 

impact (e.g., on recipient cell function or matrix pathobiology).

Conclusions

The present study delves into the long-standing question of analogous pathobiology 

in vascular and valvular fibro-calcification processes. We identify unique drivers of 

these diseases, implicate tissue EVs in both conditions, and motivate development of 

distinct therapeutic strategies. By tightly integrating advancements in sample processing, 

proteomics, transcriptomics, and network medicine, we establish vesiculomics: interrogation 

and quantification of the biological impact of tissue EVs. We tie the vesiculome to tissue-

specific regulation of key pathogenic mechanisms including Notch and Wnt signaling. 

This work opens an avenue towards examination of the critical roles that vesicles play as 

mediators of cell-cell communication, cellular differentiation, and cell-matrix interactions in 

the circulatory system. Both circulating and tissue EV pools likely contain sub-populations 

of vesicles that are secreted by different cell types (Figure S26), have exosomal or 

microvesicular origins, and function in protective or pathological ways.49 Here, we 

potentiate the examination of tissue EV populations and their complex interplay, which 

can be applied to future investigations of fibro-calcific processes in human, animal, and 

engineered tissues.8,50
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Non-standard Abbreviations and Acronyms

ADAM17 ADAM metallopeptidase domain 17

APC adenomatous polyposis coli regulator of wnt signaling

APP amyloid beta precursor protein

AV aortic valve

ECM extracellular matrix

EV extracellular vesicle

FDR false discovery rate

FGFR2 fibroblast growth factor receptor 2

GO gene ontology

hCtASMC human carotid artery smooth muscle cell

hVICs human valvular interstitial cel

LC-MS/MS label-free liquid-chromatography-tandem mass spectrometry

miR microRNA

NMD nonsense-mediated mRNA decay

NTA nanoparticle tracking analysis

PPP2CA protein phosphatase catalytic subunit alpha

SMC smooth muscle cell

TEM transmission electron microscopy

WNT5A wnt family member 5A
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Clinical Perspective

What is New?

• The first comparative proteomics study of pathogenesis in calcified human 

carotid arteries and aortic valves identifies unique drivers of atherosclerosis 

vs. aortic valve stenosis and implicates extracellular vesicles (EVs) in both 

diseases.

• Vesiculomics: an efficient, cost-effective, accessible, and highly-validated 

strategy for isolating, quantifying, and assessing EV protein and small RNA 

cargoes directly from fibro-calcific human tissues which is applicable to other 

disease contexts or evaluation of animal/engineered tissues.

• Multi-omics reveals that cardiovascular EV cargoes are regulated in a tissue-

specific manner during progression of disease; these EVs carry potent 

modulators of calcification in vascular smooth muscle and valvular interstitial 

cells.

What Are the Clinical Implications?

• Despite shared risk factors and similarities in advanced disease phenotypes, 

anti-atherosclerosis pharmacotherapies fail to improve outcomes in aortic 

valve stenosis.

• Probing tissue-entrapped EV cargoes opens a new avenue for precision 

medicine treatments in cardiovascular disease.

• Discovery of EV-derived therapeutic targets using multi-omics-based network 

medicine approaches is a promising avenue for the future tailored treatment of 

vascular and valvular calcification.

Blaser et al. Page 19

Circulation. Author manuscript; available in PMC 2024 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: Experimental Overview – Isolation and Analysis of Cardiovascular Tissue-Entrapped 
Extracellular Vesicles.
Label-free proteomics was conducted on whole-tissue samples of human normal carotid 

arteries, diseased carotid artery atherosclerotic plaques (from carotid endarterectomies), 

normal aortic valves, and diseased calcified aortic valves (from valve replacement surgeries 

for aortic valve stenosis). These sample types also underwent enzymatic digestion and 

serial low- and high-speed centrifugation. The high-speed supernatant then underwent 

ultracentrifugation to wash/pellet EVs. 15-fraction survey experiments utilized OptiPrep 

density gradient separation in concert with mass spectrometry, transmission electron 

microscopy (TEM), nanoparticle tracking analysis (NTA), and coabundance profiling 

