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Abstract
Dilated cardiomyopathy (DCM) remains a major cause of heart failure and carries a poor prognosis despite important
advances in recent years. Better disease characterization using novel molecular techniques is needed to refine its progression.
This study explored the proteomic signature of plasma-derived extracellular vesicles (EVs) obtained from DCM patients and
healthy controls using size-exclusion chromatography (SEC). EV-enriched fractions were analyzed by liquid
chromatography-mass spectrometry (LC-MS/MS). Raw data obtained from LC-MS/MS were analyzed against the Uniprot
human database using MaxQuant software. Additional analyses using Perseus software were based on the Intensity-Based
Absolute Quantification (iBAQ) values from MaxQuant analyses. A total of 90.07 ± 21 proteins (227 different proteins) in
the DCM group and 96.52 ± 17.91 proteins (183 different proteins) in the control group were identified. A total of 176
proteins (74.6%) were shared by controls and DCM patients, whereas 51 proteins were exclusive for the DCM group and 7
proteins were exclusive for the control group. Fibrinogen (α, β and γ chain), serotransferrin, α-1-antitrypsin, and a variety of
apolipoprotein family members (C-I, C-III, D, H or β-2-glycoprotein, and J or clusterin) were clustered in SEC-EVs derived
from DCM patients relative to controls (p < 0.05). Regarding Gene Ontology analysis, response to stress and protein
activation-related proteins were enriched in DCM-EVs compared with controls. Thus, the present study reports the distinct
proteomic signature of circulating DCM-EVs compared with control-EVs. Furthermore, we confirm that SEC obtains highly
purified EV fractions from peripheral blood samples for subsequent use in determining disease-specific proteomic signatures.

Introduction

Despite important progress over the past few decades in the
management of patients with dilated cardiomyopathy
(DCM), it still portends a remarkable reduction in life
expectancy and quality of life [1]. DCM is characterized by
patchy interstitial fibrosis, degenerated cardiomyocytes,
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marked cardiac endothelial deficits, ventricular chamber
enlargement or dilatation, systolic dysfunction with normal
left ventricular (LV) wall thickness, progressive LV con-
tractile dysfunction, ventricular and supraventricular
arrhythmias, thromboembolism, and sudden death [2–5]. In
the majority of cases, the primary cause is unknown, giving
rise to the term ‘idiopathic’ DCM.

Biomarkers are indicators of variation in normal and
pathological processes that are objectively measurable in
biological systems [6]. In DCM, and by extension heart
failure (HF), a variety of biomarkers reflective of different
pathobiological processes (e.g., myocyte stress and stretch,
myocyte apoptosis, cardiac interstitium, inflammation, oxi-
dative stress, cardiac energetics, neurohormones and renal
biomarkers) have been explored, but only natriuretic pep-
tides are routinely used in clinical practice [7–9]. Molecular
cardiology is progressing quickly, incorporating the poten-
tial of extracellular vesicles (EVs) and other moieties of
proteins, lipids and circulating genomic sequences to refine
disease progression.

Circulating EVs are vesicles with lipid bilayers that are
produced by most cells and range in size from 50 to 200 nm
[10]. The composition of EVs varies depending on the
physiological and functional state of the producing cells,
and EVs have been reported as potential biomarkers in a
variety of diseases, including those of the cardiovascular
system [11]. Thus, it has been speculated that the compo-
sition of circulating EVs in DCM may have a distinct sig-
nature [12]. Accordingly, we explored the proteomic
signature of plasma-derived EVs obtained by size-exclusion
chromatography (SEC) in DCM patients and healthy
controls.

Materials and methods

Study population

Twenty DCM patients and 15 age- and sex-matched healthy
controls with no cardiovascular disorders were recruited for
peripheral venous blood extraction. All laboratory mea-
surements were performed by experienced staff blinded to
the patients’ clinical characteristics. The demographic
characteristics of the DCM patients are shown in Supple-
mentary Table 1. Briefly, this was a relatively young (62.3
± 11.5 years) male (90%) cohort with reduced ejection
fraction treated according to contemporary guidelines.
Coronary angiography was performed in all DCM patients
to rule out atherothrombosis. The duration of HF was 68.3
± 60 months (median 40.6, Q1–Q3 [20.3–113.6]). None of
the patients underwent heart transplantation during follow-
up. The study protocol was approved by the Clinical
Research Ethics Committee and conformed to the principles

outlined in the Declaration of Helsinki [13]. Written
informed consent was obtained from each donor.

