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ABBREVIATIONS

Area under the curve, AUC; Coronary Artery Disease, CAD; Cardiovascular, CV; Chronic Heart
Failure, CHF; Chronic Kidney Disease, CKD; Diastolic Blood Pressure, DBP; Ejection Fraction,
EF; Endothelial Vesicle(s), EV(s), EEV(s); Estimated Glomerular Filtration Rate, eGFR;
Extracellular Vesicle(s), EV(s); European Society of Cardiology, ESC; Hypertension, HTN; Flow
Cytometry, FC; Low-Density Lipoprotein, LDL; Left Ventricular Hypertrophy, LVH; Leukocyte-
derived EV(s), LEV(s); Linear Discriminant Analysis, LDA; Microalbuminuria, MA; Median
Fluorescence Intensity, MFI; Nanoparticle Tracking Analysis, NTA; Normalized MFI, nMFI,

Organ Damage, OD; Platelet-derived EV(s), PEV(s); Systolic Blood Pressure, SBP.
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ABSTRACT

Cardiovascular (CV) disease represents the most common cause of death in developed countries.
Risk assessment is highly relevant to intervene at individual level and implement prevention
strategies. Circulating extracellular vesicles (EVs) are involved in the development and progression
of CV diseases and are considered promising biomarkers. We aimed at identifying an EV signature
to improve the stratification of patients according to CV risk and likelihood to develop fatal CV
events.

EVs were characterized by nanoparticle tracking analysis and flow cytometry for a standardized
panel of 37 surface antigens in a cross-sectional multicenter cohort (n=486). CV profile was defined
by presence of different indicators (age, sex, body mass index, hypertension, hyperlipidemia,
diabetes, coronary artery disease, cardiac heart failure, chronic kidney disease, smoking habit, organ
damage) and according to the 10-year risk of fatal CV events estimated using SCORE charts of
European Society of Cardiology.

By combining expression levels of EV antigens using unsupervised learning, patients were
classified into three clusters: Cluster-I (n=288), Cluster-11 (n=83), Cluster-I1l (n=30). A separate
analysis was conducted on patients displaying acute CV events (n=82). Prevalence of hypertension,
diabetes, chronic heart failure, and organ damage (defined as left ventricular hypertrophy and/or
microalbuminuria) increased progressively from Cluster-1 to Cluster-11l. Several EV antigens,
including markers for platelets (CD41b-CD42a-CD62P), leukocytes (CD1c-CD2-CD3-CD4-CD8-
CD14-CD19-CD20-CD25-CD40-CD45-CD69-CD86), and endothelium (CD31-CD105) were
independently associated with CV risk indicators and correlated to age, blood pressure,
glucometabolic profile, renal function, and SCORE risk.

EV profiling, obtained from minimally invasive blood sampling, allows accurate patient

stratification according to CV risk profile.
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INTRODUCTION

Cardiovascular (CV) diseases are the leading cause of death in Europe, accounting for 39% and
47% of deaths in females and males, respectively*. Of the major contributing factors, the respective
prevalence of uncontrolled hypertension, hypercholesterolemia, diabetes, obesity, and smoking
habit, is 24.8%, 15.6%, 6.8%, 22.8%, and 21%, in European mid-to-high income countries®. In
apparently healthy subjects, the interaction between environmental factors, genetics, and the
aforementioned CV risk factors, results in the development of organ damage (OD) and potentially
fatal CV events®. Identifying the unrecognized risk of CV disease in asymptomatic subjects is
highly relevant®. In this context, the use of unconventional biomarkers as risk modifiers could
improve CV risk prediction compared to conventional risk indicators.

Extracellular vesicles (EVs) are nanosized membrane particles generated by all cells following
cellular activation/injury or actively released in response to different stimuli®. EVs have been
involved in the development and progression of CV disease, where they can play either a protective
or detrimental role*. The effects of circulating EVs largely depend on the cell type and its functional
state, which influences its cargo and the expression of surface membrane proteins*>. Based on their
surface antigens, circulating EVs may be classified according to their cellular origin: platelet-
derived EVs (PEVs) are the most ubiquitous subpopulation, followed by immune system/leukocyte-
derived EVs (LEVs) and endothelial EVs (EEVs)®’. PEVs, LEVs, and EEVs have been associated
with CV burden, patient outcome, and even the development of CV events®*. Being easily
accessible and mirroring the complex intravascular environment, circulating EVs are considered
ideal biomarkers, able to identify the multifactorial contribution of each CV risk indicator to the
overall CV risk**2,

