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Abstract

Extracellular vesicles (EVs) have attracted much attention as potential diagnostic biomark-

ers for human diseases. Although both plasma and serum are utilized as a source of blood

EVs, it remains unclear whether, how and to what extent the choice of plasma and serum

affects the experimental results. To address this issue, in this study, we performed compre-

hensive characterization of EV fractions derived from plasma and serum, and investigated

the differences between these blood EVs. We demonstrated by nanoparticle tracking analy-

sis that EV fractions derived from serum contain more particles than those from plasma of

mice. Proteomic analysis demonstrated that platelet-associated proteins are selectively

enriched in serum EV fractions from both mice and humans. A literature review of proteomic

data of human blood EVs reported by other groups further confirmed that selective enrich-

ment of platelet-associated proteins is commonly observed in serum EVs, and confers dif-

ferent proteome profiles to plasma EVs. Our data provide experimental evidence that EV

fractions derived from serum generally contain additional EVs that are released from plate-

lets, which may qualitatively and quantitatively alter EV profiles when using serum as a

source of blood EVs.

Introduction

Extracellular vesicles (EVs) are a group of membrane particles that are released from cells,

including exosomes, microvesicles and other vesicular components [1, 2]. They are abundantly

present in extracellular fluids, such as circulating blood, cerebrospinal fluid, and urine, and
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carry a variety of proteins, nucleic acids, lipids, and metabolites as their cargoes. Cell-to-cell

transmission is a characteristic of EVs, which mediates the intercellular transfer of their car-

goes from donor cells to recipients, enabling non-cell autonomous control of the immune

response, gene transcription, and other cellular functions at the multicellular organismal level

[3–5].

Because the cargoes of EVs are likely to vary depending on not only the cell type but also

the state of the cells (particularly under stressed or disease conditions), EVs have attracted

much attention as potential diagnostic biomarkers for human diseases [6, 7]. Among extracel-

lular fluids, EVs derived from blood are one of the most promising sources for biomarker

development, owing to the ease of sampling blood with minimal invasion. To date, many stud-

ies analyzing biomarker candidates from blood-derived EVs have been reported, for several

types of cancers [8–10], immune diseases [11, 12], and neurodegenerative diseases, such as

Alzheimer’s disease and Parkinson’s disease [13, 14]. However, the development of reliable

EV-based biomarkers applicable for clinical use remains challenging, as even for the same dis-

ease, the results of EV analyses of patients’ blood are often inconsistent among studies. A

major reason for these inconsistent results is the difference in experimental conditions,

because blood EV profiles are likely to be affected by various experimental factors, such as the

sample source, EV isolation method, and the choice of plasma or serum.

Although plasma and serum, which are the two major types of blood supernatant, are used

as a source of blood EVs, it remains unclear whether, how, and to what extent the choice of

plasma and serum actually affects the results and interpretation of blood EV studies. Plasma

and serum are collected by different methods, and it is well-known that this difference results

in the different profiles of proteins and nucleic acids between plasma and serum [15, 16]. Simi-

larly, proteomic analysis of EV fractions isolated from plasma and from serum have suggested

differences in protein profiles between these blood EVs [17, 18]. Mass spectroscopy (MS) anal-

ysis by Cao et al. reported that EV marker proteins were detected more abundantly in EV frac-

tions from plasma than those from serum, suggesting that plasma EVs may be a more

favorable source of blood EVs for MS-based proteomics [17]. Although these studies suggest

that plasma and serum might not be equivalent sources of blood EVs, how EV profiles are dif-

ferent between plasma and serum, and the major factor leading to this difference has not been

clarified to date.

To address this issue, in this study, we thoroughly characterized the profiles of blood EVs

derived from mouse plasma and serum by nanoparticle tracking analysis (NTA) and proteo-

mic analysis. We demonstrated that plasma and serum indeed show differences in the number

of EV particles and their protein contents. Interestingly, we found that platelet-associated pro-

teins are selectively enriched in the EV fractions derived from serum, both in mouse and

human blood, which was further confirmed by a literature review of proteome data reported

by others. These data indicate that EV fractions isolated from serum contain additional EVs

that are released from platelets during the coagulation reactions occurring during serum prep-

aration, resulting in the difference from plasma EV fractions. Our study provides experimental

evidence that increased levels of platelet-derived particles in serum alter blood EV profiles,

potentially affecting the results and the interpretation of studies on EVs, when using serum as

a source of blood EVs.

Materials and methods

Blood samples

All mouse experiments were approved by the Animal Experiments Committee of Osaka Uni-

versity, and were performed in accordance with Osaka University Regulations on Animal
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Experiments. Eight-week old C57BL/6J male mice were purchased from Charles River Labora-

tories, Japan. All mice were acclimatized to the environment of the animal facility for 3 days,

and were then subjected to blood sampling. The number of mice used in the study is indicated

in the Figure legend. For preparation of plasma, whole blood (approximately 900 μL) was col-

lected from each mouse through cardiac puncture without thoracotomy under isoflurane anes-

thesia and was immediately mixed with an anticoagulant solution (ethylenediaminetetraacetic

acid [EDTA] disodium salt, sodium citrate, or heparin to a final concentration of approxi-

mately 4 mM, 0.38%, and 22 U/mL, respectively). Whole blood mixed with anticoagulants was

kept on ice before centrifugation at 1,000 × g for 10 min at 4˚C. As longer incubation of whole

mouse blood with anticoagulants often increased the extent of hemolysis, centrifugation was

performed within 10 min after the addition of anticoagulants to reduce the risk of hemolysis.

After centrifugation, the transparent upper layer was collected as plasma, and stored at −80˚C.

For the preparation of serum, whole blood was similarly collected from mice through cardiac

puncture without thoracotomy under isoflurane anesthesia, and was kept at room temperature

for 30 min for the coagulation reaction. Blood samples were then centrifuged at 1,000 × g for

10 min at 4˚C. After centrifugation, the transparent upper layer was collected as serum and

stored at −80˚C.

Human plasma and serum were prepared by Kohjin-Bio Co., Ltd. using the following pro-

tocol. Human subjects were all males, ranging from 21 to 39 years of age. Whole blood collec-

tion for plasma and serum was performed sequentially from the same individuals without any

interval. For the preparation of plasma, whole blood was collected by venipuncture into collec-

tion tubes containing EDTA dipotassium salt. Immediately after collection, the blood samples

were gently mixed with an anticoagulant by inverting 8 to 10 times, and were then centrifuged

at 2,000 × g for 10 min at 4˚C within 20 min after whole blood collection. For the preparation

of serum, whole blood was collected by venipuncture into collection tubes, and then kept at

room temperature for 30 min for the clotting reaction, followed by centrifugation at 2,000 × g

for 10 min at 4˚C. After centrifugation, the transparent upper layer was transferred to new

tubes and stored at −80˚C until use.

All blood samples from mice and humans were divided into small aliquots before freezing

to avoid multiple freeze-thaw cycles. Blood samples in which the absorbance at 415 nm was

greater than 0.2 after a 10-times dilution in phosphate-buffered saline (PBS) were considered

to be hemolyzed and were not used for the analysis.

Isolation of EVs from blood samples using ultracentrifugation

EV fractions were isolated from blood samples using a standard ultracentrifugation method.

Briefly, 100 μL of plasma or serum was diluted with 4.9 mL of PBS, and centrifuged sequen-

tially at 2,000 × g for 15 min and at 10,000 × g for 30 min to remove residual blood cells,

including platelets, their debris, and large EVs. Supernatants were transferred to 13 × 51 mm

Thinwall Polypropylene tubes (Beckman Coulter) and further centrifuged at 100,000 × g for

90 min using an Optima L-90K or XE-90 centrifuge (Beckman Coulter) together with an

SW55Ti rotor. The pellet containing EVs was suspended in an appropriate buffer and used

immediately for subsequent experiments, including transmission electron microscopy, nano-

particle tracking analysis, Western blotting, and proteomic analysis. All centrifugations were

performed at 4˚C.

OptiPrep density-gradient centrifugation

OptiPrep (iodixanol, Axis-Shield) density gradient was prepared with 10% and 30% Optiprep

solutions, 0.25 M sucrose, 1 mM EDTA, and 10 mM Tris (pH 7.4). The EV fractions in 0.25 M
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sucrose, 1 mM EDTA, 10 mM Tris (pH 7.4) (500 μL) were loaded on top of the OptiPrep den-

sity-gradient solution (11 mL) in 14 × 89 mm Thinwall Polypropylene tubes, and were sub-

jected to ultracentrifugation at 200,000 × g using an SW41Ti rotor (Beckman Coulter) for 18

hours at 4˚C. The subfractions (750 μL each) were then collected, and the density of each frac-

tion was determined using a refractometer (Atago). Total proteins in each fraction were con-

centrated by trichloroacetic acid/acetone precipitation, and analyzed by Western blotting.

