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ABSTRACT

The aim of this study was to investigate cell source-dependent nucleic acids repertoire of diverse
subpopulations of plasma extracellular vesicles (EVs). Blood plasma from nine healthy volunteers
was used for the analysis. Samples of EVs were obtained by differential centrifugation of plasma.
The application of high-sensitivity fluorescence-activated vesicles sorting (hs-FAVS) using fluor-
ophore-conjugated anti-CD41-FITC (Fluorescein isothiocyanate) and anti-CD235a-PE antibodies
allowed the isolation of three subpopulations of EVs, namely CD41+ CD235a-, CD41-CD235a+ and
CD41-CD235a dim. The high purity (>97%) of the sorted subpopulations was verified by high-
sensitivity flow cytometry. Presence of nanosized objects in sorted samples was confirmed by
combination of low-voltage scanning electron microscopy and dynamic light scattering. The
amount of material in sorted samples was enough to perform Quantitative polymerase chain
reaction (qPCR)-based nucleic acid quantification. The most prominent differences in the nucleic
acid repertoire were noted between CD41+ CD235- vs. CD41-CD235a+ vesicles: the former
contained significantly (p = 0.004) higher amount of mitochondrial DNA, and platelet enriched
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miR-21-5p (4-fold), miR-223-3p (38-fold) and miR-199a-3p (187-fold), but lower amount of ery- extracellular vesicles
throcyte enriched miR-451a (90-fold). CD41-CD235a+ and CD41-CD235a dim vesicles differed in

levels of miR-451a (p = 0.016) and miR-21-5p (p = 0.031). Nuclear DNA was below the limit of

detection in all EV subpopulations. The hs-FCM-based determination of the number of sorted EVs

allowed the calculation of per single-event miRNA concentrations. It was demonstrated that the

most abundant marker in CD41+ CD235a- subpopulation was miR-223-3p, reaching 38.2 mole-

cules per event. In the CD41-CD235+ subpopulation, the most abundant marker was miR-451a,

reaching 24.7 molecules per event. Taken together, our findings indicate that erythrocyte- and

platelet-derived EVs carry different repertoires of nucleic acids, which were similar to the compo-

sition of their cellular sources.

Introduction . . .
[6]. However, despite an evident need and rationale to

Extracellular vesicles (EVs) in physiological fluids repre-
sent a heterogeneous mixture of bilayer membranous
structures, with a broad range of sizes, molecular compo-
sitions and cell sources [1]. Significantly, even vesicles
originating from the same cell type may demonstrate
a marked diversity, primarily with respect to nucleic
acid (DNA and RNA) profiles [2-4]. Notably, miRNA
represents one of the major RNA classes found within
vesicles and miRNA-bearing EVs are involved in cell-cell
communication, regulating gene expression inside target
cells [5]. In addition, it has been shown that the miRNA
repertoire may change in various tissues and cell types

examine miRNA profiles in vesicles subpopulations, this
aim remains hardly achievable [7].

Due to the heterogeneity of their molecular contents
and functions, the necessary step for a more informative
analysis of EVs is the isolation of their individual sub-
populations. To this end, various approaches for isolation
of EVs have been described [7,8]. Some, e.g. differential
centrifugation and gel filtration allow the isolation of
particles based on physical properties (size, density etc.),
while others rely on separating objects according to their
biomolecular composition. A particular vesicle popula-
tion may be isolated by antibody-based assays using

CONTACT Alexey Golovkin @ golovkin_a@mail.ru @ Institute of Molecular Biology and Genetics, Almazov National Medical Research Centre, St. Petersburg,

Russia
O supplemental data for this article can be accessed here.

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group on behalf of The International Society for Extracellular Vesicles.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0002-8302-1186
http://orcid.org/0000-0002-7674-5258
http://orcid.org/0000-0002-9349-6257
http://orcid.org/0000-0002-7577-628X
https://doi.org/10.1080/20013078.2020.1743139
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/20013078.2020.1743139&domain=pdf&date_stamp=2020-05-11

2 (&) K KONDRATOV ET AL.

properly chosen biomarker expressed on the surface of
vesicles released by specific cell types [7,9]. However, it
should be noted that a number of drawbacks are asso-
ciated with such approaches. Particularly, they neither
allow the isolation of vesicles bearing two or more surface
protein markers nor the determination of objects size
ranges. Isolation via sequential immunocapture using
magnetic beads is available but also has limitations. For
instance, it does not allow to separate objects with differ-
ent levels of marker expression [10,11]. High-sensitivity
flow cytometry-based methods using fluorescently
labelled antibodies against vesicle surface markers are
proposed as the most promising approaches for sorting
of EVs subpopulations for subsequent analysis of their
molecular content [12-14].

High sensitivity flow cytometry (hs-FCM) enables the
detection of 100-200 nm polystyrene beads [15-17] or
even 40-80 nm Au and Ag particles [17]. Moreover,
previously van der Pol stated that the minimum detect-
able vesicle size could be as small as 150-190 nm for hs-
FCM [16], providing new possibilities for deeper analysis
of EVs heterogeneity. Multi-colour analysis, positive and
negative gating controls as well as evaluation of fluores-
cence intensity enable experimenters to substantially
expand the number of isolatable vesicle subpopulations.
Recently, attempts to purify EVs subsets have been made
by applying high-sensitivity fluorescence-activated vesicle
sorting (hs-FAVS) approaches based on optical proces-
sing similar to the hs-FCM approach [18]. In particular, it
was used for isolation of apoptotic bodies [19], as well as
vesicles bearing on their surface CD9 and epidermal
growth factor receptor isoforms [20]. Similarly,
a sorting technique was applied to vesicles released by
bone marrow mast cells using fluorescently labelled anti-
CD?9 and anti-CD63 antibodies [12]. Moreover, intracel-
lular vesicles obtained from cerebrospinal fluid, tears [21]
or mechanically disrupted MDCK cells were sorted for
proteomics analysis [3,22-24]. However, to the best of
our knowledge, the nucleic acid repertoire of vesicle sub-
populations obtained by hs-FAVS has not been studied
previously.

