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Proteomic profiling of extracellular 
vesicles reveals additional 
diagnostic biomarkers for 
myocardial infarction compared to 
plasma alone
Olof Gidlöf   1, Mikael Evander2, Melinda Rezeli2, György Marko-Varga2, Thomas Laurell2 & 
David Erlinge1

Extracellular vesicles (EVs) are submicron, membrane-enclosed particles that are released from cells 
in various pathophysiological states. The molecular cargo of these vesicles is considered to reflect the 
composition of the cell of origin, and the EV proteome is therefore a potential source of biomarkers 
for various diseases. Our aim was to determine whether EVs isolated from plasma provide additional 
diagnostic value or improved pathophysiological understanding compared to plasma alone in the 
context of myocardial infarction (MI). A panel of proximity extension assays (n = 92) was employed 
to analyze EV lysates and plasma from patients with MI (n = 60) and healthy controls (n = 22). After 
adjustment for multiple comparisons, a total of 11 dysregulated proteins were identified in EVs of MI 
patients compared to the controls (q < 0.01). Three of these proteins: chymotrypsin C (CTRC), proto-
oncogene tyrosine-protein kinase SRC (SRC) and C-C motif chemokine ligand 17 (CCL17) were unaltered 
in the corresponding plasma samples. As biomarkers for MI, rudimentary to no evidence exists for these 
proteins. In a separate group of patients with varying degrees of coronary artery disease, the decrease 
in EV-associated (but not plasma-related) SRC levels was confirmed by ELISA. Confirmation of the 
presence of SRC on EVs of different sizes and cellular origins was performed with ELISA, flow cytometry 
and nanoparticle tracking analysis. In conclusion, the data revealed that despite a similarity in the EV 
and plasma proteomes, analysis of isolated EVs does indeed provide additional diagnostic information 
that cannot be obtained from plasma alone.

Extracellular vesicles (EV) are a heterogeneous group of membrane-limited particles released from cells upon 
stress, activation or injury1. The major EV family members are exosomes and microvesicles (MV). Exosomes are 
40–100 nm particles that are formed in intracellular multivesicular bodies (MVBs) and released upon exocytosis 
of the MVB. MV are 100–1000 nm in size and are released by budding of the plasma membrane. EVs contain a 
wide array of proteins, lipids and miRNAs: and the specific composition thereof is believed to reflect the state of 
the cell of origin. As such, EVs are considered to be rich source of biomarkers for various disease states2,3.

In the context of cardiovascular disease (CVD), it has been shown that plasma EVs are associated with vari-
ous cardiovascular risk factors, including smoking4, dyslipidaemia5,6, diabetes7 and hypertension8. Experimental 
studies have shown evidence that EVs can affect the structure and composition of atherosclerotic plaques9,10. 
Moreover, different EV subpopulations increase after a myocardial infarction (MI) and levels thereof have been 
shown to be independent predictors of cardiovascular outcome in patients with heart failure and coronary artery 
disease11. Despite the wealth of studies associating EV levels to different pathophysiological aspects of CVD, 
there are relatively few reports that have investigated the contents of these vesicles in CVD patients. In particu-
lar, the EV proteome is largely understudied. Mayr et al. performed a comprehensive characterization, includ-
ing proteomics, of microvesicles from human atherosclerotic plaques12. Banfi et al. investigated the proteome of 
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endothelial cell-derived microvesicles13 and Velez et al. surveyed the proteome of plasma vesicles from patients 
with ST-elevation myocardial infarction (STEMI) patients and stable coronary artery disease14. In addition, we 
have previously compared the proteomic profiles of plasma EV from patients after an MI with those from healthy 
controls15. These studies however, all utilized mass spectrometry-based approaches that are known under such 
circumstances to have limited sensitivity and a bias towards abundant proteins16. To obtain a deeper, comprehen-
sive representation of the EV proteome (including proteins of lower abundance), a more targeted and sensitive 
approach is required. The proximity extension technique allows multiplex detection of low-abundance proteins 
(i.e. present in plasma at concentrations < 10 ng/ml17) in small sample volumes18. In the present study, plasma 
EVs were isolated from MI patients and healthy controls with acoustic seed trapping19 and the levels of > 90 
low-abundance proteins were analyzed with proximity extension assays (PEA). As a reference, platelet-depleted 
plasma from each patient was also analyzed using the same method. Our aim was to compare the proteomic pro-
files of EVs and plasma, identify biomarker candidates that were unique to EVs, evaluate the diagnostic accuracy 
of these biomarkers and characterize these with respect to size and cellular origin.

Methods
Study cohort.  ST-segment elevation myocardial infarction (STEMI) patient plasma (n = 60) was obtained 
from the SWEDEHEART biobank. Here, peripheral venous blood samples from patients admitted to the cor-
onary care unit for suspected MI are stored. Dependent on subsequent examination during hospitalization, 
patients were later adjudicated for a final diagnosis. Peripheral venous blood samples were also collected from 
healthy individuals (n = 22). Patient information are summarized in Table 1. For validation, plasma samples from 
patients diagnosed with STEMI, unstable angina pectoris (UAP) and stable angina pectoris (SAP) were obtained 
from the LUNDHEARTGENE biobank. Patient information for the validation cohort is summarized in Table 2. 
All patients gave written, informed consent. The study was approved by the Lund University Ethics Committee 
and followed the recommendations of the Declaration of Helsinki. Cell-free plasma was prepared by centrifuga-
tion at 1,600 × g for 15 minutes and stored at −80 °C.

EV isolation by acoustic seed trapping.  The acoustic trapping platform has been described previously in 
detail20–22. Briefly, samples are aspirated into a rectangular 2 × 0.2 mm2 borosilicate capillary to which a 4 MHz PZT 
transducer has been attached. The transducer is used to generate a local λ/2 acoustic standing wave in the capillary.  

