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SPECIAL PAPER: PLATELET MICROVESICLES

Extracellular vesicles from activated platelets: a semiquantitative
cryo-electron microscopy and immuno-gold labeling study

Alain R. Brisson, Sisareuth Tan, Romain Linares, Céline Gounou, & Nicolas Arraud”

Extracellular Vesicles and Membrane Repair, UMR-5248-CBMN CNRS-University of Bordeaux-IPB, Allée Geoffroy Saint-Hilaire, Pessac, France

ABSTRACT

Cells release membrane vesicles in their surrounding medium either constitutively or in
response to activating signals. Two main types of extracellular vesicles (EVs) are commonly
distinguished based on their mechanism of formation, membrane composition and size.
According to the current model, EVs shed from the plasma membrane, often called micro-
vesicles, expose phosphatidylserine (PS) and range in size from 100 nm to 1 pm, while EVs
originating from endosomal multi-vesicular bodies, called exosomes, contain tetraspanin pro-
teins, including CD63, and range in size from 50 to 100 nm. Heijnen et al. [1] have shown that
activated platelets release EVs corresponding to these two types of vesicles, using negative
staining electron microscopy (EM) and immuno-gold labeling. Here, we apply cryo-EM and
immuno-gold labeling to provide a quantitative analysis of EVs released by platelets activated
by thrombin, TRAP and CRP-XL, as well as EVs from serum. We show that EVs activated by these
three agonists present a similar size distribution, the majority of them forming a broad peak
extending from 50 nm to 1 um, about 50% of them ranging from 50 to 400 nm. We show also
that 60% of the EVs from TRAP or CRP-XL activation expose CD41, a majority of them exposing
also PS. To explain the presence of large EVs CD41-negative or PS-negative, several alternative
mechanisms of EV formation are proposed. We find also that the majority of EVs in activated
platelet samples expose CD63, and distinguish two populations of CD63-positive EVs, namely
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large EVs with low labeling density and small EVs with high labeling density.

Introduction

Cells respond to a variety of stimuli by releasing membrane
vesicles in their surrounding medium [2]. Two main types of
cell-derived vesicles are commonly distinguished depending on
their mechanism of formation. One type of vesicles, called micro-
particles or microvesicles, consists of small pieces of the cell
plasma membrane shed into the extracellular medium. This pro-
cess involves a profound membrane reorganization characterized
by a loss of phospholipid asymmetry and the exposure of phos-
phatidylserine (PS) molecules on the outer membrane leaflet,
conferring pro-coagulant properties to shed vesicles [3, 4].
Exosomes, the second type of cell-derived vesicles, are contained
in multi-vesicular bodies and secreted by cells after fusion of this
endosomal compartment with the plasma membrane [5]. It is
commonly considered that these two types of vesicles differ by
their size, from 100 nm to 1 pm for microvesicles versus from 50
to 100 nm for exosomes [6]. However, an objective distinction
between these vesicles is hampered by the lack of reliable meth-
ods of characterization and separation; thus, the term extracellular
vesicle (EV) will be used here collectively for designing all types
of membrane vesicles released by cells [7].
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Geoffroy Saint-Hilaire, F-33600, Pessac, France. E-mail: a.bris-
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The interest in EVs has grown considerably over the last two
decades, resulting in an abundant literature describing the presence
of EVs and their direct participation in health and disease situations
[8—11]. In addition, intense research focuses on the potential appli-
cations of EVs as disease biomarkers [12]. However, the hetero-
geneity of EVs, in cell origin, composition, size, properties and
functions, and the lack of methods allowing their detailed analysis
make our current knowledge on EVs still limited.