Immunodepletion experiments

Immunodepletion of lipoprotein particles from the EV fractions was performed using antibod-

ies against lipoproteins and Protein A-conjugated magnetic beads (Dynabeads, Invitrogen).

Protein A beads were washed with 0.001% Tween 20 containing PBS supplemented with 0.1%

bovine serum albumin (BSA), and incubated overnight with antibodies against Apolipoprotein

A1 (ApoA1) (ab227455, rabbit polyclonal, Abcam), and Apolipoprotein B (ApoB) (ab20737,

rabbit polyclonal, Abcam) at 4˚C. The beads were then incubated overnight with the EV frac-

tions at 4˚C. After the incubation, the supernatants and the beads were separated by Dyna-

Mag-2 magnet, and analyzed by Western blotting and nanoparticle tracking analysis.

Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed using NanoSight LM10. EV solutions

were diluted with PBS to adjust particle concentrations to 30 to 80 particles/frame for NTA.

The Brownian motions of nanoparticles in PBS were observed for 60 s at room temperature,

and recorded five times for each measurement. Each sample was measured twice and averaged.

All data were analyzed using NTA software v3.2, and the parameters were as follows: camera

level, 16; detection threshold, 5.

Transmission electron microscopy

Electron microscopic analysis of blood EVs was performed basically following a previously

published method, with minor modifications [19]. Briefly, EV samples were mixed with equal

volumes of 4% (wt/vol) paraformaldehyde (PFA)/PBS (final concentration, 2% PFA) and incu-

bated overnight. The EV solutions were then loaded onto formvar-coated Cu grids (200 mesh,

Nisshin EM) and incubated for 20 min. Excess solvent was removed with filter paper. The EV

grids were washed with PBS twice, and then post-fixed with 1% glutaraldehyde for 5 min.

After washes with water eight times, the EVs were negatively stained with uranyl acetate, and

analyzed using the transmission electron microscope H-7650 (Hitachi).

Immunoelectron microscopy was performed as described previously [19]. Briefly, EV pel-

lets were treated with PFA and loaded onto formvar-coated Cu grids (200 mesh), and incu-

bated for 30 min. Excess solvent was removed with filter paper. The EV grids were washed

three times with PBS and four times with 50 mM ammonium chloride. The grids were then

blocked with PBS supplemented with 5% (w/v) BSA for 30 min, and incubated overnight with

an anti-CD9 antibody (CBL162, mouse monoclonal, Merck Millipore) at 4˚C. The grids were

washed five times with PBS and incubated for 2 hours with a secondary antibody conjugated

with 10-nm gold nanoparticles (G7777, Sigma-Aldrich). The immunolabeled grids were

washed eight times with PBS and post-fixed with 1% glutaraldehyde for 5 min. After washes

with water eight times, the EVs were negatively stained with uranyl acetate, and analyzed using

the transmission electron microscope HT7700 (Hitachi). EV grids that were treated with the

secondary antibody alone without the first antibody were prepared as controls.
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Mass spectroscopy and proteomic analysis

EV fractions were isolated from mouse blood plasma or serum as above. The proteins (7.6 μg

per sample) in 50 mM Tris (pH 8.0), 2% sodium deoxycholate (SDC), 10 mM dithiothreitol

with a protease inhibitor cocktail (Roche) were alkylated by iodoacetamide, reduced by tris

(2-carboxyethyl)phosphine, and proteolyzed with a mixture of trypsin and lysyl endopeptidase

(0.5 μg per sample) (Trypsin/Lys-C Mix, Promega). After removal of SDC according to the

phase transfer surfactant protocol [20], the digested peptides were desalted, dried, and recon-

stituted in a loading buffer of 3% acetonitrile (ACN) plus 0.1% trifluoroacetic acid. The pep-

tides were separated using an UltiMate 3000 Nano LC system equipped with an ESI-column

(0.075 × 150 mm) (gradient: 5%–30% B in A [A = H2O containing 0.1% formic acid, B = ACN

containing 0.1% formic acid] over 120 min; flow: 300 nL/min). The eluted peptides were

detected by an in-line mass spectrometer (Q-Exactive, Thermo Scientific) operating in data-

dependent analysis mode (35,000 high resolution, scan range 400–2,000 m/z, 5 × 105 auto-

matic gain control target, ~50 ms maximal ion time), followed by sequential isolation of the

top 10 abundant ions for MS/MS analysis in the linear ion trap of low resolution (fragmenta-

tion by collision-activated dissociation with 32 normalized collision energy, 1 × 106 automatic

gain control target, ~30 ms maximal ion time, 2.0 m/z isolation window, and 20 s dynamic

exclusion). MS/MS spectra were converted into a peak list using Mascot Distiller version 2.5

(Matrix Science) and searched against the UniProt protein database (release 2017_02: Febru-

ary 5, 2017, 51031 entries) using Mascot Server version 2.5 (Matrix Science). Search parame-

ters included a mass tolerance of 10 ppm for precursor ions and 0.02 Da for MS/MS ions, with

a maximum of one missed cleavage, maximum of three dynamic modification sites per pep-

tide, carbamidomethylation of cysteine as a static modification, and oxidation of methionine

and deamidation of asparagine and glutamine as dynamic modifications. The threshold score/

expectation value for accepting individual spectra was based on Mascot ion score threshold

(0.05) as the standard ion score threshold specifically calculated by Mascot for each database

search. All matched MS/MS spectra were filtered by mass accuracy and matching scores to

reduce the protein false discovery rate to about 1%. Gene ontology (GO) analysis, principal

component analysis (PCA), and heat map analysis were conducted using DAVID Bioinfor-

matics Resources 6.8 [21], MetaboAnalyst 4.0 [22] and R software with the heatmap.2 function,

respectively.

Western blotting

Equal amounts of total proteins of the EV fractions were separated using 5% to 20% gradient

sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (ATTO), and transferred to

PVDF membranes (Bio-Rad). The membranes were incubated overnight with the following

primary antibodies at 4˚C: anti-CD63 (10628D, mouse monoclonal, Thermo Fisher Scien-

tific), anti-CD9 (CBL162, mouse monoclonal, Merck Millipore), anti-Hsc70 (ADI-SPA-819,

rabbit polyclonal, Enzo Life Sciences), anti-GPIIb (LS-B13882, rabbit polyclonal, LifeSpan

Biosciences), anti-GPIIIa (R30709, rabbit polyclonal, NSJ Bioreagents), anti-ApoB (ab20737,

rabbit polyclonal, Abcam), and anti-ApoA1 (ab227455, rabbit polyclonal, Abcam) for both

mouse and human samples, anti-PF4 (MAB595, rat monoclonal, R&D systems) for mouse

samples, and anti-PF4 (ab129183, rabbit monoclonal, Abcam) for human samples. As sec-

ondary antibodies, horseradish peroxidase (HRP)-conjugated immunoglobulins were used.

The HRP signal was visualized by ImmunoStar Zeta/LD (Wako), and captured using an

Amersham Imager 600 system (Cytiva). Acquired images were analyzed using ImageJ soft-

ware (NIH).
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Statistical analysis

Statistical analyses were performed to assess differences among groups by one-way analysis of

variance (ANOVA) followed by the Tukey multiple comparison test for the NTA results in Fig

2, and to assess differences between human plasma and serum EVs by the Student t-test

(paired) in Fig 5 and S5 Fig. For other comparisons, the Student t-test (unpaired) was per-

formed. Data are expressed as the mean ± standard error of the mean (SEM). For all statistical

analyses, GraphPad Prism software (GraphPad Software Inc.) was used. A P-value of less than

0.05 was considered to indicate a statistically significant difference between groups. For calcu-

lation of the effect size, the power analysis software G�Power 3.1 [23] was used.