Characteristic STEMI CTRL p

Sample Size 60 22

Age 66.0 (13.3) 63.7 (9.3) 0.458*

Male sex (n [%]) 40 (66%) 18 (82%) 0.274**

Troponin T (ng/μl) 3528.4 (4670.5) — —

CRP (mg/l) 12 (68.2) — —

Creatinine 88.7 (28.8) — —

Cys C - eGFR 70.3 (18.8) — —

Total Cholesterol (mM) 4.9 (1.1) — —

HDL (mM) 1.1 (0.4)

LDL (mM) 3.1 (0.94)

Table 1.  Patient information – Discovery cohort. Information of participants included in the discovery cohort. 
Continuous variables are presented as mean and standard deviation. CRP, C-reactive protein; Cys C, cystatin 
C; HDL, high density lipoprotein cholesterol; LDL, low density lipoprotein cholesterol. *Determined with an 
unpaired t-test. **Determined with Chi-Square and Fisher’s exact test.

Characteristic STEMI UAP SAP p

Sample size 8 8 8

Age 65.5 (9.9) 64.0 (8.2) 65.9 (8.1) 0.90*

Male sex (n [%]) 7 (87.5) 6 (75.0) 6 (75.0) 0.78**

Troponin T (ng/ul) 139.3 (118.2) 55.6 (100.1) 2.8 (0.6) 0.02*
CRP (mg/l) 21.9 (49.9) 6.9 (2.1) 19.7 (24.1) 0.61*

Creatinine 83.8 (15.7) 99.0 (44.5) 90.3 (32.2) 0.43*

Total Cholesterol (mM) 5.2 (1.3) 5.2 (1.5) 4.2 (0.8) 0.19*

HDL (mM) 1.1 (0.2) 1.2 (0.3) 1.4 (0.5) 0.25*

LDL (mM) 3.2 (0.9) 3.3 (1.3) 2.0 (0.9) 0.04*

Table 2.  Patient characteristics – Validation cohort. Information of participants included in the validation 
cohort. Continuous variables are presented as mean and standard deviation. CRP, C-reactive protein; HDL, high 
density lipoprotein cholesterol; LDL, low density lipoprotein cholesterol. *Determined with one-way ANOVA. 
**Determined with Chi-Square and Fisher’s exact test.
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The resulting pressure and velocity amplitude gradients are used to retain 12 μm polystyrene beads (so called seed 
particles) against flow. Submicron particles (e.g. EVs) in the sample will then be trapped in the vicinity of the seed 
particles by secondary acoustic forces. For this study, an automated configuration combining an acoustic trapping 
unit and a robotic 96-well plate was used (AcouTrap, AcouSort AB, Sweden). 100 μl of plasma was diluted 1:2 
in phosphate-buffered saline (PBS) and aspirated at 30 μl/min into the previously-trapped seed particle cluster. 
While retained in the trap, the EVs were washed with 50 μl of PBS. Soluble protein in the trap after washing was 
measured spectrophotometrically at 280 nm using Nanodrop and was shown to be reduced >10-fold compared 
to input plasma (Supplementary Fig. 1). Trapped samples were released in 30 μl of PBS. Processing time for acous-
tic trapping was approximately 7 minutes/sample. Radioimmunoprecipitation assay (RIPA) buffer was directly 
added to the EV suspension and the samples were incubated for 10 minutes at 4 °C. The lysates were cleared by 
centrifugation at 8000 × g for 10 minutes at 4 °C and stored at −80 °C.

Proximity extension assay.  Using the Proseek Multiplex CVD I96 × 96 panel (Olink Proteomics, Uppsala, 
Sweden), proteomic profiling was performed at the Clinical Biomarkers Facility at the Science for Life Laboratory, 
Uppsala University, Sweden. The panels included a total of 92 proteins that had been selected based on the role 
played in cardiovascular disease (Supplemental Table I). The proximity extension method is a highly-sensitive, 
multiplex immunoassay particularly suited in profiling and quantitating low-abundance-proteins18. Briefly, the 
technique is based on the binding of two oligonucleotide-conjugated antibodies that, upon binding to their 
respective epitopes on the target protein, form a target sequence for a quantitative real time PCR (qRT-PCR) 
reaction. The qRT-PCR data are transformed into normalized protein expression (NPX) units using the following 
equations:

Ct Ct dCtAnalyte Extension control Analyte− =

dCt dCt ddCtAnalyte Inter plate Control Analyte− =−

− =CF ddCt NPXAnalyte Analyte

The extension control is composed of an antibody coupled to DNA-tags that are always in proximity and 
therefore results in a constant signal independently of the immunoreaction. The Inter-plate controls are included 
in triplicates on each analysis plate and consists of a pool of 92 antibodies with fixed-proximity DNA-tags, which 
can be viewed as a synthetic sample with a high signal. The median of the IPC triplicates is used to normalize each 
assay, compensate for potential variation between runs and plates. The correction factor (CF) is pre-determined 
using a negative control sample and is used to invert the scale so that a higher value corresponds to a higher signal 
and that the background levels are approximately zero.

A protein was defined as detected if the NPX exceeded the limit of detection (LOD) for > 50% of samples 
(either in the patient or the control group). For the analysis of the data, values < LOD were replaced by LOD/2.

Flow cytometry.  Thawed plasma samples were centrifuged at 1,600 × g for 15 min at RT. EVs were isolated 
with acoustic seed trapping as described above or by centrifugation at 20,000 × g for 1 h and released or resus-
pended in PBS. SRC antibody (#2108, Cell signaling) or IgG isotype control antibody were added at a 1:200 dilu-
tion and the samples were incubated at RT for 1 h. EVs were then pelleted by centrifugation at 20,000 × g for 1 h 
and resuspended in PBS with 0.5% BSA and an Alexa Fluor 488-conjugated secondary antibody (Cell Signaling) 
diluted 1:1,000. The sample was incubated 30 min at RT and washed with PBS containing 0.5% BSA. The vesicle 
pellet was resuspended in PBS and analyzed on an Accuri C6 flow cytometer. As previously described, the EV gate 
was set based on a series of submicron size standard beads as described previously19, and the proportion of SRC+ 
events in the EV gate was assessed.

