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1. BACKGROUND 
 

Primary aldosteronism (PA) is a frequent cause of endocrine hypertension 

affecting 6% of all hypertensive patients [Monticone S, J Am Coll Cardiol 2017]. 

PA is due to an inappropriate secretion of aldosterone by the adrenal glands and 

may result from either aldosterone producing adenoma (APA) or bilateral 

hyperaldosteronism (BiPA), which are treated by unilateral adrenalectomy or 

require life-long medical treatment with a mineralocorticoid receptor antagonist 

(MRA), respectively [Funder JW J Clin Endocrinol Metab 2016].  

 

A growing body of evidence supports the role of aldosterone as mediator of 

vascular remodelling, an active process resulting from collagen deposition in the 

extracellular matrix, hypertrophy of smooth muscle cells, and fibrosis of small 

resistance arteries [Rizzoni D, J Clin Endocrinol Metab 2006].  

At the vascular level, aldosterone induces endothelial dysfunction by inhibiting 

nitric oxide (NO) release and impairing endothelium-dependent vasodilation, 

which results in the loss of vascular reactivity and increased arterial stiffness 

[Ikeda U, Eur J Pharmacol 1995; Farquharson CA, Clin Sci 2002; Bernini G, J 

Hypertens 2008]. Moreover, aldosterone-related vascular inflammation (with 

perivascular leukocyte infiltration and arterial wall inflammation) was observed in 

both murine models and patients with PA [Rocha R, Am J Physiol Heart Circ 

Physiol 2002; Van der Heijden CDCC, J Clin Endocrinol Metab 2020]. 

The crosstalk between endothelium, vascular structures and inflammatory cells 

leads to accelerated atherogenesis and a pro-thrombotic environment in PA [Chen 

ZW, Int J Mol Sci 2019], which may contribute to their increased risk of 

cardiovascular events compared to patients with essential hypertension (EH) 

[Monticone S, Lancet Diabetes Endocrinol 2018].   

 

However, the molecular machinery that regulates these complex interactions 

remains largely unknown. In this context, the characterization of circulating 

extracellular vesicles (EVs) may help to unravel the mechanisms underlying 
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endothelial dysfunction, vascular inflammation, and remodelling in PA. EVs are 

bilayer-membrane nanoparticles (NPs) released by all cell types, carrying 

proteins, lipids, and nucleic acids, which reflect the activation state of parental 

cells [Yanez-Mo M, J Extracell Vesicles 2015]. In particular, endothelial injury, 

vascular damage, pro-thrombotic cascade and the activation of an inflammatory 

response affect the composition of circulating EV, resulting in a specific 

molecular signature [Burrello J, J Cell Mol Med 2020; Castellani C, J Heart 

Lung Transplant 2020]. Nevertheless, EVs may represent not only biomarkers, 

but also active effectors of endothelial dysfunction, potentially able to influence 

the development of organ damage in patients with PA [Chen ZW, Int J Mol Sci 

2019; Burrello J, Hypertension 2019].  

 

Our previous research indicates that circulating EVs from patients affected by PA 

display a different mRNA cargo compared with patients affected by EH and that 

PA-derived EVs promote apoptosis and inhibit angiogenesis in vitro [Burrello J, 

Hypertension 2019].  

Briefly, serum EVs were isolated from 12 patients with PA and 12 with EH, 

matched by sex, age, and blood pressure. EVs concentration was 2.2-fold higher 

in patients with PA and a significant correlation between EV number and serum 

aldosterone and potassium levels was identified. Flow cytometric analysis 

demonstrated that patients with PA displayed a higher number of leukocyte- and 

endothelial-derived EVs compared to patients with EH.  

Through EV mRNA profiling, 16 up-regulated and 4 down-regulated genes in 

patients with PA. Microarray platform was then validated by quantative real-time 

polymerase chain reaction on 4 genes (CASP1, EDN1, F2R, and HMOX1) 

involved in apoptosis, inflammation, and endothelial dysfunction. Moreover, after 

unilateral adrenalectomy, EVs number and expression of CASP1 and EDN1 

significantly decreased in patients with PA.  

Finally, the incubation of human endothelial cells with PA-derived EVs reduced 

angiogenesis and induced apoptosis in vitro.  
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This was the first study which characterized serum-derived EVs in patients with 

PA, providing evidence of a functional effect of PA-derived EVs on endothelial 

cells in vitro. Hence, we hypothesized that circulating EVs might not only 

represent a marker of endothelial damage but also contribute themselves to 

vascular dysfunction in PA, suggesting their involvement in the development of 

endothelial dysfunction and accelerated organ damage displayed by these patients. 

 

Therefore, we designed a second study to expand and confirm our findings on a 

larger cohort. We decided to perform a systematic evaluation of EV membrane 

proteins by a multiplex flow cytometric assay. Supervised learning algorithms and 

bioinformatic analysis applied to the immuno-profiling of antigens on EV surface, 

allowed us to discriminate patients with PA from EH, and to identify intracellular 

targets and molecular pathways potentially influenced by circulating EVs.  
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2. EXPERIMENTAL STUDY 
 

2.1 Aim of the Study 

The aim of the present study was to characterize circulating EV surface antigen 

profile in patients with PA, through an innovative flow cytometric multiplex 

bead-based platform, that evaluates the expression of a comprehensive panel of 37 

membrane antigens expressed on the EV surface [Koliha N, J Extracell Vesicles 

2016; Wiklander OPB, Front Immunol 2018]. Supervised machine learning 

algorithms were then used to combine the expression level of EV surface antigens 

in a specific signature to discriminate patients with PA from controls.  

A bioinformatic network analysis of protein-protein interactors was performed to 

highlight potential molecular targets and biological pathways, that could be 

influenced by EV surface antigens differentially expressed in patients with PA 

compared to patients with EH. Finally, human endothelial cells were used as an in 

vitro model to explore the impact of EVs treatment on some of these targets, 

selected on the basis of their functional role. 

 

2.2 Methods 

Patients with PA, EH and normotensive (NT) controls were enrolled at the 

Hypertension Unit of the University of Torino, Italy. The study was approved by 

local ethical committee, and all patients gave fully informed written consent in 

accordance with the declaration of Helsinki.  

Analytical factors for EV isolation, characterization and functional analysis 

complied with MISEV (Minimal Information for Studies of Extracellular 

Vesicles) indications [Théry C, J Extracell Vesicles 2018] by the International 

Society for Extracellular Vesicles (ISEV). 

 

2.2.1 Patients and Blood Sampling 

Diagnosis of PA was made according to the Endocrine Society (ES) and European 

Society of Hypertension (ESH) recommendations [Funder JW, J Cli Endocrinol 

Metab 2016; Mulatero P, J Hypertens 2020; Mulatero P, J Hypertens 2020]. The 



	
Experimental Study  

	

 
	
	

- 8 - 

cut-offs for a positive screening test were an aldosterone-to-renin ratio (ARR) 

greater than 30 ng/dL/ng*mL-1*h-1, together with and aldosterone concentration 

> 10 ng/dL. Patients with a positive screening test underwent confirmatory testing 

by intravenous saline loading test, or captopril challenge. Patients with confirmed 

PA underwent subtype differentiation through computed tomography scanning 

and adrenal venous sampling (AVS). Of the 20 patients with an aldosterone 

producing adenoma, 13 underwent unilateral adrenalectomy and were re-

evaluated 6-12 months after surgery (APA-post). Of the 12 patients with bilateral 

PA (BiPA), 7 were re-evaluated after at least 6 months of medical treatment with 

mineralocorticoid receptor antagonists (BiPA-post). Samples for EV isolation and 

characterization were collected in the morning in fasting conditions just before 

AVS for patients with diagnosis of PA, or at screening for secondary forms of 

hypertension, for patients with EH. When antihypertensive medications could not 

be withdrawn, patients were treated calcium channel blockers or α-blockers. 

Common forms of secondary hypertension were excluded for patients with EH. 

Normotensive (NT) healthy volunteers were used as control. 

 

2.2.2 Sample Handling and EV characterization 

After peripheral venous blood sampling, blood underwent serial centrifugation 

cycles to separate serum and eliminate cellular debris and larger vesicles (see 

below). A commercially available assay (MACSPlex human Exosome Kit, 

Miltenyi; Bergisch Gladbach, Germany) was used to evaluate levels of expression 

of a standardized panel of EV surface antigens, including main markers from 

different blood cell types carried by circulating EVs [Koliha N, J Extracell 

Vesicles 2016; Wiklander OPB, Front Immunol 2018]. After bead-based 

immunocapture, EVs were then incubated with a detection buffer (fluorescently 

labeled antibodies for CD9/CD63/CD81) and analyzed by MACSQuant-

Analyzer-10 flow cytometer (Miltenyi), according to a validated protocol 

[Burrello J, J Cell Mol Med 2020]. Beside bead-based flow cytometry, NPs were 

visualized by nanoparticle tracking analysis (NTA), and the presence of EV 

specific markers (TSG101, Syntenin-1, and CD81) and contaminants (GRP94 and 
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Apolipoprotein A1) was assessed by western blotting on protein lysate after EV 

immuno-capture. The term “nanoparticle(s)” is used instead of “extracellular 

vesicle(s)” when we referred to NTA. For the in vitro analysis, EVs were isolated 

by ultracentrifugation from aliquots of serum from selected patients for each 

subgroup, and characterized by transmission electron microscopy (TEM), western 

blot, flow cytometry and NTA (see below). 

 

2.2.2.1 Sample handling 

Peripheral venous blood samples were collected in 7 mL heparin-free tubes from 

patients in fasting conditions. Blood was centrifuged at 1,600 g for 15 minutes at 

4°C to separate serum. Serum was centrifuged 3,000 g for 20 minutes, 10,000 g 

for 15 minutes, and 20,000 g for 30 minutes to remove intact cells, cellular debris, 

and larger EVs. After centrifugation, serum was stored at -80 °C, and never 

thawed prior to analysis. 

 

2.2.2.2 EV isolation 

Prior to multiplex bead-based flow cytometric analysis, EV were isolated by 

beads immuno-capture from 45 uL of serum, as described in Burrello et al. (see 

also paragraph 4.2.2.5).  

For in vitro analysis, EVs were isolated by ultracentrifugation (100,000 g for 2 

hours at 4 °C; Beckman Coulter Optima L-90K; Beckman Coulter, Fullerton, CA, 

USA). The pellet was resuspended in 100 uL of Phosphate Buffered Saline (PBS) 

solution. EVs were isolated from 3 mL serum aliquots; samples from 5 patients 

with a diagnosis of aldosterone producing adenoma (APA) and 5 with essential 

hypertension were pooled together, respectively. 

 

2.2.2.3 Nanoparticle Tracking Analysis 

Serum EVs were quantified by nanoparticle tracking analysis (NTA) using 

NanoSight LM10 (Malvern Instruments, United Kingdom) equipped with a 405 

nm laser and Nanoparticle Tracking Analysis NTA 2.3 analytic software; 1 µL of 

serum was diluted 1:1000 in 999 µL NaCl 0.9% sterile solution and exposed to a 
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laser light source. A camera recorded Brownian movement of EVs and size and 

number of EVs per mL were calculated by Stokes-Einstein equation. Three videos 

of 60 s were recorded for each analysis. EV concentration is expressed as number 

of particles per 1 mL of serum. 

 

2.2.2.4 Western Blot Analysis on EVs 

Western Blot analysis was performed on protein lysate either after 

ultracentrifugation or after EV immuno-capture. For immunocapture, 60 uL of 

serum were incubated overnight on an orbital shaker (800 rpm at 10°C) with 10 

uL of MACSPlex capture beads (MACSPlex human Exosome Kit, Miltenyi 

Biotec; Bergisch Gladbach, Germany) and 60 uL of saline buffer. Unbounded 

fraction was discarded, and samples were lysed in RIPA buffer. After 

ultracentrifugation, EV pellet was resuspended in RIPA buffer supplemented with 

1% Protease Inhibitor Cocktail (Sigma Aldrich, St. Louis, MO, USA).  

For both preparations (immuno-capture and ultracentrifugation), 15 ug of total 

proteins were separated on SDS Page 4-12% gel (BioRad) and transferred onto 

PVDF membrane. Membranes were incubated overnight at 4°C under gentle 

agitation with primary antibodies diluted in OBB-T. Membranes were then 

incubated with IR Dye® 680RD or 800CW goat anti-mouse or goat anti-rabbit 

secondary Ab (LI-COR Biosciences; 1:15000 dilution in OBB-T) at RT for 2 h. 

The infrared signal was detected by Odyssey CLx Detection System (LI-COR 

Biosciences). Blots of three representative samples were incubated with the 

following primary antibodies: rabbit monoclonal anti-TSG101 (Abcam #12501, 

1:1000), mouse monoclonal anti-GRP94 (Abcam #108606, 1:500), rabbit 

polyclonal anti-Syntenin-1 (Abcam #19903, 1:1000), rabbit monoclonal anti-

CD81 (Abcam #109201, 1:500), and rabbit monoclonal anti-Apolipoprotein A1 

(Invitrogen #701239, 1:500). 

 

2.2.2.5 Multiplex bead-based Flow Cytometry 

Flow cytometry analysis was performed using MACSPlex human Exosome Kit 

(Miltenyi Biotec; Bergisch Gladbach, Germany), according to a previously 
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validated protocol (Figure 1) [Burrello J, J Cell Mol Med 2020]. Median 

fluorescence intensity (MFI) was measured by MACSQuant Analyzer 10 flow 

cytometer (Miltenyi Biotec; Bergisch Gladbach, Germany). The analysis is based 

on a multiplex platform which allows the simultaneous evaluation of 37 different 

EV surface antigens.  