Blood plasma extracellular vesicle sorting has been
described in few studies [20]. However, the isolation of
EVs from such multi-component physiological fluids
remains a challenging task [7] due to the presence of
a great number of other nanosized particles that mask
the EVs, i.e. lipoproteins, chylomicrons and complexes
of antibodies [25]. Moreover, vesicles secreted by
diverse cell types are found in the plasma and their
number varies considerably. In particular, it was
demonstrated that 80% of plasma EVs are derived
from platelets [26-28], although erythrocytes being
the dominant cell type in the blood.

The development of approaches for targeted iso-
lation of EVs is of special importance, as it will
provide an opportunity to investigate subpopulation-
specific nucleic acid repertoires and their signifi-
cance in regulating pathological and physiological
processes [2,29].

Objective

To investigate the cell source-dependent nucleic acid
repertoires of selected subpopulations of plasma extra-
cellular vesicles isolated using high-sensitivity fluores-
cence activated vesicle sorting.

Methods and materials
Blood samples

The study was approved by the local Ethics Committee of
the Almazov National Medical Research Centre. All volun-
teers enrolled in the study provided a written informed
consent.

Nine volunteers (five males and four females) aged
20-40 years were enrolled. Inclusion criteria were CBC
(complete blood count) parameters within reference
ranges. Exclusion criteria were acute or exacerbated
chronic somatic or infectious diseases.

Fasting peripheral blood samples (8 ml) were col-
lected from the cubital veins of emotionally and phy-
sically relaxed volunteers into vacuum tubes containing
K;EDTA (Vacutest, KIMA, Italy). Haematological
parameters were determined using a Cell-DYN Rudy
Haematology Analyser (Abbot, USA) (Table 1).

Isolation of extracellular vesicles fraction

Fraction of EVs was isolated from whole blood by
differential centrifugation. A scheme for sample pre-
paration and analysis is shown in Figure 1. Whole
blood samples were centrifuged at 1,500 g for 10 min,
followed by transfer of plasma to a new tube that was
centrifuged twice - first at 1,500 g for 10 min and then
the obtained supernatant was centrifuged at 3,000 g for
10 min. An aliquot of the resulting platelet-depleted

Table 1. Haematological parameters of the volunteers.

Parameter Male (n = 5) Female (n = 4) p

Erythrocytes,*10"%/L 5.00 (4.76;5.05) 4.39 (4.34;5.00) 0.133
WBC,*10°/L 6.79 (5.50,7.72) 4.64 (3.75,8.40) 0.296
Hb, g/L 148 (141;154) 133 (127;136) 0.025
PLT,*10%/L 246 (235;285) 193 (181;303) 0.296
Ht 46.0 (41.7;47.0) 40.0 (39.0;41.0) 0.034

Abbreviations: WBC — white blood cells, Hb — haemoglobin, PLT - platelets,
Ht — haematocrit.
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plasma (1.5 ml) was used for sedimentation of EVs by
centrifugation at 16,000 g for 10 min. The obtained
pellet (fraction P16) was resuspended in either 15 ul of
phosphate buffered saline (PBS) for examination by
immunoblotting and low-voltage scanning electron
microscopy (LVSEM) or in 100 pl of PBS for hs-
FAVS. Supernatants obtained after centrifugation of
platelet-depleted plasma at 16,000 g for 10 min (frac-
tion S16) or at 100,000 g for 120 min (fraction S100)
were used as negative controls (Figure 1).

Low-voltage scanning electron microscopy

The P16 fraction was examined using a Zeiss Merlin
electron microscope, according to the method
described previously by Kondratov et al. [30].

Immunofluorescence staining

Phenotyping of cell-derived EVs was carried out using
CD41 and CD235a as platelet and erythrocyte specific
markers, respectively. A 100 pl of P16 fraction was stained
with 1 ul anti-CD41-FITC (platelet glycoprotein IIb, F7088,
Dako) (100 mg/L) and 1 pl anti-CD235a Glycophorin
A RPE (glycophorin A, R7078, Dako) (100 mg/L) antibo-
dies for 20 min in the dark at room temperature. The final
concentration of each antibody type was 1 ng/ul.

High-sensitivity fluorescence-activated vesicle
sorting

High-sensitivity fluorescence-activated vesicle sorting
(hs-FAVS) was performed using a MoFlo Astrios EQ
cell sorter (Beckman Coulter, USA) equipped with
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200 mW 488 nm, 55 mW 405 nm, and 100 mW
645 nm lasers, as well as a standard filter set optimized
for each laser type. Setup and further sorting were
performed using a Jet-in-air 70 pum nozzle, pressure
59.7-60 psi for IsoFlow sheath fluid (Beckman
Coulter, USA) and 60.9-61.1 psi for sample streaming,
resulting in no doublets, swarming, or coincidence at
a sorting rate of 3,000-8,000 events/s.

The forward scatter from the 488 nm laser was used as
trigger signal to discriminate the noise. Megamix-Plus
FSC (100, 300, 500 and 900 nm) (Ref.7802, BioCytex,
France) (Figure 2(a,b)) and Megamix-Plus SSC (160,
200, 240 and 500 nm) (Ref.7803BioCytex, France)
(Figure 2(c,d)) containing FITC-labelled reference beads
of various diameters were used for a preliminary setup.
FSC and FITC fluorescence channel gains were set so that
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the beads were visible (Figure 2). The smallest beads from
both kits, 100 nm and 160 nm, could not be visualized.
A two-photo amplifier optical electronic processing sys-
tem measuring FSC1 and FSC2 parameters allowed the
detection of polystyrene beads as small as 200 nm. The
FSC threshold was set below the 200 nm bead population.