Blood, the major body fluid, contains EVs released by all cell
types from the vascular system, and potentially EVs from other
tissues collected from blood circulation. While it is commonly
considered that EVs from red blood cells and platelets are predo-
minant, a consensus on their absolute concentrations is lacking,
with reported values for total EV concentrations varying from 200
to 10 per uL plasma [13]. Our group has recently pioneered an
approach combining cryo-transmission electron microscopy (cryo-
EM), immuno-gold labeling and fluorescence-triggered flow cyto-
metry with the objective of providing a comprehensive description
of EVs in plasma [14-16]. This work, performed on platelet-free
plasma (PFP) samples from healthy donors, led to several major
results concerning the morphology, the size distribution and the
relative concentrations of the main EV populations, namely PS-
exposing EVs and EVs derived from platelets and erythrocytes.
Noticeably, we found that, in contrast to the classical theory of EV
formation, about half of the EVs were not labeled by Annexin-AS
(Anx5), a high-affinity ligand of PS-exposing membranes [17].

The objective of the present study was to extend this initial
analysis by addressing the same basic questions on EVS’
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morphology, size distribution, PS exposure and phenotype at the
level of activated platelets.

Platelet EVs were discovered by Wolf [18], who described the
formation of ‘platelet-dust’ particles upon platelet activation, and
proposed their role in blood coagulation [18, 19]. Platelet-derived
EVs have since been the subject of many studies [20] and proposed
to participate in a variety of pathological disorders [11, 21], 22]. It
is now well established that the pro-coagulant activity of activated
platelets is due to the exposure of PS on the outer leaflet of the
platelet plasma membrane [23] and that changes in phospholipid
distribution are accompanied by the shedding of vesicles from the
platelet plasma membrane [24]. Flow cytometry [24, 25] and EM
[1, 26] studies have shown that platelet EVs expose PS, thus
providing pro-coagulant surfaces. Heijnen et al. [1] have shown
by immune-EM that activated platelets release two distinct types of
vesicles, namely plasma membrane-derived microvesicles and
multi-vesicular body-derived exosomes. In this study, microvesicles
and exosomes were separated by differential centrifugation and
microvesicles were identified based on their PS exposure via spe-
cific labeling with Anx5-conjugated gold particles, while exosomes
were identified by immuno-gold labeling of CD63, a tetraspanin
enriched in multi-vesicular bodies and a classical marker of exo-
somes [27, 28]. The objective of the present study is to provide a
quantitative analysis of these two types of EVs from platelets
activated with thrombin, TRAP or CRP-XL and serum samples,
using cryo-EM and immuno-gold labeling techniques.

Material and methods
1- Material

Human oa-thrombin and PPACK (Phe-Pro-Arg-chloromethylke-
tone) were from Cryopep (Montpellier, France). Thrombin recep-
tor activating peptide (TRAP) was a gift from Dr. Nurden (CHU
Bordeaux). Cross-linked collagen-related peptide (CRP-XL) was
obtained from Dr. Farndale (Cambridge University). Annexin-5
was produced and conjugated to cyanine-5 (Cy5) as described in
Bouter et al. (2011). Anti-CD41 monoclonal antibody (mAb)
(clone P2) and anti-CD63 mAb (clone H5C6) were from
Beckman Coulter (Villepinte, France) and BD Biosciences (Le
Pont de Clay, France), respectively. Anti-CD41-mAb-PE was
from Beckman Coulter. All other chemicals were of ultrapure
grade. Water was purified with a RiOs system (Millipore, France).

2- Preparation of activated platelets

Blood was collected from four healthy adult donors after written
informed consent. Peripheral blood was collected in 4.5 mL BD
Vacutainer® tubes containing 0.1 volume 105 mM sodium citrate.
Platelet-rich plasma (PRP) was obtained by centrifugation at 200
g for 10 min at 20-24°C, less than one hour after blood collection.
The upper half of the supernatant was harvested and pooled,
giving PRP samples containing 5-7 x 10° platelets/uL. For
serum samples, blood was collected in 3.5 mL BD Vacutainer®
SST-II-Advance tubes. After centrifugation at 1,800 g for 10 min,
1 mL serum was withdrawn from the supernatant.