For analysis of the cellular origin of SRC+ vesicles, plasma samples from healthy controls were prepared as 
described above and in addition to SRC, were stained using PE-conjugated antibodies towards CD42a, CD62E, 
CD16 or an isotype control (all from Beckton Dickinson, Franklin Lakes, USA) at the concentrations recom-
mended by the manufacturer.

Nanoparticle tracking analysis.  EVs were isolated with acoustic trapping or centrifugation and stained 
with a SRC antibody as described above. Samples were run on a NanoSight LM10 (Malvern Instruments, Malvern, 
UK) in scatter and fluorescence mode with five repeated measurements. The capture settings were as following: 
Camera level:13, Slider shutter: 1232, Slider Gain: 219, FPS: 25.0, number of frames: 1498 and Syringe Pump 
Speed: 100. Analysis settings were as follows: Detect Threshold: 5, Blur Size: Auto and Max Jump Distance: 10.9 
pixels. A control sample containing only secondary antibody in PBS with 0.5% BSA was run to assess background 
fluorescence. Five repeated measurements was performed on each sample.

ELISA on plasma and EVs.  EVs isolated with acoustic trapping (as described above), whole plasma, 
microvesicle-depleted plasma (obtained by centrifugation at 20,000 g for 1 h) and exosome-depleted plasma 
(obtained by centrifugation of microvesicle-depleted plasma 100,000 g for 1 h) was analyzed with the Total In-cell 
ELISA Kit (abcam, Cambridge, UK) using the Total SRC-antibody or the Quantikine CCL17/TARC ELISA (R&D 
Systems Inc., Minneapolis, MN, USA) according to the manufacturer’s instructions.
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Statistical analyses.  Hierarchical clustering and principal component analysis (PCA) was performed with 
ClustVis23, logistic regression was performed in SPSS v. 23 (IBM, Armonk, NY, USA) and all other statistical 
analyses were performed in GraphPad Prism v. 7 (GraphPad Software, La Jolla, USA).

Differential expression of proteins between MI patients and controls were analyzed using t-tests. To account 
for multiple comparisons, the false discovery rate (FDR) was controlled with the Benjamini and Hochberg 
approach24. FDR-adjusted p values (refered to as q-values) < 0.01 were considered significant. Correlations of 
NPX-values between the different sample groups were analyzed by calculating Pearsons correlation coefficients. 
The area under the receiver operating characteristic curve (ROC) was compared between plasma and EV isolates 
with the method of Hanley and McNeil25.

Results
The proteomic profiles of EVs isolated with acoustic seed trapping and centrifugation is highly 
correlated.  We have previously shown that the proteomic composition of EVs analyzed with mass spectrom-
etry is highly similar comparing acoustic seed trapping and high-speed centrifugation26 but wanted to confirm 
that there was no impact of EV isolation technique on the results of the proximity extension assay. To this end, 
we re-analyzed a previously published data set27 comprising a total of 30 acoustically trapped and 30 centrifuged 
EV samples from 10 healthy donors assayed with the Olink CVD II PEA Panel. 59 and 55 proteins were detected 
(i.e. signal above the limit of detection in > 50% of samples) in centrifuged and trapped EV samples, respectively. 
Of these proteins, 53 were common to both sample types (Supplemental Fig. 2a). We next compared the mean 
levels of these 53 proteins across sample types and observed a very strong correlation (r = 0.965, p < 0.0001, 
Supplementary Fig. 2b). Finally, we analyzed the correlation of individual samples isolated with centrifugation of 
trapping and observed statistically significant correlations for 94% of the proteins (Supplemental Fig. 2c). Taken 
together, these results demonstrate that EV isolation technique has very limited effect on the proteomic profile 
measured by PEA.

Proteomic profiling of extracellular vesicles and plasma.  An overview of the work flow for this study 
is presented in Fig. 1. Using the Olink CVD II PEA panel, 92 low-abundance plasma proteins that are relevant to 
cardiovascular disease (listed in Supplemental Table 1) were quantitated in EV lysates and plasma samples from 
patients with ST-segment elevation myocardial infarction (STEMI, n = 60) and healthy controls (CTRL, n = 22). 
Patient information is provided in Table 1. A total of 52 proteins were defined as detected in the EV lysates, i.e. 
present in > 50% of the samples from either the STEMI or CTRL group (Fig. 2a). All 92 proteins were detected 
in the plasma samples (Fig. 2a). Hierarchical clustering and principal component analysis (PCA, Fig. 2b and 
Supplemental Table 2) based on the levels of all detected proteins showed, with a few exceptions, that STEMI 
patients and CTRL individuals clustered separately. Based on these results, we conclude that a general perturba-
tion of the EV and plasma proteome occurs during MI.

Comparison of plasma and EV protein profiles.  To assess whether the EV protein content differed 
from that in plasma, the relative levels of the 52 EV proteins were firstly analyzed and compared across the sample 
types. On average, the assay signal was 4-fold higher in the plasma fraction, however, the relative protein levels in 
each fraction was essentially identical (Fig. 3a). In addition, the majority of the EV proteins showed a robust cor-
relation between EVs and plasma (Fig. 3b). Only von Willebrand factor-cleaving protease (ADAMTS13, r = 0.07) 
and decorin (DCN, r = 0.21) did not show statistically significant correlations. Based on these results, the conclu-
sion that was drawn is that, across the low-abundance proteins detected in both fractions, the general profile of 
isolated EVs is similar to plasma.