Results

Serum sEV fractions contain more EV particles than plasma sEV fractions

in mouse blood

To analyze whether plasma and serum are comparable sources of blood EVs, we prepared

plasma and serum from male C57BL/6J mice (Fig 1A), and isolated EV-containing fractions by

the conventional ultracentrifugation method. As we used ultracentrifugation for EV purifica-

tion, the predominant fraction of EVs analyzed in this study were comprised mostly of relatively

small particles, i.e., small EVs (sEVs), rather than large EVs. For the preparation of plasma,

EDTA was used as an anticoagulant unless otherwise noted. Transmission electron microscopic

observation showed that both sEV fractions isolated from mouse plasma and serum contain

cup-shaped vesicles with a diameter of approximately 100 nm (Fig 1B), which were immunopo-

sitive for CD9, which is an EV marker (S1A Fig). These results are in good agreement with the

morphological nature of sEVs reported in the literature [24]. NTA using NanoSight LM10

unexpectedly demonstrated a significant difference in particle numbers between plasma and

serum (Fig 1C). The particle number (± standard deviation) for plasma EVs was 2.38 ± 0.60 (×
1010/mL blood, n = 5), whereas that for serum EVs was 4.23 ± 0.83 (× 1010/mL blood, n = 6),

which was calculated to be a 78% increase in the number of particles in the sEV fractions

derived from serum, compared with those from plasma (P = 0.0024, Student t-test; effect size,

2.56) (Fig 1D). On the other hand, the diameters of the particles in the sEV fractions were dis-

tributed comparably within the range of 50 nm to 300 nm (Fig 1C); the median diameter was

118.1 ± 15.1 nm for plasma EVs vs. 106.9 ± 8.9 nm for serum EVs, which was not statistical dif-

ferent (P = 0.16, Student t-test; effect size, 0.90) (Fig 1E). EV fractions after ultracentrifugation

are known to contain lipoproteins, protein aggregates, and other non-EV particles [25, 26],

which may affect the correct estimation of the particle count in the NTA. To validate the above

findings using blood EVs with fewer contaminants, we tried to reduce the contamination of

lipoprotein particles in the sEV fractions by conducting immunodepletion using antibodies

against lipoproteins. As show in S1B Fig, ApoB and ApoA1, which are major lipoproteins in

blood, were reduced in the supernatant fractions after immunodepletion with these lipoprotein

antibodies, but were significantly accumulated on the beads, whereas CD63 and Hsc70 were

unchanged, indicating the successful reduction of lipoprotein levels by immunodepletion. NTA

of the supernatants after immunodepletion demonstrated that the sEV fractions derived from

mouse serum have a consistently larger number of particles than those from plasma (1.49 ± 0.21

[× 109/mL] for plasma EVs vs. 5.54 ± 0.85 [× 109/mL] for serum EVs; P = 0.02, Student t-test;

effect size, 6.53), with no difference in particle diameter (110.2 ± 9.1 nm for plasma EVs vs.

109.5 ± 3.6 nm for serum EVs; P = 0.87, Student t-test; effect size, 0.10) (plasma, n = 5; serum,

n = 6) (S1C Fig). These results suggest that EVs from both blood sources show no apparent dif-

ference in size distribution, but the serum contains more EVs than plasma.
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Several anticoagulants are routinely used for the preparation of plasma from whole blood.

Among them, EDTA, citrate, and heparin are three major anticoagulants. EDTA and citrate

inhibit blood clotting by chelating the calcium ions that are necessary for the coagulation cas-

cade. Heparin binds to and activates antithrombin, leading to the inactivation of proteases

involved in the coagulation cascade, such as thrombin and factor Xa. To investigate whether

anticoagulants affect the number and size distribution of the resultant plasma EVs, we pre-

pared mouse plasma using three different anticoagulants, and isolated the sEV fractions by

ultracentrifugation, which were subjected to the NTA experiments as above (n = 5). NTA of

these sEV fractions showed no detectable difference in the number and diameter of the plasma

EVs (particle number: 1.09 ± 0.20 [× 1010/mL] for EDTA, 1.26 ± 0.26 [× 1010/mL] for citrate,

1.13 ± 0.16 [× 1010/mL] for heparin; P = 0.43, one-way ANOVA; effect size, 0.35) (diameter:

122.8 ± 4.7 nm for EDTA, 123.8 ± 6.6 nm for citrate, 123.1 ± 6.6 nm for heparin; P = 0.96, one-

way ANOVA; effect size, 0.07) (Fig 2), suggesting that these anticoagulants do not affect the

yield and size of the EV particles in plasma.

Fig 1. Serum sEV fractions contain more EV particles than plasma sEV fractions in mouse blood. (A) Schematic

representation of the preparation methods of plasma and serum. Plasma was separated from anticoagulant-treated

blood by removing hemocytes and other precipitates by centrifugation. Serum was separated from coagulated blood by

removing blood clots by centrifugation. (B) Transmission electron micrographs of particles in the sEV fractions

derived from plasma and serum. Scale bars, 100 nm. (C-E) NTA of the sEV fractions derived from plasma and serum.

A plot showing the size distribution of the EV particles (C) and bar graphs showing the numbers (D) and median

diameters (E) of the particles in the sEV fractions isolated from plasma and serum. Data are shown as the

average ± SEM (plasma, n = 5; serum, n = 6). ��P< 0.01, Student t-test. n.s., not significant. Experiments were

performed independently at least three times, and representative data are shown. In C and D, particle numbers are

normalized to original blood volumes.

https://doi.org/10.1371/journal.pone.0270634.g001
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Serum sEV fractions contain a larger amount of platelet-associated

proteins than plasma sEV fractions from mouse blood

To analyze whether the EV contents are different between plasma and serum, we performed

proteomic analysis of sEV fractions that were isolated by ultracentrifugation from mouse

blood (n = 6). Semiquantitative LC-MS/MS analysis identified 288 and 421 proteins in the

plasma and serum sEV fractions, respectively, and 432 proteins in total. Among these, 277 pro-

teins were commonly detected in both sEV fractions, and 11 and 144 proteins were detected

only in the plasma and serum sEV fractions, respectively (Fig 3A, S1 Table). GO analysis dem-

onstrated substantial enrichment of EV-associated proteins in both serum and plasma, as the

GO terms (cellular component, CC) associated with EVs, such as ‘extracellular exosome,’

‘blood microparticle,’ and ‘extracellular region/space,’ were commonly detected as top hits

(Fig 3B). GO analysis of the other groupings apparently showed similar GO profiles between

the plasma and serum sEV fractions; in GO biological process (BP), the term ‘complement

activation, classical pathway’ was the most enriched, followed by ‘innate immune response,’

‘hemostasis,’ and ‘blood coagulation’ (S2A Fig), and in GO molecular function (MF), the term

‘antigen binding’ was the most enriched, followed by ‘serine-type endopeptidase inhibitor

activity,’ ‘peptidase inhibitor activity,’ and ‘threonine-type endopeptidase activity’ (S2B Fig).

To analyze the protein profiles in more detail, we then performed principal component

(PC) analysis of the LC-MS/MS datasets, which consist of a list of identified proteins and the

number of the corresponding peptide fragments detected by LC-MS/MS analysis; the latter of

which can be considered to reflect the relative amount of each protein. PC analysis showed

that plasma EV and serum EV data are plotted as different clusters in the PC space without

any overlap (Fig 3C), suggesting that protein contents are substantially different between the

plasma and serum sEV fractions.

Fig 2. Anticoagulants have no detectable effects on numbers and diameters of EVs in plasma. (A-B) Bar graphs

showing numbers (A) and median diameters (B) of the EVs that were isolated from plasma prepared using EDTA,

citrate, and heparin. Data are shown as the average ± SEM (n = 5). Statistical analysis was performed by one-way

ANOVA followed by the Tukey multiple comparisons test. n.s., not significant.

https://doi.org/10.1371/journal.pone.0270634.g002
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Fig 3. Proteomic analysis demonstrates substantial enrichment of platelet-associated proteins in serum EVs. (A) Venn

diagram of the proteins identified in the sEV fractions derived from plasma and serum (n = 6) by LC-MS/MS analysis. (B) GO

cellular component of the proteins identified in plasma EVs and serum EVs. P-values from the modified Fisher’s exact test are

shown as bar graphs. (C) Principal component analysis of the dataset of proteins identified in plasma EVs and serum EVs. (D)

GO biological process of the proteins that are upregulated or exclusively detected in serum EVs. (E) Heat map analysis of

proteins with platelet-associated GO terms that were identified in our LC-MS/MS analysis.

https://doi.org/10.1371/journal.pone.0270634.g003
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To analyze how the protein contents are different between these sEV fractions, we focused

on a group of proteins that are increased in the serum EVs. Among the 432 proteins that were

identified by LC-MS/MS analysis, 144 proteins were exclusively detected in serum EVs, and 28

proteins were commonly detected in both types of EVs, but were upregulated by more than

2-fold in the serum EVs compared with the plasma EVs (P< 0.05) (S2 Table). GO analysis

focusing on these 172 proteins that were increased in serum EVs clearly showed the substantial

enrichment of proteins that are involved in the blood coagulation cascade, as the GO terms

including ‘hemostasis,’ ‘blood coagulation,’ and ‘complement activation’ were listed as the top

10 terms (Fig 3D, S3 Fig). In addition, proteins associated with platelets were also suggested to

be enriched, as the GO terms ‘platelet aggregation,’ and ‘platelet degranulation’ (BP) and

‘blood microparticle’ (CC) were detected (Fig 3D, S3 Fig). Because platelets produce EVs called

microparticles or microvesicles, and secrete them into the blood, particularly when they are

activated during blood coagulation [27, 28], serum might contain these extracellular particles

released from platelets more abundantly than plasma. Consistently, proteins that are specifi-

cally expressed in platelets, such as platelet membrane glycoproteins IIb/IIIa (GPIIb/IIIa) and

Ib-IX-V, were all found to be increased or exclusively detected in the serum EVs (Table 1).

