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Summary. Background: Plasma and other body fluids con-
tain membranous extracellular vesicles (EVs), which are
considered to derive from activated or apoptotic cells.
EVs participate in physiological and pathological pro-
cesses and have potential applications in diagnostics or
therapeutics. Knowledge on EVs is, however, limited,
mainly due to their sub-micrometer size and to intrinsic
limitations in methods applied for their characterization.
Objectives: Our aim was to provide a comprehensive
description of EVs from plasma of healthy subjects.
Methods: Cryo-transmission electron microscopy com-
bined with receptor-specific gold labeling was used to
reveal the morphology, size and phenotype of EVs. An
original approach based on sedimentation on electron
microscopy grids was developed for enumerating EVs. A
correlation was performed between conventional flow
cytometry and electron microscopy results. Results: We
show that platelet-free plasma samples contain spherical
EVs, 30 nm to 1 um in diameter, tubular EVs, 1-5 um
long, and membrane fragments, 1-8 um large. We show
that only a minority of EVs expose the procoagulant lipid
phosphatidylserine, in contrast to the classical theory of
EV formation. In addition, the concentrations of the
main EV sub-populations are determined after sedimenta-
tion on EM grids. Finally, we show that conventional
flow cytometry, the main method of EV characterization,
detects only about 1% of them. Conclusion: This study
brings novel insights on EVs from normal plasma and
provides a reference for further studies of EVs in disease
situations.
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Introduction

Cells respond to a variety of stimuli by releasing mem-
brane vesicles, which are found in blood and other body
fluids [1-4]. Two main types of cell-derived vesicles are
commonly distinguished depending on their mechanism
of formation and their size, namely the microparticles
that originate from cell plasma membranes and range in
size from 100 nm to 1 pm, and the exosomes that origi-
nate from multivesicular endosomes and are smaller, from
50 to 100 nm [3.,4]. Here, the term extracellular vesicle
(EV) is used for designating all types of sub-cellular parti-
cles in plasma that are surrounded by a lipid membrane
bilayer [5].

Considered initially as cellular debris or waste particles
[6,7], there is now increasing evidence that EVs contribute
to many aspects of health and disease [8,9]. In blood,
EVs participate in physiological processes of coagulation
and inflammation via the presence at their surface of
phosphatidylserine (PS), tissue factor and other bioactive
molecules [10-12]. In addition, elevated levels of EVs of
vascular origin have been found in numerous pathological
disorders [13-15], including cardiovascular diseases, can-
cer, sepsis and autoimmune diseases [16—19]. Intense
research focuses on a better understanding of the mecha-
nisms of EV formation and on their physiopathological
roles, as well as on the development of biomedical appli-
cations as disease biomarkers, drug delivery vehicles or
vaccines [20-24].

Despite a wealth of methods applied for their charac-
terization [25-27], current knowledge on EVs is scarce, so
that basic questions concerning their morphology, size,
phenotype or concentration remain to be elucidated. This
lack of knowledge is mainly due to the sub-micrometer



size of EVs [28] and to intrinsic limitations in methods of
characterization [25].

The aim of this study was to provide a comprehensive
description of EVs from plasma of healthy subjects. We
used cryo-transmission electron microscopy (cryo-EM),
which preserves membranes in a close to native state [29],
to reveal the morphology and size of EVs, and cryo-EM
combined with receptor-specific gold labeling to pheno-
type selected EV sub-populations. This strategy was
applied to pure, unprocessed plasma, in order to minimize
artefactual EV formation [30,31]. In addition, a reliable
approach was developed for enumerating EVs after sedi-
mentation on EM grids. Finally, plasma samples were
analyzed by flow cytometry (FCM), the main method of
EV analysis [32,33], in order to determine which EVs
revealed by EM are detected by FCM.

Methods

Antibodies

Anti-CD235a (glycophorin-A) and CD41 (oyp, chain of
opPs integrin) monoclonal antibodies (mAb) were from
Beckman Coulter (Villepinte, France) and Abcam (Cam-
bridge, UK), respectively.

Preparation of plasma samples

Blood was collected after written informed consent from
five healthy male donors who had fasted for at least 12 h
[34]. Platelet-free plasma (PFP) was prepared within <1 h
after blood collection by two cycles of centrifugation at
2500 xg for 15 min [31], as described in Data SI.