Identification of differentially-expressed proteins in patients and controls.  To identify pro-
teins that were dysregulated in MI patients compared to controls, we performed multiple t-tests; followed by 
two-stage linear step-up to correct for multiple comparisons of all detected proteins. Volcano plots that show 
the differentially-expressed proteins (q < 0.01) in EV lysates and plasma is presented in Fig. 4a. In total, 11 and 
47 proteins were differentially-expressed between patients and controls in EVs and plasma, respectively (Fig. 4c, 
Supplemental Table 3). 39 of the proteins were differentially-expressed in plasma only; 8 were common to both 
fractions and 3 were differentially-expressed in EVs only. Among the most dysregulated proteins in plasma were 
well-established biomarkers for cardiac injury including B–type natriuretic peptide (BNP) and interleukin-6 (IL-
6). In addition, completely novel biomarker candidates such as agouti-related peptide (AGRP), chemokine (C 
motif) ligand (XCL1) and NF-kappa-B essential modulator (NEMO) were also evident. Proteins that were dys-
regulated in both plasma and EV lysates included growth factors (placental growth factor, PGF; platelet-derived 
growth factor, PDGFB), glycoproteins (angiopoietin 1, ANG-1) and enzymes (tissue transglutaminase, TGM2; 
glyoxalase I, GLO1). All have known roles in cardiovascular biology, but previous evidence as plasma biomarkers 
for MI is largely lacking. To ascertain whether the sample type affected the diagnostic accuracy of these identi-
fied biomarker candidates, ROC analysis was performed on these 8 proteins (Supplementary Fig. 3). Sensitivity 
and specificity was similar for the majority of the proteins, with area under the ROC curves (AUC) ranging 
from 0.68 to 0.99. The notable exceptions were IL-6 and PDGFB. IL-6 had a superior diagnostic accuracy in 
plasma (AUC-plasma: 0.99; AUC-EV: 0.90, p = 0.006) while PDGFB performed significantly better in EV lysates 
(AUC-plasma: 0.73; AUC-EV: 0.87, p = 0.01).

Lastly, the 3 proteins that were dysregulated in the EV fraction but not in plasma were chemokine (C-C 
motif) ligand 17 (CCL17), chymotrypsin C (CTRC) and proto-oncogene tyrosine-protein kinase SRC (SRC). 
Interestingly, all three were reduced in patients (between 1.2- and 2-fold, Fig. 4d), and neither CTRC nor SRC 
have been previously described as biomarkers for MI. Based on ROC analysis, CCL17 had significantly higher 
diagnostic accuracy in EV lysates compared to plasma (area under the curve (AUC) of 0.73 in EVs versus 0.51 
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in plasma, p = 0.01, Fig. 4d, Table 3). The AUCs of SRC and CTRC were numerically higher in EVs but were not 
statistically significant (Fig. 4d, Table 3). Using logistic regression and adjusting for age and sex, the association 
of each of the three EV-associated biomarkers with STEMI diagnosis was assessed. Independent of age and sex, 
each of the three proteins were associated with a 45–65% lower risk of STEMI diagnosis per standard deviation 
(Table 3).

Taken together, these results suggest that although the majority of the detected, dysregulated proteins were 
observed was found in plasma, there is additional diagnostic and biological information in the proteome of iso-
lated EVs.

Validation of EV-associated proteins as biomarkers in patients with varying degrees of coro-
nary artery disease.  Next, we sought to validate these EV-associated proteins in a separate, clinically rele-
vant patient material using the gold standard clinical diagnostic tool for the quantitation of protein biomarkers, 
the enzyme-linked immunosorbent assay (ELISA). We could identify commercially available, well-validated 
ELISAs for SRC and CCL17, but not CTRC, and used these to analyze plasma and acoustically trapped EV sam-
ples from patients with varying degrees of coronary artery disease. The validation cohort consisted of patients 
with stable angina pectoris (SAP), unstable angina pectoris (UAP) and STEMI (n = 8 per group, see Table 2 for 
patient characteristics). We observed a statistically significant decrease in EV-associated SRC in STEMI patients 
compared to SAP patients (Fig. 5, p < 0.05). A trend towards lower levels in STEMI patients compared to UAP 
was observed, but the effect was not statistically significant. Interestingly, the levels of SRC in plasma was unal-
tered across patient groups. For CCL17, no significant differences between groups were observed in either plasma 
or EVs.

These results confirm that EV-associated SRC, but not plasma SRC, is a marker of advanced coronary artery 
disease, but is not specific for MI.

Figure 1.  Overview of the study design. 60 STEMI Patients and 22 healthy controls were included in the 
study. Plasma was prepared by centrifugation of whole blood and was either analyzed directly or used for the 
isolation of EVs by acoustic seed trapping. Proteomic profiling was performed on whole plasma and isolated 
EVs using a panel of proximity extension assays with relevance to cardiovascular disease (CVD). EVs were 
further characterized by Flow cytometry (FACS), Nanoparticle Tracking Analysis (NTA) and Enzyme-linked 
immunosorbent assay (ELISA).

https://doi.org/10.1038/s41598-019-45473-9
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SRC is present on vesicles of different sizes and cellular origins.  We perfomed a series of experi-
ments in order to confirm that a fraction of circulating SRC is associated with EVs. First, we analyzed the levels 
of SRC in plasma from healthy donors (n = 5) before and after sequential depletion of microvesicles (obtained by 

Figure 2.  Proteomic profiling of EV lysates and plasma. (a) Heatmaps of all detected proteins in EV lysates 
(n = 52) and plasma (n = 92) across all samples. Unit variance scaling is applied to proteins and individuals are 
clustered using Manhattan distance and average linkage. (b) Principal component analysis based on all proteins 
detected in EV lysates and plasma. Plots show the first two principal components and their relative contribution 
to overall variance. Prediction ellipses are such that with a probability 0.95, a new observation from the same 
group will fall inside the ellipse.
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centrifugation at 20,000 g for 1 h) and exosomes (obtained by centrifugation of microvesicle-depleted plasma at 
100,000 g for 1 h) using ELISA (Figiure 6a). There was a 16% decrease in SRC levels after depletion of microves-
icles (p < 0.05) and a further 7% decrease in the signal after depletion of exosomes (not statistically significant). 
These results suggest that approximately a quarter of circulating SRC is associated with EVs.