Integrin alpha-2/beta-1 (a collagen receptor) and platelet factor 4 (PF4, a protein stored in α
granules, a platelet-specific organelle) are dominantly expressed in platelets and were also

Table 1. Platelet-associated proteins detected in serum EVs.

Protein Gene name Alternative name(s) Fold change (serum/plasma)

Glycoprotein IIb/IIIa

Integrin alpha-IIb Itga2b GPIIb, CD41 22

Integrin beta-3 Itgb3 GPIIIa, CD61 Only in serum

Glycoprotein Ib-IX-V receptor complex

Platelet glycoprotein Ib alpha chain Gp1ba GPIbα, CD42b Only in serum

Glycoprotein Ib, beta polypeptide Gp1bb GPIbβ, CD42c Only in serum

Platelet glycoprotein IX Gp9 GPIX, CD42a Only in serum

Platelet glycoprotein V Gp5 GPV, CD42d Only in serum

α granule proteins

Coagulation factor V F5 − 13.75

Platelet factor 4 Pf4 − Only in serum

Proteins expressed in platelets

Integrin alpha-2 Itga2 GPIa, CD49b Only in serum

Integrin beta-1 Itgb1 GPIIa, CD29 Only in serum

Platelet glycoprotein 4 Cd36 GPIIIb, GPIV Only in serum

Pleckstrin Plek − Only in serum

Integrin αIIbβ3 binding proteins

Talin-1 Tln1 − 104.33

Filamin, alpha Flna − Only in serum

Leukocyte surface antigen CD47 Cd47 − 2.25

4F2 cell-surface antigen heavy chain Slc3a2 a part of CD98/LAT1 Only in serum

Fermitin family homolog 3 Fermt3 Kindlin-3 Only in serum

Fermitin family homolog 2 Fermt2 Kindlin-2 Only in serum

Integrin-linked protein kinase Ilk − Only in serum

Tyrosine-protein kinase Lyn Lyn − Only in serum

Glycoprotein Ib-IX-V binding proteins

14-3-3 protein zeta/delta Ywhaz − Only in serum

https://doi.org/10.1371/journal.pone.0270634.t001
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increased in the serum EVs. Furthermore, proteins that bind to platelet-specific glycoproteins,

such as talin-1 and fermitin family homolog 2/3, were upregulated in the serum EVs. To ana-

lyze the general tendency of the selective enrichment of platelet-associated proteins in serum

sEV fractions, we analyzed all the platelet-associated proteins detected in the present study.

Among the 432 proteins that were identified in our LC-MS/MS analysis, 25 proteins have GO

terms that are apparently associated with platelets, including ‘platelet degranulation,’ ‘platelet

activation,’ and ‘platelet aggregation’ (BP), and ‘platelet alpha granule’ (CC) (Fig 3E). Heat

map analysis focusing on these platelet-associated proteins clearly showed the overall tendency

of upregulation of these proteins in serum EVs, compared with plasma EVs (Fig 3E); the only

exceptions were fibrinogens (α, β, and γ) and von Willebrand factor, which appeared to be

increased in plasma EVs, possibly because these proteins coprecipitate with other clotting fac-

tors during coagulation, and are eventually removed from serum. These findings indicate that

the levels of proteins that are specific to or closely associated with platelets are selectively

increased in serum EVs.

To validate the results from the proteomic analysis, we prepared the sEV fractions from

mouse serum and plasma by ultracentrifugation, and analyzed the levels of platelet-associated

proteins by Western blot analysis (n = 3) (Fig 4A). The levels of EV marker proteins, such as

CD63, CD9, and Hsc70 were comparable between plasma and serum EVs (P = 0.23, 0.06, and

0.23, respectively, Student t-test; effect size, 1.14, 2.19, and 1.15, respectively) (Fig 4A–4C). In

contrast, the levels of platelet-associated proteins, such as GPIIb, GPIIIa, and PF4 were signifi-

cantly increased in the serum sEV fractions (P = 0.017, 0.007, and 0.038, respectively, Student

t-test; effect size, 3.21, 4.10, and 2.48, respectively) (Fig 4D), which is consistent with the results

of our LC-MS/MS measurements. Density-gradient centrifugation analysis of the serum sEV

fractions using OptiPrep demonstrated cofractionation of GPIIb and GPIIIa with the EV

markers CD63 and CD9, at a density of 1.10–1.13 g/mL (Fig 4E), consistent with the density of

sEVs reported in the literature [29]. In contrast, the plasma sEV fractions did not show clear

signals of platelet-associated GPIIIa in any fractions separated by density-gradient centrifuga-

tion (S4 Fig). These results suggest that platelet-associated proteins that are increased in serum

EVs are indeed released via EVs.

Platelet-associated proteins are generally enriched in serum sEV fractions

of human blood

We next analyzed whether serum EVs isolated from human blood also contain higher levels of

platelet-associated proteins than plasma EVs, as observed for mouse blood. Human blood was

collected from five healthy individuals. sEV fractions were then isolated from human plasma

and serum by the ultracentrifugation method, and subjected to Western blot analysis (Fig 5A).

The EV marker proteins CD63 and CD9 were comparably present in both plasma and serum

sEV fractions in each blood sample (P = 0.98 and 0.52, respectively; Student t-test) (Fig 5A–

5C). In contrast, the levels of platelet-associated proteins, including GPIIb, GPIIIa, and PF4,

showed increased tendencies in all serum EV samples compared with plasma EV samples (Fig

5A). Although densitometric analysis of the Western blot images did not show statistically sig-

nificant differences in the levels of GPIIb, GPIIIa, and PF4 between plasma and serum

(P = 0.19, 0.18, and 0.057, respectively; Student t-test) owing to large variances between indi-

viduals (Fig 5D), a clear trend of a selective increase in platelet-associated proteins in serum is

in good agreement with the results observed in mouse blood experiments (Fig 4). These results

suggest that platelet proteins are also increased in the sEV fractions from human serum.

We also analyzed whether human blood EVs show differences in number and size distribu-

tions between plasma and serum. NTA of the sEV fractions, which were isolated from 5
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individuals by ultracentrifugation, demonstrated no detectable difference in the numbers and

median diameters of the EV particles between plasma and serum (particle number: 1.48 ± 0.31

[× 1010/mL] for plasma EVs and 1.22 ± 0.28 [× 1010/mL] for serum EVs; P = 0.05, Student t-
test; effect size, 1.28) (diameter: 114.1 ± 13.9 nm for plasma EVs, 107.8 ± 9.0 nm for serum

EVs; P = 0.06, Student t-test; effect size, 1.13) (Fig 5E), which is inconsistent with the results

observed for mouse blood; the particle number was higher in the serum sEV fractions than in

the plasma sEV fractions in mouse blood (Fig 1). This discrepancy might be attributed to the

different population of extracellular particles included in the sEV fractions from mouse and

human blood. A comparison of mouse and human sEV fractions, which were both isolated by

ultracentrifugation, using Western blot analysis demonstrated that sEV fractions from mouse

blood contain high levels of the EV marker proteins CD63 and Hsc70, whereas those from

human blood contain a high level of lipoprotein ApoA1, a marker of high-density lipoprotein

(HDL) (Fig 5F). This result implies that human blood sEV fractions contain a much larger

amount of lipoprotein-positive particles than mouse blood sEV fractions. Because not only

EVs but also non-EV particles, including lipoprotein particles, are counted in the NTA, a large

amount of non-EV particles in the EV fractions may interfere with the results of particle

Fig 4. Platelet-specific proteins are abundantly detected in sEV fractions derived from serum of mouse blood. (A-D) Western

blot analysis of the sEV fractions derived from plasma and serum using antibodies against EV marker proteins and platelet-specific

proteins (A) and their densitometric analyses (B-D). Equal amounts of proteins were loaded onto each lane and analyzed (n = 3).