EVs are captured by polystyrene beads (MACSPlex Exosome Capture Beads), 

labelled with different amounts of 2 dyes (phycoerythrin [PE] and fluorescein 

isothiocyanate [FITC]), to generate 37 different bead-subsets discriminable by 

flow cytometry. Each bead subset is coated with a different antibody against a 

specific EV surface antigen. After incubation of beads and samples, captured EVs 

are detected by allophycocyanin [APC]-conjugated anti-CD9, anti-CD63, and 

anti-CD81 antibodies. Triggers for side scatter (SSC) and forward scatter (FSC) 

were set to confine the measurement on capture beads. FITC and PE voltage were 

optimized to discriminate the 37 bead subsets; single bead subsets were each 

gated to measure APC median fluorescence signal intensity (MFI). 

Samples were processed as follow; 45 uL of serum (containing a number of 

particles per mL ranging between 1.0e9 e 5.0e10) were diluted to a final volume 

of 120 uL with MACSPlex buffer (MPB) and incubated overnight with 15 uL 

MACSPlex Exosome Capture Beads on an orbital shaker (800 rpm at 10°C) 

protected from light. MPB was used as blank control. After incubation, 1 mL of 

MPB was added to each tube and tubes were centrifuged 3.000 g for 10 minutes at 

10°C to wash beads. After careful aspiration of 1 mL of supernatant, 15 uL of 

MACSPlex Exosome Detection Reagent (5 uL for each APC-conjugated anti-

CD9, anti-CD63, and anti-CD8 antibody) were added and incubated for 1 hour on 

an orbital shaker (450 rpm at 10°C) protected from light. After another washing 

step, samples were analyzed by the instrument, resulting in approximately 10.000-

15.000 single bead events being recorded for each sample. APC-MFI for each 

bead subset was corrected by subtracting the fluorescence value of blank control 

and then normalized by the mean MFI of CD9, CD63, and CD81. MFI was 

analyzed and reported throughout the manuscript for each EV surface antigen 

after normalization for blank control and mean MFI for CD9/CD63/CD81. 
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Figure 1. Study design and EV characterization	 -	 Patient samples underwent serial 
centrifugation cycles to eliminate cells, cellular debris and larger vesicles. Extracellular 
vesicles (EVs) were isolated by beads immuno-capture (see methods) and characterized 
by nanoparticle tracking analysis (NTA; size and diameter), western blotting for TSG101, 
Syntenin-1 and CD81 (specific EV markers) and potential contaminants (GRP94 and 
ApoA1), and flow cytometric analysis, using a multiplex standardized assay for the 
evaluation of EV surface antigens. 
 

2.2.2.6 High-resolution Flow Cytometry 

EVs isolated by ultracentrifugation were characterized by high-resolution flow 

cytometry (CytoFlex; Beckman Coulter). Approximately 5×1010 vesicles in 30 μL 

were incubated for 30 minutes at 4°C with the following antibodies: anti-CD9 

(PE; Miltenyi Biotec, #130-103-955), anti-CD63 (FITC; Miltenyi Biotec, #130-

100-160), anti-CD81 (PE; Miltenyi Biotec, #130-118-342), anti-CD3 (FITC; 

Miltenyi Biotec, #130-080-401), anti-CD20 (FITC; BD Biosciences, #23-5149-
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00), anti-CD25 (PE; Invitrogen, #MHCD2504), anti-CD31 (PE; Miltenyi Biotec, 

#130-092-653), anti-CD45 (FITC; BD Biosciences, #555482). Final volume was 

increased to 100 μL with PBS.  

Samples were acquired at low flow rate, using CytoFlex from Beckman Coulter. 

Instrument calibration and gating strategy were fulfilled according to 

manufacturer’s instructions, using Cytoflex Daily QC Fluorospheres, followed by 

Megamix-Plus FSC reagent and Flow Count beads (0.1, 0.3, 0.5, and 0.9 μm; 

Biocytex; Diagnostica Stago).  

Buffer alone with antibodies was analyzed to eliminate background noise during 

post-acquisition analysis. Disrupted EVs (high frequency sonication for 60 

seconds) were used as negative control. Post-acquisition analysis was performed 

using CytExpert analysis software (Beckman Coulter). 

 

2.2.2.7 Transmission Electron Microscopy 

After isolation by ultracentrifugation, EVs were visualized by transmission 

electron microscopy; samples were loaded on 200 mesh nickel Formvar carbon-

coated grids (Electron Microscopy Science, Hatfield, PA, USA) for 20 min, and 

then fixed with glutaraldehyde 2.5%, containing sucrose 2%. After washing steps, 

EVs were negatively stained with NanoVan (Nanoprobes, Yaphank, NY, USA) 

and observed by JEM-1010 electron microscope (Jeol, Tokyo, Japan). 

 

2.2.3 In vitro analysis 

Human microvascular endothelial cells (HMEC) were plated (30.000 cells/well) 

and starved using serum-free medium overnight. Then, the medium was changed, 

and cells were stimulated with EVs using a of dose 50.000 (EH patient derived 

EVs, or PA-EVs) or 165.000 EV/cells (APA patients derived EVs, or PA-EVs), 

reflecting the difference in EV concentration observed in our cohort between PA 

and EH patients. Non treated cells, cells treated with supernatant after 

ultracentrifugation, and cells treated with supernatant after bead-based 

immunocapture, were used as negative controls. EV preparation for the in vitro 

study was characterized by NTA, transmission electron microscopy (TEM), 
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western blot and high-resolution flow cytometry (as desctibed above). 

After 24 hours of treatment, RNA was extracted using miRNeasy mini kit 

(Qiagen, Hilden, Germany) according to manufacturer’s protocol. For each 

condition, 250 ng of RNA were reverse-transcripted using High-capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific, 

Waltham, Massachusetts, USA).  

Quantitative real-time polymerase chain reaction (qRT-PCR) analysis was 

performed using specific TaqMan assay for AKT1 (RAC-alpha serine/threonine-

protein kinase; #Hs00178289-m1, Thermo Fisher Scientific), CALR (Calreticulin; 

#Hs00189032-m1, Thermo Fisher Scientific), CSNK2A1 (Casein kinase II 

subunit alpha; #Hs00751002-s1, Thermo Fisher Scientific), FN1 (Fibronectin; 

#Hs01549976-m1, Thermo Fisher Scientific), and PIK3R1 (Phosphatidylinositol 

3-kinase regulatory subunit alpha; #s00933163-m1, Thermo Fisher Scientific). All 

primers (except the assay for CSNK2A1) were intro-spanning. For CSNK2A1, 

qRT-PCR was repeated after reverse-transcription with or without the use of 

reverse transcriptase to confirm absence of signal from genomic DNA (data not 

shown). Targets were selected among genes predicted as relevant hubs or 

bottlenecks by bioinformatic analysis (see below), considering their potential role 

in the regulation of renin-angiotensin-aldosterone system, aldosterone-mediated 

organ damage, and renal handling of sodium. Assays were performed using ABI 

7,500 Fast Real-Time PCR System (Applied Biosystems), according to 

manufacturer’s instructions. Each sample was run in duplicate. Gene expression 

levels were analyzed with the 2-ΔΔCT relative quantification method, using 

GAPDH (Glyceraldehyde 3-phosphate dehydrogenase), as endogenous control 

(#Hs02786624-g1, Thermo Fisher Scientific). 

qRT-PCR was repeated for the same genes on cDNA from HMEC stimulated 

with EVs after treatment with glycine acid to remove EV membrane associated 

proteins. Briefly, EVs were incubated with 100 mM glycine pH 2.5 (Sigma-

Aldrich; St. Louis, Missouri, USA) for 5 minutes at room temperature; after 

incubation, pH was neutralized with 2 M Tris pH 8.0 (Sigma-Aldrich; St. Louis, 

Missouri, USA), as previously described [Chow A, Sci Rep 2014]; to avoid 
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interference of glycine solution on further analysis, EVs were washed with 3 mL 

of PBS and pelleted by ultracentrifugation at 100,000 g for 2 hours. HMEC were 

plated at the same concentration and stimulated with patient derived EVs using 

the same dose (50.000 EV/cells for EH and 165.000 EV/cells for PA). After 48 

hours of treatment, proteins were extracted in RIPA buffer supplemented with 1% 

Protease Inhibitor Cocktail (Sigma Aldrich, St. Louis, MO, USA). Western blot 

was performed as described above; 3 ug of total proteins were separated on SDS 

Page. Blots were incubated with the following primary antibodies: rabbit 

polyclonal anti-Calreticulin (Abcam #2907, 1:1000), rabbit polyclonal anti-

Fibronectin (Abcam #2413, 1:1000), and mouse monoclonal anti-Vinculin (Sigma 

Aldrich #3574, 1:1000). 

 

2.2.4 Statistical Analysis and Bioinformatics 

IBM SPSS Statistics 22 (IBM, New York, USA), Python 3.5 (library, scikit-

learn), GraphPad PRISM 7.0a (La Jolla, California, USA), and Cytoscape 

(National Institute of General Medical Sciences, NIGMS) were used for statistical 

analyses. Variable distribution was evaluated by Kolmogorov-Smirnov test. 

Normally distributed variables were expressed as mean ± standard deviation and 

analyzed by ANOVA with post-hoc Bonferroni test. Non-normally distributed 

variables were expressed as median and [interquartile range] and analyzed by 

Kruskal-Wallis test. Categorical variables were expressed as absolute number and 

(percentage) and analyzed by a chi-square or Fisher tests. Correlations were 

assessed by Pearson R test and analysis of regression curves. P-values < 0.05 were 

considered significant.  

Supervised learning was used to define a biomolecular signature discriminating 

patient according to their diagnosis and levels of EV surface antigens. In 

particular, linear discriminant analysis (LDA) was applied to maximize 

separations between groups by increasing precision estimate through variance 

reduction [James G, Springer Statistics 2014]. The algorithm uses a set of 

coefficients to combine EV surface antigen levels in a specific signature and 

discriminate patients according to their diagnosis. Canonical plot was used to 
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show discrimination performance. 

Protein interactors of the EV surface antigens were retrieved by Cytoscape 

PESCA plugin, and a global Homo sapiens protein-protein interaction (PPI) 

network of 1588 nodes and 36984 edges was reconstructed, as previously reported 

[Vacchi E Neurol Neuroimmunol Neuroinflamm 2020]. PPI network was 

reconstructed considering the first predicted interactors on cell surface of each 

differentially expressed antigens on EV membrane. The resulting network was 

analyzed at topological level by Cytoscape Centiscape plugin, to select putative 

hubs and bottlenecks between the related intracellular signalling targets (taking 

into account the network size, only nodes with all Betweenness, Bridging, and 

Centroid values above the average calculated on the corresponding whole network 

were retained) [Scardoni G, F1000Res 2014; Scardoni G, F1000Res 2015]. 

DAVID database was used to extract enriched Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathways and biological processes (Homo sapiens set as 

background, gene count > 5 and p<0.001, corrected by Bonferroni test). 
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3. RESULTS 
 

In the present study, we delineated for the first time the biomolecular signature of 

circulating EVs derived from patients affected by PA, taking advantage of a 

comprehensive evaluation of 37 surface antigens, and supervised machine-

learning algorithms. Bioinformatic analysis allowed the identification of potential 

target of the differentially expressed EV surface antigens, whose functional 

relevance was explored through an in vitro study.  

Serum EVs were isolated by immunocapture from 32 patients with PA, 29 

patients with essential hypertension and from 22 normotensive controls. EVs were 

characterized by western blotting, nanoparticle tracking analysis, transmission 

electron microscopy, and flow cytometry. Particle concentration was higher and 

diameter lower in patients with PA compared with controls and the number of 

particles decreased after unilateral adrenalectomy. Nineteen EV surface antigens 

were differentially expressed in patients with PA compared with patients with 

essential hypertension or normotensive controls, including markers of activated 

platelets, endothelial and immune/ inflammatory cells. The specific EV surface 

signature discriminated patients with PA from controls, whereas after specific 

treatment the profile became similar to EH. Stimulation of human endothelial 

cells with PA-derived EVs resulted in the overexpression of 5 selected genes 

(AKT1, CALR, CSNK2A1, FN1, and PIK3R1), previously identified by 

bioinformatic analysis as targets of differentially expressed EV antigens. 

Overexpression of CALR and FN1 was confirmed also at protein level.  

Our data suggest that EVs may interact with target cells by their surface antigens, 

thus influencing biomolecular pathways involved in inflammatory response, 

platelets activation, and modulation of the endocrine system. As surrogate 

markers of platelets, immune system, and endothelial cells functional state, EVs 

represent biomarkers of vascular inflammation and endothelial dysfunction in 

patients with PA and also potential biovectors, contributing to accelerated organ 

damage by multiple signaling processes. 
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3.1 Characteristics of the Study Cohort 

Eighty-three patients were included in the analysis: 22 NT controls, 29 patients 

with EH, and 32 with PA (20 affected by APA and 12 affected by BiPA). Patients 

with APA were re-evaluated at 6-12 months after unilateral adrenalectomy (APA 

post; n=13), whereas patients with BiPA were re-evaluated 6 months of medical 

treatment with mineralocorticoid receptor antagonists (BiPA post; n=7). Overall, 

103 serum samples were analyzed and included in the study. Clinical and 

biochemical characteristics of patients at baseline are reported in Table 1. 