In P16 samples stained with a mixture of anti-CD41
-FITC and anti-CD235a-PE antibodies, three subpopu-
lations of events were revealed: CD41+ CD235a-,
CD41-CD235a+, and CD41-CD235a dim.

Gates for sorting and analysis of EVs were constructed
as follows: lower limits of gates for CD41+ CD235a- and
CD41-CD235a dim subpopulations were set above the
FITC and PE discriminators, which were determined in
the control experiments, described in the control samples
and detergent treatment section and presented on Figure 2
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Figure 2. MoFlo Astrios EQ instrumental setup based on Megamix-plus FSC and Megamix-plus SSC reference beads. (a) Megamix-
plus FSC reference beads. Dot plot FSC vs. FITC-A. (b) FSC Megamix-plus FSC histogram plot. (c) Megamix-plus SSC reference beads.
Dot plot FSC vs. FITC-A. (d) FSC Megamix-plus SSC histogram plot. Beads of specific diameter are highlighted in different colours.



Sup. The upper limit of gate for CD41-CD235a dim events
was set to distinguish between CD41-CD235a dim and
CD41-CD235a+ subpopulations. The upper limits of
gates for CD41+ CD235a- and CD41-CD235a+ subpopu-
lations were set just above the distributions of CD41+
CD235a- and CD41-CD235a+ events, respectively.

These subpopulations were sorted into individual
tubes, until 40,000 events per sample for each subpopu-
lation were collected. The sorting rate was 400-600/s for
CD41+ CD235a- and 15-30/s for CD41-CD235a+ and
CD41-CD235a dim subpopulations. Each sorted sample
was resuspended in 200 pl of PBS followed by aliquoting
into two 100-pl portions and freezing at —80°C for DNA
and RNA isolation.

High-sensitivity flow cytometry

Analysis of EVs was performed using Cytoflex
S (Beckman Coulter, USA) flow cytometer equipped
with 405 nm (violet), 488 nm (blue), 638 nm (red) and
561 nm (yellow-green) lasers. The flow cytometer instru-
ment setup was performed as described previously
[31,32]. The use of a side scatter at the shorter wavelength
of 405 nm remarkably lowered the size-specific sensitivity
limit for polystyrene beads compared to that of the
488 nm light scatter which signal was attenuated by
a neutral density filter in the CytoFlex S.

The same Megamix-Plus FITC-labelled beads, as men-
tioned above, were used for instrument setup (Figure 3),
allowing clear identification of all bead subsets, including
those with a 100-nm diameter. The violet SSC was used as
a trigger signal to discriminate the noise. Violet SSC and
FITC fluorescence channel gains were set so that the
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100 nm polystyrene beads were visible as depicted in
Figure 3(a). The violet SSC threshold was set below the
100 nm bead population. For the better discrimination of
the Megamix-Plus beads gate was constructed to exclude
the background noise (Figure 3(b)).

Due to its lower limit of detection, the Cytoflex
S flow cytometer and not the MoFlo Astrios EQ cell
sorter was used to adjust the dilution factor for pre-
paring samples to avoid particle coincidence [25,33]
(Supplementary Materials, Figure 1 Sup), as well as
comparing the light scattering intensity for sorted EVs.

The data obtained were analysed using CytExpert v.2.3
(Beckman Coulter, USA) and Kaluza 2.1 (Beckman
Coulter, USA) software.

Control samples and detergent treatment

FITC and PE discriminators for both Mo-Flo Astrios
EQ and Cytoflex S instruments were determined in the
control experiments. Unstained PBS, PBS stained with
anti-CD41-FITC and anti-CD235a PE antibodies,
donor plasma stained with appropriate fluorophore-
conjugated isotype control antibodies and supernatant
fraction S100 stained with anti-CD41-FITC and anti-
CD235a PE antibodies were used as controls. Control
samples were stained as described above and analysed
on the MoFlo Astrios EQ and Cytoflex S using the
same instrument settings as for the EV samples.
Results are presented in the Supplementary Materials,
Figure 2 Sup. The gates for positive events for both
Mo-Flo Astrios EQ and Cytoflex S were set according
to the controls to ensure that no target events were
cut off.
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Figure 3. Cytoflex S flow cytometer setup based on violetSSC using Megamix-Plus FSC reference beads. (a) FITC-A vs. VioletSSC-A
dot plot. Events corresponding to calibration beads are gated within the “Megamix FS Beads” region. Beads of specific diameter are
highlighted in different colours. (b) VioletSSC-A histogram plot. Only events from “Megamix FS Beads” region are presented. Violet

SSC is presented in the logical scale.
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To prove that sorted samples contained EVs, addi-
tional controls with detergent treatment were per-
formed. Fraction P16 as well as each of the sorted
subpopulations was stained with anti-CD41-FITC and
anti-CD235a-PE antibodies and phenotyped after incu-
bation at room temperature for 10 min with equal
volume of either PBS or 2% Triton X100 in PBS.
Results are presented in Figure 5.

Fluorescence calibration and quantification

PE MESF (Molecules of Equivalent Soluble Fluorophore)
beads (cat. 340495, lot. 91367, QuantiBRITE™ PE, BD
Bioscience, USA) and AlexaFluor 488 MESF beads (cat.
488A, lot 13852, Quantum™ MESF Kits, Quantum
AlexaFluor 488, Bangs Laboratories, Inc., USA) with
known absolute appropriate fluorescence values for each
peak from the respective bead subset were measured.
A linear regression analysis of measured mean intensity
fluorescence (MIF) and MESF values was performed to
determine the best-fit lines and coefficients of determina-
tion (R?). The resulting equations were used to convert
observed anti-CD235a-PE and anti-CD41-FITC fluores-
cence into MESF values, respectively. All measurements
and calculations were performed according to manufac-
turers’ recommendations.