Platelet free plasma labeling with protein-conjugated gold
nanoparticles

Annexin-5 gold nanoparticles (Anx5-gold-NPs) of either 4
or 10 nm diameter were produced as previously described
[35]. Anti-CD235a and anti-CD41 mAbs were conjugated
to 10-nm gold NPs as described in Data SI.

For Anx5 labeling, 7 pL. fresh PFP were mixed with
1 uL 100 pm PPACK, 1 pL Anx5-gold-NP at 1-3 x 10'¢
NP L' and 1 pL 100 mm CaCl,, incubated for 15 min
at ambient temperature, then processed for cryo-EM. The
same procedure was applied for anti-CD235a- and anti-
CD41-gold-NP labeling, except that PPACK and CaCl,
were omitted and the incubation time was 30 min. For
double labeling experiments, PFP samples were labeled
first with mAb-conjugated gold-NPs then with Anx5-
gold-NPs.

Cryo-EM and image recording

The preparation of cryo-EM samples was started <4 h
after PFP preparation. A 4-uL sample aliquot was depos-

ited onto an EM grid coated with a perforated carbon
film (Ted Pella, Redding, CA, USA), the excess liquid
was blotted off with a filter paper, and the grid was then
quickly plunged into liquid ethane using a Leica EM-
CPC cryo-chamber. EM grids were stored in cryo-boxes
under liquid nitrogen until use, then mounted in a Gatan
626 cryo-holder and transferred in a Tecnai F20 micro-
scope operated at 200 kV. Images were recorded with an
USC1000-SSCCD Gatan camera.

Values of EV size, relative amounts and concentrations
are expressed as mean + standard deviation (SD), when
relevant.

Sedimentation of PFP samples over EM grids

PFP samples were labeled with Anx5-, anti-CD235a- or
anti-CD41-gold-NPs, then diluted 25x with cacodylate
buffer and deposited into centrifuge tubes containing four
EM grids coated with a continuous carbon film fixed on
a resin support (Data S1; Fig. S1). Samples were centri-
fuged at 100 000 xg for 1 h at 20 °C, then the liquid
above EM grids was discarded, and EM grids were recov-
ered and air dried.

Flow cytometry

Labeling of PFP samples with Anx5-fluorescein (AnxS5-
Fluo) or/and anti-CD235a-Cy5 mAb, as well as negative
controls, is described in Data S1. FCM was performed on
a Cytomics FC500 (Beckman Coulter) running CXP soft-
ware version 2.2. The detection of EVs was triggered on
the forward scatter (FS) parameter, and only EVs labeled
with either Anx5-Fluo (FL1) or anti-CD235a-Cy5 (FL4)
were taken into consideration (Data S1). EV concentra-
tions, expressed as mean + SD, were calculated by taking
into account the flow rate, acquisition time and sample
dilution.

Results

Cryo-EM reveals the morphology and size of EVs in pure
plasma

Three types of EVs were distinguished on a morphologi-
cal basis in pure, unprocessed PFP samples by cryo-EM
(Fig. 1).

EVs presenting a circular shape in projection, hence a
spherical shape in solution and named hereafter spherical
EVs, constituted about half of the EVs (Fig. 1A,B). These
particles are named membrane vesicles because they are
limited by a lipid membrane, as evidenced by the presence
at their periphery of two dark lines about 4 nm apart,
which is a characteristic feature of lipid bilayers by cryo-
EM [36]. Spherical EVs ranged in diameter from 30 nm
to 1 um, about 80% of them being between 50 and
500 nm (Fig. 1C).



Fig. 1. Cryo-EM of EVs from pure plasma. (A, B) Spherical EVs embedded in a thin film of frozen PFP. EV diameters are 185 nm in (A) and
45 nm and 60 nm in (B). The lipid bilayer at the periphery of EVs is resolved in two dark lines 4 nm apart (arrow in A). The granular aspect
of the background is due to the high protein content of plasma. Scale bars: 100 nm. (C) Size histogram determined over 300 spherical EVs,
from 30 EM grids prepared from 15 different PFP samples. The 300 images were randomly separated into three sets of 100 images; a size histo-
gram was calculated for each set; error bars correspond to SD between the three histograms. A systematic procedure was applied for EM grid
analysis. Grids were scanned first at x300 magnification over several hundred squares for the detection of large EVs, then at x5000 magnifica-
tion for the detection of sub-um EVs. (D) Tubular EV of 3.7 pm length and 150 nm average width. For clarity, the carbon net has been
painted in light blue. The tube is suspended over the carbon net and is deformed at contact points (arrows). Scale bar: 0.5 um. (E, F) Two
examples of large fragments observed in normal PFP. (E) Elongated EV containing some internal vesicular material (arrow). Scale bar:

200 nm. (F) Large membrane fragment, of 6.5 x 7.5 um overall size, with rounded edges. For clarity, the EV has been contoured by a white
dashed line. Scale bar: 1 pm. White asterisks in A, B, D and E point to areas of the supporting carbon net.