No differences were found between NT, EH, and PA with regard to sex, age, 

weight, BMI, creatinine and lipid profile (p>0.05 for all comparisons). As 

expected, patients with PA displayed higher systolic and diastolic blood pressure 

compared with NT controls (154/96 vs. 124/81 mmHg), but not when compared 

with patients with EH (148/92 mmHg). Similarly, duration of hypertension and 

antihypertensive treatment (expressed as Defined Daily Dose, DDD, i.e., the 

assumed average maintenance dose per day for a drug used for its main indication 

in adults) did not differ between patients with PA and EH. Patients diagnosed 

with PA vs. EH differed only with regard to potassium, plasma renin activity 

(PRA), and aldosterone levels; in patients with PA, aldosterone concentration 

(AC) was higher, and PRA and potassium levels were lower than EH.  

 

After unilateral adrenalectomy, all patients with APA displayed a complete 

biochemical cure according with PASO criteria [Williams TA, Lancet Diabetes 

Endocrinol 2017], whereas clinical outcome was complete in 38.5% of patients, 

and partial in 61.5%. Blood pressure levels and DDD decreased compared with 

the baseline. Potassium level, PRA and AC normalized after surgery (Table 2).  

 

Patients with BiPA underwent medical treatment with mineralocorticoid receptor 

antagonists and displayed a decrease of systolic and diastolic blood pressure and 

an increase of PRA and potassium levels, consistent with patient compliance to 

MRA treatment (Table 3). 
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Variable NT 
[n=22] 

EH 
[n=29] 

PA 
[n=32] 

Overall 
P-value 

Pairwise comparisons 

NT vs EH NT vs PA EH vs PA 

Sex (Male; %) 9 (40.9) 16 (55.2) 23 (71.9) 0.072 - - - 
Age (years) 51 ± 9 50 ± 10 48 ± 8 0.382 - - - 
Duration of HTN (months) N.A. 8 [4; 19] 7 [2; 13] 0.500 - - - 
SBP (mmHg) 124 ± 8 148 ± 17 152 ± 16 <0.001 <0.001 <0.001 1.000 

DBP (mmHg) 81 ± 4 92 ± 8 95 ± 7 <0.001 0.006 <0.001 0.449 

Weight (Kg) 73 ± 9 76 ± 11 78 ± 14 0.312 - - - 

BMI (Kg/sqm) 25.2 ± 3.2 26.2 ± 2.7 25.7 ± 3.6 0.527 - - - 

K+ (mmol/L) 4.2 ± 0.3 4.2 ± 0.3 3.3 ± 0.5 <0.001 1.000 <0.001 <0.001 
PRA (ng/mL/h) N.A. 1.20 [0.80; 1.75] 0.20 [0.10; 0.29] N.A. N.A. N.A. <0.001 
AC (ng/dL) N.A. 10 [7; 14] 30 [25; 44] N.A. N.A. N.A. <0.001 
DDD N.A. 2.00 [0.75; 3.00] 2.25 [1.00; 3.00] 0.383 - - - 
Dyslipidemia (%) 5 (22.7) 13 (44.8) 11 (34.4) 0.260 - - - 
Metabolic Snd (%) 1 (4.5) 5 (17.2) 11 (34.4) 0.025 0.218 0.017 0.155 
LVH (%) 0 (0.0) 7 (24.1) 14 (43.8) 0.001 0.015 <0.001 0.177 
Total Cholesterol (mg/dL) 183 ± 22 181 ± 39 196 ± 28 0.148 - - - 

HDL (mg/dL) 46 ± 12 45 ± 12 50 ± 16 0.308 - - - 

TG (mg/dL) 124 ± 36 128 ± 47 124 ± 55 0.937 - - - 

Creatinine (mg/dL) 0.9 ± 0.2 1.0 ± 0.1 0.9 ± 0.2 0.385 - - - 
 

Table 1. Cohort characteristics - Clinical and biochemical characteristics of patients with bilateral hyperaldosteronism (BiPA; n=12), compared to BiPA 

treated with mineralocorticoid antagonists (BiPA post; n=7) and to normotensive controls (NT; n=22) and patients affected by essential hypertension (EH; 

n=29). HTN, Hypertension; SBP/DBP, Systolic/Diastolic Blood Pressure; PRA, Plasma Renin Activity; AC, Aldosterone Concentration; DDD, Defined Daily 

Dose; LVH, Left Ventricular Hypertrophy; TG, Triglycerides; N.A., Not Applicable. P-values < 0.05 were considered significant and shown in bold. 
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Variable NT 
[n=22] 

EH 
[n=29] 

APA 
[n=20] 

APA-post 
[n=13] 

Overall 
P-value 

Pairwise comparisons 
NT vs 

EH 
NT vs 
APA 

NT vs 
APA-p 

EH vs 
APA 

EH vs 
APA-p 

APA vs 
APA-p 

Sex (Male; %) 9 (40.9) 16 (55.2) 14 (70.0) 10 (76.9) 0.120 - - - - - - 
Age (years) 51 ± 9.2 50 ± 10.3 47 ± 7.8 N.A. 0.415 - - - - - - 
Duration of HTN (months) N.A. 8 [4;19] 7 [1;11] N.A. 0.252 - - - - - - 
SBP (mmHg) 124 ± 8.3 148 ± 16.7 154 ± 18.7 128 ± 7.3 <0.001 <0.001 <0.001 1.000 0.927 <0.001 <0.001 
DBP (mmHg) 81 ± 4.0 92 ± 7.5 96 ± 7.2 80 ± 7.1 <0.001 <0.001 <0.001 1.000 0.605 <0.001 <0.001 
Weight (Kg) 73 ± 8.9 76 ± 10.8 76 ± 14.6 N.A. 0.472 - - - - - - 
BMI (Kg/sqm) 25.2 ± 3.24 26.2 ± 2.76 25.0 ± 3.58 N.A. 0.338 - - - - - - 
K+ (mmol/L) 4.2 ± 0.28 4.2 ± 0.32 3.1 ± 0.44 4.6 ± 0.41 <0.001 1.000 <0.001 0.005 <0.001 0.007 <0.001 

PRA (ng/mL/h) N.A. 1.20 
[0.80;1.75] 

0.18 
[0.10;0.29] 

0.80 
[0.38;1.20] <0.001 N.A. N.A. N.A. <0.001 0.347 0.011 

AC (ng/dL) N.A. 10 [7;14] 31 [26;49] 7 [4;10] <0.001 N.A. N.A. N.A. <0.001 0.610 <0.001 

DDD N.A. 2.00 
[0.75;3.00] 

3.00 
[1.63;3.00] 

0.50 
[0.00;1.50] 0.001 N.A. N.A. N.A. 0.539 0.060 <0.001 

Dyslipidemia (%) 5 (22.7) 13 (44.8) 6 (30.0) N.A. 0.233 - - - - - - 
Metabolic Snd (%) 1 (4.5) 5 (17.2) 6 (30.0) N.A. 0.039 0.163 0.027 N.A. 0.293 N.A. N.A. 
LVH (%) 0 (0.0) 7 (24.1) 10 (50.0) N.A. 0.001 0.013 <0.001 N.A. 0.062 N.A. N.A. 
Total Cholesterol (mg/dL) 183 ± 22.2 181 ± 38.8 188 ± 24.0 N.A. 0.681 - - - - - - 
HDL (mg/dL) 46 ± 11.5 45 ± 11.6 52 ± 18.8 N.A. 0.195 - - - - - - 
TG (mg/dL) 124 ± 36.0 128 ± 46.7 116 ± 46.6 N.A. 0.649 - - - - - - 
Creatinine (mg/dL) 0.9 ± 0.15 1.0 ± 0.13 0.9 ± 0.21 N.A. 0.381 - - - - - - 
Clin Out           Complete 
(n; %)               Partial 
                         Absent 

N.A. 
N.A. 
N.A. 

N.A. 
N.A. 
N.A. 

N.A. 
N.A. 
N.A. 

5 (38.5) 
8 (61.5) 
0 (0.0) 

- - - - - - - 

Bioc Out          Complete 
(n; %)              Partial 
                        Absent 

N.A. 
N.A. 
N.A. 

N.A. 
N.A. 
N.A. 

N.A. 
N.A. 
N.A. 

13 (100.0) 
0 (0.0) 
0 (0.0) 

- - - - - - - 

 

Table 2. Cohort characteristics: NT vs. EH vs. APA - Characteristics of patients with an aldosterone producing adenoma (APA; n=20), 

compared to APA after unilateral adrenalectomy (APA-p; n=13), normotensive controls (NT; n=22), and patients with essential hypertension 

(EH; n=29). HTN, Hypertension; SBP/DBP, Systolic/Diastolic Blood Pressure; PRA, Plasma Renin Activity; AC, Aldosterone Concentration; 

DDD, Defined Daily Dose; LVH, Left Ventricular Hypertrophy; TG, Triglycerides; Clin/Bioc outcome according to PASO criteria. 
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Variable NT 
[n=22] 

EH 
[n=29] 

BiPA 
[n=12] 

BiPA-post 
[n=7] 

Overall 
P-value 

Pairwise comparisons 
NT vs 

EH 
NT vs 
BiPA 

NT vs 
BiPA-p 

EH vs 
BiPA 

EH vs 
BiPA-p 

BiPA vs 
BiPA-p 

Sex (Male; %) 9 (40.9) 16 (55.2) 9 (75.0) 5 (71.4) 0.215 - - - - - - 

Age (years) 51 ± 9.2 50 ± 10.3 49 ± 7.1 N.A. 0.772 - - - - - - 
Duration of HTN (months) N.A. 8 [4;19] 11 [2;19] N.A. 0.785 - - - - - - 

SBP (mmHg) 124 ± 8.3 148 ± 16.7 147 ± 10.1 131 ± 9.3 <0.001 <0.001 <0.001 1.000 1.000 0.012 0.057 

DBP (mmHg) 81 ± 4.0 92 ± 7.5 93 ± 5.4 81 ± 8.9 <0.001 <0.001 <0.001 1.000 1.000 <0.001 0.001 
Weight (Kg) 73 ± 8.9 76 ± 10.8 80 ± 14.0 N.A. 0.178 - - - - - - 

BMI (Kg/sqm) 25.2 ± 3.24 26.2 ± 2.76 26.8 ± 3.56 N.A. 0.295 - - - - - - 
K+ (mmol/L) 4.2 ± 0.28 4.2 ± 0.32 3.6 ± 0.50 4.1 ± 0.33 <0.001 1.000 <0.001 1.000 <0.001 1.000 0.066 

PRA (ng/mL/h) N.A. 1.20 
[0.80;1.75] 

0.20 
[0.10;029] 

1.12 
[0.79;1.60] <0.001 N.A. N.A. N.A. <0.001 1.000 0.009 

AC (ng/dL) N.A. 10 [7;14] 29 [13;32] 16 [12;17] <0.001 N.A. N.A. N.A. <0.001 0.132 1.000 

DDD N.A. 2.00 
[0.75;3.00] 

1.94 
[1.00;2.38] 

2.50 
[1.25;2.66] 0.573 - - - - - - 

Dyslipidemia (%) 5 (22.7) 13 (44.8) 5 (41.7) N.A. 0.246 - - - - - - 
Metabolic Snd (%) 1 (4.5) 5 (17.2) 5 (41.7) N.A. 0.024 0.163 0.007 N.A. 0.098 N.A. N.A. 
LVH (%) 0 (0.0) 7 (24.1) 4 (33.3) N.A. 0.022 0.013 0.004 N.A. 0.545 N.A. N.A. 
Total Cholesterol (mg/dL) 183 ± 22.2 181 ± 38.8 207 ± 31.4 N.A. 0.059 - - - - - - 
HDL (mg/dL) 46 ± 11.5 45 ± 11.6 47 ± 11.2 N.A. 0.897 - - - - - - 
TG (mg/dL) 124 ± 36.0 128 ± 46.7 137 ± 67.2 N.A. 0.766 - - - - - - 
Creatinine (mg/dL) 0.9 ± 0.15 1.0 ± 0.13 0.9 ± 0.17 N.A. 0.323 - - - - - - 

 

Table 3. Cohort characteristics: NT vs. EH vs. BiPA - Clinical and biochemical characteristics of patients with bilateral hyperaldosteronism 

(BiPA; n=12), compared to BiPA treated with mineralocorticoid antagonists (BiPA post; n=7) and to normotensive controls (NT; n=22) and 

patients affected by essential hypertension (EH; n=29). HTN, Hypertension; SBP and DBP, Systolic and Diastolic Blood Pressure; BMI, body 

mass index; PRA, Plasma Renin Activity; AC, Aldosterone Concentration; DDD, Defined Daily Dose; LVH, Left Ventricular Hypertrophy; TG, 

Triglycerides; N.A., Not Applicable. P-values < 0.05 were considered significant and shown in bold. 
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3.2 EV characterization and Assay Validation 

Serum nanoparticles (NPs) were visualized by NTA (Figure 2A). NP 

concentration was higher and particle diameter lower in patients with a diagnosis 

of PA, compared with both EH and NT controls (2.7- and 5.1-fold increase in 

particle number, and 1.1- and 1.3-fold decrease in particle diameter, respectively; 

p<0.01; Table 4 and Figure 3). In patient with an APA, the number of NPs 

declined after unilateral adrenalectomy (p<0.001; Table 5 and Figure 3), whereas 

particle diameter showed an increasing trend.  