(XINA) to identify which fractions were enriched in EVs and which contained non-EV 

contaminants. Enrichment performance was compared to that of ultracentrifugation alone by 

performing mass spectrometry on the pellet resulting from ultracentrifuged tissue digests. 
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Tissue EV cargoes were then assessed by pooling EV-enriched OptiPrep fractions (F1–4) 

together and employing mass spectrometry, transcriptomics, TEM, NTA, and bioinformatics 

approaches to interrogate and classify these vesicles.
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Figure 2: Whole-Tissue Proteomics Finds Conservation of Extracellular Vesicle-Associated 
Processes Between Vascular and Valvular Disease Progression.
A, Principal component analysis of 2,318 proteins (q≤1) quantified by disease stage-specific 

whole-tissue proteomics of human carotid artery plaques and calcified aortic valves revealed 

significant convergence of carotid and valve tissues during disease pathogenesis; n=16 

carotid artery plaque and 18 calcified aortic valve donors x 3 stages of disease (non-

diseased, fibrotic, calcified) per donor; mean±SD; *p<0.05, ****p<0.0001. B, Unfiltered 

heat map analyses (q≤1; ordered by hierarchical clustering) demonstrated disease stage-
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specific alterations of protein abundances in carotid artery plaques (left) and calcified 

aortic valves (right). Enrichment analysis identified 381 proteins whose abundances were 

significantly differentially-enriched only by disease progression in carotid artery plaques, 

226 proteins in calcified aortic valves, and 120 proteins in both tissue types (significantly-

enriched proteins filtered at q≤0.05). C and E, Volcano plots of proteins significantly 

differentially-enriched by disease progression only in carotid artery plaques (381 proteins) 

or only in calcified aortic valves (226 proteins); cutoffs at a fold-change of 2 and a q-value 

of 0.05. D, In proteins significantly differentially-enriched in both carotid artery plaques 

and calcified aortic valves (120 proteins), we found a found a statistically significant 

2.9-fold increase in the incidence of vesicle-associated GO terms vs. the total GO term 

database (****p<0.0001). In addition, 7 of the top 10 most-significant GO terms were 

associated with extracellular vesicles, exosomes, exocytosis, or secretion (orange bars). F-H, 
Networks based on KEGG, Reactome, and BioCarta pathway enrichment among proteins 

significantly differentially-enriched by disease progression only in carotid artery plaques 

(381 proteins, F), in both carotid artery plaques and calcified aortic valves (120 proteins, G), 

or only in calcified aortic valves (226 proteins, H) with pathways as the nodes (node size 

corresponds to -log(q-value)) and shared detected proteins between pathways as the edges 

(edge thickness matches the Jaccard index of overlap between detected proteins of the two 

connected pathway nodes). Unbiased clustering of pathways into real network communities 

by the Louvain method revealed shared- and tissue-specific drivers of disease pathogenesis.
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Figure 3: Tissue EVs are Highly Enriched in the Least-Dense Fractions from Density Gradient 
Separation.
A and C, From 15-fraction survey experiments, raw abundance by mass spectrometry 

of selected proteins from intact human carotid artery plaques and calcified aortic valves 

demonstrated that extracellular vesicle marker proteins (Annexin A2, CD63, CD81, MFGE8 

[lactadherin], HSP70–2) were highly enriched in the four least-dense fractions of both 

tissue types; n=3 carotid artery plaque and 4 calcified aortic valve donors. Enrichment 

of globular collagens (Collagen VIA1, VIA2, VIA3), fibrillar collagens (Collagen IA1, 

IA2, IIIA1), and other components of the extracellular matrix (ECM; FBN1, VCAN) 
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was identified in denser fractions. B and D, Nanoparticle tracking analysis confirmed the 

characteristic presence of particles ~150–200 nm in diameter in fractions 1–4 of both intact 

carotid artery plaques and calcified aortic valves (n=3 per tissue type), while mean particle 

size remained consistent between fractions (mean±SEM). E, Representative CD63-labelled 

immunogold transmission electron microscopy (TEM) identified CD63+ membrane-bound 