The level of CD63 (B) and the levels of EV markers CD9 and Hsc70 relative to CD63 (C) showed no statistical difference between

plasma and serum EVs. In contrast, platelet-specific GPIIb, GPIIIa, and PF4 were significantly increased in the serum sEV fractions

(D). The asterisk in (A) indicates a nonspecific signal. (E) Optiprep density-gradient centrifugation analysis of the serum sEV

fraction with EV marker proteins and platelet-specific proteins. GPIIb and GPIIIa were both detected in the fractions at the same

density as the sEV, and cofractionated with EV markers. Data are shown as the average ± SEM. �P< 0.05, ��P< 0.01, Student t-test.

n.s., not significant.

https://doi.org/10.1371/journal.pone.0270634.g004
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number analyses of EVs in human blood. Similarly, in S1B and S1C Fig, to assess the particle

number of EVs under conditions with less contaminants, we performed immunodepletion of

lipoproteins for human samples. Western blot analysis demonstrated that, although substantial

accumulation of ApoB and ApoA1 on the beads after immunodepletion with antibodies

against these lipoproteins was observed, in the supernatant, a slight decrease in the protein

level of ApoA1 but not ApoB was detected (S5A Fig). NTA of the supernatants after

Fig 5. Serum EVs contain high levels of platelet proteins in human blood. (A) Western blot analysis of the sEV

fractions derived from plasma and serum of 5 individuals, using antibodies against EV markers and platelet-specific

proteins. Equal amounts of proteins were loaded onto each lane and analyzed. (B) Bar graph showing relative protein

levels of CD63 that were calculated from the band intensity of the Western blot image in (A). (C-D) Bar graphs

showing the levels of the EV marker CD9 (C), and platelet-specific markers GPIIb, GPIIIa and PF4 (D), relative to that

of CD63. Whereas the level of CD9 was comparable between the sEV fractions from plasma and serum, all the platelet

markers showed a clear tendency of increased levels in serum EVs. (E) NTA results showing the numbers (left) and

median diameters (right) of the particles in the sEV fractions derived from human plasma and serum. (F) Comparison

of the sEV fractions derived from mouse and human blood by Western blot analysis using antibodies against EV

markers and lipoprotein ApoA1. The sEV fractions isolated from human blood contain very low levels of the EV

markers CD63 and Hsc70, but a high level of ApoA1, implying a large difference in particle population between

human and mouse blood. Data are shown as the average ± SEM. Student t-test. n.s., not significant.

https://doi.org/10.1371/journal.pone.0270634.g005
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immunodepletion showed a tendency of more EVs in the sEV fractions from serum than those

from plasma, but the difference was not statistically significant (particle number: 7.00 ± 2.01

[× 109/mL] for plasma EVs and 7.68 ± 1.22 [× 109/mL] for serum EVs; P = 0.27, Student t-test;

effect size, 0.57) (diameter: 117.7 ± 13.3 nm for plasma EVs, 113.4 ± 7.5 nm for serum EVs;

P = 0.30, Student t-test; effect size, 0.53) (S5B Fig). These results suggest that the removal of

lipoproteins by immunodepletion can be partly achieved under the tested condition, but is

apparently insufficient, particularly for human EV samples containing large amounts of lipo-

proteins. Further optimization of the experimental conditions and purification methods to

Fig 6. Platelet-associated proteins are generally enriched in serum EVs. (A-D) Bar graphs showing modified

Fisher’s exact P-values of the GO biological process terms associated with platelets (A), complement activation (B),

endocytosis/phagocytosis (C), and immune response (D), which were calculated from the proteomic data of plasma

EVs (P1, Zheng et al.; P2, Yentrapalli et al.; P3, Bezdan et al.), and serum EVs (S1, Zhong et al.; S2, An et al.; S3, Ding

et al.; S4, Luo et al.) reported from other groups. The GO terms associated with platelets were significantly enriched in

serum EVs compared with plasma EVs, whereas the other GO terms showed almost comparable enrichment among

the studies analyzed.

https://doi.org/10.1371/journal.pone.0270634.g006

PLOS ONE Platelet-derived particles alter profiles of serum extracellular vesicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0270634 June 24, 2022 14 / 21

https://doi.org/10.1371/journal.pone.0270634.g006
https://doi.org/10.1371/journal.pone.0270634


remove non-EV particles, such as lipoproteins, is required for the precise analysis of human

blood EVs.

We then asked whether the increased levels of platelet-associated proteins in serum EV

fractions generally affect the content profiling of human blood EVs. To test this possibility, we

searched recently published studies reporting proteomic analyses of sEV fractions isolated by

ultracentrifugation of either human plasma [30–32] or serum [33–36] (S3 Table), and analyzed

these studies focusing on the enrichment of platelet-associated proteins. GO analysis demon-

strated that the GO biological process terms associated with platelets were generally more fre-

quent in studies using human serum EVs, compared with those using human plasma EVs (Fig

6A, S6 and S7 Figs). In contrast, other top GO terms associated with complement activation,

endocytosis/phagocytosis, and the immune response were observed at comparable frequencies

in studies of both plasma and serum EVs (Fig 6B–6D, S6 and S7 Figs). These results confirm

that the selective enrichment of proteins associated with platelets is a commonly shared aspect

of serum EV studies, and affects the proteome profiles of blood EVs.

Discussion

Multiple factors are known or suspected to affect blood EV profiles, including methods of

blood collection, hemolysis, the choice of serum/plasma, anticoagulants, freeze/thaw cycles,

storage duration/temperature, as well as EV isolation methods [2]. Although the experimental

results and their interpretation highly depend on these multiple factors, whether, how, and to

what extent these factors affect EV profiles and subsequent analysis results have not been

extensively investigated. Among these factors, the issue of the difference between plasma and

serum as a source of blood EVs is fundamental, and often encountered in clinical studies using

stored patient samples, in which the use of either plasma or serum cannot be chosen owing to

limited availability. In the present study, to analyze the effects of the choice of either plasma or

serum on EV profiles, we performed a comparison of the sEV fractions of plasma and serum,

which were isolated by a standard ultracentrifugation method. Using mouse blood prepared

under the controlled experimental conditions, we demonstrated that plasma and serum are

qualitatively and quantitatively different as sources of blood EVs. We further showed that

platelet-associated proteins that are released via EVs are generally enriched in serum sEV frac-

tions, resulting in different proteome profiles of EVs between plasma and serum, both in

mouse and human blood. These results indicate that increased levels of platelet-derived EVs in

serum potentially affect the content profiles of isolated blood EV fractions when using serum

as a source of blood EVs.

Our proteomic analysis clarified that sEV fractions derived from serum contain a large

amount of proteins that are associated with platelets, including the platelet-specific receptor

complexes GPIIb/IIIa and GPIb-IX-V, and α-granular proteins, together with proteins that

are dominantly expressed in platelets (Figs 3 and 4, Table 1). This finding is in good agreement

with previous studies suggesting the increased levels of platelet-associated membrane frag-

ments or EVs in serum [18, 37]. It is known that platelets release not only a variety of growth

factors, chemokines, and other bioactive mediators, but also EVs, such as platelet-derived

microparticles and exosomes, particularly when they are activated [38]. Because serum collec-

tion requires blood coagulation, which activates EV release from platelets, it is supposed that

serum contains, to some extent, additional EV particles that are produced by activated plate-

lets. Considering our proteomic data showing the substantial enrichment of platelet-associated

proteins in serum sEV fractions, serum EVs are highly contaminated by platelet-derived EVs.

In support of this idea, our NTA using mouse blood unexpectedly demonstrated that the sEV

fractions from serum contain a larger number of EV particles than those from plasma (Fig 1).
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This result implies that a considerable proportion of EV particles detected in serum might not

actually be present in circulating blood, but are produced during serum preparation; however,

the possibility that a proportion of blood EVs might be lost during plasma preparation or dur-

ing EV isolation from plasma cannot be excluded, and should be analyzed in a future study.

Collectively, we conclude that the contamination of serum with platelet-derived EVs that are

produced during coagulation is a major factor leading to the difference in EVs derived from

plasma and serum, resulting in alterations of the content profiles of serum EVs.

It has been reported that calcium chelators, such as EDTA and citrate, but not heparin, pro-

mote the association of EVs and platelets, and lower the apparent count of EV particles in

plasma [39]. Palviainen et al. also demonstrated that the use of EDTA, citrate, and acid citrate

dextrose (ACD) results in differences in particle number and protein profiles of plasma EVs

[18]. In the present study, using blood samples derived from mice, however, we could not

detect any difference in the numbers and diameters of EVs in plasma collected using EDTA,

citrate, and heparin (Fig 2), and therefore, the use of anticoagulants may have little effect on

EV profiles in plasma under the present condition. Multiple factors, such as sample sources

(human vs. mouse), EV isolation methods (ultracentrifugation with various modifications),

and analytical methods (flowcytometry vs. NTA) may affect the yield, purity, and cargo profiles

of isolated EVs between studies, and therefore, further validation under controlled experimen-

tal conditions are needed [40].