Patients with BiPA displayed a non-significant decrease of NP concentration and 

a similar particle diameter, before and after treatment with mineralocorticoid 

receptor antagonists (Table 6 and Figure 3). 

 

 
Figure 2 –EV characterization by nanoparticle tracking analysis and flow cytometry - 
Data were reported for normotensive subjects (NT; green) vs. patients with essential 
hypertension (EH; yellow) vs. aldosterone producing adenoma (APA; red) vs. APA after 
surgery (APA post; orange) vs. bilateral adrenal hyperplasia (BiPA; dark blue) vs. BiPA 
treated with mineralocorticoid antagonist (BiPA post; light blue). (A) Cumulative 
distribution plot combining nanoparticle (NP) concentration (number of NPs per mL of 
serum; y axis) and diameter (nm; x axis). (B) Median fluorescence intensity (MFI, %) of 
CD9, CD63, and CD81 by bead-based flow cytometric analysis. Data and statistical 
analysis: see Tables 4-6. Whisker plots show median and interquartile range. *p<0.05; 
** p<0.01; *** p<0.001. 
 

After stratification for particle diameter, patients with PA showed an increase in 

both small (30-150 nm diameter; 3.2-fold increase) and larger NPs (151-500 nm; 

2.1-fold increase) compared with patients affected by EH (p<0.01). Patients with 

an APA displayed a reduction in both small and large particles after surgery (4.8-
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fold and 3.2-fold decrease; p<0.001), whereas only small NPs were increased in 

patients with BiPA as compared to EH and NT (p<0.05). No differences were 

found with regard to NP number and diameter between patients with BiPA before 

and after treatment with mineralocorticoid receptor antagonists (Tables 4-6). 

Taken together these data suggest a prevalent contribution of small NPs to the 

increase of total NP number observed in patients with PA.  

 

 
Figure 3. Nanoparticle tracking analysis - Characterization of extracellular vesicles 
(EVs) by nanoparticle tracking analysis (NTA) in patients with normotension (NT; green) 
vs. essential hypertension (EH; yellow) vs. aldosterone producing adenoma (APA; red) 
vs. APA after surgical intervention (APA post; orange) vs. bilateral hyperaldosteronism 
(BiPA; dark blue) vs. BiPA treated with mineralocorticoid receptor antagonist (BiPA 
post; light blue). (A, C) EV diameter (expressed in nm); (B, D) Nanoparticle (NP) 
concentration (expressed as number of NPs per mL of serum). Patients with APA or BiPA 
are grouped in the category PA (Primary Aldosteronism; purple; panels A and B). Data 
and statistical analysis: see Tables 4-6. Whisker plots show median and interquartile 
range. *p<0.05; ** p<0.01; *** p<0.001. 
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Variable NT 
[n=22] 

EH 
[n=29] 

PA 
[n=32] 

Overall 
P-value 

Pairwise comparisons 

NT vs EH NT vs PA EH vs PA 

Diameter (nm) 158 [138;187] 151 [146;173] 140 [127;151] 0.002 1.000 0.005 0.008 
NP concentration 
(n/mL) - [all vesicles] 

1.87e11 
[1.41e11;3.39e11] 

3.51e11 
[1.96e11;5.43e11] 

9.60e11 
[7.16e11;1.38e12] <0.001 0.250 <0.001 <0.001 

NP concentration 
(n/mL) [30-150 nm] 

1.04e11 
[4.59e10;2.33e11] 

1.92e11 
[1.08e11;3.25e11] 

6.23e11 
[5.00e11;1.02e12] <0.001 0.367 <0.001 <0.001 

NP concentration 
(n/mL) [151-500 nm] 

8.24e10 
[5.77e10;1.11e11] 

1.40e11 
[6.70e10;2.28e11] 

2.92e11 
[1.96e11;4.14e11] <0.001 0.077 <0.001 0.002 

CD9-CD63-CD81 MFI 7.24       
[5.18;12.01] 

11.34       
[6.88;18.61] 

55.96        
[34.05;108.45] <0.001 0.281 <0.001 <0.001 

 
Table 4. EV characterization: NT vs. EH vs. PA - Extracellular vesicles (EVs) were characterized by nanoparticle tracking analysis (NTA; 
concentration, expressed as number of nanoparticles [NPs] per mL of serum, and diameter, expressed in nm), and flow cytometric analysis 
(Median Fluorescence Intensities, MFI, for EV specific markers). Patients with primary aldosteronism (PA; n=32) were compared to 
normotensive (NT; n=22) and essential hypertensive patients (EH; n=29). P-values < 0.05 were considered significant and shown in bold. 
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Variable NT 
[n=22] 

EH 
[n=29] 

APA 
[n=20] 

APA-post 
[n=13] 

Overall 
P-value 

Pairwise comparisons 

NT vs 
EH 

NT     
vs APA 

NT   
vs 

APA-
post 

EH      
vs      

APA 

EH vs 
APA-
post 

APA vs 
APA-
post 

Diameter (nm) 158 [138;187] 151 [146;173] 138 [124;155] 159 [134;205] 0.018 1.000 0.032 1.000 0.059 1.000 0.121 

NP concentration 
(n/mL) - [all vesicles] 

1.87e11 
[1.41e11;3.39e11] 

3.51e11 
[1.96e11;5.43e11] 

1.15e12 
[9.13e11;1.51e12] 

2.87e11 
[1.95e11;4.77e11] <0.001 0.341 <0.001 1.000 <0.001 1.000 <0.001 

NP concentration 
(n/mL) [30-150 nm] 

1.04e11 
[4.59e10;2.33e11] 

1.92e11 
[1.08e11;3.25e11] 

7.49e11 
[5.73e11;1.10e12] 

1.55e11 
[7.54e10;2.95e11] <0.001 0.527 <0.001 1.000 <0.001 1.000 <0.001 

NP concentration 
(n/mL) [151-500 nm] 

8.24e10 
[5.77e10;1.11e11] 

1.40e11 
[6.70e10;2.28e11] 

3.97e11 
[2.83e11;4.60e11] 

1.24e11 
[7.92e10;1.95e11] <0.001 0.186 <0.001 0.891 <0.001 1.000 <0.001 

CD9-CD63-CD81 MFI 7.24       
[5.18;12.01] 

11.34  
[6.88;18.61] 

78.85 
[48.54;159.20] 

16.70 
[12.94;25.34] <0.001 0.336 <0.001 0.023 <0.001 0.942 0.009 

 
Table 5. EV characterization: NT vs. EH vs. APA - Extracellular vesicles (EVs) were characterized by nanoparticle tracking analysis (NTA; 
concentration, expressed as number of nanoparticles [NPs] per mL of serum, and diameter, expressed in nm), and flow cytometric analysis 
(Median Fluorescence Intensities, MFI, for EV specific markers. Patients with an aldosterone producing adenoma (APA; n=20) were compared 
to APA after surgical intervention (APA post; n=13) and to normotensive (NT; n=22) and essential hypertensive patients (EH; n=29). P-values 
< 0.05 were considered significant and shown in bold. 
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Variable NT 
[n=22] 

EH 
[n=29] 

BiPA 
[n=12] 

BiPA-post 
[n=7] 

Overall 
P-value 

Pairwise comparisons 

NT vs 
EH 

NT    vs 
BiPA 

NT    
vs 

BiPA-
post 

EH vs 
BiPA 

EH vs 
BiPA-
post 

BiPA 
vs 

BiPA-
post 

Diameter (nm) 158 [138;187] 151 [146;173] 140 [135;150] 142 [134;160] 0.083 - - - - - - 

NP concentration 
(n/mL) - [all vesicles] 

1.87e11 
[1.41e11;3.39e11] 

3.51e11 
[1.96e11;5.43e11] 

6.72e11 
[3.33e11;7.67e11] 

2.10e11 
[1.15e11;7.30e11] 0.001 0.168 <0.001 1.000 0.125 1.000 0.491 

NP concentration 
(n/mL) [30-150 nm] 

1.04e11 
[4.59e10;2.33e11] 

1.92e11 
[1.08e11;3.25e11] 

4.74e11 
[2.39e11;5.98e11] 

1.31e11 
[8.24e11;6.05e11] 0.001 0.307 <0.001 0.759 0.044 1.000 0.532 

NP concentration 
(n/mL) [151-500 nm] 

8.24e10 
[5.77e10;1.11e11] 

1.40e11 
[6.70e10;2.28e11] 

1.55e11 
[9.37e10;2.19e11] 

7.37e10 
[6.27e10;1.67e11] 0.023 0.067 0.094 1.000 1.000 0.775 0.582 

CD9-CD63-CD81 MFI 7.24       
[5.18;12.01] 

11.34  
[6.88;18.61] 

34.07 
[23.41;43.33] 

25.10 
[21.08;31.27] <0.001 0.218 <0.001 0.001 0.001 0.053 1.000 

 
Table 6. EV characterization: NT vs. EH vs. BiPA - Extracellular vesicles (EVs) were characterized by nanoparticle tracking analysis (NTA; 
concentration, expressed as number of nanoparticles [NPs] per mL of serum, and diameter, expressed in nm), and flow cytometric analysis 
(Median Fluorescence Intensities, MFI, for EV specific markers). Patients with bilateral PA (BiPA; n=12) were compared to BiPA treated with 
mineralocorticoid antagonist (BiPA post; n=7) and to normotensive (NT; n=22) and essential hypertensive patients (EH; n=29). P-values < 0.05 
were considered significant and shown in bold. 
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The immunocapture assay was validated for its specificity to bind EVs by western 

blotting and flow cytometry (Figure 1). Western blot analysis on representative 

samples demonstrated the enrichment of TSG101 and Syntenin-1 (as specific 

markers inside EVs), of CD81 on their membrane, and the depletion of potential 

contaminants (GRP94 and ApoA1), in EV samples after bead-based immuno-

capture, as compared to whole serum.  

 

Flow cytometric analysis confirmed the expression of tetraspanins CD9, CD63, 

and CD81, as specific EV membrane markers. As expected, patients with an APA 

or with BiPA displayed a significant increase of MFI for CD9-CD63-CD81, 

compared to controls with EH or NT. Expression of CD9-CD63-CD81 decreased 

in patients with an APA after adrenalectomy (p<0.05 for all comparisons; Figure 
2B and Tables 4-6). Although NTA cannot discriminate EVs from other particles 

or lipoproteins in serum, MFI level of tetraspanins at flow cytometry (as a 

measure of EV concentration) was directly correlated to NP number assessed by 

NTA (R=0.593; p<0.001; Figure 4A). Finally, a direct correlation was found 

between NP concentration by NTA and systolic / diastolic blood pressure (R= 

0.364/0.315; p<0.01), and aldosterone (R=0.473; p<0.001), while an inverse 

correlation was found with PRA (R= -0.390; p<0.001) and potassium levels (R= -

0.598; p<0.001; Figure 4B-F). 

 

Bead-based flow cytometric assay used to characterize EV surface antigens was 

further validated with an alternative protocol and by using high-resolution flow 

cytometry (HR-FC). Surface profile for representative samples (n=3) was similar 

after EV enrichment by bead-based immunocapture or ultracentrifugation (median 

coefficient of variation equal to 0.17; Figure 5A). Moreover, levels of CD9, 

CD63, CD81 and a subset of other EV surface proteins (CD3, CD29, CD25, 

CD31 and CD45) were highly correlated in samples processed by flow cytometry 

after bead-based immunocapture vs. HR-FC after ultracentrifugation (Pearson’s R 

ranging between 0.660 and 0.919; p<0.05; Figure 5B-I). As expected, expression 

levels for EV antigens decreased after lysis by sonication (Figure 5L). 
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Figure 4. Correlation analysis - Correlation of nanoparticle (NP) concentration 
(assessed by nanoparticle tracking analysis and expressed as number of NPs per mL of 
serum) with: (A) Median fluorescence intensity for CD9, CD63, and CD81 (MFI, %; 
data from bead-based flow cytometric analysis); (B) Potassium levels (K+; mmol/L); (C) 
Plasma renin activity (PRA; ng/mL/h); (D) Aldosterone concentration (AC; ng/dL); (E) 
Systolic blood pressure (SBP; mmHg); (F) Diastolic blood pressure (DBP; mmHg). The 
regression line is shown in red together with its 95% confidence interval (dashed lines). 
Pearson’s R coefficient and P-value are reported for each correlation. Differences were 
considered significant when P-value<0.05. Data and statistical analysis: see Table 11. 
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Figure 5. Flow cytometric assay validation - Bead-based flow cytometric assay used to 
quantify EV surface antigens was validated by high resolution flow cytometry (HR-FC) 
and with an alternative protocol. (A) Representative samples (n=3) processed with 
standard protocol (Stand; direct immuno-capture; see methods) compared with pre-
isolation by ultracentrifugation (UC) and analyzed by bead-based flow cytometry. (B-I) 
Correlation of EV antigen expression as assessed by HR-FC (x-axis; n°EVs/30 seconds) 
vs. MACSPlex bead-base flow cytometric assay (y-axis; normalized MFI, %) in 10 
subjects (5 PA and 5 EH). (L) Lysis control for HR-FC. Samples (n=3) are compared 
before and after sonication (3 cycle of 30 sec). Buffer is used as referral. *** p<0.001. 
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Figure 6. EV surface antigen profiling - Bead-based flow cytometric analysis of EV 
surface antigens. Median fluorescence intensities (MFI; %) are reported for all EV 
antigens after normalization for mean MFI of EV-specific markers (CD9, CD63, CD81). 
Statistical analysis: see Tables 7-9. (A) Patients with normotension (NT; green) vs. 
essential hypertension (EH; yellow) vs. primary aldosteronism (PA; purple). (B) Patients 
with an aldosterone producing adenoma (APA; red) were compared to APA after surgery 
(APA post; orange) and to NT/EH. (C) Patients with bilateral PA (BiPA; dark blue) were 
compared to BiPA treated with MRA (BiPA post; light blue) and to NT/EH. 
 