For each PRP sample, platelets were activated as follows.
Aliquots of 100 pL freshly prepared PRP were diluted 2X with
Tyrode buffer supplemented with 10 uM PPACK and 2 mM
CaCl, and incubated for 1 h with 0.5 U/mL thrombin, 12.5 pg/
mL TRAP or 1 yg/mL. CRP-XL.

3- Immuno-gold labeling and cryo-EM

Gold nanoparticles (NPs) were conjugated with Anx5 and with
anti-CD41 or anti-CD63 mAbs following procedures previously
described [14]. Freshly activated platelets were diluted 100XxXwith
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a HEPES-buffered saline (HBS) containing 150 mM NaCl, 2 mM
CaCl, and 10 mM HEPES, pH 7.4, and labeled successively for 1
h with 1-4 x 10" gold-NP/L 10-nm anti-CD41- or anti-CD63-
gold-NP, then for 30 min with 1-4 x 10'> NP/L 4-nm Anx5-gold-
NP. Immuno-gold labeled samples were processed for cryo-EM as
follows. A 4-uL aliquot was deposited on an EM grid coated with
a perforated carbon film; the liquid was blotted from the backside
of the grid and the grid was quickly plunged into liquid ethane
using a Leica EMCPC cryo-chamber. EM grids were stored under
liquid nitrogen prior to EM observation. Cryo-EM was performed
with a Tecnai F20 (FEI, USA) microscope equipped with a
USC1000-SSCCD camera (Gatan, USA).

4- Flow cytometry

Nonactivated and activated PRP samples were labeled with Anx5-
CyS5 and anti-CD41-mAb-PE as follows. For Anx5 labeling, PRP
samples were diluted 300x with HBS supplemented with 10 uM
PPACK, then 20 ng/mL Anx5-Cy5 was added and incubated for
45 min at room temperature in the dark. For labeling with anti-
CD41-mAb-PE, 10 pL. PRP samples were diluted 6x with HBS,
anti-CD41-mAb-PE (final dilution 50x) was added and incubated
for 2 h, and then the mixture was diluted 50xwith HBS before
FCM analysis [16]. Flow cytometry was performed with a Gallios
flow cytometer (Beckman Coulter), using settings described in
[16]. Flow cytometry measurements were performed with trigger-
ing based on light scattering intensity and on fluorescence inten-
sity, as described in details in [16].

Results
1- Flow cytometry of activated platelets

Platelet activation of freshly prepared PRP samples was induced
with thrombin, TRAP or CRP-XL, as described in Methods section.
The effect of these agonists was first evaluated by flow cytometry.
The overall structural changes of platelets were determined by
measuring the forward scatter (FS) and side scatter (SS) intensity,
while the exposure of PS was determined by Anx5-Cy5 labeling.
Figure 1 shows the results obtained for CRP-XL activation.
Basically, after agonist addition, the cluster of platelets (contained
in the platelet gate) was observed to shift toward lower FS and SS
values, forming a continuum of events, which extends downward
outside the platelet gate, mixed with the noise [29, 30]. In addition,
the number of PS-exposing EVs, identified as events of low FS
versus SS values labeled by Anx5-Cy5, was found to increase
strongly after activation.

In the conditions of activation used here, we found that CRP-XL
was the most efficient agonist (Figure 1C). The large increase in the
number of PS-positive EVs in activated PRP samples, namely up to
100x for CRP-XL, indicates that the vast majority of EVs derive
from platelets. This justifies our choice to perform the following
cryo-EM study on PRP samples and not on washed platelets.

