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ABSTRACT

Primary aldosteronism (PA) is characterized by inappropriate aldosterone production. Chronic
aldosterone excess has detrimental effects on cardiovascular system, including endothelial
dysfunction and vascular inflammation. Circulating extracellular vesicles (EVs) are central players
in the crosstalk between endothelium, vascular structures, and inflammatory cells.

The aim of the study was to assess the potential role of EVs in aldosterone-related vascular damage
by evaluating a comprehensive panel of 37 EV surface antigens. Serum EVs were isolated by
immuno-capture from 32 patients with PA, 29 patients with essential hypertension (EH) and from 22
normotensive (NT) 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 to controls and
the number of particles decreased after unilateral adrenalectomy. Nineteen EV surface antigens were
differentially expressed in patients with PA compared to patients with EH or NT 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 PA treatment the
profile became similar to EH. Stimulation of human endothelial cells with PA patient-derived EVs
resulted in the overexpression of 5 selected genes (AKT1-CALR-CSNK2A1-FNI-PIK3R1), previously
identified by bioinformatics analysis as targets of differentially expressed EV antigens.
Overexpression of CALR and FNI was confirmed also at protein level.

Our data suggest that EVs represent biomarkers of vascular inflammation and endothelial dysfunction
in patients with PA, and also potential biovectors contributing to accelerated organ damage by

multiple signalling processes.

Keywords: extracellular vesicles, primary aldosteronism, aldosterone, machine learning,

inflammation.
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ABBREVIATION LIST

AC, Aldosterone Concentration; APA, Aldosterone Producing Adenoma; BiPA, Bilateral Primary
Aldosteronism; DDD, Defined Daily Dose; EH, Essential Hypertension; EV, Extracellular vesicle;
HTN, Hypertension; MRA, Mineralocorticoid Receptor Antagonist; NO, Nitric Oxide; NP,

Nanoparticle; NT, Normotension; PA, Primary Aldosteronism; PRA, Plasma Renin Activity.

INTRODUCTION

Primary aldosteronism (PA) is a frequent cause of endocrine hypertension affecting 6% of all
hypertensive patients [1]. 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 [2].

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 [3]. 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 [4-6].
Moreover, aldosterone-related vascular inflammation (with perivascular leukocyte infiltration and
arterial wall inflammation) was observed in both murine models and patients with PA [7,8].

The crosstalk between endothelium, vascular structures and inflammatory cells leads to accelerated
atherogenesis and a pro-thrombotic environment in PA [9], which may contribute to their increased
risk of cardiovascular events compared to patients with essential hypertension (EH) [10].

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
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unravel the mechanisms underlying 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 [11]. 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 [12,13].
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
[9,14]. 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. Additionally, patients affected by PA display an increased
number of circulating EVs, that decreased to the level observed in patients affected by EH following
unilateral adrenalectomy [14].

The aim of the present study is to further characterize the circulating EV profile in patients affected
by PA, through an innovative flow cytometry multiplex bead-based platform, that evaluates the
expression of a comprehensive panel of 37 membrane antigens expressed on the EV surface [15,16].
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. Finally, 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. 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.

METHODS
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Data analyzed during the current study are not publicly available but are available from the
corresponding author on reasonable request. A detailed description of patient recruitment and EV

characterization is reported in the Supplemental Material.

Patients and blood sampling

Patients with PA, EH and normotensive (NT) controls were enrolled at the Hypertension Unit of the
University of Torino, Italy. PA was diagnosed according to recommendations of the Endocrine
Society and the European Society of Hypertension [2,17,18]. Common forms of secondary
hypertension were excluded for patients with EH. NT controls were healthy volunteers. The study
was approved by local ethical committee, and all patients gave fully informed written consent in

accordance with the declaration of Helsinki.