3.3 EV surface antigen profile 

The profiling of EV surface antigens was performed by flow cytometry after 

bead-based immuno-capture, according to the protocol shown in Figure 1. 

Immunocaptured EVs from pre-cleared serum were analyzed for the expression of 

37 specific surface antigens (Figure 6).  

Expression levels of each EV surface antigen were normalized by mean MFI of 

CD9-CD63-CD81 measured in the respective sample, thus providing a specific 

semi-quantitative analysis for single vesicle. 

First, we roughly traced the origin of circulating EVs by grouping surface 

antigens according to their cellular source. We found that most vesicles originated 

from platelets or endothelial cells (27% and 15%, respectively; Figure 7).  
 

 
Figure 7.  EV origin - The cell origin of extracellular vesicles (EVs) was determined by 
bead-based flow cytometric analysis on markers included in a pre-defined panel of 
antigens (see methods). Markers considered for each cell populations are reported 
below: T cells (CD2, CD3, CD4, CD8, CD25, CD40, CD45, CD86); B cells (CD11c, 
CD19, CD20, CD25, CD24, CD40, CD44, CD45); APC/Dendritic cells (CD1c, CD11c, 
CD209, HLA-II); macrophages (CD11c, CD209); monocytes (CD11c, CD14, CD29, 
CD49e); NK cells (CD2, CD69); progenitor/stem cells (CD105, CD133/1, SSEA-4); 
endothelium (CD31, CD62P, CD105, CD146); platelets (CD41b, CD42a, CD62P); other 
(CD55, CD326, ROR1, HLA-I, MCSP). 
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In the overall comparison, 19 EV surface antigens were differentially expressed in 

patients with PA compared to EH or NT controls (Tables 7-9). Eleven antigens 

showed a differential expression in PA-derived EVs compared with both controls 

and patients affected by EH: 2 T-cells membrane proteins (CD2, CD3), 1 B-cells 

membrane proteins (CD20), 2 immune regulatory surface molecules (CD25, 

CD45), 1 protein involved in endothelial cell function (CD31), 1 platelets 

glycoproteins (CD41b), 2 coagulation proteins (CD11c, CD142), and 2 stem cells 

proteins  involved in endothelial repair and response to inflammatory insults 

(SSEA-4 and CD133/1).  None of the evaluate antigens showed a differential 

expression in patients affected by EH compared with normotensive controls 

(Table 7). In patients with an APA, the expression level of these epitopes 

decreased to the levels observed in patients affected by EH following unilateral 

adrenalectomy (Table 8), thus highlighting a clear cluster in the heat-map of 

Figure 8. CD49e, SSEA-4, and CD41b were also over-expressed in patients with 

BiPA (Table 9). Patients with APA displayed a higher EV concentration 

compared with BiPA (as assessed by NTA and expression levels of CD9-CD63-

CD81 at flow cytometry) and an increased expression of EV surface antigens 

CD41b and CD42a (Table 10). 

 

Correlation analyses were performed to evaluate whether expression levels of EV 

surface antigens might be related to patients’ clinical or biochemical 

characteristics. As measure of EV number, CD9-CD63-CD81 mean MFI was 

correlated to aldosterone, PRA, potassium levels, systolic and diastolic blood 

pressure (R absolute value ranging between 0.318 and 0.519; p<0.01; Table 11).  

Several significant correlations were also found between clinical and biochemical 

parameters and level of expression of each single EV surface antigen (Table 11). 

In the overall population of patients affected by EH or PA, MFI for CD4, CD19, 

CD41b, CD133/1, CD31, and CD20 were all directly correlated to blood pressure 

and aldosterone, and inversely correlated to potassium levels (R absolute value 

ranging between 0.199 and 0.381; p<0.05; Figure 9). 
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Figure 8. EV surface antigen profile - Median fluorescence intensity (MFI, expressed as 
percentage [%], after normalization for mean MFI of CD9, CD63, and CD81; data from 
bead-based flow cytometric analysis) for differentially expressed EV surface antigens in 
patients with normotension (NT; n=22) vs. essential hypertension (EH; n=29) vs. 
aldosterone producing adenoma (APA; n=20) vs. APA after surgery (APA post; n=13) 
vs. bilateral adrenal hyperplasia (BiPA; n=12) vs. BiPA treated with mineralocorticoid 
antagonist (BiPA post; n=7). The heat map represents EV surface antigens expression 
(columns) and patients (row) stratified for diagnosis (red, high fluorescence; green, low 
fluorescence). Data and statistical analysis: see Tables 7-9. 
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Variable NT 
[n=22] 

EH 
[n=29] 

PA 
[n=32] 

Overall 
P-value 

Pairwise comparisons 

NT vs EH NT vs PA EH vs PA 

CD3 3.38 [0.38;14.36] 3.16 [1.00;20.22] 18.46 [6.61;52.07] <0.001 1.000 0.001 0.006 
CD4 13.00 [6.28;27.33] 9.21 [2.00;20.52] 30.97 [11.02;82.58] 0.003 1.000 0.073 0.003 
CD19 20.29 [6.86;31.15] 14.00 [4.50;37.21] 42.81 [14.04;94.61] 0.023 1.000 0.150 0.029 
CD8 18.01 [6.77;43.97] 23.49 [10.00;54.90] 44.60 [21.29;80.05] 0.051 - - - 
HLA-II 34.42 [18.48;44.00] 33.70 [12.74;86.60] 47.94 [28.13;79.16] 0.168 - - - 
CD56 3.80 [0.30;11.79] 2.74 [0.00;8.11] 7.37 [3.22;18.30] 0.098 - - - 
CD105 5.56 [0.00;30.35] 20.40 [2.00;59.49] 51.01 [12.36;93.32] 0.004 0.652 0.004 0.101 
CD2 7.63 [0.74;18.38] 5.18 [1.00;19.10] 33.12 [4.04;68.01] 0.023 1.000 0.048 0.046 
CD1c 8.39 [1.04;23.63] 10.07 [1.43;22.70] 20.51 [8.47;47.78] 0.094 - - - 
CD25 4.92 [0.35;26.02] 1.00 [0.83;21.27] 22.15 [2.44;43.64] 0.040 1.000 0.045 0.039 
CD49e 16.02 [4.48;45.98] 9.00 [1.50;15.75] 33.24 [10.59;41.68] 0.016 0.528 0.594 0.012 
ROR1 10.54 [3.06;24.19] 13.76 [2.50;64.21] 16.79 [6.70;35.91] 0.723 - - - 
CD209 7.94 [1.71;27.53] 3.87 [1.00;17.00] 8.34 [2.16;25.17] 0.631 - - - 
CD9 61.24 [36.56;73.20] 46.95 [12.45;83.32] 44.73 [20.78;72.59] 0.685 - - - 
SSEA-4 4.21 [0.39;15.05] 8.00 [2.43;58.00] 74.61 [27.93;139.86] <0.001 0.280 <0.001 0.018 
HLA-I 30.65 [13.15;53.22] 21.13 [8.48;62.00] 46.14 [13.11;60.56] 0.706 - - - 
CD63 79.00 [64.60;101.94] 84.00 [43.80;112.52] 76.1 [34.65;108.99] 0.822 - - - 
CD40 34.25 [12.45;70.72] 17.00 [2.62;38.50] 35.74 [13.85;60.04] 0.037 0.515 1.000 0.041 
CD62P 83.11 [37;215.18] 154.74 [104.22;223.64] 171.71 [120.84;217.73] 0.066 - - - 
CD11c 13.67 [5.50;21.17] 8.84 [2.29;43.04] 31.85 [5.76;84.23] 0.039 1.000 0.044 0.035 
CD81 129.99 [117.33;150.46] 153.48 [94.57;234.00] 144.89 [114.65;195.68] 0.238 - - - 
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MCSP 6.56 [0.62;34.03] 7.00 [0.79;28.41] 11.36 [4.32;27.34] 0.341 - - - 
CD146 5.48 [1.82;13.34] 1.12 [0.56;5.95] 1.76 [0.12;37.22] 0.324 - - - 
CD41b 39.66 [18.49;61.97] 61.15 [23.76;107.00] 116.92 [64.13;148.09] <0.001 0.318 <0.001 0.009 
CD42a 155.98 [91.23;308.27] 135.43 [90.42;224.46] 224.86 [146.69;311.85] 0.008 1.000 0.109 0.008 
CD24 10.18 [2.92;46.79] 10.46 [1.31;26.42] 22.98 [13.51;51.57] 0.032 1.000 0.237 0.035 
CD86 8.23 [1.97;27.96] 11.38 [1.00;24.02] 22.62 [6.09;68.63] 0.041 1.000 0.046 0.107 
CD44 9.84 [2.07;26.51] 8.18 [1.05;21.36] 14.15 [4.38;30.97] 0.328 - - - 
CD326 4.44 [0.79;13.99] 2.46 [1.00;16.16] 9.09 [1.42;28.39] 0.332 - - - 
CD133/1 11.93 [4.08;21.25] 13.36 [2.00;41.59] 41.17 [15.43;71.35] 0.004 1.000 0.012 0.014 
CD29 67.10 [34.29;138.76] 51.00 [29.50;97.00] 69.51 [29.97;116.28] 0.560 - - - 
CD69 23.95 [12.27;46.69] 15.00 [5.20;45.51] 35.15 [14.22;52.10] 0.101 - - - 
CD142 8.79 [0.98;26.86] 5.00 [1.06;30.34] 33.85 [11.60;73.83] 0.010 1.000 0.036 0.026 
CD45 5.47 [0.19;24.54] 8.00 [2.00;35.46] 36.12 [13.96;55.10] 0.001 0.847 0.001 0.022 
CD31 35.21 [17.92;44.34] 29.10 [11.99;70.41] 70.37 [31.98;96.02] 0.004 1.000 0.017 0.013 
CD20 4.84 [1.94;27.34] 6.62 [0.80;24.67] 29.43 [11.93;65.99] 0.001 1.000 0.009 0.003 
CD14 15.50 [8.03;30.04] 12.00 [5.00;20.01] 14.46 [6.66;27.28] 0.506 - - - 

 
Table 7. EV surface profiling: NT vs. EH vs. PA - EV surface profiling by flow cytometric analysis. Median Fluorescence Intensities (MFI; %) are 
reported for all EV antigens after normalization for mean MFI of EV-specific markers (CD9, CD63, CD81). Patients with primary aldosteronism 
(PA; n=32) were compared to normotensive controls (NT; n=22) and patients affected by essential hypertension patients (EH; n=29). P-values < 
0.05 were considered significant and shown in bold. 
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Variable NT 
[n=22] 

EH 
[n=29] 

APA 
[n=20] 

APA-post 
[n=13] 

Overall 
P-value 

Pairwise comparisons 

NT vs 
EH 

NT vs 
APA 

NT vs 
APA-
post 

EH    
vs 

APA 

EH vs 
APA-
post 

APA vs 
APA-
post 

CD3 3.38 [0.38;14.36] 3.16 [1.00;20.22] 24.93 [13.80;65.05] 0.15 [0.10;7.68] <0.001 1.000 0.005 1.000 0.028 0.341 <0.001 

CD4 13.00 [6.28;27.33] 9.21 [2.00;20.52] 39.98 [16.46;83.40] 4.86 [0.76;12.24] <0.001 1.000 0.063 0.370 0.002 1.000 <0.001 

CD19 20.29 [6.86;31.15] 14.00 [4.50;37.21] 39.87 [15.41;113.95] 1.82 [0.47;10.43] 0.001 1.000 0.519 0.054 0.043 0.083 <0.001 

CD105 5.56 [0.00;30.35] 20.40 [2.00;59.49] 51.01 [15.34;92.66] 21.23 [2.73;90.43] 0.013 1.000 0.008 0.891 0.154 1.000 1.000 

CD2 7.63 [0.74;18.38] 5.18 [1.00;19.10] 28.06 [8.23;90.49] 1.88 [0.10;9.29] 0.003 1.000 0.136 0.601 0.112 0.445 0.002 

CD25 4.92 [0.35;26.02] 1.00 [0.83;21.27] 27.37 [10.53;45.98] 0.10 [0.10;2.20] 0.001 1.000 0.225 0.117 0.111 0.120 <0.001 

CD49e 16.02 [4.48;45.98] 9.00 [1.50;15.75] 33.24 [10.99;39.57] 1.33 [0.14;6.25] 0.001 1.000 1.000 0.010 0.094 0.201 <0.001 

SSEA-4 4.21 [0.39;15.05] 8.00 [2.43;58.00] 110.54 [41.39;152.95] 7.88 [0.10;74.58] <0.001 0.580 <0.001 1.000 0.025 1.000 0.043 

CD40 34.25 [12.45;70.72] 17.00 [2.62;38.50] 35.74 [18.83;68.25] 8.93 [3.35;26.16] 0.004 0.242 1.000 0.034 0.113 1.000 0.016 

CD11c 13.67 [5.50;21.17] 8.84 [2.29;43.04] 31.20 [8.98;106.41] 2.85 [0.97;7.29] 0.002 1.000 0.149 0.360 0.093 0.314 0.001 