Blood processing, and EV isolation and
characterization

Peripheral blood was collected in BD Vacutainer™ Plastic
Blood Collection Tubes with spray-coated K2EDTA (BD
Bioscience, San Diego, CA) and processed within 4 h
according to standard procedures [14]. In particular, all
whole blood samples were first diluted 1:1 with calcium-
and magnesium-free phosphate-buffered saline (PBS).
Diluted blood samples were then layered carefully over
10–15 mL of Axis-Shield LymphoprepTM solution (1.077 g/
mL; Alere Technologies AS, Oslo, Norway) and cen-
trifuged at the same speed (i.e., 800 g) and with the same
rotor type (SX4750A; Allegra X-12R centrifuge from
Beckman Coulter) for 20 min. After centrifugation, the
upper layer containing plasma from each sample was
carefully removed from mononuclear cells (at the interface)
and granulocytes/erythrocytes (bottom layers). Finally,
collected plasmas were divided into single usage 1 mL ali-
quots to avoid later repeated freeze–thaw cycles and kept
frozen at −80 °C until used for purification of EVs.

Two aliquots of plasma (~ 2 mL) from each donor stored
at −80 °C were slowly defrosted on ice just once, loaded
onto no-commercial 15 mL columns and separated by SEC
using filtered PBS as the elution buffer [15]. SEC columns
were prepared using Sepharose-CL2B with 75 nm pore size
(Sigma-Aldrich, St. Louis, MO, USA) and a syringe 7 cm
high and 1.9 cm width. After sepharose was well stacked for
hours and stored at 4 °C, samples were loaded. In general,
SEC fractions were both frozen and thawed rapidly for
maximal preservation of morphology and function. The
collected fractions (20 fractions of 0.5 mL each) were ana-
lyzed for the expression of specific EV markers (CD9,
CD63 and CD81) by bead-based flow cytometry [12, 16,
17]. Briefly, a volume of each fraction was incubated with
0.5 µL aldehyde/sulfate–latex beads (4 µm; Invitrogen,
Carlsbad, CA) for 15 min at room temperature (RT),
resuspended in Bead Coupling Buffer (BCB) [PBS sup-
plemented with 0.1% bovine serum albumin (BSA) and
0.01% NaN3 (Sigma-Aldrich)] and incubated overnight at
RT. Thus, beads increase “vesicular size” and their detec-
tion capability by the cytometer. EV-coated beads were
washed with the same buffer BCB and labeled with anti-
CD9 (Clone VJ1/20), anti-CD63 (Clone TEA 3/18) and
anti-CD81 (clone #G0709, from Santa Cruz Biotech) or
polyclonal IgG isotype (Abcam, Cambridge, UK) anti-
bodies for 30 min. After 30-min incubation with fluorescein
isothiocyanate-conjugated goat anti-mouse secondary anti-
bodies (SouthernBiotech, Birmingham, AL), and two
washing steps with BCB, samples were analyzed by flow
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cytometry (FacsVerse; BD Biosciences, San Jose, CA)
using the FlowJo software (Tree Star, Ashland, OR).
Characterization was also performed by nanoparticle
tracking analysis (NTA) and cryo-electron microscopy
(cryo-EM) as previously described [12]. In particular, in
NTA experiments, a total of 8660 ± 3051 completed tracks
with a concentration of 50.2 ± 21.7 particles per frame were
measured. Protein concentration of each fraction was also
measured by absorbance 280 nm in Thermo Scientific
Nanodrop® ND-1000 (Thermo Fisher Scientific, Waltham,
MA). EV markers enriched fractions were also analyzed by
Bradford assay (10 μL of sample; Bio-Rad Laboratories,
USA) using a standard linear curve based on BSA (Sigma-
Aldrich) before submitting to mass spectrometry.