EVs in fractions 1–4 (arrows) from intact carotid artery plaques (top) and calcified aortic 

valves (bottom); bar=100 nm. Consistent with mass spectrometry-derived protein abundance 

in A/C, TEM showed abundant globular collagens in fractions 5–10 (arrowheads) and 

fibrillar collagens in the most-dense fractions (open arrows).
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Figure 4: Proteomics of EV-Enriched Pooled Fractions to Quantify EV Protein Cargoes in 
Normal and Diseased Vascular and Valvular Tissue.
A, Tissue EVs were isolated by density gradient separation from intact normal carotid 

arteries (n=6 donors), intact diseased carotid artery atherosclerotic plaques (n=4), intact 

normal aortic valves (n=6), and intact diseased calcified aortic valves (n=4). Representative 

CD63-labelled immunogold transmission electron microscopy (TEM) and negative control 

images from pooled fractions 1–4 of intact human carotid artery (left) and aortic valve 

(right) demonstrated EV enrichment and purification; bar=100 nm. Nanoparticle tracking 

analysis (bottom, all donors, mean±SEM) found that EVs from intact normal and diseased 
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carotid arteries and aortic valves all had similar mean diameters with a single peak 

around 200nm, and were isolated without co-enrichment of larger microparticles or 

apoptotic bodies. B, Isolated tissue EVs from every donor underwent both proteomics 

and small RNA-seq. The tissue EV proteome was composed of 1,942 proteins. Unfiltered 

principal component analyses (q≤1) identified tissue- (left) and disease state-specific 

(right) clustering. Unfiltered heat map analyses (q≤1; ordered by hierarchical clustering) 

illustrated alterations in individual tissue EV protein abundances between normal and 

diseased carotid arteries and aortic valves. Abundances of 525 tissue EV proteins were 

significantly differentially-enriched only between normal and diseased carotid arteries, 248 

tissue EV proteins differed only between normal and diseased aortic valves, and 404 

tissue EV proteins were significantly altered by disease pathogenesis in both tissue types 

(significantly-enriched proteins filtered at q≤0.05). C, 68.5% of the tissue EV proteome 

(1,330 proteins) was also found in the whole-tissue proteome; linear regression identified 

moderate and statistically significant correlations of per-protein abundances between the 

whole-tissue and diseased tissue EV proteomes in both carotid artery (Pearson’s r = 0.645, 

p<0.0001) and aortic valve (Pearson’s r = 0.605, p<0.0001). D, Bubble plots of KEGG 

pathways that were significantly-enriched amongst tissue EV proteins changed by disease 

only in carotid arteries (top, 525 proteins), in both carotid arteries and aortic valves (middle, 

404 proteins), or only in aortic valves (bottom, 248 proteins) identified shared- and tissue-

specific roles of disease-altered cardiovascular tissue EV cargoes. Bubble size corresponds 

to the percentage of differentially-enriched proteins amongst all pathway constituents.
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Figure 5: Sequencing Reveals the Human Tissue EV non-coding miRNAome from Vessels and 
Valves.
A, Along with proteomics, small RNA-seq was also performed on those tissue EVs 

collected from intact normal carotid arteries (n=6 donors), intact diseased carotid artery 

atherosclerotic plaques (n=4), intact normal aortic valves (n=6), and intact diseased calcified 

aortic valves (n=4). Top: RNA fragment analysis found that density gradient-enriched 

EVs contained enhanced levels of miRNA (mean miRNA content=53.0% of all small 

RNA; mean±SD). Bottom: representative fragment analysis tracing showing large miRNA-
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associated fragment peak at 24 nucleotides (nt). B, Unfiltered principal component analyses 

(q≤1) identified tissue- (left) and disease state-specific (right) clustering of 1,083 miRs 

sequenced in the tissue EV miRNAome. Unfiltered heat map analyses (q≤1; ordered by 

hierarchical clustering) characterized tissue EV miR cargoes altered between normal and 

diseased carotid arteries and aortic valves: 44 tissue EV miRs (with 710 unique high-

confidence gene targets) were significantly differentially-enriched by disease pathogenesis 

only in carotid arteries, 36 tissue EV miRs (1,813 unique targets) changed only in 

aortic valves, and 26 tissue EV miRs (391 unique targets) were altered in both tissues 

(significantly-enriched miRs filtered at q≤0.05). C, miR/target regulatory networks of 