CD41b 39.66 [18.49;61.97] 61.15 [23.76;107.0] 138.90 [106.07;180.32] 111.45 [49.15;130.10] <0.001 0.698 <0.001 0.055 0.003 0.968 0.743 

CD42a 155.98 [91.23;308.3] 135.43 [90.4;224.5] 256.77 [181.62;1039.4] 105.79 [72.27;201.85] <0.001 1.000 0.019 1.000 0.001 1.000 0.002 

CD24 10.18 [2.92;46.79] 10.46 [1.31;26.42] 28.18 [14.24;56.69] 0.61 [0.10;8.72] 0.001 1.000 0.466 0.070 0.135 0.133 <0.001 

CD86 8.23 [1.97;27.96] 11.38 [1.00;24.02] 33.34 [15.09;79.52] 0.10 [0.10;0.92] <0.001 1.000 0.255 0.012 0.263 0.004 <0.001 

CD133/1 11.93 [4.08;21.25] 13.36 [2.00;41.59] 41.17 [19.89;76.46] 5.83 [2.57;9.42] 0.001 1.000 0.023 1.000 0.018 1.000 0.002 

CD142 8.79 [0.98;26.86] 5.00 [1.06;30.34] 34.51 [14.04;85.63] 0.12 [0.10;2.23] <0.001 1.000 0.062 0.296 0.084 0.131 <0.001 

CD45 5.47 [0.19;24.54] 8.00 [2.00;35.46] 36.12 [16.88;68.38] 5.59 [1.11;15.96] 0.001 1.000 0.002 1.000 0.027 1.000 0.017 

CD31 35.21 [17.92;44.34] 29.10 [11.99;70.41] 70.37 [34.44;98.60] 35.66 [19.89;56.38] 0.013 1.000 0.028 1.000 0.021 1.000 0.196 

CD20 4.84 [1.94;27.34] 6.62 [0.80;24.67] 35.62 [14.98;85.78] 5.31 [0.15;16.70] 0.002 1.000 0.014 1.000 0.006 1.000 0.012 

 
Table 8. EV surface profiling: NT vs. EH vs. APA - EV surface profiling by flow cytometric analysis. Median Fluorescence Intensities (MFI; %) are 
reported for EV antigens differentially expressed in patients with primary aldosteronism (PA), as compared to normotensive (NT) or essential 
hypertensive patients (EH; see Table S6), after normalization for mean MFI of EV-specific markers (CD9, CD63, CD81).  Patients with an 
aldosterone producing adenoma (APA; n=20) were compared to APA after surgical intervention (APA post; n=13) and to NT (n=22) and EH 
patients (n=29). P-values < 0.05 were considered significant and shown in bold. 
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Variable NT 
[n=22] 

EH 
[n=29] 

BiPA 
[n=12] 

BiPA-post 
[n=7] 

Overall 
P-value 

Pairwise comparisons 

NT vs 
EH 

NT vs 
BiPA 

NT vs 
BiPA-
post 

EH vs 
BiPA 

EH vs 
BiPA-
post 

BiPA 
vs 

BiPA-
post 

CD3 3.38 [0.38;14.36] 3.16 [1.00;20.22] 16.97 [3.90;49.26] 6.92 [1.25;71.45] 0.094 - - - - - - 

CD4 13.00 [6.28;27.33] 9.21 [2.00;20.52] 25.31 [4.57;78.57] 15.19 [4.40;111.33] 0.326 - - - - - - 

CD19 20.29 [6.86;31.15] 14.00 [4.50;37.21] 46.95 [5.97;81.50] 29.58 [1.30;107.08] 0.389 - - - - - - 

CD105 5.56 [0.00;30.35] 20.40 [2.00;59.49] 49.33 [3.68;94.41] 7.77 [0.93;77.60] 0.228 - - - - - - 

CD2 7.63 [0.74;18.38] 5.18 [1.00;19.10] 39.64 [3.00;65.91] 17.91 [0.75;86.89] 0.546 - - - - - - 

CD25 4.92 [0.35;26.02] 1.00 [0.83;21.27] 6.48 [0.05;25.39] 11.47 [0.01;77.34] 0.968 - - - - - - 

CD49e 16.02 [4.48;45.98] 9.00 [1.50;15.75] 27.11 [8.81;54.75] 35.16 [17.05;79.41] 0.025 1.000 1.000 0.707 0.146 0.048 1.000 

SSEA-4 4.21 [0.39;15.05] 8.00 [2.43;58.00] 56.61 [8.95;77.95] 77.46 [14.72;94.23] 0.004 0.449 0.048 0.008 1.000 0.201 1.000 

CD40 34.25 [12.45;70.72] 17.00 [2.62;38.50] 28.28 [4.37;48.41] 32.77 [5.47;81.21] 0.211 - - - - - - 

CD11c 13.67 [5.50;21.17] 8.84 [2.29;43.04] 32.11 [0.81;66.47] 22.90 [0.01;104.43] 0.914 - - - - - - 

CD41b 39.66 [18.49;61.97] 61.15 [23.76;107.00] 89.67 [47.83;119.54] 74.98 [48.99;96.84] 0.042 0.388 0.046 0.447 1.000 1.000 1.000 

CD42a 155.98 [91.23;308.27] 135.43 [90.42;224.46] 142.22 [113.64;234.15] 137.46 [107.80;288.88] 0.902 - - - - - - 

CD24 10.18 [2.92;46.79] 10.46 [1.31;26.42] 16.58 [5.78;40.28] 2.16 [0.16;81.25] 0.532 - - - - - - 

CD86 8.23 [1.97;27.96] 11.38 [1.00;24.02] 15.27 [2.12;47.30] 13.50 [1.77;86.48] 0.683 - - - - - - 

CD133/1 11.93 [4.08;21.25] 13.36 [2.00;41.59] 33.93 [7.18;66.30] 29.10 [3.55;89.71] 0.324 - - - - - - 

CD142 8.79 [0.98;26.86] 5.00 [1.06;30.34] 26.18 [5.38;42.35] 7.52 [3.11;93.71] 0.433 - - - - - - 

CD45 5.47 [0.19;24.54] 8.00 [2.00;35.46] 35.10 [6.23;50.37] 10.87 [2.60;69.12] 0.137 - - - - - - 

CD31 35.21 [17.92;44.34] 29.10 [11.99;70.41] 61.39 [20.46;89.83] 68.95 [14.52;104.08] 0.276 - - - - - - 

CD20 4.84 [1.94;27.34] 6.62 [0.80;24.67] 25.63 [5.10;53.93] 17.40 [5.30;80.46] 0.120 - - - - - - 

 
Table 9. EV surface profiling: NT vs. EH vs. BiPA - EV surface profiling by flow cytometric analysis. Median Fluorescence Intensities (MFI; %) 
are reported for EV antigens differentially expressed in patients with primary aldosteronism (PA), as compared to normotensive (NT) or essential 
hypertensive patients (EH; see Table S6), after normalization for mean MFI of EV-specific markers (CD9, CD63, CD81).  Patients with bilateral PA 
(BiPA; n=12) were compared to BiPA treated with mineralocorticoid antagonist (BiPA post; n=7) and to NT (n=22) and EH patients (n=29). P-
values < 0.05 were considered significant (shown in bold). 
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Table 10. EV characterization: APA vs. BiPA - Extracellular vesicles (EVs) were 
characterized by nanoparticle tracking analysis (NTA; concentration, expressed as 
number of nanoparticles [NPs] per mL of serum, and diameter, expressed in nm), and 
flow cytometric analysis (median fluorescence intensities, MFI, after normalization for 
mean MFI of EV-specific markers, CD9, CD63, CD81). Patients with an aldosterone 
producing adenoma (APA; n=20) were compared to bilateral PA (BiPA; n=12). P-values 
< 0.05 were considered significant and shown in bold. 

Variable APA 
[n=20] 

BiPA 
[n=12] P-value 

Diameter (nm) 138 [124;155] 140 [135;150] 0.501 
NP concentration  
(n/mL) - [all vesicles] 

1.15e12 
[9.13e11;1.51e12] 

6.72e11 
[3.33e11;7.67e11] <0.001 

NP concentration  
(n/mL) [30-150 nm] 

7.49e11 
[5.73e11;1.10e12] 

4.74e11 
[2.39e11;5.98e11] 0.006 

NP concentration  
(n/mL) [151-500 nm] 

3.97e11 
[2.83e11;4.60e11] 

1.55e11 
[9.37e10;2.19e11] <0.001 

CD9-CD63-CD81 MFI 78.85 [48.54;159.20] 34.07 [23.41;43.33] <0.001 
CD3 24.93 [13.80;65.05] 16.97 [3.90;49.26] 0.366 
CD4 39.98 [16.46;83.40] 25.31 [4.57;78.57] 0.289 
CD19 39.87 [15.41;113.95] 46.95 [5.97;81.50] 0.632 
CD105 51.01 [15.34;92.66] 49.33 [3.68;94.41] 0.687 
CD2 28.06 [8.23;90.49] 39.64 [3.00;65.91] 0.632 
CD25 27.37 [10.53;45.98] 6.48 [0.05;25.39] 0.070 
CD49e 33.24 [10.99;39.57] 27.11 [8.81;54.75] 0.659 
SSEA-4 110.54 [41.39;152.95] 56.61 [8.95;77.95] 0.064 
CD40 35.74 [18.83;68.25] 28.28 [4.37;48.41] 0.209 
CD11c 31.20 [8.98;106.41] 32.11 [0.81;66.47] 0.195 
CD41b 138.90 [106.07;180.32] 89.67 [47.83;119.54] 0.013 
CD42a 256.77 [181.62;1039.40] 142.22 [113.64;234.15] 0.002 
CD24 28.18 [14.24;56.69] 16.58 [5.78;40.28] 0.366 
CD86 33.34 [15.09;79.52] 15.27 [2.12;47.30] 0.116 
CD133/1 41.17 [19.89;76.46] 33.93 [7.18;66.30] 0.408 
CD142 34.51 [14.04;85.63] 26.18 [5.38;42.35] 0.326 
CD45 36.12 [16.88;68.38] 35.10 [6.23;50.37] 0.346 
CD31 70.37 [34.44;98.60] 61.39 [20.46;89.83] 0.477 
CD20 35.62 [14.98;85.78] 25.63 [5.10;53.93] 0.289 
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Table 11. Correlation with clinical and biochemical parameters - Correlation between clinical and biochemical parameters with EV parameters 
evaluated by NTA (NP concentration, expressed as number of nanoparticles per mL of serum) and flow cytometric analysis (median fluorescence 
intensity for CD9-CD63-CD81 and for EV surface antigens differentially expressed in patients with primary aldosteronism, PA). Analysis were 
performed in patients with a diagnosis of essential hypertension or PA (before and after treatment; n=81). Pearson’s R coefficient (left) and P-value 
(right) are reported for each comparison. AC, Aldosterone Concentration; PRA, Plasma Renin Activity; SBP and DBP, Systolic and Diastolic Blood 
Pressure. P-values < 0.05 were considered significant and shown in bold. 

Pearson’s test 
(n=81) 

AC (ng/dL) PRA (ng/mL/h) K+ (mmol/L) SBP (mmHg) DBP (mmHg) 
R P-Value R P-Value R P-Value R P-Value R P-Value 

NP concentration (n/mL) 0.473 <0.001 -0.390 <0.001 -0.598 <0.001 0.364 <0.001 0.315 0.001 
CD9-CD63-CD81 MFI 0.519 <0.001 -0.318 0.004 -0.371 <0.001 0.359 <0.001 0.348 <0.001 
CD3 (%) 0.147 0.192 -0.158 0.159 -0.273 0.005 0.268 0.006 0.182 0.066 
CD4 (%) 0.267 0.016 -0.191 0.088 -0.366 <0.001 0.201 0.042 0.210 0.033 
CD19 (%) 0.265 0.017 -0.135 0.229 -0.363 <0.001 0.229 0.020 0.277 0.005 
CD105 (%) -0.010 0.930 -0.057 0.616 -0.059 0.533 0.177 0.074 0.087 0.381 
CD2 (%) 0.234 0.035 -0.151 0.180 -0.323 0.001 0.198 0.044 0.050 0.193 
CD25 (%) 0.177 0.113 -0.169 0.131 -0.299 0.002 0.129 0.194 0.209 0.034 
CD49e (%) 0.209 0.061 -0.113 0.316 -0.206 0.037 0.112 0.260 0.059 0.551 
SSEA-4 (%) 0.303 0.006 -0.229 0.040 -0.322 0.001 0.340 <0.001 0.177 0.074 
CD40 (%) 0.217 0.052 -0.056 0.617 -0.196 0.047 -0.038 0.701 0.001 0.988 
CD11c (%) 0.199 0.074 -0.130 0.249 -0.339 <0.001 0.238 0.015 0.263 0.007 
CD41b (%) 0.265 0.017 -0.290 0.009 -0.276 0.005 0.369 <0.001 0.241 0.019 
CD42a (%) 0.233 0.037 -0.158 0.158 -0.312 0.001 0.190 0.055 0.173 0.081 
CD24 (%) 0.236 0.034 -0.169 0.132 -0.348 <0.001 0.139 0.162 0.219 0.026 
CD86 (%) 0.216 0.053 -0.137 0.223 -0.312 0.001 0.227 0.021 0.272 0.005 
CD133/1 (%) 0.269 0.015 -0.128 0.255 -0.381 <0.001 0.255 0.009 0.294 0.003 
CD142 (%) 0.231 0.038 -0.143 0.203 -0.358 <0.001 0.163 0.100 0.202 0.041 
CD45 (%) 0.192 0.086 -0.172 0.124 -0.252 0.010 0.321 0.001 0.233 0.018 
CD31 (%) 0.282 0.011 -0.158 0.159 -0.316 0.001 0.199 0.045 0.261 0.008 
CD20 (%) 0.257 0.021 -0.102 0.363 -0.377 <0.001 0.206 0.037 0.262 0.008 
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Figure 9. EV surface antigens correlations with clinical/biochemical parameters - 
Correlation of EV surface antigens with clinical/biochemical parameters (aldosterone 
concentration, ng/dL, AC; potassium levels, mmol/L; systolic blood pressure, mmHg, 
SBP). Median fluorescence intensities (MFI, %; data from bead-based flow cytometric 
analysis) are reported for indicated EV antigens after normalization for mean MFI of 
EV-specific markers (CD9, CD63, CD81). Data were reported for normotensive subjects 
(NT; green) vs. patients with essential hypertension (EH; yellow) vs. aldosterone 
producing adenoma (APA; red) vs. APA after surgery (APA post; orange) vs. bilateral 
PA (BiPA; dark blue) vs. BiPA treated with mineralocorticoid antagonist (BiPA post; 
light blue).  (A) CD4; (B) CD19; (C) CD41b; (D) CD133/1; (E) CD31; (F) CD20.  
Regression line is shown in red, with its 95% confidence interval (dashed lines). 
Statistical analysis: see Tables 7-11. Whisker plots show median and interquartile range. 
*p<0.05; ** p<0.01; *** p<0.001 
 

 

 

 

Linear discriminant analysis was used to combine MFI levels of all the 

differentially expressed EV surface antigens in a specific molecular signature. The 

canonical plots show patients discrimination according to diagnosis and levels of 

expression of EV surface antigens (Figure 10).  