Dynamic light scattering (DLS)

A Zetasizer Nano S (Malvern Panalytical, UK) was used
to investigate size distribution of objects in sorted sam-
ples. Quality of PBS prepared with Milli-Q water was also
tested using the instrument. Sorted CD41+ CD235a-,
CD41-CD235a+ and CD41-CD235a dim EVs were ana-
lysed using standard operation procedures: measurement
position — 5.50 mm, attenuator — 11, system tempera-
ture — 25°C, sample equilibration time 60 s. Each sample
was measured at three replicates.

The Malvern Zetasizer software v7.13 was used to
collect and analyse data with a general-purpose model.
Observed populations of particles were characterized
by the Z-average (d.nm), polydispersity index (PdI),
Peak size (d.nm), % intensity and St. deviation (d.nm).

Immunoblotting

Presence of specific protein markers in fractions P16,
S16 and plasma samples was determined using immu-
noblotting. Sample aliquots were mixed with Laemmli’s
buffer and incubated at 100°C for 10 min. Protein
concentration was measured by the RC DC Protein
Assay (Bio-Rad Laboratories, USA). Equal amounts of
proteins for each sample were loaded onto 4-17%

gradient polyacrylamide gel. Following electrophoresis,
proteins were electro transferred onto nitrocellulose
membrane and stained with antibodies against the
vesicle marker CD9 (ab65230, Abcam, UK), mitochon-
drial protein Mitofusin 2 (ab56889, Abcam, UK), and
miRNA binding protein Ago2 (ab32381, Abcam, UK).
The membrane was then incubated with corresponding
secondary antibodies conjugated with horseradish per-
oxidase (Cell Signalling, USA). Detection was per-
formed using a SuperSignal Substrate (Thermo Fisher
Scientific, USA). The signal was registered by the
Fusion FX (Vilber, France) imaging system.

DNA isolation

Total DNA was isolated from 100 pl aliquots of the
samples using a QIAamp DNA Mini Kit (Qiagen,
Germany), according to the manufacturer’s recommen-
dations. DNA was eluted in 100 pl of AE buffer. Prior
to isolation, each sample was spiked with an external
DNA standard MW2060 as previously described [34].

RNA isolation

Total RNA was isolated using a Trizol LS reagent
(ThermoFisher Scientific, USA), according to manu-
facturer’s recommendations. Aliquots (100 ul) of the
samples were mixed with 300 pl of Trizol LS contain-
ing carrier (Escherichia coli tRNA E. coli, 3 pg/ml,
Sigma R1753) and an external RNA control synth-cel
-miR-39-3p (5'-ucaccggguguaaaucagcuug-3') (syn-
thetic RNA oligonucleotide, which is identical to
mature Caenorhabditis elegans microRNA cel-miR
-39-3p, 5 fmol/ml, Syntol, Russia). The samples
were incubated at room temperature for 10 min fol-
lowed by addition of chloroform (80 pl). Samples
were shaken vigorously for 2 min, and then centri-
fuged as 16 kg for 10 min. The supernatants were
mixed with 200 pl of isopropanol and 0.5 pl of
GlycoBlue™ Coprecipitant (AM9516, Invitrogen,
USA). After incubation for 10 min, the samples
were centrifuged at 16 kg for 30 min. The RNA pellet
was washed twice with 1 ml of ice-cold 70% ethanol,
air-dried and dissolved in 20 pl of deionized water
treated with DEPC (diethyl pyrocarbonate) (D5758,
Sigma Aldrich, USA).

Reverse transcription and qPCR quantification

Hydrolysis probe-based TagMan MicroRNA Assays
(Life Technologies, USA) were used to detect target
microRNAs: miR-21-5p (Assay ID: 000397), miR-223-
3p (Assay ID: 002295), miR-199a-3p (Assay ID: 002304),



miR-451a (Assay ID: 001141), and miR-39-3p (Assay
ID: 000200). Reverse transcription was performed
using TagMan MicroRNA Reverse Transcription Kit
(Life Technologies; catalogue no 4,366,596), according
to the manufacturer’s recommendations. Each reverse
transcription reaction (total volume 5 pl) contained
2.33 pl of master mix (0.05 ul ANTP Mix 100 mM,
0.33 pl Multi Scribe Reverse Transcriptase (50 U/pl),
0.063 ul RNase Inhibitor 20 units/ul, 0.5 pl 10x RT
Buffer, 1.386 pl deionized water), 1.66 pl of RNA solu-
tion and 1 pl of miR-specific loop primer.

Reverse transcription of miRNAs was performed in
Veriti 96-Well Thermal cycler (Applied Biosystems,
USA) by incubating the reaction at 16°C for 30 min,
followed by 42°C for 30 min and 80°C for 5 min.
MiRNA qPCR amplification was performed using
TaqMan Universal Master Mix II (Life Technologies,
USA; catalogue no 4440040), and mixture of forward
and reverse primers and hydrolysis probe from the
corresponding TaqMan MicroRNA Assay (Life
Technologies, USA) according to the manufacturer’s
recommendations. Amplification of both miRNA and
DNA targets was performed using the 7500 Real-Time
PCR System (Life Technologies, USA), using the fol-
lowing programme: 95°C for 10 min, followed by 40
cycles of 95°C for 15 s and 60°C for 1 min The speci-
ficity of target detection was checked in the control
experiments where the reverse transcription step was
omitted and no reporter fluorescence above the thresh-
old was registered until cycle 40 of qPCR.