In contrast to the mouse blood experiments, serum EVs isolated from human blood did not

show a higher particle number than plasma EVs by NTA (Fig 5E). Our Western blot analyses

suggest that the sEV fractions from human blood contain a much higher number of lipoprotein

particles than those from mouse blood (Fig 5F). Indeed, a previous study showed that lipopro-

tein particles are coisolated with EVs when using ultracentrifugation, and the ratio of EV:HDL

particles was estimated to be about 1:100 in human blood EV fractions [25]. Because EVs and

other lipoprotein particles are both detected by NTA but cannot be distinguished, a large popu-

lation of lipoprotein particles likely interferes with the particle measurement of human blood

EVs. Further purification methods that result in minimal contamination of lipoprotein particles

are necessary to enable the precise characterization of human blood-derived EVs [25, 26, 41].

Platelet EVs contain cytokines, eicosanoids, coagulation factors, and RNA species, which

are involved in coagulation, inflammation, and the modulation of other cellular activities via

their interaction with other cells [38]. Because our data demonstrated that serum contains

additional EVs that are released from platelets, there is no doubt that the components of plate-

let EVs, including proteins, nucleic acids, lipids, and other metabolites, substantially affect the

content profiles of serum EV fractions. The selective enrichment of platelet-associated proteins

is commonly observed in proteomic analyses of human serum EVs, and interferes with the

precise characterization of the content profiles of blood EVs (Fig 6). Nonetheless, our OptiPrep

density gradient centrifugation analysis showed that platelet marker proteins, such as GPIIb/

IIIa, are cofractionated in exactly the same density fraction as EV markers (Fig 4E), and there-

fore, selective exclusion of platelet EVs from the EV fractions isolated from serum would be

quite challenging using the present purification methods. The development of methodologies

that enable minimization of the contamination of serum with platelet EVs, including novel

separation methods and/or data normalization, would be very useful, particularly for the anal-

ysis of clinically stored serum samples with limited availability.

Supporting information

S1 Fig. Immuno-EM and immunodepletion of sEV fractions derived from mouse blood.

(A) Immuno-EM images of the EVs derived from mouse serum. The EVs were stained with a
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CD9 antibody and a secondary antibody conjugated with 10-nm gold nanoparticles. For the

control experiment, the EVs were treated with only the secondary antibody. Scale bar, 50 nm.

(B) Western blot analysis of the supernatant and beads fractions after immunodepletion of

apolipoproteins from mouse plasma EVs using antibodies against ApoB and ApoA1. After

immunodepletion using antibodies against ApoB and ApoA1, the signals of both apolipopro-

teins were significantly decreased in the supernatant, whereas signals of CD63 and Hsc70

remained unchanged. Correspondingly, strong signals of apolipoproteins were observed in the

beads fraction. These results suggest that particles containing apolipoproteins ApoB and

ApoA1 are partly, but not completely, removed from the sEV fractions by immunodepletion.

IgG, immunoglobulin G. (C) NTA results of the blood sEV fractions from mice after immuno-

depletion using antibodies against ApoB and ApoA1. Data are shown as the average ± SEM

(plasma, n = 5; serum, n = 6). ����P< 0.0001, Student t-test; n.s., not significant.

(EPS)

S2 Fig. GO analysis of proteins identified in plasma EVs and serum EVs. (A-B) GO analysis

(A, biological process; B, molecular function) of the proteins identified in the plasma EVs

(top) and the serum EVs (bottom). Modified Fisher’s exact P-values of the top 10 GO terms

are shown in the bar graphs.

(EPS)

S3 Fig. GO analysis of proteins that were increased in serum EVs. (A-B) GO analysis (A, cel-

lular component; B, molecular function) of the proteins that were increased in the serum EVs.

Modified Fisher’s exact P-values of the top 10 GO terms are shown in the bar graphs.

(EPS)

S4 Fig. Density-gradient centrifugation analysis of proteins included in the plasma sEV

fraction. The sEV fractions were prepared by ultracentrifugation from mouse plasma and fur-

ther fractionated by Optiprep density-gradient centrifugation, which were subjected to West-

ern blotting using antibodies against CD63, CD9 and GPIIIa.

(EPS)

S5 Fig. Immunodepletion of the sEV fractions derived from human blood. (A) Western

blot analysis of the supernatant and beads fractions after immunodepletion of apolipoproteins

from human plasma EVs using antibodies against ApoB and ApoA1. Although significant

accumulation of ApoB and ApoA1 on the beads after immunodepletion with antibodies

against these lipoproteins was observed, only a slight decrease in the protein level of ApoA1,

and no decrease in ApoB was observed. (B) NTA results of human blood sEV fractions after

immunodepletion using antibodies against ApoB and ApoA1. Data are shown as the

average ± SEM (plasma, n = 5; serum, n = 5). Student t-test; n.s., not significant.

(EPS)

S6 Fig. Modified Fisher’s exact P-values of the GO biological process terms that were calcu-

lated with published proteomic data of plasma EVs. Modified Fisher’s exact P-values of the

GO biological process terms that were calculated with proteomic data of plasma EVs reported

by Zheng et al. (P1), Yentrapalli et al. (P2), and Bezdan et al. (P3). The GO terms associated

with platelets, complement activation, endocytosis/phagocytosis, and immune response are

indicated in red, blue, green, and yellow, respectively.

(EPS)

S7 Fig. Modified Fisher’s exact P-values of the GO biological process terms that were calcu-

lated with published proteomic data of serum EVs. Modified Fisher’s exact P-values of the

GO biological process terms that were calculated with proteomic data of serum EVs reported
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by Zhong et al. (S1), An et al. (S2), Ding et al. (S3), and Luo et al. (S4). The GO terms associ-

ated with platelets, complement activation, endocytosis/phagocytosis, and immune response

are indicated in red, blue, green, and yellow, respectively.

(EPS)

S1 Raw images. Original uncropped images of the Western blots.

(ZIP)

S1 Table. List of proteins detected in mouse blood EVs.

(XLSX)

S2 Table. Proteins upregulated in mouse serum EVs.

(XLSX)

S3 Table. List of proteins detected in human blood EVs reported in other studies.

(XLSX)

S4 Table. Raw data of MS analysis of mouse blood EVs.

(XLSX)

Acknowledgments

We thank Satoko Sakai for her technical assistance, Dr. H. Akiko Popiel for critical reading

and English editing of the manuscript, and the Center for Medical Research and Education,

Graduate School of Medicine, Osaka University. X.Z. is grateful for the scholarship from

Otsuka Toshimi Scholarship Foundation. A.T. is grateful for Japan Society for the Promotion

of Science (JSPS) Fellowship for Young Scientists.

Author Contributions

Conceptualization: Toshihide Takeuchi, Yoshitaka Nagai.

Data curation: Toshihide Takeuchi.

Formal analysis: Xiaoman Zhang, Toshihide Takeuchi.

Funding acquisition: Toshihide Takeuchi, Hideki Mochizuki, Yoshitaka Nagai.

Investigation: Xiaoman Zhang, Akiko Takeda.

Methodology: Xiaoman Zhang, Toshihide Takeuchi, Akiko Takeda.

Project administration: Toshihide Takeuchi, Yoshitaka Nagai.

Supervision: Toshihide Takeuchi, Hideki Mochizuki, Yoshitaka Nagai.

Validation: Xiaoman Zhang.

Visualization: Toshihide Takeuchi.

Writing – original draft: Xiaoman Zhang, Toshihide Takeuchi.

Writing – review & editing: Toshihide Takeuchi, Yoshitaka Nagai.