2- Immuno-cryo-EM analysis of EVs from activated platelets
2-1 Morphology and size distribution of EVs

Compared with our initial cryo-EM study, which was performed
on pure PFP samples [14], the number of EVs observed here in
100x diluted activated PRP samples was significantly higher,
which facilitated the analysis considerably. This further indicates
that endogenous EVs, that is, EVs present in PRP before activa-
tion, constitute a negligible part of EVs in activated PRP. For
each condition, several hundred cryo-EM images were recorded,
from which about 1,000 EVs were identified and analyzed for
their morphology, size and phenotype.
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Figure 1. Flow cytometry analysis of activated platelets. Typical dot plots of side scatter intensity (SS INT) versus forward scatter intensity (FS INT) of
a fresh PRP sample before (A) and after activation for 1 h with 1 ug/mL CRP-XL. Events labeled by Anx5-CyS5 are colored blue. The platelet gate
contains all the events (colored green) forming a cluster of high SS versus FS values labeled with anti-CD41-mAb-PE. Events colored grey correspond
to the scattering noise from the buffer.(C) Number of Anx5-positive EVs in a PRP sample before and after activation with thrombin, TRAP or CRP-XL
as described in Methods section. EV numbers were measured by fluorescence triggering [32].

The main type of EVs present in activated platelets consisted
of isolated spherical EVs, of diameter ranging from 50 nm to 1
um (Figure 2A—C). The second largest type of EVs consisted of
clusters of EVs, made of the tight association of spherical EVs
(Figure 2D). A cluster is defined here as an association of at least
three EVs. The number of EVs per cluster was highly variable,
the majority of clusters comprising between 5 and 10 EVs and
being larger than 1 um. It must be stressed that, over a decade of
analysis of PFP samples from healthy donors, we observed exclu-
sively isolated EVs and no EV clusters (Arraud et al. [14]). We
conclude therefore that the EV clusters observed in activated
platelets are genuine objects, which do not result from an artifact
of cryo-EM preparation. In addition to isolated spherical EVs and
EV clusters, low amounts of EVs of tubular morphology (200—
500 nm in diameter and 1-10 um in length) (Figure 2E), and large
platelet fragments measuring from 1 to several um (Figure 2F) are
also present in activated platelet samples. The presence of tubular
EVs was highly dependent on the agonist used, being maximal for
1 h TRAP activation. Most tubes contain internal striations,
which are more or less visible depending on imaging conditions
(Figure 2E). Finally, a large number of platelets were also present
on EM grids (data not shown), as expected because no treatment
was applied to eliminate them.

Serum samples presented a similar EV composition, consisting
of isolated EVs, EV clusters and large fragments (data not
shown). Platelets were almost entirely absent from serum sam-
ples, as expected from clotted blood and from the presence of a
separating gel acting as a filter retaining aggregated platelets in
serum collection tubes.

The size distribution of EVs from activated platelets is similar
for the three agonists (Figure 3). A broad peak extending from 50
nm to 1 um contains about 80% of EVs, about 50% of them
ranging from 50 to 400 nm. Objects larger than 1 um, consisting
of tubular EVs and large fragments, form a second peak, account-
ing for about 15% of all EVs.

The size distribution of EVs from serum is similar to that
observed with the three agonists, with 80% EVs ranging from
50 nm to 1 um. However, EVs ranging from 400 to 600 nm are
more abundant in the serum, forming about 30% of EVs (data not
shown).

2-2 Phenotype of EVs released by activated platelets

Next, we focused on the population of EVs originating from
the plasma membrane, as well as the population of EVs expos-
ing PS. Indeed, according to classical theory, platelet activation
leads to the release of plasma membrane vesicles exposing PS

on their outer surface [3]. Gold-NPs conjugated to an anti-
CD41-mAb were synthesized to label the oypPs integrin, the
most abundant platelet surface membrane glycoprotein [31],
and gold-NPs conjugated to Anx5 were used to label PS-
exposing membranes. This analysis was limited to TRAP and
CRP-XL activation, because the results obtained with thrombin
were poorly reproducible.

We found that about 60% of EVs released by platelets after
TRAP or CRP-XL activation expose CD41 (Figure 4A). The
majority of them, namely about 80% for TRAP and 90% for
CRP-XL, were PS-positive. With CRP-XL activation, the major-
ity of EVs larger than 500 nm, including EV clusters and
fragments, expose both CD41 and PS (CD41+/PS+)
(Figure 4B). With TRAP activation, the same result is observed,
with the exception of the long tubular EVs (Figure 2E), which
are almost all CD41+/PS- (Figure 4C). With both agonists,
CD41-/PS- and CD41-/PS+ EVs amounted to about 20% of
the total EVs, each (Figure 4A). These populations corresponded
mainly to EVs of small size, about 90% of them being smaller
than 300 nm for CD41-/PS- EVs and 500 nm for CD41-/PS+
EVs (Figure 4B,C).