Sample handling and EV characterization

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. EV were isolated by beads immuno-capture from 45 uL of serum, as
previously described (Figure S1) [12]. A commercially available assay (MACSPIlex 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 [15,16]. Briefly, serum was incubated overnight with 37 different
fluorescently labeled capture bead populations, each coated with an antibody against a specific EV
surface antigen. Immuno-captured EVs were then incubated with a detection buffer (fluorescently

labeled antibodies for CD9/CD63/CD81) and analyzed by MACSQuant-Analyzer-10 flow cytometer
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(Miltenyi), according to a validated protocol (see extended methods) [12]. Median fluorescence
intensity (MFT) was expressed for each EV surface antigen after normalization for blank control and
mean MFI for CD9/CD63/CD81. 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 Apolipoprotein A1) was assessed by western blotting
on protein lysate after EV immuno-capture (see extended methods). The term “nanoparticle(s)” was
used instead of “extracellular vesicle(s)”, when we referred to NTA. Analytical factors for EV

isolation and characterization complied with MISEV indications [19].

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
derived from patients with a diagnosis of aldosterone producing adenoma (PA-derived EVs, or PA-
EVs) or EH (EH-EVs). Non treated cells, cells treated with supernatant after ultracentrifugation, and
cells treated with supernatant after bead-based immunocapture, were used as negative controls. For
in vitro analysis, EVs were isolated by ultracentrifugation (100,000 g for 2 hours at 4 °C) from 3 mL
aliquot of serum. EV preparation for the in vitro study was characterized by NTA, transmission
electron microscopy (TEM), western blot and high-resolution flow cytometry (see extended
methods).

After 24 hours of treatment, RNA was extracted using miRNeasy mini kit (Qiagen, Hilden, Germany)
according to manufacturer’s protocol. RNA was reverse-transcribed using High-capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific, Waltham, Massachusetts,
USA). Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis was
performed using specific TagMan assay (Thermo Fisher Scientific) for AKTI (RAC-alpha

serine/threonine-protein kinase), CALR (Calreticulin;), CSNK2A1 (Casein kinase II subunit alpha;),
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FNI (Fibronectin;), and PIK3R1 (Phosphatidylinositol 3-kinase regulatory subunit alpha). 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. Gene expression levels were
analyzed with the 2"24¢T relative quantification method, using GAPDH (Glyceraldehyde 3-phosphate
dehydrogenase), as endogenous control. 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 (see extended methods).

After 48 hours of treatment, proteins were extracted in RIPA buffer; 3 ug of total proteins were
separated by SDS/PAGE. Membranes were incubated with the following primary antibodies: anti-

Calreticulin (Abcam), anti-Fibronectin (Abcam), and anti-Vinculin (Sigma Aldrich).

Statistics 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.

Linear discriminant analysis (LDA) maximizes separations between groups by increasing precision

estimate through variance reduction [20]. The algorithm uses a set of coefficients to combine EV
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surface antigen levels in a specific signature and discriminate patients according to their diagnosis.
Canonical plot was used to 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 [21]. 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) [21-23]. 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) [20].

RESULTS

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
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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 [24],
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 S1). 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 S2).

EV characterization and assay validation

Serum nanoparticles (NPs) were visualized by NTA (Figure 1A). 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 S3 and Figure S2A-B). In patient with an APA, the number of NPs
declined after unilateral adrenalectomy (p<0.001; Table S4 and Figure S2C-D), 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 S5 and Figure S2C-D).

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
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particles after surgery (4.8-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 S3-5). Taken together these data suggest a prevalent
contribution of small NPs to the increase of total NP number observed in patients with PA.

The immunocapture assay was validated for its specificity to bind EVs by western blotting and flow
cytometry (Figure S1). 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 ApoAl), in EV samples after bead-based
immunocapture, 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 1B and Tables S3-S5). 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 S3A). 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 S3B-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 S4A). Moreover, levels of

CD9, CD63, CD81 and a subset of other EV surface proteins (CD3, CD29, CD25, CD31 and CD45)

10
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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 S4B-
I). As expected, expression levels for EV antigens significantly decreased after lysis by sonication

(Figure S4L).

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 S1. Immunocaptured EVs from pre-cleared serum
were analyzed for the expression of 37 specific surface antigens (Figure S5). 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 S6). In the overall comparison, 19 EV surface antigens were differentially
expressed in patients with PA compared to EH or NT controls (Tables S6-8). 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 (CD41Db), 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 S6). 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
S7), thus highlighting a clear cluster in the heat-map of Figure 2. CD49¢, SSEA-4, and CD41b were

also over-expressed in patients with BiPA (Table S8).