 

Patients with an APA were clearly discriminated from patients with EH and NT 

(17 of 20 patients with APA were correctly classified), whereas unilateral 

adrenalectomy resulted in a significant change of the molecular signature, which 

became similar to that of patients with EH (Figure 10A).  

Patients with BiPA were also separated from EH and NT (10 of 12 patients with 

BiPA correctly classified), whereas after treatment with mineralocorticoid 

receptor antagonists the EV molecular signature was not significantly different 

(Figure 10B).  

Notably, even if singularly none of the evaluated surface epitopes differ 

significantly between patients affected by EH and normotensive controls, LDA 

analysis allowed the correct discrimination of the majority of patients with EH 

from NT controls. 
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Figure 10. EV specific signature discriminates patients with PA - Canonical plots show 
patient distribution according to their diagnosis and to linear weighted combination of 
EV surface antigen expression, as assessed by bead-based flow cytometry. Circles 
indicate patients. Crosses indicate mean values of (canonical-1; canonical-2) for each 
diagnosis. Ellipses include patients with a linear combination coefficient that falls within 
the mean +/- SD. If a circle of a defined color (real diagnosis) falls within a graph area 
of the same color (predicted diagnosis), then the patients is correctly classified according 
to its diagnosis. (A) Discrimination of normotensive subjects (NT; green) vs. patients 
with essential hypertension (EH; yellow) vs. aldosterone producing adenoma (APA; red) 
vs. APA after surgery (APA post; orange) (B) Discrimination of NT subjects (green) vs. 
patients with EH (yellow) vs. bilateral adrenal hyperplasia (BiPA; dark blue) vs. BiPA 
treated with mineralocorticoid antagonist (BiPA post; light blue). Confusion matrix 
reports real and predicted diagnosis. 
 

3.4 Bioinformatic Analysis and In Vitro Study 

The analysis of protein-protein interaction (PPI) network allowed the 

identification of protein targets of EVs, as well as molecular functions and 

biological pathways that could be influenced by EV-surface antigens differentially 

expressed in patients with PA as compared to EH (Tables 12-13).  

PPI network was built considering cell surface interactors of differentially 

expressed antigens on EV membranes. Most relevant intracellular “hubs” or 

“bottlenecks” were selected among proteins with the greater number of 

connections or those occupying critical network positions, thus suggesting a 

pivotal role for the management of the information flow within the related 

signaling pathway.  
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Gene name Protein name Betweenness Centroid Bridging 
FN1 Fibronectin  8744 -305 10 
PIK3R1 Phosphatidylinositol 3-kinase regulatory subunit alpha  4292 -328 10 
ACTB Actin, cytoplasmic 1 2870 -343 9 
ITGB2 Integrin beta-2 2712 -428 21 
AKT1 RAC-alpha serine/threonine-protein kinase  2393 -366 9 
FLNA Filamin-A  1928 -373 10 
CSNK2A1 Casein kinase II subunit alpha  1464 -378 9 
CALR Calreticulin 1378 -439 15 
C1QBP Complement component 1 Q  1245 -444 27 
XRCC6 X-ray repair cross-complementing protein 6  1244 -422 9 
EWSR1 RNA-binding protein EWS 1160 -421 10 
JUN Transcription factor AP-1  1022 -397 9 
LGALS3BP Galectin-3-binding protein  1012 -454 23 
RANBP9 Importin-9 941 -450 26 
SP1 Transcription factor Sp1 888 -435 12 
CANX Calnexin  881 -427 9 
INPPL1 Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 2  874 -443 17 
FASLG Tumor necrosis factor ligand superfamily member 6   648 -443 18 
EZR Ezrin  643 -432 19 
Average Network Value 627 -459 9 

 
Table 12. Network topological analysis - Intracellular hubs and bottlenecks selected by topological analysis of Protein-Protein Interaction (PPI) network 
reconstructed considering the first cell surface interactors of each differentially expressed antigen on EV membrane (Primary aldosteronism, PA vs. essential 
hypertension, EH). Betweenness, Centroid, and Bridging were calculated, and nodes were shown if all indices were above the average derived from the whole 
network. 
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ID Term Count P-value Bonferroni 
IMMUNE SYSTEM       
hsa04660 T cell receptor signaling pathway 45 7,2E-30 1,5E-27 
hsa04650 Natural killer cell mediated cytotoxicity 37 9,3E-18 2,0E-15 
hsa04611 Platelet activation 35 5,1E-15 1,1E-12 
hsa04670 Leukocyte transendothelial migration 32 3,5E-14 7,4E-12 
hsa04662 B cell receptor signaling pathway 33 7,8E-23 1,7E-20 
hsa04664 Fc epsilon RI signaling pathway 29 2,1E-18 4,4E-16 
hsa04610 Complement and coagulation cascades 22 4,3E-11 9,1E-09 
hsa04666 Fc gamma R-mediated phagocytosis 23 3,8E-10 8,0E-08 
hsa04630 Jak-STAT signaling pathway 32 2,8E-11 5,9E-09 
hsa04620 Toll-like receptor signaling pathway 28 7,3E-12 1,5E-09 
hsa04621 NOD-like receptor signaling pathway 17 2,6E-08 5,5E-06 
hsa04668 TNF signaling pathway 30 2,1E-13 4,4E-11 
SIGNAL TRANSDUCTON       
hsa04151 PI3K-Akt signaling pathway 61 1,5E-16 2,4E-14 
hsa04062 Chemokine signaling pathway 46 3,3E-18 7,1E-16 
hsa04015 Rap1 signaling pathway 39 3,1E-11 6,6E-09 
hsa04014 Ras signaling pathway 44 2,3E-13 4,9E-11 
hsa04012 ErbB signaling pathway 32 4,4E-18 9,2E-16 
hsa04068 FoxO signaling pathway 27 1,0E-08 2,2E-06 
hsa04066 HIF-1 signaling pathway 24 1,0E-09 2,2E-07 
hsa04064 NF-kappa B signaling pathway 30 4,2E-16 9,4E-14 
hsa04071 Sphingolipid signaling pathway 27 8,6E-10 1,8E-07 
hsa04010 MAPK signaling pathway 36 2,6E-07 5,6E-05 
hsa04370 VEGF signaling pathway 16 6,2E-07 1,3E-04 
ENDOCRINE SYSTEM       
hsa04915 Estrogen signaling pathway 23 1,1E-08 2,3E-06 
hsa04917 Prolactin signaling pathway 27 1,2E-15 2,6E-13 
hsa04910 Insulin signaling pathway 27 2,0E-08 4,2E-06 
hsa04920 Adipocytokine signaling pathway 17 7,6E-07 1,6E-04 
hsa04919 Thyroid hormone signaling pathway 23 1,9E-07 4,0E-05 
CELLULAR COMMUNITY – EUKARYOTES       
hsa04510 Focal adhesion 53 7,9E-22 1,7E-19 
hsa04520 Adherens junction 21 5,9E-10 1,3E-07 
SIGNALING MOLECULES AND INTERACTION       
hsa04512 ECM-receptor interaction 19 7,5E-07 1,6E-04 
OTHER KEGG CATEGORIES       
hsa04810 Regulation of actin cytoskeleton 36 2,0E-09 4,2E-07 
hsa04380 Osteoclast differentiation 40 2,6E-19 5,6E-17 
hsa04722 Neurotrophin signaling pathway 36 4,1E-17 8,6E-15 
hsa04144 Endocytosis 34 7,5E-07 1,6E-04 
hsa04210 Apoptosis 17 1,3E-07 2,7E-05 
hsa04960 Aldosterone-regulated sodium reabsorption 15 7,2E-09 1,5E-06 

 
Table 13. Functional evaluation by DAVID database - KEGG pathways enriched by 
considering cell surface interactors of each differentially expressed antigen on EV 
membrane (Primary aldosteronism, PA vs. essential hypertension, EH); enriched 
pathways were selected considering a gene count > 5 and a P-value <0.001. 
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Figure 11. EV-protein interactor network analysis and EV effects on human 
endothelial cells - Analysis of protein-protein interaction (PPI) showing intracellular 
hubs of the network reconstructed by considering cell surface interactors of each 
differentially expressed EV antigen in patients with primary aldosteronism (PA) vs. 
essential hypertension (EH). (A) PPI network; data and statistical analysis: see Table 12. 
(B) EVs effect on expression of selected interactors predicted by analysis of PPI network 
(highlighted in red in panel A) was evaluated by qRT-PCR. Gene expression of AKT1, 
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CALR, CSNK2A1, FN1, and PIK3R1 was expressed as RQ (relative quantification = 2-
DDCt), using GAPDH as endogenous reference gene. Human microvascular endothelial 
cells (HMECs) were treated with PA patient-derived EVs and EH-EVs. Non-treated (NT) 
cells, cells treated with supernatant after ultracentrifugation (Supern UC) and cells 
treated with supernatant after bead-based immuno-capture (Supern IC) were used as 
negative controls. (C) EVs were treated with glycine acid to remove EV membrane 
associated proteins. The graph shows EV quantification at high-resolution flow cytometry 
(number of EVs/30 seconds; CD9, CD63, and CD81 were used as EV specific markers) 
before and after glycine treatment. The percentage reduction after treatment was 
reported for each EV marker. (D) Gene expression of AKT1, CALR, CSNK2A1, FN1, and 
PIK3R1 by qRT-PCR in HMECs stimulated with patient-derived EVs after removal of 
membrane-associated surface antigens. Reported values are median and interquartile 
range of triplicates for each condition in 3 independent experiments. *p<0.05; ** 
p<0.01; *** p<0.001. 
 

 

The first 10 hubs for patients with PA were FN1, PIK3R1, ACTB, ITGB2, AKT1, 

FLNA, CSNK2A1, CALR, C1QBP, and XRCC6, (Figure 11A and Table 12).  

EV antigen potential interactors led to the enrichment of pathways related to the 

immune system and signal transduction, including inflammatory response 

mediated by T, B, and NK cells, platelets activation, complement and coagulation 

cascade, cellular adhesion and interaction, and modulation of endocrine system 

(estrogen, insulin, adipocytes signaling pathways, and aldosterone-regulated 

sodium reabsorption, among the others; Figure 12 and Table 13).  

 
 

	
Figure 12. Analysis of enriched pathways after EV treatment - KEGG intracellular 
signalling pathways enriched by considering cell surface interactors of each differentially 
expressed antigen on EV membrane (gene count > 5; p<0.001). Data and statistical 
analysis: see Table 13.  
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To explore the effect of patient-derived EVs on potential interactors predicted by 

PPI network, HMECs were stimulated with PA-EVs or EH-EVs for 24 hours and 

the expression of mRNA encoding 5 selected targets was examined. EVs for the 

in vitro study were isolated by ultracentrifugation (see methods). After 

ultracentrifugation, EV preparation was characterized by nanoparticle tracking 

analysis, transmission electron microscopy, western blot for specific EV markers 

and potential contaminants, and flow cytometry for tetraspanins (Figure 13).  
 

 
Figure 13. Characterization of EV preparation used for in vitro analysis - Extracellular 
vesicles (EVs) used for in vitro analysis were isolated by ultracentrifugation for patients 
with PA (n=4; red) and EH (n=4; yellow). EV preparation was characterized by NTA, 
TEM, western blot and flow-cytometry. (A) Cumulative distribution plot combining 
nanoparticle (NP) concentration (number of NPs per mL; y axis) and diameter (nm; x 
axis). (B) Transmission electron microscopy (40.000x magnification; bar 100 nm). Left 
panel, representative patient with EH; right panel, representative patient with PA. (C) 
Western blot for TSG101, Syntenin-1 and CD81 (specific EV markers) and potential 
contaminants (GRP94 and ApoA1). (D) Expression of CD9, CD63, and CD81 (n°EVs per 
30 seconds) by high resolution flow cytometry. *p<0.05.  
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Consistently with what we observed characterizing EVs after bead-based 

immunocapture, after ultracentrifugation the number of NPs from PA patient was 

higher compared with EH at NTA (2.3-fold increase; p<0.001; Figure 13A). EVs 

were also visualized by TEM (Figure 13B), which clearly showed the 

characteristic bilayer phospholipid membrane which distinguishes EVs from 

lipoproteins or protein aggregates.  