EVs with a tubular morphology constituted also about
half of the EVs observed by cryo-EM (Fig. 1D). The
term tube is given to objects presenting a ratio between
length and width larger than 5. The length of tubular
EVs ranged from 600 nm to over 5 pm (2.2 + 1.3 um,
n = 100), while their width ranged from 40 to 500 nm.
Tubular vesicles appeared suspended over the supporting
carbon net, presenting deformations at contact points
with the carbon threads (arrows in Fig. 1D), as expected
for soft objects.

The third type of EVs consisted of objects ranging in size
from 1 to 8 pum, which were neither circular nor tubular,
and are called hereafter large fragments (Fig. 1E,F). They
represented about 10% of all EVs. About 30% of them
formed a group of objects with an almost circular shape
and an overall size of 6 to 8 pm (Fig. 1F).

The relative amount of spherical EVs, tubular EVs and
large fragments was 50 £ 25%, 50 + 25% and 10 £+ 5%,
as determined over 500 EV images recorded from 50 PFP
samples. Large variations in these values were observed
between EM grids, as discussed below.

Blood platelets were observed on extremely rare occa-
sions in PFP samples (Fig. S2). They presented homoge-
nously distributed organelles and no pseudopod
extension, which is characteristic of non-activated plate-
lets [37,38]. This indicates that the procedures applied
from blood collection to cryo-EM preparation do not
induce platelet activation, and therefore that the various
types of EVs observed in PFP do not originate from art-
efactually activated cells.

In addition, small particles of 10-50 nm size not sur-
rounded by a lipid bilayer were also observed in plasma
samples, which most likely consisted of protein or lipo-
protein complexes (data not shown).

Identification and characterization of PS-exposing EV's

Next, we focused on the sub-population of EVs that
expose the procoagulant phospholipid PS. PS-exposing
EVs are of particular interest because, according to the
classical theory of EV formation at cells’ plasma mem-
branes, the loss of phospholipid asymmetry with expo-
sure of PS molecules on the outer membrane leaflet is
an early step of cell activation processes that precedes

membrane blebbing and shedding of EVs [10,39,40].
Most studies on plasmatic EVs are in agreement with
this theory and consider implicitly that PS-exposing EVs
represent the majority, or even the totality, of EVs
[26,31,41-43].

In order to label PS-exposing EVs, gold-NPs were con-
jugated covalently with Anx5 [35], a high-affinity ligand
of PS-exposing membranes [44]. EV labeling with Anx5-
gold-NPs was highly specific (Fig. 2). About half of the
spherical EVs were densely covered with Anx5-gold-NPs,
while the other half were unlabeled (Fig. 2A-D). Most of
the tubular EVs were not labeled by Anx5. The finding
that only a minority of EVs are labeled by Anx5-gold-
NPs is in marked contrast to the classical theory of EV
formation. Finally, we found that all the large fragments
of 6-8 um size were labeled by Anx5-gold-NPs, with no
exception (Fig. 2F,G). These images demonstrate that
EVs covering the whole range of size and membrane cur-
vature can be labeled by Anx5, from small (< 100 nm)
and highly curved EVs (Fig. 2C) to large (> 6 pum),
almost flat, membrane fragments (Fig. 2G). No labeling
was observed in the absence of CaCl,, as expected from
the strict Ca®"-dependency of Anx5 binding to PS-expos-
ing membranes [45].

Extracellular vesicle phenotyping by immuno-gold labeling

Next, EVs derived from erythrocytes (Ery-EVs) and plate-
lets (PLT-EVs), the two largest blood cell populations,
were characterized by immuno-gold labeling, using gold-
NPs conjugated with mAbs raised against CD235a and
CD41, respectively.