The situation was found to be markedly different with serum
samples. Nearly 90% EVs are CD41+, among which nearly 100%
are PS+ (Figure 4A). About 10% EVs are CD41-/PS-, and corre-
spond to EVs smaller than 200 nm (data not shown).

We observed that the density of CD41 labeling was not homo-
geneous between platelets or between areas within a given plate-
let, some platelets being significantly more labeled than others
(Figure 5). In particular, platelet pseudopods presented a high-
density labeling. This result, not reported earlier to our knowl-
edge, indicates either an increased affinity of the anti-CD41-mAb
for its receptor after activation or a higher density of CD41
locally, in areas where platelet activation takes place, like the
pseudopods. The well-known conformational change of the
ompPs  integrin  upon platelet activation (Shattil, Kim, et
Ginsberg 2010; Kahner et al. 2012) supports the former
hypothesis.

In this context, the number of membrane-bound gold-NPs
deserves a comment. This number should not be taken as an
absolute number, because the conditions of labeling do not cor-
respond to saturation. The binding of only few gold-NPs, at least
three, to an EV is considered significant because the surrounding
medium contains basically no gold-NP. A simple calculation
shows that, with the concentration of gold-NPs used here (1-4
x 10" NP/L), a 300-nm-thick layer contains 1-4 x 10~ gold-
NPs per um?, which is equivalent to about 1 gold-NP per EM grid
square.
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Figure 2. Morphology and size of EVs in activated platelet samples. All the images in Figures 2, 5 and 7 (except Figure 6B) were taken for double
labeling experiments with 4-nm Anx5-gold-NPs and 10-nm anti-CD41-gold-NPs. In all images from Figures 2, 5, 6 and 7, the white asterisks point to
areas of the carbon support film.(A—C) Typical images of isolated spherical EVs, of 90 nm, 300 nm and 750 nm diameter, respectively. The EV in (A)
is single labeled by Anx5-gold-NPs while the EVs in (B) and (C) are CD41+/PS+. In (A), the two lipid leaflets of the membrane are well resolved,
separated by about 4 nm (white arrow). In many EV images, e.g. (B-D), the large gold particles are localized at the vesicle periphery, while they are
expected to be distributed homogeneously over the vesicle surface. Our hypothesis is that, when the liquid film thickness becomes close to the vesicle
diameter, the elements close to the liquid—air interface are displaced laterally due to surface tension, relocalizing at vesicle surfaces in contact with the
liquid.(D) Typical image of an EV cluster, made of the tight association of three spherical EVs, which are CD41+/Anx5+. (E) Typical images of
tubular EVs observed after TRAP activation. These EVs are CD41+4/Anx5, like almost all tubular EVs. (top), tubular EV of about 5.5 um length; (inset:
for clarity, the tube is surrounded by a dashed white line). (bottom), portion of a tubular EV showing long and parallel fibers (white arrow). (F)
Fragment of a platelet, containing various types of membrane vesicles, including a mitochondrion (m) recognizable by its characteristic double
membrane (white arrow). (A, C, F) CRP-XL activation; (B) serum; (D, E) TRAP activation.

3- CD63-exposing EVs from activated platelets (Figure 6A, B). The majority of these CD63-positive EVs are also
labeled by Anx5-gold-NPs, and thus expose PS. The second popula-
tion of CD63-positive EVs consisted of small EVs, ranging in size
from 50 to 200 nm, which were covered with a high density of anti-
CD63-gold-NPs (Figure 6C-E). Some of these CD63-positive EVs
were PS-positive, and others were PS-negative. Although the number
of gold-NPs should not be taken in an absolute manner, a comparison
of the surface density of CD63 labeling between these two types of
EVs indicates that the labeling density of the small vesicles is signifi-
cantly higher — by about 50 times — than that of the larger EVs. These
small EVs, highly expressing CD63, correspond most likely to the so-
called exosomes originating from multi-vesicular bodies [1, 27].