Mass spectrometry

EV-enriched fractions were pooled and analyzed by
liquid chromatography (nanoLCULTRA-EKSIGENT), fol-
lowed by a 120-min gradient mass spectrometry (liquid
chromatography-mass spectrometry (LC-MS/MS)) on an
LTQ Orbitrap XL (Thermo Fisher, Carlsbad, CA). Briefly,
previously lyophilized samples were dissolved in 100 µL of
6M urea and 200mM NH4HCO3 and sonicated for 15min.
The samples were finally digested with trypsin and LysC. As
a quality control, BSA was digested in parallel and ran
between each of the samples analyzed to avoid carryover and
assess instrument performance. The samples were searched
against the SwissProt Human database (April 2016) using the
Mascot v2.5.1 algorithm (http://www.matrixscience.com/).
Peptides were filtered based on false discovery rate (FDR);
only peptides with FDR < 5% were retained.

Proteomic data processing and analysis

Raw data obtained from LC-MS/MS were analyzed using
MaxQuant software (version 1.6.0.1) against the Uniprot
human database (downloaded on 2 June 2017). Parameters
set for single protein identification include: minimum pep-
tide length of 7; maximum FDR for peptides and proteins of
1%; minimum peptides per protein of 1 and minimum
unique peptides per protein of 0; minimum score for mod-
ified peptides of 40; and main search error of 4 ppm. In all
searches, cysteine carbamidomethylation was established as
a fixed modification, and methionine oxidation and acet-
ylation of the N-terminus were established as variable
modifications, with a maximum number of modifications
per peptide of 5. Proteins identified as potential con-
taminants, those only identified by site or by a reverse
sequence, and proteins with fewer than two unique peptides
were not considered further. Additional analyses using
Perseus software (version 1.6.0.2) were based on the
Intensity-Based Absolute Quantification (iBAQ) values

from MaxQuant analyses [18]. To that end, iBAQ values
were logarithmized before performing the correlation plots,
hierarchical clustering analysis, principal component ana-
lysis (PCA) and volcano plot. In the case of hierarchical
clustering, z-score was calculated for the plot. Gene ontol-
ogy (GO) terms for biological processes and cellular com-
ponents were assessed using Perseus or the protein
functional association network String (https://string-db.org).
Data imputation to substitute non-quantified values with
low valid intensities based on normal distribution (down-
shift of 1.8 and distribution width of 0.3) were performed
before PCA. The most significant proteins were identified
by a volcano plot, plotting the fold-change difference of
log2 iBAQ against -log2 (p-value). We have submitted all
relevant data of our experiments to the EV-TRACK
knowledgebase (EV-TRACK ID: EV170033) [19].

Statistical analysis

Data are presented as mean ± standard deviation (SD).
Statistical analyses were performed using the Student’s t-
test. Differences were considered significant when p < 0.05.
For the volcano plot, s0 was set to 0.1.

Results

SEC-based isolation of plasma-derived EVs

Up to 20 chromatographic fractions were recovered by SEC
per plasma sample. Fractions containing higher amounts of
proteins (fraction 13 onward) were collected separately
from those enriched by vesicular markers (CD9, CD63 and
CD81), as determined by flow cytometry, and with unde-
tectable protein content according to Abs 280 nm (Fig. 1a).
By BCA, pooled fractions enriched in EVs, mainly
fractions 8–10, showed a concentration among 50–100 µg.
The CD9+, CD63+ and CD81+ fractions were then pooled
and further recognized to contain typical EVs with the
expected modal distribution (80–200 nm) and morphology
(discernible membrane bilayer, round in shape) using NTA
and cryo-EM methodologies (Figs. 1b, c).