All miRNA Cq data were normalized to the added
external synthetic RNA oligonucleotide synth- miR-39-
3p. Each normalized Cq was calculated using the formula:
Cqminnorm = CqmiR - (CqmiR—39 - CqmiR—397median)) where
Cqmir — represents the target miRNA Cq in this sample,
Cqmir-39 — represents miR-39-3p Cq in this sample, and
CQmiR-39_median — Tepresents median miR-39-3p Cq across
all samples.

Finally, the absolute levels of endogenous target
miRNAs were determined by interpolation of normal-
ized Cq values using calibration curves. To construct
calibration curves, synthetic RNA oligonucleotides
(Syntol, Russia), identical to mature target miRNAs
were serially diluted in RNase-free water containing
10 ng/uL of Escherichia coli tRNA (Sigma-Aldrich;
catalogue no R1753).

The sequences of synthetic RNA oligonucleotides were
as follows: synth-hsa-miR-21-5p (5'-uagcuuaucagacugau
guuga-3'), synth-hsa-miR-223-3p (5'-ugucaguuugucaaau
acccca-3'), synth-hsa-miR-199a-3p  (5'-acaguagucugca-
cauugguua-3'), synth-hsa-miR-451a (5'-aaaccguuaccauuac
ugaguu-3'). Calibration curves were constructed by plot-
ting the Cq values versus the logarithm of the total RNA
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amount loaded in the reverse transcription reaction.
Amplification efficiencies of assays were within the accep-
table range of 90-110% and Cq values of experimental
samples were within the linear ranges of calibration curves.

DNA qPCR amplification was carried out using
qPCRmix-HS SYBR+ROX (Evrogen, Russia), and
a mixture of forward and reverse primers (Syntol,
Russia) according to the manufacturer’s recommenda-
tions. For DNA targets, each qPCR amplification reac-
tion (total volume 25 pl) contained 10 pl of DNA.
Cytochrome C oxidase subunit 3 (CO3) gene and high-
copy repetitive sequence Alu were selected as markers
of mitochondrial and nuclear DNA, respectively.
Sequences of primers to detect mitochondrial and
nuclear DNA markers as well as external DNA stan-
dard MW?2060 are listed in Supplementary Table 1. All
DNA Cq data were normalized to the added external
DNA standard MW2060 as described above for
miRNA Cq normalization. Relative levels of target
DNA were calculated according to the formula: 2“9
no_template - Cq sample)) where Cq no_template Cq repre-
sents the condition where no template was added to the
amplification reaction, and Cq sample = Cq represents
the condition where sample DNA was added to the
amplification reaction.

Calculation of per-event target miRNA amount

We calculated per-event target miRNA amount according
to the known number of events in sorted samples (40,000
events/sample). Given that half of the sample (20,000
events) was used for RNA isolation, and the RNA was
dissolved in 20 pl of water, with each 1 ul of RNA sample
containing RNA isolated from about 1,000 events.
Accordingly, qPCR amplification was performed from
about 1,660 events, since 1.66 ul of RNA was used for
the reverse transcription reaction. Thus, to calculate the
per-event amount of each miRNA, the absolute amount
in the amplification reaction was divided by 1,660.

Statistical analysis

Statistical analysis of the data was carried out using
Statistica 7.0 and GraphPad Prism 5 software. The data
are presented as median (Me) values and interquartile
range (25;75%). Statistical analysis of unmatched data was
performed with U-Mann-Whitney test. Statistical analysis
of matched data was performed with W-Wilcoxon test.
Two-sided p values < 0.05 were considered statistically
significant.

Multivariate comparison was performed using a discri-
minant functional analysis followed by a forward stepwise
method. A stepwise analysis enumerating steps, p
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value significance level and F-test was performed. A dis-
crimination level was evaluated by assessing Wilks’ lambda.
Significance criteria were determined by generating scat-
terplots based on canonical values and calculating a classi-
fication value as well as the Mahalanobis squared distance.

Results
Isolation of EV fraction from whole blood

EVs were isolated from healthy volunteers’ blood by
differential centrifugation procedure shown in Figure 1.
Fraction P16, used as input sample for vesicle sorting, was
characterized in more detail. LVSEM confirmed the pre-
sence of near-spherical objects with diameters ranging
from 10 to 500 nm (Figure 4(a), arrowheads, arrows).
Control PBS buffer did not contain such near-spherical
objects (Figure 4(a)).

Immonoblotting demonstrated that the P16 fraction
contained the vesicular marker CD9, microRNA bind-
ing protein Ago2 [35,36], and mitochondrial outer
membrane integral protein Mitofusin 2 (Figure 4(b)).
CD9 protein was also present in S16 fraction and
platelet-depleted plasma.

Isolation and characterization of erythrocyte- and
platelet- derived EV subpopulations

Staining of P16 fraction with anti-CD41-FITC and
anti-CD235a-PE antibodies enabled the identification
of three subpopulations of EVs: CD41+ CD235a-,
CD41-CD235a+, and CD41-CD235a dim (Figure 5(a),
presort sample). Sorting gates were set to isolate these
subpopulations using hs-FAVS.

PBS

P16 fration

Analysis of the sorted samples using hs-FCM
demonstrated that CD41+ and CD235a positive events
were clearly separated (Figure 5(a), top row), ensuring
the high purity (>97%) of the isolated subpopulations
(Figure 5(b)). Treatment with Triton X100 demon-
strated that the majority of the gated events in the
presort sample as well as in sorted subpopulations
were sensitive to detergent, confirming their membra-
nous nature (Figure 5(b)).

hs-FCM was used to determine light scatter character-
istics of the identified vesicle subpopulations. The CD41-
CD235a+ subpopulation had a much narrower side scat-
ter intensity distribution compared to CD41-CD235a
dim and CD41+ CD235a- subpopulations. Moreover,
the CD41-CD235a+ subpopulation had a higher mean
side scatter intensity compared to CD41-CD235a dim
subpopulation (Figure 6(a,b)). Notably, the differences
described above were not detected in the analysis of
forward scatter characteristics (Figure 6(a,c)).