References
1. Yanez-Mo M, Siljander PR, Andreu Z, Zavec AB, Borras FE, Buzas EI, et al. Biological properties of

extracellular vesicles and their physiological functions. J Extracell Vesicles. 2015; 4:27066. https://doi.

org/10.3402/jev.v4.27066 PMID: 25979354

PLOS ONE Platelet-derived particles alter profiles of serum extracellular vesicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0270634 June 24, 2022 18 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270634.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270634.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270634.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270634.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270634.s012
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.3402/jev.v4.27066
http://www.ncbi.nlm.nih.gov/pubmed/25979354
https://doi.org/10.1371/journal.pone.0270634


2. Thery C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R, et al. Minimal informa-

tion for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the International

Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell Vesicles. 2018;

7(1):1535750. https://doi.org/10.1080/20013078.2018.1535750 PMID: 30637094

3. Colombo M, Raposo G, Thery C. Biogenesis, secretion, and intercellular interactions of exosomes and

other extracellular vesicles. Annu Rev Cell Dev Biol. 2014; 30:255–89. https://doi.org/10.1146/annurev-

cellbio-101512-122326 PMID: 25288114

4. Robbins PD, Morelli AE. Regulation of immune responses by extracellular vesicles. Nat Rev Immunol.

2014; 14(3):195–208. https://doi.org/10.1038/nri3622 PMID: 24566916

5. Mathieu M, Martin-Jaular L, Lavieu G, Thery C. Specificities of secretion and uptake of exosomes and

other extracellular vesicles for cell-to-cell communication. Nat Cell Biol. 2019; 21(1):9–17. https://doi.

org/10.1038/s41556-018-0250-9 PMID: 30602770

6. Lee S, Mankhong S, Kang JH. Extracellular Vesicle as a Source of Alzheimer’s Biomarkers: Opportuni-

ties and Challenges. Int J Mol Sci. 2019; 20(7). https://doi.org/10.3390/ijms20071728 PMID: 30965555

7. Wu J, Shen Z. Exosomal miRNAs as biomarkers for diagnostic and prognostic in lung cancer. Cancer

Med. 2020. https://doi.org/10.1002/cam4.3379 PMID: 32779402

8. Sugimachi K, Matsumura T, Hirata H, Uchi R, Ueda M, Ueo H, et al. Identification of a bona fide micro-

RNA biomarker in serum exosomes that predicts hepatocellular carcinoma recurrence after liver trans-

plantation. Br J Cancer. 2015; 112(3):532–8. https://doi.org/10.1038/bjc.2014.621 PMID: 25584485

9. Li Y, Zhao J, Yu S, Wang Z, He X, Su Y, et al. Extracellular Vesicles Long RNA Sequencing Reveals

Abundant mRNA, circRNA, and lncRNA in Human Blood as Potential Biomarkers for Cancer Diagnosis.

Clin Chem. 2019; 65(6):798–808. https://doi.org/10.1373/clinchem.2018.301291 PMID: 30914410

10. Joncas FH, Lucien F, Rouleau M, Morin F, Leong HS, Pouliot F, et al. Plasma extracellular vesicles as

phenotypic biomarkers in prostate cancer patients. Prostate. 2019; 79(15):1767–76. https://doi.org/10.

1002/pros.23901 PMID: 31475741

11. Arntz OJ, Pieters BCH, Thurlings RM, Wenink MH, van Lent P, Koenders MI, et al. Rheumatoid Arthritis

Patients With Circulating Extracellular Vesicles Positive for IgM Rheumatoid Factor Have Higher Dis-

ease Activity. Front Immunol. 2018; 9:2388. https://doi.org/10.3389/fimmu.2018.02388 PMID:

30420853

12. Oba R, Isomura M, Igarashi A, Nagata K. Circulating CD3(+)HLA-DR(+) Extracellular Vesicles as a

Marker for Th1/Tc1-Type Immune Responses. J Immunol Res. 2019; 2019:6720819. https://doi.org/10.

1155/2019/6720819 PMID: 31205958

13. Fiandaca MS, Kapogiannis D, Mapstone M, Boxer A, Eitan E, Schwartz JB, et al. Identification of pre-

clinical Alzheimer’s disease by a profile of pathogenic proteins in neurally derived blood exosomes: A

case-control study. Alzheimers Dement. 2015; 11(6):600–7 e1. https://doi.org/10.1016/j.jalz.2014.06.

008 PMID: 25130657

14. Lamontagne-Proulx J, St-Amour I, Labib R, Pilon J, Denis HL, Cloutier N, et al. Portrait of blood-derived

extracellular vesicles in patients with Parkinson’s disease. Neurobiol Dis. 2019; 124:163–75. https://doi.

org/10.1016/j.nbd.2018.11.002 PMID: 30408591

15. Ayache S, Panelli MC, Byrne KM, Slezak S, Leitman SF, Marincola FM, et al. Comparison of proteomic

profiles of serum, plasma, and modified media supplements used for cell culture and expansion. J

Transl Med. 2006; 4:40. https://doi.org/10.1186/1479-5876-4-40 PMID: 17020621

16. Foye C, Yan IK, David W, Shukla N, Habboush Y, Chase L, et al. Comparison of miRNA quantitation by

Nanostring in serum and plasma samples. PLoS One. 2017; 12(12):e0189165. https://doi.org/10.1371/

journal.pone.0189165 PMID: 29211799

17. Cao F, Gao Y, Chu Q, Wu Q, Zhao L, Lan T, et al. Proteomics comparison of exosomes from serum

and plasma between ultracentrifugation and polymer-based precipitation kit methods. Electrophoresis.

2019; 40(23–24):3092–8. https://doi.org/10.1002/elps.201900295 PMID: 31621929

18. Palviainen M, Saraswat M, Varga Z, Kitka D, Neuvonen M, Puhka M, et al. Extracellular vesicles from

human plasma and serum are carriers of extravesicular cargo-Implications for biomarker discovery.

PLoS One. 2020; 15(8):e0236439. https://doi.org/10.1371/journal.pone.0236439 PMID: 32813744

19. Thery C, Amigorena S, Raposo G, Clayton A. Isolation and characterization of exosomes from cell cul-

ture supernatants and biological fluids. Curr Protoc Cell Biol. 2006; Chapter 3:Unit 3 22. https://doi.org/

10.1002/0471143030.cb0322s30 PMID: 18228490

20. Masuda T, Saito N, Tomita M, Ishihama Y. Unbiased quantitation of Escherichia coli membrane prote-

ome using phase transfer surfactants. Mol Cell Proteomics. 2009; 8(12):2770–7. https://doi.org/10.

1074/mcp.M900240-MCP200 PMID: 19767571

PLOS ONE Platelet-derived particles alter profiles of serum extracellular vesicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0270634 June 24, 2022 19 / 21

https://doi.org/10.1080/20013078.2018.1535750
http://www.ncbi.nlm.nih.gov/pubmed/30637094
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1146/annurev-cellbio-101512-122326
http://www.ncbi.nlm.nih.gov/pubmed/25288114
https://doi.org/10.1038/nri3622
http://www.ncbi.nlm.nih.gov/pubmed/24566916
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1038/s41556-018-0250-9
http://www.ncbi.nlm.nih.gov/pubmed/30602770
https://doi.org/10.3390/ijms20071728
http://www.ncbi.nlm.nih.gov/pubmed/30965555
https://doi.org/10.1002/cam4.3379
http://www.ncbi.nlm.nih.gov/pubmed/32779402
https://doi.org/10.1038/bjc.2014.621
http://www.ncbi.nlm.nih.gov/pubmed/25584485
https://doi.org/10.1373/clinchem.2018.301291
http://www.ncbi.nlm.nih.gov/pubmed/30914410
https://doi.org/10.1002/pros.23901
https://doi.org/10.1002/pros.23901
http://www.ncbi.nlm.nih.gov/pubmed/31475741
https://doi.org/10.3389/fimmu.2018.02388
http://www.ncbi.nlm.nih.gov/pubmed/30420853
https://doi.org/10.1155/2019/6720819
https://doi.org/10.1155/2019/6720819
http://www.ncbi.nlm.nih.gov/pubmed/31205958
https://doi.org/10.1016/j.jalz.2014.06.008
https://doi.org/10.1016/j.jalz.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/25130657
https://doi.org/10.1016/j.nbd.2018.11.002
https://doi.org/10.1016/j.nbd.2018.11.002
http://www.ncbi.nlm.nih.gov/pubmed/30408591
https://doi.org/10.1186/1479-5876-4-40
http://www.ncbi.nlm.nih.gov/pubmed/17020621
https://doi.org/10.1371/journal.pone.0189165
https://doi.org/10.1371/journal.pone.0189165
http://www.ncbi.nlm.nih.gov/pubmed/29211799
https://doi.org/10.1002/elps.201900295
http://www.ncbi.nlm.nih.gov/pubmed/31621929
https://doi.org/10.1371/journal.pone.0236439
http://www.ncbi.nlm.nih.gov/pubmed/32813744
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.1002/0471143030.cb0322s30
http://www.ncbi.nlm.nih.gov/pubmed/18228490
https://doi.org/10.1074/mcp.M900240-MCP200
https://doi.org/10.1074/mcp.M900240-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/19767571
https://doi.org/10.1371/journal.pone.0270634


21. Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using

DAVID bioinformatics resources. Nat Protoc. 2009; 4(1):44–57. https://doi.org/10.1038/nprot.2008.211

PMID: 19131956

22. Chong J, Soufan O, Li C, Caraus I, Li S, Bourque G, et al. MetaboAnalyst 4.0: towards more transparent

and integrative metabolomics analysis. Nucleic Acids Res. 2018; 46(W1):W486–W94. https://doi.org/

10.1093/nar/gky310 PMID: 29762782

23. Faul F, Erdfelder E, Buchner A, Lang AG. Statistical power analyses using G*Power 3.1: tests for corre-

lation and regression analyses. Behav Res Methods. 2009; 41(4):1149–60. https://doi.org/10.3758/

BRM.41.4.1149 PMID: 19897823

24. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and friends. J Cell Biol.