TargetScan-predicted gene targets (≥95th percentile weighted context++ score) of tissue 

EV miRs altered by disease only in carotid arteries (top; blue), in both carotid arteries and 

aortic valves (middle; orange), or only in aortic valves (bottom; green). D, Bubble plots 

of KEGG pathways significantly-enriched in the unique gene targets of tissue EV miRs 

changed by disease only in carotid arteries (top), in both carotid arteries and aortic valves 

(middle) or only in aortic valves (bottom) reveals the regulatory landscape associated with 

disease-altered tissue EV miR cargoes. Bubble size corresponds to the percentage of unique 

targets of differentially-enriched miRs amongst all pathway constituents.
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Figure 6: Pathway Networks Shared Across Omics Layers Identify Conserved Roles of 
Cardiovascular Tissue EV Cargoes Altered by Disease.
A, The network of 50 overlapping KEGG, Reactome, and BioCarta pathways that were 

significantly-enriched in the proteome and gene targets of miRs altered by disease in both 

intact carotid artery and aortic valve tissue EVs (n=6 normal carotid arteries, n=4 diseased 

carotid artery atherosclerotic plaques, n=6 normal aortic valves, n=4 diseased calcified 

aortic valves). Pathways are nodes (node size corresponds to -log(q-value)) and shared 

detected genes between pathways are edges (edge thickness matches the Jaccard index of 
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overlap between detected genes of the two connected pathway nodes). B, Louvain clustering 

revealed 4 distinct annotations shared by disease-altered cardiovascular tissue-derived EV 

cargoes, including modulation of intracellular signaling cascades and cell cycle regulation 

and apoptosis. Pathway network betweenness-centrality scores (inset) implicate estrogen/

epidermal growth factor signaling as a key common molecular constituent of tissue EVs.
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Figure 7: Integration of EV Multi-Omics Identifies Modulators of Calcification.
A and B, Overlap of KEGG, Reactome, and BioCarta pathways enriched amongst tissue 

EV proteins and unique gene targets of tissue EV miRs that were differentially-enriched 

between intact normal and diseased carotid arteries (A) and aortic valves (B). N=6 

normal carotid arteries, n=4 diseased carotid artery atherosclerotic plaques, n=6 normal 

aortic valves, n=4 diseased calcified aortic valves. C and D,Protein-protein interaction 

networks further prioritized candidate EV-derived calcification modulators: constituents of 

selected overlapping carotid artery (C, blue nodes; FGFR2, PPP2CA, ADAM17) and aortic 
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valve pathways (D, green nodes; WNT5A, APP, APC) that were significantly altered by 

disease progression in EV multi-omics had high betweenness-centrality scores in their 

respective networks. Node diameter corresponds to node degree. E and G, Relative mRNA 

expression levels of FGFR2, PPP2CA, ADAM17, WNT5A, APP, and APC vs. GAPDH 
in primary human carotid artery smooth muscle cells (hCtASMCs, E) and human aortic 

valvular interstitial cells (hVICs, G) after 6 days in normal medium (NM) incubated 

with scrambled siRNA (siSCR) or siRNA targeting FGFR2, PPP2CA, ADAM17, WNT5A, 

APP, and APC (siFGFR2, siPPP2CA, siADAM17, siWNT5A, siAPP, siAPC) demonstrated 

robust knockdown of target gene expression; n=1 donor per cell type, triplicate wells 

per donor, duplicate qPCR reactions averaged per well; mean±SD; *p<0.05, ***p<0.001, 

****p<0.0001. F and H, Representative Alizarin red staining of target knockdown in 

hCtASMCs (F) and hVICs (H) at days 14–21 in NM or pro-calcifying medium (PM) 

culture. I and J, Quantification of solubilized Alizarin red stain in hCtASMCs (I) and 

hVICs (J) treated as in F and H for 14 and 21 days confirmed that inhibition of molecules 

identified by integration of EV multi-omics in A-D significantly modulated calcification of 

human vascular and valvular cells; n=3 hCtASMC donors and 3 hVIC donors, duplicate 

wells averaged per timepoint per donor; *p<0.05, **p<0.01. Grey bars indicate the 

minimum to maximum intensity range of the NM siSCR condition.
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