Comparative cargo proteome analysis of SEC-EVs

The proteomic signatures of the EVs isolated from both
groups were examined by mass spectrometry. After
searching against Homo sapiens using MaxQuant software,
a total of 344 proteins were identified, but only 234 fit the
exclusion parameters used with Perseus software (identified
by at least two unique peptides, not identified by reverse or
by site). Bioinformatics analyses were applied, identifying a
total of 90.07 ± 21 proteins (227 different proteins) in the
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DCM group and 96.52 ± 17.91 proteins (183 different
proteins) in the control group. A total of 176 proteins
(74.6%) were shared by controls and DCM patients,
whereas 51 proteins were exclusive for the DCM group and
7 proteins were exclusive for the control group (Fig. 2).
Intragroup similarities shown by the multi-scatter plots
revealed higher correlation for DCM patients relative to
controls (R= 0.77 ± 0.084 vs. R= 0.73 ± 0.10; Fig. 3). Of
note, most of the proteins found in our samples are already
described in the Proteomic Database Vesiclepedia
(http://www.microvesicles.org) (Supplementary Figure 1).

Data obtained from MaxQuant were submitted to PCA to
assess differences in protein distribution between groups.
Based on component 1, which accounts for 50.8% of
sample variability, both EV groups exhibited a tendency to
be differentially segregated (Fig. 4a). A volcano plot was
generated to compare the significant differences in protein
expression levels between both groups, revealing that 60
proteins were differentially expressed between EV groups
(Fig. 4b). On the other hand, we found a set of common
proteins that included the EV-specific markers galectin-3-
binding protein, CD5 antigen-like protein, glyceraldehyde-
3-phosphate dehydrogenase (Table 1), and others related to
membrane-bound vesicles and extracellular exosomes and
space as described after GO analyses (Table 1). Hierarchical
clustering using the z-score of the samples more differen-
tially clustered in the PCA was then obtained. Higher
expression of the general proteome of DCM samples was
observed compared with controls (Fig. 4c). Notably, fibri-
nogen (α, β and γ chain), serotransferrin, α-1-antitrypsin,
and a variety of apolipoprotein family members (C-I, C-III,
D, H or β-2-glycoprotein, and J or clusterin) were clustered
in SEC-EVs derived from DCM patients relative to controls
(p < 0.05; Table 2). Regarding GO analysis, stress response
and protein activation-related proteins were enriched in
DCM-EVs compared with controls (Fig. 5).

Fig. 1 SEC-based isolation and characterization of plasma EVs. a
Representative analysis of EV-specific markers (CD9 in red, CD81 in
green and CD63 in purple) in SEC fractions recovered from a DCM
patient by flow cytometry. The amount of protein in the different EV-

enriched fractions was also measured by the absorbance at 280 nm
(blue line). Further analysis of pooled EV-enriched fractions by NTA
b and cryo-EM c is also shown. Scale bar= 100 nm and ×25,000
magnification

Fig. 2 Proteome analysis of plasma EVs. Representative Venn dia-
grams showing common proteins found in pooled EV-enriched frac-
tions from DCM patients (n= 20) and controls (n= 15)
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Discussion

DCM is a frequent cause of HF and often requires long and
expensive therapies, including heart transplant or LV assist
device implantation, resulting in an enormous burden on
health care resources [1]. Because the value of a biomarker
resides primarily in its capacity to reflect an association to
diagnosis, prognosis or change in disease progression, there
is currently intense research in the field of molecular car-
diology to better identify and characterize disease-specific
biomarkers. Companion biomarkers obtained from simple
venipuncture may emerge in this new era as the liquid
biopsy of the heart. However, a single biomarker is unlikely
to reflect all facets of the HF syndrome, and a multi-marker
strategy may better characterize the complexity of HF [20].
Better knowledge of the protein signature of the studied
disease process of interest would aid in identifying such a
multi-marker strategy. Here, we did not examine free cir-
culating DCM-derived biomarkers, but those residing

within circulating EVs. To the best of our knowledge, this
study is the first to explore the proteomic signature of cir-
culating DCM-EVs by SEC. Our data identified several
proteins within circulating DCM-EVs that are not present in
control-EVs, which set the pace for further analyzing
whether they may be valid biomarkers of disease
progression.