Unfortunately, pre-analytical work-up and application of different protocols to isolate and
characterize EVs, as well as the lack of standardized methods with appreciable sensitivity and
reproducibility, hinder inter-study comparisons™ and rapid conversion of current knowledge into

clinical practice®.
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The aims of the present study are: (i) to investigate the performance of a standardized panel of EV
surface antigens for the stratification of patients according to their CV risk and (ii) to identify and
quantify the specific and independent associations between the evaluated EV surface antigens and
several CV risk indicators. To achieve these goals, we conducted an analysis on a large multicenter
cross-sectional cohort of 486 patients employing both unsupervised and supervised machine
learning approaches to characterize circulating EVs using a validated flow cytometry (FC)
platform****. This allowed the simultaneous profiling of several surface antigens, including markers
from platelets as well as immune system and endothelial cells. EV antigens were evaluated either
individually or in combination with a specific signature determined by supervised and unsupervised
machine learning strategies, allowing in-depth phenotyping of our patients according to their CV

profile.

MATERIAL AND METHODS
This is a cross-sectional observational cohort study, and all relevant data are available from the
corresponding author upon reasonable request. An extended description of the methods is provided

in the Online Supplement.

Patients

Samples were obtained from a serum bank created during previous studies involving patients
recruited between March 2017 and August 2020'%8 by different medical centers based in Italy and
Switzerland. The following institutions were involved in patient recruitment: Cardiocentro Ticino
Institute, Lugano; Neurocenter of Southern Switzerland, Lugano; Hypertension Unit of the
University of Torino. All patients gave informed consent according to the Helsinki declaration. We
recruited a first cohort of 404 ambulatory patients referred to the aforementioned institutions, who
gave informed consent and being over 18 years of age. Patients were excluded in case of: (1)

concomitant acute/chronic inflammatory disease (infections, autoimmune disease); (2) cancer; (3)
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in a separate cohort of patients with an acute CV event. Of note, some patients experiencing an
acute CV event despite a low-moderate risk, displayed high levels of the SCORE-associated surface
proteins CD31, CD42a, CD62P. If from one side this analysis suggests that a combined approach
using EV profiling and SCORE charts may improve CV risk stratification, from the other side
raises the question of whether EV antigen profiling might outperform the classical CV risk
estimators. At this regard, future prospective studies are warranted to establish if EV surface
antigen profiling might overcome some of the limitations of the current risk estimation scores. We
must also underline that sampling of the cohort with a CV event was performed during acute phase;
therefore, levels of expression of EV surface antigens could be biased by inflammatory response
and platelet activation which occur during an acute event. Even with this important limitation, these
data may reinforce our hypothesis on potential role of EV profiling as unconventional biomarker to
stratify patients according to CV risk.

The role of EVs as mediators of intercellular communication through the transfer of their contents
(proteins, lipids, and nucleic acids) or by interacting with target cells through surface epitopes has
been known for many years?®?!. Recent evidence highlighted their prominent role in modulating
target cells toward pro-fibrotic and pro-inflammatory phenotypes, leading to aging-related
impairment of organ homeostasis®**. In our cohort, EV markers from activated platelets and
immune cells as well as injured and/or activated endothelium correlated to age; their levels were
remarkably increased in the eldest subjects and those with an increased CV risk. This was
particularly evident in patients that clustered in the group with the highest CV risk (Cluster-I11).
Markers of activated platelets (CD41b-CD42a-CD62P), endothelial cells (CD31-CD105), and
leukocytes (CD1c-CD2-CD3-CD4-CD8-CD14-CD19-CD20-CD25-CD40-CD45-CD69-CD86)
were highly expressed in these subjects and correlated to the likelihood of hypertension,
hyperlipidemia, diabetes, CKD, previous CAD, CHF, and OD.

EEVs are released from endothelial cells in response to activation or injury and, consistently, an

increase of circulating EEVs has been demonstrated for different CV diseases. CD31-positive

14
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vesicles increased in patients with severe hypertension and were directly correlated to blood

5

pressure®®. A rise in CD31* EEVs was also observed in patients with diabetes mellitus,