About 20% of spherical EVs and 30% of tubular EVs
were labeled with anti- CD235a-gold-NPs (Fig. 3A,B;
Fig. 4). Strikingly, all the 6-8 um fragments were labeled
with anti-CD235a-gold-NPs  (Fig. 3C). When PFP
samples were labeled with both 4-nm Anx5-gold-NPs and
10-nm anti-CD235a-gold-NPs, all the 6-8-um membrane
fragments were double labeled, establishing that they are
of erythrocyte origin and expose PS (Fig. 3D). In view of
their phenotype and size, which is the size of intact ery-
throcytes, we concluded that the 6-8-um membrane frag-
ments were empty erythrocytes and call them Ery-ghosts
hereafter. Conversely, we found that (almost) none of the
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Fig. 2. Labeling of PS-exposing EVs with Anx5-gold-NPs. (A-D)
Examples of spherical EVs after labeling with Anx5-gold-NPs. Some
EVs are densely covered with gold-NPs (A, C, D) while other EVs
are not labeled (B, C, D), demonstrating the high specificity of Anx5
labeling. Gold-NPs of 4-nm diameter were used in (A) and (D) and
10-nm diameter in (B) and (C). In (B) the arrow points to a gold-NP
adsorbed on the carbon film. The concentration of gold-NPs used in
this study was adjusted to give a strong labeling signal together with
a minimal background signal, so that the number of gold-NPs
bound per EV does not correspond to saturation and should not be
taken into consideration. Scale bars: 100 nm. (E) Tubular EV of

3 pm length and 60 nm width, homogenously labeled with Anx5-
gold-NPs. Only a few tubular EVs, about 10% of the total, expose
PS and are labeled with Anx5-gold-NPs. Scale bar: 0.5 pm. (F, G)
Large membrane fragment (F) of 8.6 pm overall width, and (G)
enlarged view of the boxed area from (F). The entire surface of the
membrane fragment is homogenously labeled with Anx5-gold-NPs.
Scale bars: (F), 1 pm; (G), 0.5 pum. White asterisks in E and G point
to areas of the carbon net.

spherical or tubular Ery-EVs were labeled with Anx5-
gold-NPs, which indicates that they do not derive from
Ery-ghosts, and that they are not formed by the same
process as Ery-ghosts.

In view of the unexpected finding of the presence of
Ery-ghosts in PFP samples, we performed complementary
experiments with erythrocytes lyzed in vitro by osmotic
shock. These experiments demonstrated that erythrocyte
ghosts produced in vitro are identical in size and shape to
Ery-ghosts from PFP samples, and also that 100% of
them exposed PS, in accordance with Schrier et al. [46]
(Fig. S3). Complementary experiments by fluorescence
microscopy confirmed that the native size of in vitro lyzed
erythrocytes was about 7 pm (Fig. S4).

Labeling PFP samples with anti-CD41-gold-NPs
showed that about 30% of EVs were CD4l1-positive,
consisting of similar proportions of spherical EVs
(Fig. 3E), tubular EVs (Fig. 3F) and large fragments
(Fig. 4). When PFP samples were double labeled with
Anx5- and anti-CD41-gold-NPs, less than half of the
CD41-positive EVs were found to expose PS (Fig. 3G).
The CD4l-positive/PS-negative EVs, as well as the
CD235-positive/PS-negative EVs mentioned above, must
therefore originate from cell plasma membranes via a
mechanism in which the membrane lipid asymmetry is
maintained.

Attempts to identify EVs derived from leukocytes and
endothelial cells led to unsatisfactory results until now,
either due to their low level in normal plasma [47] or to
an inappropriate choice of antigens.

During this study, a group of tubular EVs was identi-
fied, and characterized by the absence of labeling with
Anx5-, anti-CD235a- or anti-CD41-gold-NPs, and also by
the presence of striations, corresponding probably to
internal protein fibers (Fig. 3H,I). These triple-negative
tubular EVs of yet unknown cell origin were as frequent
as tubular Ery-EVs, accounting for about 30% of all
tubes (Fig. 4).

Enumeration of EVs by sedimentation on EM grids

Next, we attempted to determine the absolute concentra-
tions of EVs in normal plasma. As indicated above, the
relative amounts of the three morphological types of EVs
observed by cryo-EM presented large variations between
samples, and also between EM grids from a given sample.
We hypothesized that these variations were due to a bias
in the way EVs are drained through the perforated car-
bon net covering cryo-EM grids. Our hypothesis was that
EVs larger than the carbon net openings, like tubular
EVs or large fragments, have a high probability of being
retained by the net, while spherical EVs, which are smal-
ler, are likely to pass freely through the net (Fig. S5).
Consequently, the enumeration of EVs by cryo-EM
would be affected by a systematic error, called ‘fish-net’
artifact hereafter, causing an over-estimation of the pro-
portion of large EVs.