Next, the size distribution of acoustically trapped SRC+ EVs was investigated by fluorescent nanoparti-
cle tracking analysis (NTA). Results revealed that SRC+ EVs were present across a broad range, with notable 
peaks at approximately 100, 280 and 600 nm (Fig. 6b). This provides further evidence that SRC is present on 
microvesicles as well as exosomes. The size distribution of SRC+ EVs isolated by centrifugation (20,000 g for 1 h) 
were largely similar, although an additional peak < 50 nm and a more prominent peak at 800 nm were observed 
(Supplementary Fig. 4a).

The main source of circulating microvesicles are platelets, endothelial cells and leukocytes. The cellular origin 
of acoustically trapped SRC+ microvesicles in blood samples from a healthy donor was investigated by co-staining 
for SRC and either of the cell surface markers CD42a (platelets), CD62E (endothelial cells) and CD16 (leuko-
cytes). The proportion of single- and double positive events was then determined with flow cytometry. It is impor-
tant to note that, due to the limited sensitivity of the flow cytometer, only vesicles > 200 nm was recorded in this 
experiment. As seen in Fig. 6c, there was a subset of SRC+ vesicles within each of the CD42a+, CD62E+ and 
CD16+ populations. This suggests that the source of SRC+ microvesicles in blood is not restricted to a particular 
cell type. When performing the same analysis on EVs isolated by centrifugation (20,000 g for 1 h), the proportion 
of SRC+ vesicles were substantially higher (40% of events in the EV gate compared to 20% for trapped samples) 
and SRC + /CD42a + EVs were slightly more prominent (Supplementary Fig. 4b), but the levels were not signifi-
cantly higher than those of SRC + /CD62E + and SRC + /CD16 + vesicles (Supplementary Fig. 4c).

To investigate whether the decrease in EV-associated SRC was driven by a specific subpopulation of microves-
icles, we analyzed the proportion of total SRC+ as well as SRC+/CD42a+, SRC+/CD62E+ and SRC+/CD16+ events 
in STEMI patients and healthy controls (n = 6 per group) using flow cytometry. Results showed that even though 
a general decrease in SRC+ EVs was observed in STEMI patients, neither of the SRC+ subpopulations were altered 
(Fig. 6d). These results indicate that the change in EV-associated SRC observed in STEMI patients is driven by 
additional, unidentified subpopulation(s) of EVs.

Discussion
Mounting evidence suggests that the contents of circulating EVs mirror pathophysiological processes that have 
occurred in the cell or tissue of origin. Similarly, the EV proteome is increasingly considered a rich source of 
biomarkers for various disease states. To date, most studies that have explored the EV proteome have essen-
tially applied a mass spectrometry-based approach. Under such circumstances the broad dynamic range of these 

Figure 3.  Comparison of proteomic profiles between EVs and plasma. (a) The mean level of the detected 
proteins (including both STEMI and control samples) in the EV fraction compared between sample types. (b) 
Correlation between EV and plasma samples. Shown are r-values for all proteins detected in the EV lysates. Bars 
in grey represent proteins with non-significant correlations (p > 0.05).
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Figure 4.  Identification of dysregulated proteins in STEMI patients. Volcano plots showing differentially-
expressed proteins (q < 0.01) in (a) EV lysates and (b) plasma. Proteins differentially-expressed in both EV 
lysates and plasma (pink); proteins differentially-expressed only in EV lysates (blue) or only in plasma (purple). 
The dotted line represents the threshold for statistical significance. (c) Venn diagram of differentially-expressed 
proteins. (d) Scatter dot plots showing the individual levels of SRC, CTRC and CCL17 in EV lysates. Mean, 
standard deviation and q-value are indicated. Receiver operating characteristic (ROC) curves comparing 
diagnostic accuracy of EV lysates (pink) and plasma (blue). Area under the curve (AUC) with 95% CI and 
p-value for testing the difference in AUC between plasma and EV is shown.
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proteomes leads to limited sensitivity and reproducibility16. Based on PEA technology, a highly-sensitive multi-
plex immunoassay was employed in this study to probe the EV proteome of patients with MI and healthy controls. 
Of the 92 proteins with relevance to cardiovascular disease included in the PEA analysis, 52 were detected in the 

Protein
Sample 
type

ROC-
AUC

Sensitivity* 
(%) Specificity* (%)

Fold change 
(CTRL vs STEMI) FDR q OR 95% CI p

CTRC EV 0.76 80 72.7 1.23 0.003 0.478 0.265–0.862 0.014

Plasma 0.66 55 77.3 1.05 0.01 0.342 0.121–0.966 0.043

CCL17 EV 0.73 50 95.5 1.62 0.004 0.334 0.169–0.660 0.002

Plasma 0.51 71.7 45.5 1.01 0.44 0.725 0.310–1.698 0.46

SRC EV 0.74 83.3 59.1 1.96 0.003 0.540 0.328–0.888 0.015

Plasma 0.64 48.3 81.8 1.06 0.05 0.56 0.244–1.303 0.18

Table 3.  Diagnostic accuracy and association of EV-proteins with STEMI diagnosis. Area under the Receiver 
Operating Characteristic curve (ROC-AUC) for each protein in EVs and plasma are presented. *Sensitivity 
and specificity at the optimal cut-off point as determined by Youden’s index. P-values adjusted for multiple 
comparisons (q) using a False discovery rate (FDR) approach comparing mean NPX values between STEMI 
patients and controls (CTRL) is presented. Results of binary logistic regression analyses are presented as odds 
ratios (OR) scaled to 1 standard deviation, 95% confidence intervals and p-values, adjusted for age and gender.