11
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Patients with APA displayed a higher EV concentration compared with BiPA (as assessed by NTA
and expression levels of CD9-CD63-CDS81 at flow cytometry) and an increased expression of EV
surface antigens CD41b and CD42a (Table S9).

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 S10).

Several significant correlations were also found between clinical and biochemical parameters and
level of expression of each single EV surface antigen (Table S10). 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 S7).

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 S8). 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 S8A). 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 S8B). 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.

Bioinformatic analysis and in vitro study

12
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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 (Figure 3A). 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. The
first 10 hubs for patients with PA were FNI, PIK3R1, ACTB, ITGB2, AKT1, FLNA, CSNK2A1, CALR,
CIQBP, and XRCC(C6, (Table S11). 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 S9 and Table S12).

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 and Figure S10).

Following EV incubation, we demonstrated a significant overexpression of all the selected genes
(AKTI1, CALR, CSNK2A1, FNI and PIK3RI) in PA-EVs treated cells compared with non-treated
cells, and cells treated with supernatant after either ultracentrifugation, or bead-based immunocapture
(»>0.05 for all comparisons). Notably, CALR and FNI displayed a significant overexpression also
when PA-EVs treatment was compared to EH-EVs (Figure 3B). 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 3C). After incubation
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of HMECs with patient EVs lacking their surface proteins, the expression of AKT1, CALR, CSNK,
FNI and PIK3R]1 did not differ from the non-treated cells (Figure 3D).

The over-expression of CALR and FNI was confirmed also at protein level by western blot on
HMECs (Figure S11). 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 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 [25]. An increase

14
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in circulating EVs has been extensively reported in both acute and chronic conditions, including
myocardial infarction [12], diabetes mellitus [26], and atherosclerotic vasculopathy [26]. In arterial
hypertension, the number of EVs has been correlated with impaired vasoreactivity, arterial stiffness,
and blood pressure levels [26,27], thus reflecting the underlying vascular status. In our cohort, the
total number of small NPs (also referred elsewhere as exosomes [11]) was higher in patients with
either APA or BiPA compared with EH and NT control groups, in agreement with our previous

preliminary results [14].

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 [15,16]. 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 [14].

Beyond its classical role in increasing Na“ and water reabsorption, aldosterone excess exerts
deleterious effects in various organs, including heart, kidney and vasculature [28], which contribute
to end-organ damage and cardio-metabolic disease in patients affected by PA [10]. In this context,
the pioneering contributions of Brilla et al. [29] 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 [7]. Moreover, the fact that cells of the innate and adaptive immune system express the
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mineralocorticoid receptor (MR) points toward a direct and prominent effect of aldosterone on
immune cell activation [30]. In mouse macrophages, aldosterone promotes the M1 (classically
activated) polarization via its binding to and activation of the MR, while macrophages from mice
lacking the MR in myeloid cells shifted toward the alternative activated M2 phenotype [31].
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 [32], which has been suggested to play a role in atherogenesis [33].
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 CD49¢ (a5 integrin) which, together with B1 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 a5 gene expression and arterial stiffness in the carotid artery [34].

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 [14], 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
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that a longer treatment duration is required to determine a significant effect on endothelial cell
function, vascular inflammation, and hence secreted EVs. Consistently, Catena et al. [35] 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 [26,27,36] 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 [11], 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 FNI) is higher in mice treated with aldosterone
and is involved in the development of renal fibrosis [37]. RAC-alpha serine/threonine-protein kinase,
casein kinase II, and calreticulin (encoded by AKT1, CSNK2A1, and CALR, respectively) tune renal
sodium reabsorption by regulating the epithelial sodium channel ENaC expression and function [38-

40]. Casein kinase II subunit 1 also modulates the activity of mineralocorticoid receptor [41] and
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aldosterone may regulate sodium transport by phosphatidylinositol 3-kinase cascade in renal
epithelial cells [42]. Compared with EH-derived EVs, the stimulation of human endothelial cells with
EVs derived from patients with PA induced the overexpression of CALR and FNI, effect that was
abolished by EV surface antigens removal. 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.