DLS analysis showed that the CD41-CD235a+ subpo-
pulation was characterized by relatively low overall poly-
dispersity (PdI = 0.340) (Figure 6(d,e)), while the size
distribution of sorted CD41+ CD235a- and CD41-
CD235a dim EVs was broader (PdI = 0.422 and 0.993,
respectively) (Figure 6(d,e)). The presence of nanosized
objects in all sorted subpopulations was confirmed by
LVSEM (Figure 6(f)).

Determination of absolute numbers of fluorophore
molecules per labelled extracellular vesicle

The use of MESF beads allows the quantification of the
number of fluorophore molecules being detected per

(14
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Figure 4. P16 fraction analysis. (a) Visualization of nanosized objects in P16 fraction and control PBS buffer using low-voltage
scanning electron microscopy (LVSEM). Arrowheads and arrows indicate nanosized near-spherical objects in P16 fraction. (b)
Immunoblotting based detection of CD9, Mitofusin2 and Ago2 proteins in platelet-depleted plasma and its fractions S16 and P16.
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Figure 5. Purity and detergent sensitivity of extracellular vesicle populations performed using MoFlo Astrios EQ sorter. (a) Presort
(first column) and post-sort phenotyping of CD41+ CD235a- (second column), CD41-CD235a+ (third column) and CD41-CD235a dim

(forth column) EV subpopulations without (top row) and with

Triton X100 treatment (bottom row). To make the figures more

representative, all coupled pictures (before and after Triton X100) were normalized to the number of displayed events. (b) Values of
the sorting purity and detergent sensitivity of EV subpopulations.

vesicle [37]. Using the same Cytoflex S settings as for EV
analysis we measured two sets of MESF beads - AF
488 (five bead subsets) using FITC detection channel
(Figure 7(a)) and PE (four bead subsets) using PE detec-
tion channel (Figure 7(d)). MIF of MESF beads was mea-
sured, and linear regression analysis of the obtained data
(Figure 7(b-f)) was applied to convert the observed fluor-
escence from fluorophore-conjugated anti-CD41 and anti-
CD235a antibodies into MESF values. These calculations
led to the following results: CD41+ CD235a-, CDA41-
CD235a+ and CD41-CD235a dim EV subpopulations
containing, on average, ~7,464, ~31,308 and ~308 mole-
cules of fluorophore per event, respectively (Figure 7(g)).

Quantification of nucleic acids in sorted EV
subpopulations

Total DNA and RNA were isolated from sorted EV sub-
populations. Nucleic acid levels were quantified by qPCR.

The most prominent differences in the nucleic
acid repertoire were noted between CD41+ CD235-

and CD41-CD235a+ EVs (Figure 8): the former con-
tained significantly (p = 0.004) higher amounts of
miR-21-5p (4-fold), miR-223-3p (38-fold) and miR-
199a-3p (187-fold), but a lower amount of miR-451a.
CD41-CD235a+ and CD41-CD235a dim vesicles dif-
fered in levels of miR-451a (p = 0.016) and miR-21-
5p (p = 0.031) (Figure 8(a,b)). Nuclear DNA (Alu)
was below the limit of detection in almost all sorted
samples (Figure 8(e)). In contrast, mitochondrial
DNA (CO3) was detectable, being the highest in the
CD41+ CD235- subpopulation. Levels of mitochon-
drial DNA in CD41-CD235a+ and CD41-CD235a
dim subpopulations were 29-fold (p = 0.004) and 16-
fold (p = 0.03) lower, respectively (Figure 8(f)).

Per-event miRNA concentration analysis demon-
strated that the most abundant marker in the CD41+
CD235a- subpopulation was miR-223-3p reaching 38.2
molecules per event. In the CD41-CD235+ and CD41-
CD235 dim subpopulations the most abundant marker
was miR-451a, reaching 24.7 and 3.3 molecules per
event, respectively (Figure 9(a,b)).
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voltage scanning electron microscopy.

Statistical analysis of differences between sorted
EV subpopulations

A stepwise discriminant analysis was performed to
characterize the separation of the sorted EV subpo-
pulations. Measured levels of four miRNAs and
mitochondrial DNA were included in the analysis
as variables, and the significant differences between
the groups of sorted samples were demonstrated
(Figure 10). The characteristics of the individual
nucleic acid markers are presented in Table 2. The
overall Wilks’ Lambda was 0.04624 implying a strong
discrimination between EV subpopulations.

In particular, it was shown that CD41+ CD235a-
and CD41-CD235a+ populations differed markedly,
whereas lower differences were observed between
CD41-CD235a dim and CD41-CD235+ vesicles.

Discussion

Knowledge about EV's continues to grow, and it is increas-
ingly becoming evident that they exhibit a high level of
heterogeneity [2,3]. In this study, we describe the applica-
tion of hs-FCM and hs-FAVS in combination with LVSEM
and DLS for phenotyping, enumeration, isolation and
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characterization of platelet- and erythrocyte-derived sub-
populations of EVs from human blood. Subpopulation-
specific differences in the levels of selected microRNA
and DNA markers were determined by gPCR.

According to the intensity of fluorescence from anti-
CD41 and anti-CD235a antibodies, three subpopulations
of vesicles were revealed in P16 fraction by hs-FCM. It is
likely that the CD41+ CD235a- subpopulation was
derived from platelets, while the CD41-CD235a dim
was derived from erythrocytes [38,39] or reticulocytes
[40] and CD41-CD235a+ subpopulation could represent
erythrocyte ghosts or large fragments of erythrocyte
membranes [38,39].