Figure 5.  Validation of EV-associated proteins in patients with varying degrees of coronary artery disease. 
Plasma and acoustically trapped EVs were analyzed in patients diagnosed with ST-elevation myocardial 
infarction (STEMI), unstable angina pectoris (UAP) and stable angina pectoris (SAP) using SRC- and 
CCL17-ELISAs (n = 8 per group). One-way ANOVA with Dunnett’s multiple comparison test was used to test 
differences between patient groups. A.U. = arbitrary units. For the EV-SRC ELISA, data was missing from one 
patient in the UAP group. For the EV-CCL17 ELISA, one outlier in the STEMI group was detected and removed 
using the Robust regression and outlier removal method with a ROUT coefficient of Q = 0.01.
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Figure 6.  SRC is present on vesicles of different sizes and cellular origins. (a) Depletion of microvesicles and 
exosomes from normal plasma was obtained by sequential centrifugation at 20,000 × g for 1 h and 100,000 × g 
for 1 h. SRC was quantified in each plasma fraction using ELISA (n = 5). Repeated measures 1-way ANOVA 
was used to test the difference between whole plasma and microvesicle- and exosome-free plasma, respectively, 
*p < 0.05. (b) Nanoparticle tracking analysis was performed on trapped EVs isolated from a healthy individual 
and stained with a primary SRC antibody and a secondary Alexa488-conjugated antibody. The size distribution 
of fluorescently labeled EVs was measured. Mean and standard error from 5 repeated measurements are 
presented. (c) Acoustically trapped vesicles from one healthy control were co-stained with SRC/IgG-Alexa488 
antibodies and PE-conjugated antibodies against either CD42a, CD62E or CD16. Gates were set to include 
particles in the size range 240–800 nm. Representative scatter plots showing the proportion of single- and 
double positive EVs for each staining are presented. (d) Proportion of SRC+ EV subpopulations in the plasma of 
healthy individuals and STEMI patients (n = 6 per group). Mean and standard deviation is indicated.
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EV lysates. Although the overall protein profile of isolated EVs largely reflected that of whole plasma, some strik-
ing differences were revealed. The levels of SRC, CCL17 and CTRC were all significantly decreased in EV lysates 
from MI patients but remained unaltered in the corresponding plasma samples.

CCL17 (C-C motif ligand 17) is produced by a wide range of cells (most notably dendritic cells, but also 
endothelial cells, keratinocytes and fibroblasts)28 and is known to regulate leukocyte migration and T-cell differ-
entiation and expansion. Elevated expression of CCL17 has been reported both in the circulation29 and in ather-
osclerotic lesions of coronary artery disease patients30. Additionally, dendritic cell-derived CCL17 was shown to 
drive development of atherosclerosis in a mouse model31. In light of these reports, our finding that EV-associated 
CCL17 was decreased in STEMI patients was somewhat surprising. There are, however, reports that EVs facilitate 
clearance of certain proteins32, and it is possible that the decrease in EV-associated CCL17 can be explained by 
such a mechanism.

CTRC (chymotrypsin C) is a member of the peptidase S1 family of proteins. Activation and degradation of 
trypsinogens and procarboxypeptidases are regulated by CTRC, but very little is known about the role of this 
protein in cardiovascular biology, or the potential association with EVs.

SRC is a non-receptor tyrosine kinase that regulates a wide array of signaling pathways33. This kinase has 
been shown to be an important factor in cardiovascular disease mechanisms, primarily via the key role played in 
vascular physiology34, platelet activation35 and inflammation36. One previous study had described the presence of 
SRC on vesicles derived from endothelial and cardiomyocyte cell lines and also in plasma vesicles from patients 
with amyloidosis37, but the presence and potential role of EV-associated SRC in cardiovascular disease has not 
been studied before. Our results show that decreased levels of vesicle-associated SRC is not specific to myocardial 
infarction, but seems rather to be a reflection of advanced coronary artery disease. Interestingly, although circu-
lating SRC was found to be present on vesicles of different cellular origins, we were unable to identify a specific 
subpopulation of EVs that drives the decrease in total SRC+ EVs in MI patients. We believe a more comprehensive 
investigation of the potential mechanistic role for SRC in the progression of coronary artery disease is warranted.

The use of EVs as a source of biomarkers for clinical use is hampered by the lack of large-scale, high-throughput 
isolation techniques. EVs are typically isolated from plasma using high-speed or ultracentrifugation, which is 
time-consuming, requires large sample volumes and can produce artefactual EV-like particles38. The acoustic 
trapping platform used in this study has several advantages which in our view makes it a better alternative for 
clinical use. First, EV isolation can be performed within minutes (the protocol used here was finished in approx-
imately 7 minutes, including washing), while a typical centrifugation protocol takes 1 hour (2 hours if washing 
is necessary). Second, while centrifugation requires manual pipetting steps, trapping is fully automated, which 
should reduce variability and increase clinical applicability. The ability to automate the trapping process also 
facilitates continuous, large-scale sample handling, a requirement for use in a clinical context. Third, the min-
iaturized flow-through format also enables integration with other miniaturized techniques, e.g. integrating a 
plasmapheresis system upstream39 in order to isolate EVs directly from whole blood and further reduce sample 
processing time.

One concern regarding the analysis of EV cargo (proteins, miRNA, etc.) as biomarkers is that the results will 
be different depending on isolation technique. When it comes to EV proteomics, we have shown in previous 
reports that there is considerable overlap in the protein profiles of EVs that were isolated with acoustic trapping 
and standard centrifugation15,27. Importantly, we show here that the PEA-based proteomic profiles of EVs isolated 
with acoustic trapping is also very similar to that of EVs isolated with centrifugation.

Another concern regarding EV isolation is that different techniques and protocols will capture or enrich 
specific EV subpopulations, differing in size and/or content. Recently, two different groups used nanoparticle 
tracking analysis to show that acoustic trapping of plasma captures EVs of a wide size range, similar to standard 
centrifugation protocols27,40. Comparing the outcomes of our flow cytometric analyses on EVs isolated by trap-
ping and centrifugation, there were some distinct differences. The proportion of total SRC+ and SRC+/CD42a+ 
vesicles were higher in the centrifuged samples, indicating that these EV subpopulations might be more efficiently 
isolated using centrifugation. However, a more thorough study would be needed in order to prove or reject this 
hypothesis.