Shed under both normal and pathological conditions,
EVs have been found in different biological fluids (e.g.,
blood, urine and saliva), and increasing evidence suggests
that the information contained in these membrane vesicles
are relevant diagnostic tools and a key source of biomarkers
[21, 22]. Relative to currently available EV isolation
methods, the protein content was undetectable in SEC
fractions positive for tetraspanin markers, as most of the
soluble proteins eluted well after fraction 10. According to
the recommendations of the International Society for
Extracelullar Vesicles, SEC is the cleanest method to effi-
ciently isolate membrane bilayer-limited round-shaped EVs

Fig. 3 Correlation analysis of
plasma EVs. Multi-scatter plots
analyzing intragroup (top plots)
and inter-group (bottom plot)
linear association and correlation
within control and DCM
samples analyzed. Pearson
correlation values are labeled on
each plot. The mean values are
0.73 ± 0.10, 0.77 ± 0.08 and
0.74 ± 0.08 for control, DCM
and control vs. DCM samples,
respectively
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in a given sample [21]. As shown by NTA and cryo-EM
analyses, SEC removes most of the over-represented plasma
proteins for subsequent sophisticated analysis, such as
proteomics [23].

Together with some robustly recognized specific mem-
brane vesicle markers, a number of proteins, including
fibrinogen, serotransferrin, α-1-antitrypsin, and several
apolipoproteins, such as clusterin, were generally over-
represented in the cargo proteome of circulating DCM-EVs
compared with control-EVs. Some of these proteins have
been reported to be free circulating biomarkers. Prospective
studies support that increased levels of fibrinogen, which is
crucial for platelet aggregation and contributes to endothe-
lial injury, plasma viscosity and thrombus formation, are
associated with a high risk of cardiovascular disease
[24–28]. DCM patients often present with LV thrombi and
exhibit a prothrombotic state mirroring that of high circu-
lating fibrinogen levels [29]. Anemia, which is partially
related to elevated serotransferrin levels, is a prevalent

comorbidity in patients with HF and a marker of poor
outcomes, with increased rehospitalization and mortality
[30–34]. Also, proteomic analysis previously identified the
broad-spectrum protease inhibitor α-1-antitrypsin as a
putative biomarker for the evaluation of disease status
[35, 36]. Clusterin is a ubiquitously expressed and versatile
glycoprotein with cytoprotective properties that is involved
in many physiological processes, including cell differ-
entiation, lipid transportation, and DNA repair and cell
cycle regulation [37]. This heat shock protein-like chaper-
one appears to be upregulated in diverse physiopathological
settings of cell stress and tissue injury, such as myocardial
infarction, ischemia, inflammation, apoptosis and oxidative
stress, and is capable of preventing myocardial injury in
experimental studies [38–40]. More recently, the prognostic
value of plasma clusterin was demonstrated in patients with
chronic HF. Koller et al. found an inverse correlation
between clusterin levels and parameters of HF severity
as indicated by NT-proBNP, LV ejection fraction and

Fig. 4 Comparative protein content analysis of plasma EVs. a Two-
dimensional scatter plot of principal component analysis (PCA)
showing components 1 and 2, which account for 50.8% and 7%,
respectively, of the variability of all 236 proteins. A tendency to be
clustered separately is circled for groups (DCM samples, green little
circles; control samples, red little circles). b Representative volcano
plot to calculate significantly differentially expressed proteins between

groups. Each circle represents a protein. More than 60 proteins had
p < 0.05. The first 20 proteins showing more significant differences are
drawn as larger filled-in blue circles. c Higher expression was
observed in general in DCM samples (red) compared with those from
controls (green) in the hierarchical clustering obtained with the z-score
for most differentially grouped samples
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New York Heart Association class [41]. The authors specu-
lated that the persistent and excessive tissue injury caused by
inflammation and oxidative stress may lead to progressive
depletion of circulating clusterin in these patients. However,
our findings show that the amount of clusterin in the circu-
lation of DCM patients is upregulated, but the majority of the
protein appears to be profusely masked for conventional
measurements (e.g., enzyme-linked immunosorbent assays),
over-accumulating in circulating EVs. Thus, clusterin secre-
tion is conversely promoted in the circulatory system of
DCM patients, and we further hypothesize that its mechan-
ism of action in the course of DCM worsening is closely
regulated through the vesicular pathway.