2013; 200(4):373–83. https://doi.org/10.1083/jcb.201211138 PMID: 23420871

25. Yuana Y, Levels J, Grootemaat A, Sturk A, Nieuwland R. Co-isolation of extracellular vesicles and high-

density lipoproteins using density gradient ultracentrifugation. J Extracell Vesicles. 2014;3. https://doi.

org/10.3402/jev.v3.23262 PMID: 25018865

26. Sodar BW, Kittel A, Paloczi K, Vukman KV, Osteikoetxea X, Szabo-Taylor K, et al. Low-density lipopro-

tein mimics blood plasma-derived exosomes and microvesicles during isolation and detection. Sci Rep.

2016; 6:24316. https://doi.org/10.1038/srep24316 PMID: 27087061

27. Siljander PR. Platelet-derived microparticles—an updated perspective. Thromb Res. 2011; 127 Suppl

2:S30–3. https://doi.org/10.1016/S0049-3848(10)70152-3

28. Tao SC, Guo SC, Zhang CQ. Platelet-derived Extracellular Vesicles: An Emerging Therapeutic

Approach. Int J Biol Sci. 2017; 13(7):828–34. https://doi.org/10.7150/ijbs.19776 PMID: 28808416

29. Jeppesen DK, Fenix AM, Franklin JL, Higginbotham JN, Zhang Q, Zimmerman LJ, et al. Reassessment

of Exosome Composition. Cell. 2019; 177(2):428–45 e18. https://doi.org/10.1016/j.cell.2019.02.029

PMID: 30951670

30. Zheng X, Xu K, Zhou B, Chen T, Huang Y, Li Q, et al. A circulating extracellular vesicles-based novel

screening tool for colorectal cancer revealed by shotgun and data-independent acquisition mass spec-

trometry. J Extracell Vesicles. 2020; 9(1):1750202. https://doi.org/10.1080/20013078.2020.1750202

PMID: 32363013

31. Yentrapalli R, Merl-Pham J, Azimzadeh O, Mutschelknaus L, Peters C, Hauck SM, et al. Quantitative

changes in the protein and miRNA cargo of plasma exosome-like vesicles after exposure to ionizing

radiation. Int J Radiat Biol. 2017; 93(6):569–80. https://doi.org/10.1080/09553002.2017.1294772

PMID: 28264626

32. Bezdan D, Grigorev K, Meydan C, Pelissier Vatter FA, Cioffi M, Rao V, et al. Cell-free DNA (cfDNA) and

Exosome Profiling from a Year-Long Human Spaceflight Reveals Circulating Biomarkers. iScience.

2020; 23(12):101844. https://doi.org/10.1016/j.isci.2020.101844 PMID: 33376973

33. Zhong ME, Chen Y, Xiao Y, Xu L, Zhang G, Lu J, et al. Serum extracellular vesicles contain SPARC

and LRG1 as biomarkers of colon cancer and differ by tumour primary location. EBioMedicine. 2019;

50:211–23. https://doi.org/10.1016/j.ebiom.2019.11.003 PMID: 31753726

34. An M, Wu J, Zhu J, Lubman DM. Comparison of an Optimized Ultracentrifugation Method versus Size-

Exclusion Chromatography for Isolation of Exosomes from Human Serum. J Proteome Res. 2018; 17

(10):3599–605. https://doi.org/10.1021/acs.jproteome.8b00479 PMID: 30192545

35. Ding XQ, Wang ZY, Xia D, Wang RX, Pan XR, Tong JH. Proteomic Profiling of Serum Exosomes From

Patients With Metastatic Gastric Cancer. Front Oncol. 2020; 10:1113. https://doi.org/10.3389/fonc.

2020.01113 PMID: 32754443

36. Luo D, Zhan S, Xia W, Huang L, Ge W, Wang T. Proteomics study of serum exosomes from papillary

thyroid cancer patients. Endocr Relat Cancer. 2018; 25(10):879–91. https://doi.org/10.1530/ERC-17-

0547 PMID: 29895528

37. George JN, Thoi LL, McManus LM, Reimann TA. Isolation of human platelet membrane microparticles

from plasma and serum. Blood. 1982; 60(4):834–40. PMID: 7115953

38. van der Meijden PEJ, Heemskerk JWM. Platelet biology and functions: new concepts and clinical per-

spectives. Nat Rev Cardiol. 2019; 16(3):166–79. https://doi.org/10.1038/s41569-018-0110-0 PMID:

30429532

39. Jayachandran M, Miller VM, Heit JA, Owen WG. Methodology for isolation, identification and characteri-

zation of microvesicles in peripheral blood. J Immunol Methods. 2012; 375(1–2):207–14. https://doi.org/

10.1016/j.jim.2011.10.012 PMID: 22075275

40. Xu R, Greening DW, Zhu HJ, Takahashi N, Simpson RJ. Extracellular vesicle isolation and characteri-

zation: toward clinical application. J Clin Invest. 2016; 126(4):1152–62. https://doi.org/10.1172/

JCI81129 PMID: 27035807

PLOS ONE Platelet-derived particles alter profiles of serum extracellular vesicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0270634 June 24, 2022 20 / 21

https://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
https://doi.org/10.1093/nar/gky310
https://doi.org/10.1093/nar/gky310
http://www.ncbi.nlm.nih.gov/pubmed/29762782
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.3758/BRM.41.4.1149
http://www.ncbi.nlm.nih.gov/pubmed/19897823
https://doi.org/10.1083/jcb.201211138
http://www.ncbi.nlm.nih.gov/pubmed/23420871
https://doi.org/10.3402/jev.v3.23262
https://doi.org/10.3402/jev.v3.23262
http://www.ncbi.nlm.nih.gov/pubmed/25018865
https://doi.org/10.1038/srep24316
http://www.ncbi.nlm.nih.gov/pubmed/27087061
https://doi.org/10.1016/S0049-3848%2810%2970152-3
https://doi.org/10.7150/ijbs.19776
http://www.ncbi.nlm.nih.gov/pubmed/28808416
https://doi.org/10.1016/j.cell.2019.02.029
http://www.ncbi.nlm.nih.gov/pubmed/30951670
https://doi.org/10.1080/20013078.2020.1750202
http://www.ncbi.nlm.nih.gov/pubmed/32363013
https://doi.org/10.1080/09553002.2017.1294772
http://www.ncbi.nlm.nih.gov/pubmed/28264626
https://doi.org/10.1016/j.isci.2020.101844
http://www.ncbi.nlm.nih.gov/pubmed/33376973
https://doi.org/10.1016/j.ebiom.2019.11.003
http://www.ncbi.nlm.nih.gov/pubmed/31753726
https://doi.org/10.1021/acs.jproteome.8b00479
http://www.ncbi.nlm.nih.gov/pubmed/30192545
https://doi.org/10.3389/fonc.2020.01113
https://doi.org/10.3389/fonc.2020.01113
http://www.ncbi.nlm.nih.gov/pubmed/32754443
https://doi.org/10.1530/ERC-17-0547
https://doi.org/10.1530/ERC-17-0547
http://www.ncbi.nlm.nih.gov/pubmed/29895528
http://www.ncbi.nlm.nih.gov/pubmed/7115953
https://doi.org/10.1038/s41569-018-0110-0
http://www.ncbi.nlm.nih.gov/pubmed/30429532
https://doi.org/10.1016/j.jim.2011.10.012
https://doi.org/10.1016/j.jim.2011.10.012
http://www.ncbi.nlm.nih.gov/pubmed/22075275
https://doi.org/10.1172/JCI81129
https://doi.org/10.1172/JCI81129
http://www.ncbi.nlm.nih.gov/pubmed/27035807
https://doi.org/10.1371/journal.pone.0270634


41. Karimi N, Cvjetkovic A, Jang SC, Crescitelli R, Hosseinpour Feizi MA, Nieuwland R, et al. Detailed anal-

ysis of the plasma extracellular vesicle proteome after separation from lipoproteins. Cell Mol Life Sci.

2018; 75(15):2873–86. https://doi.org/10.1007/s00018-018-2773-4 PMID: 29441425

PLOS ONE Platelet-derived particles alter profiles of serum extracellular vesicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0270634 June 24, 2022 21 / 21

https://doi.org/10.1007/s00018-018-2773-4
http://www.ncbi.nlm.nih.gov/pubmed/29441425
https://doi.org/10.1371/journal.pone.0270634