Despite a clear outcome, our study does have some limitations. First, the 92 proteins that were assayed are 
likely to only represent a fraction of the EV proteome, and the assay panel used was specifically focused on pro-
teins with known roles in cardiovascular biology/pathobiology. An unbiased approach, e.g. an aptamer-based 
technique41, would yield a considerably more comprehensive profile of the EV proteome during MI. Second, 
the sample size of this study is rather limited, and validation was performed in a small patient material. As 
such the findings of this study are more exploratory in nature, and the diagnostic and prognostic value of these 
EV-associated markers will have to be confirmed in larger validation studies. Nevertheless, based on the results of 
our work, analysis of EV-associated proteins in larger patient cohorts is well-warranted.

Data Availability
The datasets generated during or analyzed during the current study are available from the corresponding author 
on reasonable request.

References
	 1.	 Yáñez-Mó, M. et al. Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 4, 1–60 

(2015).
	 2.	 Boulanger, C. M., Loyer, X., Rautou, P.-E. & Amabile, N. Extracellular vesicles in coronary artery disease. Nat. Rev. Cardiol. 14, 

259–272 (2017).
	 3.	 Zha, Q. B, Yao, Y. F., Ren, Z. J., Li, X. J. & Tang, J. H. Extracellular vesicles: An overview of biogenesis, function, and role in breast 

cancer. Tumor Biol. 39, (2017).

https://doi.org/10.1038/s41598-019-45473-9


1 2Scientific Reports |          (2019) 9:8991  | https://doi.org/10.1038/s41598-019-45473-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

	 4.	 Gordon, C. et al. Circulating Endothelial Microparticles as a Measure of Early Lung Destruction in Cigarette Smokers. Am. J. Respir. 
Crit. Care Med. 184, 224–232 (2011).

	 5.	 Ferreira, A. C. et al. Postprandial Hypertriglyceridemia Increases Circulating Levels of Endothelial Cell Microparticles. Circulation 
110, 3599–3604 (2004).

	 6.	 Amabile, N. et al. Association of circulating endothelial microparticles with cardiometabolic risk factors in the Framingham Heart 
Study. Eur. Heart J. 35, 2972–2979 (2014).

	 7.	 Diamant, M. et al. Elevated Numbers of Tissue-Factor Exposing Microparticles Correlate With Components of the Metabolic 
Syndrome in Uncomplicated Type 2 Diabetes Mellitus. Circulation 106, 2442–2447 (2002).

	 8.	 Preston, R. A. et al. Effects of Severe Hypertension on Endothelial and Platelet Microparticles. Hypertension 41, 211–217 (2003).
	 9.	 Krohn, J. B. et al. Discoidin Domain Receptor-1 Regulates Calcific Extracellular Vesicle Release in Vascular Smooth Muscle Cell 

Fibrocalcific Response via Transforming Growth. Arterioscler. Thromb. Vasc. Biol. 36, (2016).
	10.	 Radecke, C. E. et al. Coronary artery endothelial cells and microparticles increase expression of VCAM-1 in myocardial infarction. 

Thromb. Haemost. 113, 605–616 (2015).
	11.	 Sinning, J. et al. Circulating CD31+/Annexin V+ microparticles correlate with cardiovascular outcomes. Eur. Heart J. 32, 

2034–2041 (2011).
	12.	 Mayr, M. et al. Proteomics, Metabolomics, and Immunomics on Microparticles Derived From Human Atherosclerotic Plaques. Circ. 

Cardiovasc. Genet. 2, 379–388 (2009).
	13.	 Banfi, C. et al. Proteome of endothelial cell-derived procoagulant microparticles. Proteomics 5, 4443–4455 (2005).
	14.	 Vélez, P. et al. Identification of a circulating microvesicle protein network involved in ST-elevation myocardial infarction. Thromb. 

Haemost. 112, 716–26 (2014).
	15.	 Rezeli, M. et al. Comparative Proteomic Analysis of Extracellular Vesicles Isolated by Acoustic Trapping or Differential 

Centrifugation. Anal. Chem. 88, (2016).
	16.	 Kreimer, S. et al. Mass-Spectrometry-Based Molecular Characterization of Extracellular Vesicles: Lipidomics and Proteomics. J. 

Proteome Res. 14, 2367–2384 (2015).
	17.	 Anderson, N. L. & Anderson, N. G. The Human Plasma Proteome. Mol. Cell. Proteomics 1, 845–867 (2002).
	18.	 Assarsson, E. et al. Homogenous 96-Plex PEA Immunoassay Exhibiting High Sensitivity, Specificity, and Excellent Scalability. PLoS 

One 9, (2014).
	19.	 Evander, M., Gidlöf, O., Olde, B., Erlinge, D. & Laurell, T. Non-contact acoustic capture of microparticles from small plasma 

volumes. Lab Chip 15, (2015).
	20.	 Hammarström, B., Evander, M., Wahlström, J. & Nilsson, J. Frequency tracking in acoustic trapping for improved performance 

stability and system surveillance. Lab Chip 14, 1005–1013 (2014).
	21.	 Hammarström, B. et al. Non-contact acoustic cell trapping in disposable glass capillaries. Lab Chip 10, 2251–2257 (2010).
	22.	 Hammarström, B., Laurell, T. & Nilsson, J. Seed particle-enabled acoustic trapping of bacteria and nanoparticles in continuous flow 

systems. Lab Chip 12, 4296–304 (2012).
	23.	 Metsalu, T. & Vilo, J. ClustVis: A web tool for visualizing clustering of multivariate data using Principal Component Analysis and 

heatmap. Nucleic Acids Res. 43, 566–70 (2015).
	24.	 Benjamini, Y. & Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple. Testing. J. R. 