Besides the intensity of anti-CD235a fluorescence, the
CD41-CD235a+ subpopulation differed from the CD41-
CD235a dim events by having a narrower side scatter
intensity distribution and higher mean side scatter inten-
sity. These differences may result from parameters such
as size, shape, or refractive index of the CD41-CD235a+
and CD41-CD235a dim events. Differences in the size of
particles between these two subpopulations were

supported by the DLS data, which showed that CD41-
CD235a+ events had larger mean particle diameter and
lower overall polydispersity.

It should be noted that CD41+ CD235a- subpopula-
tion demonstrated large range of light scatter intensity,
which may reflect high heterogeneity of shape, size and
content of platelet-derived vesicles [4,38,41-44].

Analysis of MESF beads revealed the number of anti-
body-conjugated fluorophore molecules per event. We
then used these data to estimate the number of surface
antigens CD41 and CD235a on the vesicles of each sub-
population. Assuming fluorophore:antibody and anti-
body:surface antigen ratios of 1:1, respectively, suggested
that CD41+4 CD235a- vesicles carried ~7,000 molecules of
CD41 receptor, while CD41-CD235a+ and CDA41-
CD235a dim vesicles carried ~30,000 and ~300 molecules
of CD235a receptor, respectively. Unfortunately, only the
PE:antibody ratio is known to be 1:1, according to man-
ufacturer’s specifications. Considering the DLS data on
diameters of the sorted vesicles, we estimated the mean
surface receptor density in each subpopulation. These
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calculations led to the following results: surface density
of CD41 on CD41+ CD235a- vesicles was ~44 molecules
per 1,000 nm?, surface densities of CD235a on CD41-
CD235a+ and CD41-CD235a dim vesicles were ~49 and
~0.7 molecules per 1,000 nm?, respectively, indicating that
the density of CD235a on the surface of CD41-CD235a
dim vesicles was ~70 times lower than that in the CD41-
CD235a+ subpopulation. It corresponds to the results
of Brisson et al. [38,41] who showed that smaller EVs
express less surface receptors than larger ones and that
the expression level on smaller EVs may be lower than the
detection limit. Previously, Arraud et al [38]. estimated
that a 200 nm platelet-derived vesicle and a 100 nm

erythrocyte-derived vesicle might carry about 1,000 anti-
gens of CD41 and CD235a, respectively. This assessment
corresponds to the following receptor densities: ~8 mole-
cules per 1,000 nm? for CD41 on platelet-derived vesicles
and ~32 molecules per 1,000 nm? for CD235a on erythro-
cyte-derived vesicles. Notably, that these estimates and
our calculations for CD41+ CD235a- and CD41-
CD235a+ subpopulations give values of approximately
the same order for surface receptor density.

The amount of RNA and DNA isolated from sorted
vesicle subpopulations was enough to perform qPCR-
based nucleic acid quantification, making it possible to
study the heterogeneity of the nucleic acid composition
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14 K. KONDRATOV ET AL.

Table 2. A stepwise discriminant analysis data.

Wilks’ Lambda F-remove (2,18) p level
miR-21-5p 0.068 4.237 0.03
miR-223-3p 0.057 2.209 0.13
miR-199a-3p 0.046 0.129 0.87
miR-451a 0.057 2.284 0.13
co3 0.054 1.586 0.23

Wilks' Lambda 0.04624, approx. F (10.36) = 13,141 p < 0.00001.

of the sorted vesicle subpopulations. The most promi-
nent differences in the nucleic acid repertoire were
noted between CD41+ CD235- and CD41-CD235a+
vesicles. The CD41+ CD235- subpopulation contained
a higher amount of the microRNAs miR-199a-3p, miR-
223-3p and miR-21-5p,which are known to be
expressed at higher levels in platelets than in erythro-
cytes [45-47], while the CD41CD235+ subpopulation
contained a higher amount of erythrocyte enriched
miR451a [45-47]. A heterogeneity at the miRNA level
was also found in the two subpopulations of erythro-
cyte-derived vesicles. Particularly, the levels of miR-
451a and miR-21-5p, were 7.6-fold and 2.4-fold lower
in CD41-CD235a dim vesicles than in CD41-CD235a+
vesicles. This difference in miRNA level cannot be due
to only the difference in vesicle size, since the volume
of CD41-CD235a dim was only 1.7 times less than that
of CD41-CD235a+ vesicles. Analysis of DNA levels
supported the miRNA data on cell type-specific reper-
toire of nucleic acids in different subpopulations of
EVs. Platelets, but not erythrocytes [48], contain mito-
chondria, however, both cell types lack a nucleus.
Moreover, platelets were shown to release mitochon-
drial DNA in EVs [43]. Here, detection of the mito-
chondrial marker Mitofusin 2 revealed that the presort
plasma fraction P16 contained mitochondria. hs-FAVS
followed by qPCR analysis enabled the isolation of
a particular vesicle subpopulation, CD41+ CD235a-,
enriched with the mitochondrial DNA marker.

To achieve high sensitivity for the detection of
nuclear DNA, primers specific to Alu-elements com-
prising hundreds of thousand copies per human gen-
ome were applied [49]. The lack of a detectable level of
Alu elements in the majority (22 of 27) of the analysed
samples is a strong evidence of the absence of nuclear
DNA in the three subpopulations of extracellular vesi-
cles derived from a-nucleated cells. However, in few
samples, nuclear DNA was detected, which may be
explained by the aggregation of the investigated vesicles
with nuclear DNA containing structures such as apop-
totic bodies.

In summary, nucleic acid quantification demonstrated
that the sorted vesicle subpopulations were characterized
by distinct nucleic acid repertories, which well correlated
with the nucleic acids profiles of the source cell types.