In serum, nearly 90% of the EVs larger than 200 nm were CD63
+/PS+. As most EVs are also CD41+4/PS+ as indicated above, we
conclude that the vast majority of EVs in serum are CD41+/CD63
+/PS+ and originate therefore from the plasma membrane.

Next, we focused on the population of CD63-positive EVs. As
indicated above, our objective was to provide a quantitative ana-
lysis of the two main types of activated platelet EVs, namely EVs
shed from the platelet plasma membranes, characterized by their
PS exposure, and referred to as microparticles or microvesicles,
and EVs released from multi-vesicular bodies, characterized by
their small size and the exposure of CD63, and referred to as
exosomes [1]. Gold-NPs conjugated with anti-CD63-mAbs were
synthesized in order to identify CD63-positive EVs.

Surprisingly, we found that most EVs in activated platelet samples
were labeled with anti-CD63-gold-NPs. Two main types of CD63-
positive EVs can be distinguished, depending on their labeling density
and their size. The majority of them, ranging from 200 to 1 pm,
consisted of EVs weakly labeled by anti-CD63-gold-NPs
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Figure 3. Size distribution of EVs from acti- 25
vated platelets. Size histograms of EVs

observed after thrombin (green), TRAP (red)

and CRP-XL (blue) activation. 50

EV (%)

Discussion

This study provides a quantitative analysis of EVs released by
platelets upon activation, with a focus on their size distribution
and the presence on their surface of markers, namely PS, CD41
and CD63.

This study was carried out on PRP samples and not on washed
platelets for two main reasons. First, we made several prepara-
tions of washed platelets in the presence of apyrase and observed
a moderate yet systematic platelet activation, the number of
Anx5-positive EVs in washed platelets corresponding to about
4x the basal level measured with fresh PRP (data not shown).
Second, the number of EVs obtained after activation exceeds by
far the number of EVs in nonactivated PRP samples (Figure 1C).
Finally, complementary experiments of immuno-gold labeling
with anti-CD235a-mAb showed that EVs of erythrocyte origin
represented less than 1% of the total amount of EVs in activated
PRP (data not shown). Erythrocyte-derived EVs form, together
with platelet-derived EVs, the main EV population in PFP [14,
32], and this confirms that endogenous EVs constitute a negligi-
ble part of EVs in activated PRP.

As indicated above, this study was possible thanks to the high
signal-to-noise ratio and the all-or-none labeling situation
observed for PS, CD41 and CD63, demonstrating the power of
the immuno-cryo-EM approach.

Size distribution of EVs from activated platelets

A major result of this study concerns the size distribution of EVs
from activated platelets. For the three agonists used here, the
major EV population consists of isolated spherical EVs forming
a broad peak extending from 50 nm up to about 1 um, about 50%
of them ranging from 50 to 400 nm. To our knowledge, this is the
first study in which the size distribution of EVs is determined, at
the single EV level, over several thousand EVs. Although EVs are
commonly described as a heterogeneous population of particles
ranging from 50 nm to 1 um, this assertion has been poorly
substantiated at the experimental level until now. Historically,
platelet-derived EVs were described as platelet dust made up of
particles 20 to 50 nm in diameter [18], and later as particles with
an average diameter of 100 nm [24]. Our study demonstrates that
EVs of 100 nm or smaller represent only a minority (less than
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10%) of all EVs, and not a single vesicle smaller than 50 nm was
found to expose either PS or CD41. It is therefore logical to ask
the question of the nature of the particles described as platelet
dust by Wolf [18].