Several limitations must be acknowledged with regard to
the present study. Although the methodology of plasma
preparation includes density gradient separation, which
efficiently diminishes the presence of residual blood cells
[14], other slowly sedimenting particles (i.e., platelets) can
be detected in some extent. This should be taken into
account in the validation of proteomics findings. Remark-
ably, the DCM-EVs identified from peripheral blood may
have originated in any cell of the organism; we do not have
evidence that they are provided by cardiomyocytes.
Nevertheless, DCM is a cardiac derangement with impli-
cations in multiple organs once HF syndrome is established,
as was the case in our patients. However, regardless of the
origin, the EVs are reflective of the proteomic signature of
the disease. Furthermore, none of the proteins reported in

Table 1 Common EV-specific markers found in the proteomic analysis

Protein name Gene name Proteins Peptides Unique
peptides

Sequence
coverage (%)

Actin, cytoplasmic 1 ACTB; ACTG1 19 23 11 73.6

CD5 antigen-like CD5L 1 19 19 62.2

Galectin-3-binding protein LGALS3BP 10 19 19 43.2

14-3-3 protein zeta/delta YWHAZ 13 4 3 22.4

Glyceraldehyde-3-phosphate
dehydrogenase

GAPDH 2 3 3 20.4

Table 2 Selection of 20 proteins over-represented in DCM patients
compared with controls

LOG (p-
value)

Difference Protein ID Majority protein ID

1 3.69 −3.14 P02679 Fibrinogen γ chain

2 3.49 −3.30 P02656 Apolipoprotein C-III

3 3.49 −3.16 P02671 Fibrinogen α chain

4 3.44 −2.75 P02787 Serotransferrin

5 3.43 −3.09 P02675 Fibrinogen β chain

6 3.35 −3.11 P01009 α-1-Antitrypsin
7 3.30 −2.80 P01876 Ig α-1 chain C region

8 3.22 −2.66 P10909 Clusterin

9 3.19 −2.9 P04003 C4b-binding protein α
chain

10 3.19 −2.78 P05090 Apolipoprotein D

11 3.14 −3.35 P02654 Apolipoprotein C-I

12 3.11 −3.61 P02749 β-2-Glycoprotein 1

13 3.11 −3.15 P35542 Serum amyloid A-4 protein

14 3.09 −2.17 P0DOY2 Ig lambda-6 chain C region

15 2.88 −2.92 Q08380 Galectin-3-binding protein

16 2.87 −2.26 P11171 Protein 4.1

17 2.84 −1.96 P18428 Lipopolysaccharide-binding
protein

18 2.71 −1.90 P04040 Catalase

19 2.70 −2.02 P00738 Haptoglobin

20 2.68 −1.98 P01023 α-2-Macroglobulin

Fig. 5 Gene ontology analysis. Schematic distribution of cellular
components a and biological processes b for the main proteins dif-
ferentially expressed between DCM patients and controls
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the DCM-EV signature are pathognomonic of DCM. Thus,
if they are to become future biomarkers of DCM progres-
sion, it will have to be within multi-biomarker strategies
that approach different disease pathways. Finally, another
potential limitation of this study is selection bias; whether
our findings apply to other HF cohorts of different etiolo-
gies needs to be investigated further.

In summary, the present study shows how the proteomic
signature of circulating DCM-EVs compares with that of
control-EVs. Among the identified proteins, our data indi-
cate high clusterin levels within DCM-EVs, in contrast to
the low circulating levels of clusterin previously reported in
HF. Further research is needed to better understand its
precise role in DCM progression. In addition, the present
results confirm that SEC allows highly purified EV fractions
derived from peripheral blood samples to be obtained for
the subsequent search for disease-specific proteomic sig-
natures. Larger well-designed studies and more standar-
dized, cost-effective sample preparation and cargo analysis/
validation protocols, including those increasing EV extrac-
tion yield and solubilization, are warranted if this technol-
ogy aims to be center stage in the clinic in the near future.
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