Taking into account the differential expression of
miR451a between the two subpopulations of erythrocyte-
derived vesicles, we hypothesize that at least two distinct
mechanisms are involved in the packing of nucleic acids
into vesicles in erythrocytes and platelets: (i) miRNAs are
transported into vesicles at a concentration similar to
their intracellular amount and (ii) the vesicle miRNA
level is either enriched or depleted relative to the intra-
cellular level.

To investigate the localization of miRNA within
vesicles, aliquots of sorted subpopulations were treated
with proteinase and RNAse prior to RNA isolation.
Preliminary data indicated that only a portion of vesi-
cle-associated miRNA was protected from RNAse and
thus localized inside the phospholipid bilayer mem-
brane. The other portion may have been attached to
the vesicle surface in the form of a miR-protein com-
plex. Since the localization of nucleic acids within
extracellular carriers affects their regulatory properties,
further detailed analysis of the organization of these
structures is required.

The collection of equal number of events for each
EV population and precise measurement of the abso-
lute miRNA concentration in the samples allowed the
assessment of the mean miRNA level for a single vesi-
cle (Figure 9(a,b)). In particular, it was found that the
CD41+ CD235a- subpopulation contained up to 38
molecules of platelet enriched miR-223-3p per event
and CD41-CD235a+ subpopulation contained up to 25
molecules of erythrocyte enriched miR-451a per event.

It should be noted that the number of molecules per
vesicle has been previously estimated in several works.
Thus the level of miR-1246 in exosomes derived from
human neural stem cells was measured [50] using two
independent quantification procedures - NTA (nano-
particle tracking analysis) and the qNano system,
showing that the level of miRNA-1246 in one exosome
was equal to 63 molecules quantified by NTA and
equal to 12 molecules by the qNano system.

Investigating human glioma stem cells, Krichevsky et al.
came to the conclusion that one copy of miRNA can be
found in ~10 EVs [51]. Tewari et al. almost came to the
same result investigating EV's from healthy donors derived
from plasma, dendritic, mast and ovarian carcinoma cells
[52]. The discrepancies with our results can be explained by
a number of reasons. The principal difference lies in the
methods of EV isolation. Ultracentrifugation at 120 kg
[50,52] led to isolation of a very small EVs in contrast to
our 16 kg centrifugation, which resulted in EVs with wide
size distributions.

Another reason may be the lack of the application of
enrichment methods or sorting of target EVs. EV sort-
ing increased the specificity of the study; however, we



are aware that in some cases events may not be single
EVs but aggregates.

The large differences between procedures observed
in the assessment of the number of miRNAs per event
could make the presented method preferable for deter-
mining EV amount. In the aforementioned publica-
tions, NTA was the method for quantification of EV.
However, it is known that this method allows the
inclusion of EVs that are much smaller than those
selected by flow cytometry [53]. Thus, a combination
of factors could be responsible for the discrepancies
observed in the results.

The question of how many miRNA molecules can
be packed into one vesicle can also be raised. It was
shown previously, that inside the vesicle, miRNA is
present in the form of a protein complex [35], which
can be approximated as a sphere with a diameter equal
to the miRNA length. If the length of one RNA nucleo-
tide is 0.34 nm, and miRNA consists of 22 nucleotides,
the miRNA length will be ~7.5 nm and the volume
calculated using the formula V = 4nr’/3 will be ~221
nm’. For a spheroid 100 nm vesicle with a lipid bilayer
of 5 nm thickness [54], the internal volume is approxi-
mately ~382,000 nm>. Then the problem of determin-
ing the maximum number of miRNAs that can be
placed in a vesicle corresponds to the mathematical
problem of packing equal spheres into three-
dimensional space. In the case of random packing,
the density of the filled volume is 64% [55]. Thus, the
available volume of a 100 nm vesicle is equal to
~244,000 nm’ and its capacity is more than 1,000
miRNA-protein complexes. These calculations support
the credibility of our results concerning the miRNA
repertoire of a single EV.

A stepwise discriminant analysis was applied to
assess the differences between EV subpopulations
based on their nucleic acid profiles. It was found that
the CD41-CD235a+ and CD41+ CD235a- subpopula-
tions differed markedly. Moreover, it was confirmed
that the CD41-CD235a dim subpopulation very dis-
tinct, albeit it barely differed from the CD41-CD235a
+ subpopulation. Both subpopulations were erythro-
cyte-derived and had rather similar sizes; however,
the differences in the expression levels of CD235a and
miR-451a between them indicate potential functional
differences between vesicles of the same cell origin.

Our study provides evidence that hs-FAVS repre-
sents a useful approach for analysing heterogeneous
populations of EVs, because it facilitates enumeration
and accurate isolation of specific subpopulations of
EVs in amounts sufficient for subsequent nucleic acid
profiling. The application of hs-FAVS made it possible
to reveal that erythrocyte- and platelet-derived EVs
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from blood plasma carry different repertoires of DNA
and microRNA.

Limitations

The approach we used has the following limitations,
which should be taken into consideration when draw-
ing conclusions from the data:

(1) Samples purity: the pre-sort sample may contain
traces or residual platelets; the post-sort sample
may be contaminated with traces of non-target
events.

(2) Particle aggregation: may lead to the formation
of particles bearing combination of different
cell-type specific markers, which lowers yield
of target events and results in the contamination
of the sorted sample with non-target events.

Conclusions

(1) The application of hs-FAVS allowed to isolate
different EV subpopulations of high purity.

(2) The amount of sorted EVs was enough to isolate
RNA\DNA and perform qPCR-based nucleic
acid quantification.

(3) The hs-FAVS-based determination of the num-
ber of sorted EVs allowed the calculation of per
single event miRNA concentrations.

(4) Erythrocyte- and platelet-derived EVs carry dif-
ferent repertoires of nucleic acids.
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