D®2>27 and was associated with the incidence of

atherosclerosis, smoking habit, CHF, and CA
major cardio-cerebrovascular events®!®#% PEVs mainly derive from membrane shedding, possess
pro-coagulant activity, and may exert stimulatory/inhibiting effects on a large variety of cells,
including leukocytes, endothelium, and other platelets®®. PEVs are considered a marker of platelet
activation”® and increase in different CV pro-thrombotic diseases, such as acute coronary syndrome
and stroke, potentially resulting from vessel occlusion”*®*8%. They have also been associated with
atherosclerosis, severe hypertension, diabetes mellitus, and a 10-year risk of CAD?31%, Finally,
circulating LEVs may indicate immune cell activation and have been involved in vascular
inflammation, atherosclerosis, and endothelial dysfunction®’. Their increase was demonstrated in
patients with stable/unstable atherosclerotic plaques and familial hypercholesterolemia®*. Vesicles
carrying CD14+ increased in patients with CHF?’, while the combinations CD11+/CD14+,
CD3+/CD45+, or CD45+ LEVs predicted CV events and were associated to CV mortality™*+283¢.
While these studies focused on a few individual EV surface proteins, recent technological advances
have allowed us to quantify 37 different antigens simultaneously, including almost all the
previously evaluated markers. Furthermore, this made it possible to assess the discrimination
performance of an EV signature obtained by linear combination of single antigens. In our study, we
were able to identify a specific signature for each CV risk indicator by applying supervised and
unsupervised learning algorithms. Unsupervised clustering establishes non-linear boundaries to
discover intrinsic patterns of association of multi-dimensional data obtained by the simultaneous
profiling of multiple EV subpopulations. This strategy allowed in-depth phenotyping and accurate
stratification of patients according to their CV risk, with superior results compared to previous
studies using EVs as biomarkers.

Given the complex interplay of several risk factors in the determination of the overall CV risk, we

established, for the first time, a specific association between each individual EV marker and each

15
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Figure Legends

Figure 1. Unsupervised patient clustering according to EV signature

Unsupervised learning (k-means algorithm; see Methods) was used to classify patients into three
clusters according to normalized median fluorescence intensity (nMFI) for the 37 extracellular
vesicles (EV) surface antigens evaluated by flow cytometry. (A) Heat map showing the expression
of EV surface antigens in patients stratified using cluster analysis (Table S6). Blue and red indicate
low and high nMFI after normalization between 1 and 100, respectively. (B) Principal component
analysis to visualize patient clustering according to k-means algorithm; the ellipses include patients
within mean +/- 95% confidence interval (principal component 1, and 2 +/- 1.96*SD). (C-E)
Prevalence (%) of cardiovascular risk indicators in the 3 patient clusters (Cluster-1, blue, n=288;
Cluster-11, grey, n=86; Cluster-I1l, red, n=30). Statistic is shown in Table 1. P-value was obtained
by chi-square test, (or Fisher test when appropriated) and considered significant when P<0.05
(*P<0.05; ***P<0.001).

Figure 2. Supervised learning to define CV risk according to EV specific signature

Supervised learning (linear discriminant analysis; see Methods) was used to discriminate patients
according to a predefined cardiovascular (CV) risk indicator and a specific Extracellular Vesicle
(EV) signature. (A) Heat map showing EV parameters (expressed as median levels) for patients
stratified according to CV indicators: hypertension, hyperlipidemia, coronary artery disease (CAD),
chronic heart failure - (CHF), diabetes, chronic kidney disease (CKD), smoking habit,
microalbuminuria (MA), left ventricular hypertrophy (LVH), or organ damage (OD). We
considered EV concentration (EVs per mL), EV diameter (nm), median fluorescence intensity
(MFI1) for CD9-CD63-CD81 (arbitrary unit; a.u.) and normalized MFI for the 37 EV surface
antigens (nMFI; %). Blue and red indicate low and high values for the considered EV parameters
after normalization between 1 and 100. Detailed statistic is reported in Tables S8-S17. (B) Violin
plot showing the accuracy (median and interquartile range) for models discriminating patients with
and without a predefined CV risk indicator (75% of the initial cohort used to train the model, and
25% for validation, randomly permuting train and validation samples by bootstrapping for 100
iterations; see also Extended Methods and Table 2). (C) ROC curves (median and interquartile
range were obtained by bootstrap cross-validation) for models discriminating patients with and
without a predefined CV risk indicator; median AUC is reported for each CV risk indicator (Table
2).
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Hyperlipidemia 0.818 (0.773-0.847) 75.7 (73.3-79.0)
CAD 0.944 (0.912-0.961) 89.1 (82.5-92.3)
CHF (EF<35%) 0.945 (0.838-0.981) 90.1 (89.1-93.1)
Diabetes 0.915 (0.864-0.954) 85.1 (84.2-88.1)
CKD (eGFR<60mL/min) 0.873 (0.815-0.922) 82.2 (76.2-85.1)
Smoking habit 0.861 (0.825-0.906) 80.2 (78.2-83.2)
Microalbuminuria 0.931 (0.880-0.996) 88.1(86.1-91.1)
LVH et echocardiography 0.959 (0.941-0.996) 86.1 (83.2-89.9)
Organ Damage 0.973 (0.947-0.995) 86.3 (84.2-89.0)
Fig. 1.
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Fig. 2.

Fig. 3.
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