More recent data on EV size were obtained by EM [1, 33],
atomic force microscopy (AFM) [33, 34], dynamic light scatter-
ing (DLS) [33, 35] or nanoparticle tracking analysis (NTA) [36].
Using immuno-EM on negatively stained samples from purified
fractions of activated platelet EVs, Heijnen et al. [1] reported
results qualitatively close to those presented here, concluding
the presence of two types of EVs, namely PS-positive microve-
sicles ranging from 100 nm to 1 um, and CD63-positive exosomes
ranging from 40 to 100 nm. Using DLS, Lawrie et al. [35]
reported that fresh frozen plasma EVs ranged from 100 to 500
nm, which is also close to our results. On the other hand, several
studies have concluded that plasma samples contain a majority of
small EVs, of 40 nm [34] or 80 nm [36] peak values, which is
difficult to reconcile with the results presented here and stresses
the difficulty of measuring EVs and the limitations of the applied
methods.

Finally, some caution must be taken regarding the sizes deter-
mined from cryo-EM images, because EVs may suffer from some
flattening during the formation of a thin frozen film due to surface
tension effects. At maximal flattening, a spherical EV, of radius R
and area 4nR?, would transform into a circular pancake, of radius
R’ and area 2nR’?, so that the radius of the flattened pancake is
related to the radius of the original sphere by the relationship R =
R’ \/ 2 . Therefore, the actual size of EVs may be overestimated by
10 or 20%, at most 40%. If present, this effect is likely to affect
larger EVs more importantly than smaller ones.

About the mechanisms of EV formation

We found that about 40% of the EVs released by activated platelets
do not expose CD41 and that most of these EVs are larger than 100
nm, and therefore do not correspond to the so-called exosomes. This
result is contrary to the basic notion underlying the use of EVs as
biomarkers, according to which a vesicle originating from a cell
membrane bears the same membrane antigens as its parental cell.
We found also that a large amount of EVs do not expose PS, about
30% with TRAP and 20% for CRP-XL. The presence of these EVs
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Figure 4. Phenotype of EVs from activated pla-
telets. (A) The populations of isolated spherical
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indicates that, in addition to the two main mechanisms of EV
formation [6], other mechanisms must exist [37]. The small amount
of CD41+/PS- EVs may correspond to EVs shed from the plasma
membrane without redistribution of PS molecules, in a process
symmetrically converse to endocytosis. Among those, the long
pseudopods (Figure 2E) result most likely from a fragmentation of
the platelet plasma membrane, similar to the long tubes of erythro-
cyte origin observed in the PFP samples [14]. On the other hand,
CD41-/PS+ and CD41-/PS- may correspond to cytoplasmic vesi-
cles expelled from the cytoplasm, possibly at, or close to, a site
where an EV is shed. In this context, it is interesting to note that
EVs containing cytoplasmic organelles like mitochondria
(Figure 7A, B), o-granules (Figure 7C) or smaller EVs
(Figure 7D) are occasionally observed in activated platelet samples

EV size (nm)

[38]. This suggests that EVs shed from the plasma membrane may
take with them the elements contained in the cytoplasm volume
near the site of their formation, and are able to accommodate their
size to the size of the material to cargo. It is also possible that EVs
do not contain the entire protein diversity of their membrane com-
partment of origin. Lipids are known to diffuse faster than proteins
in the membrane plane, so that protein-poor or protein-free vesicles
may form during shedding. Mechanisms of active protein sorting
may also take place during EV formation. Further study will be
needed to elucidate the diversity of mechanisms leading to the
formation of EVs.

In this context, the tubular EVs deserve a further comment.
Tubular EVs present structural similarities — in diameter, length,
presence of bundles of long and parallel fibers — with the
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Figure 5. Activated platelet areas present higher surface density of CD41. (A) Low magnification view showing three platelets (labeled P) in a
thrombin-activated sample. The platelet on the left presents a long filopodia extension (labeled F), which is a characteristic morphological change of
activated platelets [40], while the two other platelets, on the bottom and top right, do not present morphological signs of activation. (B) High-
magnification view of the boxed area in (A). The density of anti-CD41-gold-NPs is significantly higher on the surface of the activated platelet (left) and
the filipodia (F) than on the nonactivated platelet (for clarity, several gold-NPs are marked with a red circle). Note the bundle of long fibers within the
filipodia extension.