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.

PERSPECTIVES
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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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NOVELTY AND SIGNIFICANCE

What is New?

o This is the first study to delineate the biomolecular signature of circulating EVs derived from
patients affected by PA, taking advantage of a comprehensive evaluation of 37 surface antigens
and machine-learning algorithms.

« Bioinformatic analysis allowed the identification of potential targets of the differentially expressed
EV surface antigens, whose functional relevance was explored through an in vitro study.

What is Relevant?

o The biomolecular signature derived by linear combination of EV surface antigens discriminates
patients affected by PA from patients affected by EH and normotensive controls.

» Following unilateral adrenalectomy in patients affected by unilateral PA, the expression profile of
the surface epitopes decreased to the level observed in patients affected by EH.

o Stimulation of HMEC cells with PA-derived EVs induced the expression of a number of selected
genes, previously identified through bioinformatic analysis as potential targets of the differentially
expressed EV-surface antigens.

Summary

e Patients with PA display increased cardiovascular risk.

e EVsmay interact with target cells by their surface antigens, thus influencing biomolecular pathway
involved in inflammatory response, platelets activation, and modulation of the endocrine system.

e 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 with an active role in accelerated organ damage.
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Figure 1 —-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 S3-S5. Whisker plots show median and interquartile range.
*p<0.05; ** p<0.01; *** p<0.001
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Figure 2 — 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 S6-S8.
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Figure 3 — EV-protein interactor network analysis and effect of EVs 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 S11. (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,
CALR, CSNK2A1, FNI1, and PIK3RI was expressed as RQ (relative quantification = 244!, 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
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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, FNI, 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.
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Figure 4 — EV effect on protein expression

EV effect on expression of selected interactors predicted by analysis of PPI network was evaluated
by western blot (representative membrane is reported in Figure S11). 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) Expression of calreticulin (arbitrary unit, a.u.). (B)
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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Table 1 — Patients characteristics

Sex (Male; %)

Age (years)

Duration of HTN (months)
SBP (mmHg)

DBP (mmHg)

Weight (Kg)

BMI (Kg/sqm)

K* (mmol/L)

PRA (ng/mL/h)

AC (ng/dL)

DDD

Dyslipidemia (%)
Metabolic Snd (%)

LVH (%)

Total Cholesterol (mg/dL)
HDL (mg/dL)

TG (mg/dL)

Creatinine (mg/dL)

9 (40.9)
5149
N.A.
124 +8
81+4
73+9
252432
42403
N.A.
N.A.
N.A.
5(22.7)
1 (4.5)
0 (0.0)
183 +22
46 £ 12
124 + 36
0.9+0.2

16 (55.2)
50 + 10
8 [4; 19]
148 17
92+8
76 £ 11
262 +2.7
42403
1.20 [0.80; 1.75]
10 [7; 14]
2.00 [0.75; 3.00]
13 (44.8)
5(17.2)
7(24.1)
181 + 39
45+ 12
128 + 47
1.0£0.1

23 (71.9)

48 + 8
7[2; 13]
152+ 16

95+ 7
78 + 14

25.7+3.6
33+0.5
0.20 [0.10; 0.29]
30 [25; 44]
2.25 [1.00; 3.00]
11 (34.4)
11 (34.4)
14 (43.8)
196 + 28

50 £ 16
124 + 55
0.9+0.2

0.072
0.382
0.500
<0.001
<0.001
0.312
0.527
<0.001
N.A.
N.A.
0.383
0.260
0.025
0.001
0.148
0.308
0.937
0.385

<0.001
0.006

1.000
N.A.
N.A.

0.218
0.015

<0.001
<0.001

<0.001
N.A.
N.A.

0.017
<0.001
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Legend to Table 1 - Clinical and biochemical characteristics of patients with a diagnosis of primary
aldosteronism (PA; n=32), compared 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; PRA, Plasma Renin Activity; AC, Aldosterone Concentration; DDD, Defined Daily Dose;
LVH, Left Ventricular Hypertrophy; TG, Triglycerides. P-values < 0.05 were considered significant

and shown in bold.
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