Stat. Soc. 57, 289–300 (1995).
	25.	 Hanley, J. A. & McNeil, B. J. A method of comparing the areas under receiver operating characteristic curves derived from the same 

cases. Radiology 148, 839–843 (1983).
	26.	 Rezeli, M. et al. Comparative Proteomic Analysis of Extracellular Vesicles Isolated by Acoustic Trapping or Differential 

Centrifugation. Anal. Chem. acs.analchem. 6b01694, https://doi.org/10.1021/acs.analchem.6b01694 (2016).
	27.	 Bryl-Górecka, P. et al. Effect of exercise on the plasma vesicular proteome: a methodological study comparing acoustic trapping and 

centrifugation. Lab Chip 18, 3101–3111 (2018).
	28.	 Saeki, H. & Tamaki, K. Thymus and activation regulated chemokine (TARC)/CCL17 and skin diseases. J. Dermatol. Sci. 43, 75–84 

(2006).
	29.	 Ye, Y. et al. Serum chemokine CCL17/thymus activation and regulated chemokine is correlated with coronary artery diseases. 

Atherosclerosis 238, 365–369 (2015).
	30.	 Greaves, D. R. et al. Linked chromosome 16q13 chemokines, macrophage-derived chemokine, fractalkine, and thymus- and 

activation-regulated chemokine, are expressed in human atherosclerotic lesions. Arterioscler. Thromb. Vasc. Biol. 21, 923–929 
(2001).

	31.	 Weber, C. et al. CCL17-expressing dendritic cells drive atherosclerosis by restraining regulatory T cell homeostasis in mice. J. Clin. 
Invest. 121, 2898–910 (2011).

	32.	 Yuana, Y., Sturk, A. & Nieuwland, R. Extracellular vesicles in physiological and pathological conditions. Blood Rev. 27, 31–9 (2013).
	33.	 Thomas, S. M. & Brugge, J. S. Cellular functions regulated by SRC family kinases. Annu. Rev. Cell Dev. Biol. 13, 513–609 (1997).
	34.	 Mackay, C. E. & Knock, G. A. Control of vascular smooth muscle function by Src-family kinases and reactive oxygen species in 

health and disease. J. Physiol. 17, 3815–3828 (2015).
	35.	 Senis, Y. A., Mazharian, A. & Mori, J. Src family kinases: at the forefront of platelet activation. Blood 124, 2013–2025 (2015).
	36.	 Page, T. H., Smolinska, M., Gillespie, J., Urbaniak, A. M. & Foxwell, B. M. J. Tyrosine Kinases and Inflammatory Signalling. Curr. 

Mol. Med. 9, 69–85 (2009).
	37.	 Di Noto, G. et al. C-src Enriched Serum Microvesicles Are Generated in Malignant Plasma Cell Dyscrasia. PLoS One 8, 1–15 (2013).
	38.	 Lacroix, R. et al. Impact of pre-analytical parameters on the measurement of circulating microparticles: towards standardization of 

protocol. J. Thromb. Haemost. 10, 437–46 (2012).
	39.	 Lenshof, A. et al. Acoustic whole blood plasmapheresis chip for prostate specific antigen microarray diagnostics. Anal. Chem. 81, 

6030–7 (2009).
	40.	 Ku, A. et al. Acoustic Enrichment of Extracellular Vesicles from Biological Fluids. Anal. Chem. 90, 8011–8019 (2018).
	41.	 Smith, J. G. & Gerszten, R. E. Emerging affinity-based proteomic technologies for large-scale plasma profiling in cardiovascular 

disease. Circulation 135, 1651–1664 (2017).

Acknowledgements
This work was supported by the Swedish Heart and Lung Foundation, The Swedish Scientific Research Council, 
The Swedish Foundation for Strategic Research (TOTAL-AMI), The Knut and Alice Wallenberg Foundation, 
A.L.F. and Skane University Hospital Funds.

https://doi.org/10.1038/s41598-019-45473-9
https://doi.org/10.1021/acs.analchem.6b01694


13Scientific Reports |          (2019) 9:8991  | https://doi.org/10.1038/s41598-019-45473-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

Author Contributions
O.G., T.L. and D.E. designed the study. O.G. and M.E. conducted experiments. M.R. and G.M.V. provided clinical 
samples. O.G. analyzed data, performed statistical analysis and drafted the manuscript. All authors contributed to 
the interpretation of data and provided feedback on the manuscript. All authors have given approval to the final 
version of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45473-9.
Competing Interests: T.L. is a founder, board member, and shareholder of AcouSort AB, a spin-off company 
from Lund University that manufactures and markets instrumentation for acoustic trapping. M.E. is a 
shareholder and part time employee of AcouSort AB. O.G., M.R., G.M.V. and D.E. declare that they have no 
competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-45473-9
https://doi.org/10.1038/s41598-019-45473-9
http://creativecommons.org/licenses/by/4.0/

	Proteomic profiling of extracellular vesicles reveals additional diagnostic biomarkers for myocardial infarction compared t ...
	Methods

	Study cohort. 
	EV isolation by acoustic seed trapping. 
	Proximity extension assay. 
	Flow cytometry. 
	Nanoparticle tracking analysis. 
	ELISA on plasma and EVs. 
	Statistical analyses. 

	Results

	The proteomic profiles of EVs isolated with acoustic seed trapping and centrifugation is highly correlated. 
	Proteomic profiling of extracellular vesicles and plasma. 
	Comparison of plasma and EV protein profiles. 
	Identification of differentially-expressed proteins in patients and controls. 
	Validation of EV-associated proteins as biomarkers in patients with varying degrees of coronary artery disease. 
	SRC is present on vesicles of different sizes and cellular origins. 

	Discussion

	Acknowledgements

	Figure 1 Overview of the study design.
	Figure 2 Proteomic profiling of EV lysates and plasma.
	Figure 3 Comparison of proteomic profiles between EVs and plasma.
	Figure 4 Identification of dysregulated proteins in STEMI patients.
	Figure 5 Validation of EV-associated proteins in patients with varying degrees of coronary artery disease.
	Figure 6 SRC is present on vesicles of different sizes and cellular origins.
	Table 1 Patient information – Discovery cohort.
	Table 2 Patient characteristics – Validation cohort.
	Table 3 Diagnostic accuracy and association of EV-proteins with STEMI diagnosis.