Figure 6. Characterization of CD63-positive EVs from activated platelets. (A) Large spherical EV (550 nm diameter) double labeled with 4-nm Anx5-
gold-NPs and 10-nm anti-CD63-gold-NPs. Although the density of CD63 labeling is low, labeling is entirely specific as evidenced from the near-
complete absence of gold-NPs in the surrounding area. (B) Cluster of five CD63-positive EVs, of size ranging from 100 to 300 nm, linked via some
amorphous, non-vesicular material (black asterisk). This image is taken from a single labeling experiment with anti-CD63-gold-NPs. (C-E) Activated
platelet EVs of small size, densely labeled with anti-CD63-gold-NPs. (A, B, D, E) CRP-XL activation, (C) serum.
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Figure 7. Large EV fragments containing organelles and cytoplasmic vesicles in activated platelet samples. (A,B) Examples of EVs containing
mitochondria (M). Mitochondria are recognized by their size, around 300 nm, their high electron-scattering density, which renders them darker than the
surrounding vesicular medium, and the presence of a double membrane at their periphery (white arrow in (A)). The EV in (A) is only slightly larger
than the mitochondrion, while the EV in (B) is about twice larger. Some EVs are observed that contain several, up to three, mitochondria (data not
shown). In Figure B, adapted from [41], CD41-/PS- EVs (arrow) are located next to the CD41-/PS+ mitochondrion-containing EV. (C) CD41+/PS+
EV containing an a-granule (g). The a-granule is characterized by its dark contrast and the presence of a surrounding membrane envelope (white
arrow). (D) Large membrane fragment filled up with vesicles. The large membrane fragment is deformed suspended over the supporting carbon net,
presenting deformations at contact points with the carbon threads, as expected for a soft object. This CD41-/PS- fragment looks like a bag containing a
cargo of very small EVs, of diameter around 50 nm or even smaller. Note the unusual non-circular shape of some of these EVs. We hypothesize that the
bag-like EV and the small EVs correspond to a multi-vesicular body containing exosomes. (A) serum; (B, C) CRP-XL activation; (D) PRP sample

before activation.

filopodia extensions, which are characteristic of platelets after
activation [40]. It is therefore logical to propose that tubular
EVs derive from filopodia, which protrude from the platelet sur-
face and then are shed in the external medium. The fact that
tubular EVs do not expose PS implies that their formation
involves a process of plasma membrane shedding without lipid
scrambling.

About CD63-positive EVs

In agreement with Heijnen [1], we found that activated plate-
lets release small EVs expressing CD63, a classical marker of
exosomes [27, 28]. However, in addition to these small EVs
expressing CD63 at high density, we also found that the
majority of larger EVs, up to 1 pm size, expressed also
CD63, yet at a significantly lower density (Figure 6).
Although this result may seem unexpected, several recent
studies have shown that some classically used exosomal mar-
kers were also present in non-exosomal EVs [28, 39], stres-
sing the heterogeneity of EV preparations and the difficulty of
their purification. Heijnen et al. [1] reported that, in activated

platelet samples, a significant amount of CD63 was found in
10 000 g pellet, which indicates that they are associated with
large EVs and not exosomes. Therefore, the presence of large
EVs expressing CD63 is in keeping with these previous
reports.

On the other hand, our finding that the majority of CD63-
positive EVs in activated platelet samples are large EVs consti-
tutes a novel information, as no quantitative analysis of CD63-
positive EVs has been reported previously. Although the labeling
density of the large EVs is significantly lower than that of the
small EVs, this result draws attention on the potential pitfalls that
may arise from the use of CD63 to purify exosomes, e.g. by
immuno-purification.
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