Western blot demonstrated the presence of EV specific markers (TSG101, 

Syntenin-1, and CD81) and the absence of relevant contamination (negligible 

levels of GRP94 and ApoA1; Figure 13C), while the expression of CD9, CD63, 

and CD81 on EV surface assessed by HR-FC confirmed a significant increase of 

EV concentration in patients with PA (Figure 13D). 

 

Following EV incubation, we demonstrated a significant overexpression of all the 

selected genes (AKT1, CALR, CSNK2A1, FN1 and PIK3R1) in PA-EVs treated 

cells compared with non-treated cells, and cells treated with supernatant after 

either ultracentrifugation, or bead-based immunocapture (p>0.05 for all 

comparisons). Notably, CALR and FN1 displayed a significant overexpression 

also when PA-EVs treatment was compared to EH-EVs (Figure 11B). Finally, the 

importance of the EV surface antigens on the observed effects on gene expression 

was confirmed by glycine acid washing to remove EV membrane-associated 

proteins (see extended methods and Figure 11C). After incubation of HMECs 

with patient EVs lacking their surface proteins, the expression of AKT1, CALR, 

CSNK, FN1 and PIK3R1 did not differ from the non-treated cells (Figure 11D). 

 

The over-expression of CALR and FN1 was confirmed also at protein level by 

western blot on HMECs. After treatment with patient derived EVs, the expression 

of calreticulin and fibronectin increased in cells treated with PA-EVs compared to 

both non-treated cells and cells treated with EH-EVs (3.4- and 2.0-fold increase, 

and 5.0- and 3.3-fold increase, respectively; p<0.001; Figure 14). 
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Figure 14. EV effect on protein expression - EV effect on expression of selected 
interactors predicted by analysis of PPI network was evaluated by western blot. PA 
patient-derived EVs and EH-EVs were incubated with human microvascular endothelial 
cells (HMECs). Non-treated (NT) cells were used as negative controls. (A) 
Representative membranes (the experiment was repeated twice). Protein expression was 
analyzed after normalization for vinculin, which was used as endogenous control (B) 
Expression of calreticulin (arbitrary unit, a.u.). (C) Expression of fibronectin (a.u.). 
Reported values are median and interquartile range of triplicates for each condition in 2 
independent experiments.  *p<0.05; *** p<0.001. 
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4. DISCUSSION 
 
 

The role of EVs and their cargo as functional biomarkers or even potential 

contributors to the development of cardio-metabolic disease is a rapidly 

expanding area of research. Through the interrogation of surface protein 

expression and taking advantage of machine-learning algorithms, we 

demonstrated here that aldosterone excess induces, in patients affected by PA, a 

distinct circulating EVs biomarker profile, which allows to discriminate them 

from both normotensive controls and patients affected by EH. Following 

unilateral adrenalectomy, the expression level of the surface epitopes in patients 

affected by APA decreased to the level observed in patients affected by EH, 

suggesting a direct and independent effect of aldosterone. Stimulation of human 

endothelial cells with EVs derived from patients with PA induced the up-

regulation of a number of selected targets, previously identified through 

bioinformatic network analysis as potential targets of the differentially expressed 

EV-surface antigens. The effect was specifically dependent on the surface 

antigens, since it was abolished by removal of EV membrane associated proteins.   

 

Physiologically, the majority of circulating EVs arises from platelets or 

megakaryocytes, however several pathological conditions may influence EV 

number and their cellular origin [Shah R, N Engl J Med 2018]. An increase in 

circulating EVs has been extensively reported in both acute and chronic 

conditions, including myocardial infarction [Burrello J, J Cell Mol Med 2020], 

diabetes mellitus [Amabile N, Eur Heart J 2014], and atherosclerotic 

vasculopathy [Amabile N, Eur Heart J 2014]. In arterial hypertension, the number 

of EVs has been correlated with impaired vasoreactivity, arterial stiffness, and 

blood pressure levels [Amabile N, Eur Heart J 2014; Preston RA, Hypertension 

2003], thus reflecting the underlying vascular status.  

In our cohort, the total number of small NPs (also referred elsewhere as exosomes 

[Yanez-Mo M, J Extracell Vesicles 2015]) was higher in patients with either APA 
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or BiPA compared with EH and NT control groups, in agreement with our 

previous preliminary results [Burrello J, Hypertension 2019].  

 

To perform a systematic characterization of circulating EVs in patients with PA 

and track their cellular origin, we performed a standardized flow cytometric assay, 

which allowed the simultaneous evaluation of 37 antigens expressed on EV 

surface [Koliha N, J Extracell Vesicles 2016; Wiklander OPB, Front Immunol 

2018]. Five of the 11 antigens differentially expressed between patients affected 

by PA and both patients affected by EH and NT controls (CD2, CD3, CD20, 

CD25, and CD45) were represented by T and B cells membrane proteins and 

immune regulatory surface molecules, suggesting that chronic aldosterone excess 

elicits the release of extracellular vesicles from immune system cells. This result 

broadens and further expands our previous findings on a smaller cohort of PA 

patients, showing an increase in CD45+ (leucocyte derived) EVs in patients with 

PA compared with normotensive controls [Burrello J, Hypertension 2019]. 

 

Beyond its classical role in increasing Na+ and water reabsorption, aldosterone 

excess exerts deleterious effects in various organs, including heart, kidney and 

vasculature [Mulatero P, Cardiovasc Hematol Agents Med Chem 2006], which 

contribute to end-organ damage and cardio-metabolic disease in patients affected 

by PA [Monticone S, Lancet Diabetes Endocrinol 2018].  

In this context, the pioneering contributions of Brilla et al. [Brilla CG, Circ Res 

1990] showing that aldosterone/salt challenge induces left ventricular fibrosis in 

rats, opened the way to understanding the several, non-epithelial, aldosterone 

effects, which comprise the induction of oxidative stress, peri-vascular 

inflammation and necrosis of the media [Rocha R, Am J Physiol Heart Circ 

Physiol 2002]. Moreover, the fact that cells of the innate and adaptive immune 

system express the mineralocorticoid receptor (MR) points toward a direct and 

prominent effect of aldosterone on immune cell activation [Bene NC, Steroids 

2014]. In mouse macrophages, aldosterone promotes the M1 (classically 

activated) polarization via its binding to and activation of the MR, while 
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macrophages from mice lacking the MR in myeloid cells shifted toward the 

alternative activated M2 phenotype [Usher MG, J Clin Invest 2010].  

Similarly, in human monocyte derived macrophages, aldosterone treatment 

induces trained immunity, a long term pro-inflammatory phenotype with an 

amplified cytokine response to re-stimulation with different stimuli [van der 

Heijden CDCC, Cardiovasc Res 2020], which has been suggested to play a role in 

atherogenesis [Leentjens J, Circ Res 2018].  

Other than immune cell system antigens, the specific profile of EVs derived from 

patients with PA is characterized by the over-representation of stem cell proteins, 

proteins involved in coagulation, endothelial cell, and platelet function. In 

particular, compared with EVs derived from patients affected by EH, we observed 

the over-expression of CD49e (α5 integrin) which, together with β1 integrin, 

constitutes the fibronectin receptor. Interestingly, in a murine model the 

conditional inactivation of the mineralocorticoid receptor in the vascular smooth 

muscle cells, blunted the aldosterone/salt effect on integrin α5 gene expression 

and arterial stiffness in the carotid artery [Galmiche G, Hypertension 2014]. 

 

Additionally, the cytofluorimetric assay results allowed us to obtain, by linear 

combination of EV surface antigen expression levels, a biomolecular signature 

able to efficiently discriminate between patients with PA and patients affected by 

EH or NT controls.  

Unilateral adrenalectomy, the treatment of choice for patients affected by APA, 

significantly affected the expression level of EVs surface proteins, which became 

similar to the profiling of patients with EH. Considering that surface antigens 

carried by EVs reflect their cell of origin and its activation state and that it has 

been showed a role for PA-derived EVs in endothelial cell apoptosis [Burrello J, 

Hypertension 2019], a possible interpretation of these findings may be related to 

the reduction of vascular inflammation and improvement of endothelial function 

after normalization of aldosterone levels by curative adrenalectomy.  

On the other side, 6 months of treatment with MRA did not significantly affect 

EV profiling of patients with BiPA: we speculate that a longer treatment duration 
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is required to determine a significant effect on endothelial cell function, vascular 

inflammation, and hence secreted EVs. Consistently, Catena et al. [Catena C, 

Hypertension 2007] observed a decrease in left ventricular mass in PA patients 

treated with MRA after a mean follow up of 6 years, but not after 12 months. 

 

In our cohort the expression levels of the evaluated surface epitopes did not differ 

significantly between patients affected by EH and NT controls, while previous 

studies reported an increase in endothelial and platelet EVs [Amabile N, Eur 

Heart J 2014; Preston RA, Hypertension 2003; Helbing T, World J Cardiol 2014] 

in patients with hypertension.  

It must be acknowledged that in the study by Preston and colleagues the 

difference was significant only in the subgroup of patients affected by severe 

hypertension (mean blood pressure of 195/127 mmHg), while we enrolled patients 

with mild hypertension.  Moreover, even if singularly none of the surface epitopes 

was significantly different, EV signature obtained by LDA discriminated the 

majority of patients with EH from NT controls. Finally, we should also consider 

that EH is a multifaced condition which results from the interaction of different 

factors including vascular tone, sodium and fluid balance and sympathetic tone; 

this heterogeneity may justify the high dispersion of data, which prevented us to 

find differences regarding single EV markers in our relatively small cohort of 

patients affected by EH. 

 

Since EVs mediate autocrine, paracrine, and endocrine signaling by interacting 

with target cells through their membrane proteins [Yanez-Mo M, J Extracell 

Vesicles 2015], we performed a bioinformatic network analysis to detect potential 

interactors of EV surface antigens differentially expressed in patients with PA. 

Among the predicted hubs, we selected, according to their putative function, the 

most relevant ones to be confirmed by qRT-PCR. Fibronectin 1 (encoded by FN1) 

is higher in mice treated with aldosterone and is involved in the development of 

renal fibrosis [Lai L, Mol Med Rep 2019]. RAC-alpha serine/threonine-protein 

kinase, casein kinase II, and calreticulin (encoded by AKT1, CSNK2A1, and 
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CALR, respectively) tune renal sodium reabsorption by regulating the epithelial 

sodium channel ENaC expression and function [Lee IH, Clin Exp Pharmacol 

Physiol 2008; Sugahara T, Exp Cell Res 2009; Berman JM, Am J Physiol Renal 

Physiol 2018]. Casein kinase II subunit 1 also modulates the activity of 

mineralocorticoid receptor [Ruhs S, Sci Rep 2017] and aldosterone may regulate 

sodium transport by phosphatidylinositol 3-kinase cascade in renal epithelial cells 

[Tong Q, Am J Physiol Renal Physiol 2004].  

Compared with EH-derived EVs, the stimulation of human endothelial cells with 

EVs derived from patients with PA induced the overexpression of CALR and FN1, 

effect that was abolished by EV surface antigens removal. This finding was 

confirmed also at protein level. Thus, we can hypothesize a post-transcriptional 

effect of circulating EVs on endothelial cells, which may be at least in part 

mediated by the interaction of cells with specific epitopes expressed on the 

membrane of PA-patients derived EVs. 

The analysis of the network also highlights platelets, T- and B- cells activation, 

complement and coagulation cascade, transendothelial leukocyte migration, 

adipocytes and insulin signalling pathways, and aldosterone-dependent sodium 

reabsorption, between the enriched biomolecular pathways. This is consistent with 

an active role of EVs in determining vascular inflammation and endothelial 

dysfunction in patients with PA. 

 

The main limitation of our study is that we could not demonstrate if the increase 

in circulating EVs is a result of PA-associated vascular injury or a direct effect of 

aldosterone on target cells; the pathological environment of patients with PA, 

where vessels are exposed to chronically elevated aldosterone levels, 

inappropriate sodium status and increased shear stress, would not be reproducible 

in vitro. 
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5. CONCLUSIONS and PERSPECTIVES 
 
In conclusion, we characterized the surface antigen profile of serum EVs in a 

large cohort of patients. Circulating EVs, mainly released by platelets, endothelial 

and inflammatory cells, increased in PA and a specific EV surface signature 

discriminated these patients. We identified intracellular signalling pathways 

targeted by differentially expressed EV antigens and demonstrated a functional 

effect in vitro on human endothelial cells. Our results suggest a role for EVs in the 

development of endothelial dysfunction, vascular inflammation, and accelerated 

organ damage in PA.    

According with our data, circulating EVs can be considered as active biovectors 

in patients affected by PA, but the mechanisms by which they are involved in the 

development of endothelial dysfunction and vascular inflammation remain 

incompletely understood. Further studies are necessary to investigate the direct 

effect of aldosterone on the release of EVs by endothelium, inflammatory cells, 

and platelets, and the molecular mechanism by which in turn may lead to organ 

damage by interacting with the same endothelial and immune system cells in a 

vicious detrimental circle. 
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