To overcome this problem, we developed a simple
approach that consisted of sedimenting EVs by
high-speed centrifugation on EM grids covered with a



Fig. 3. Phenotyping of EVs by immuno-gold labeling. (A-D) Ery-EVs labeled with anti-CD235a-gold-NPs. (A) Ery-EV presenting an oval
shape (about 450 x 300 nm). Scale bar: 100 nm. (B) Tubular EV, 4 um long and 140 nm wide. Scale bar: 0.5 um. (C) (inset), low magnifica-
tion view of a large membrane fragment of 6 pm overall size, contoured with a white dashed line. The image represents an enlarged view of
the boxed area in the inset, showing the dense and homogenous labeling with anti-CD235a-gold-NPs. Scale bar: 200 nm. (D) (inset), low mag-
nification view of a large membrane fragment of 8.75 x 7 pum overall size, contoured with a white dashed line. The image represents an
enlarged view of the boxed area in the inset, showing the double labeling with 4-nm Anx5-gold-NPs and 10-nm anti-CD235a-gold-NPs. Note
the significantly higher number of Anx5-gold-NPs compared with anti-CD235a-gold-NPs, which indicates qualitatively that the number of PS
binding sites is higher than the number of CD235a molecules on the membrane surface. Scale bar: 100 nm. (E-G) PLT-EVs labeled with anti-
CD41-gold-NPs. (E) Two spherical EVs, one labeled with anti-CD41-gold-NPs (top), the other unlabeled (bottom), which underlines the high
specificity of labeling. Most spherical CD41-positive EVs range in size between 100 and 500 nm. Scale bar: 100 nm. (F) Tubular PLT-EV, of
2.6 um length and 360 nm width, labeled with anti-CD41-gold-NPs. Scale bar: 0.5 um. (G) Spherical PLT-EV of 150 nm diameter double-
labeled with 4-nm Anx5-gold-NPs and 10-nm anti-CD41-gold-NPs. The localization of the anti-CD41-gold-NPs at the periphery of the EV is
due to a redistribution of the particles resulting from membrane flattening. The white arrow points to a contaminating ice crystal. Scale bar:
100 nm. (H, I) Tubular EVs of unknown phenotype. Example of a tubular EV that is non labeled by Anx5-, anti-CD235a- and anti-CD41-
gold-NPs. For clarity, the tube has been contoured with a white dashed line in (H). (I) Enlarged view of the boxed area in (H) revealing longi-
tudinal striations, which are likely to correspond to internal protein fibers. Scale bars: 0.5 pm. White asterisks (B-F, H-I) point to areas of the
supporting carbon net.

continuous carbon film, and then quantifying EVs by EM
after air-drying (Fig. S1). The high salt and protein con-
tent of plasma make specimens prepared in this way
almost non-amenable to EM analysis. However, when
PFP samples were labeled with protein-conjugated gold-
NPs prior to sedimentation, EVs could be clearly

identified due to their homogenous and high-density deco-
ration with gold-NPs (Fig. 5A-E).

The validity of this approach was first evaluated with
suspensions of in vitro prepared erythrocyte ghosts of
known concentrations. We found that 75 + 15% (n = 3)
of the actual amount of erythrocyte ghosts was recovered
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Fig. 4. Relative amounts of the different EV sub-populations deter-
mined by cryo-EM. The percentages of PS-negative (plain color) and
PS-positive (dashed color) Ery-EVs (pink) and PLT-EVs (green) are
represented for the three morphological families. In addition, the
percentages of PS-negative and PS-positive EVs are represented for
the sub-population of striated tubular EVs (blue), considered here as
a ‘negative’ phenotype, because these EVs are CD235a negative and
CD41 negative. The morphological family of large fragments has
been divided into two groups, because the 6-8-um Ery-ghosts consti-
tute a group of unique origin.

on EM grids after sedimentation. This result was consid-
ered satisfactory, validating the sedimentation approach
for quantifying EVs, at least for large objects such as
erythrocyte ghosts. On the other hand, attempts to iden-
tify control particles for sub-uym EVs have as yet been
unsuccessful.

The procedure was then applied to PFP samples, start-
ing with the quantification of Ery-ghosts, which are easily
recognizable due to their characteristic shape and strong
labeling with Anx5-gold-NPs (Fig. SD,E). The absolute
concentration of Ery-ghosts was found to be
60 + 30 pL~! pure PFP. To quantify the other types of
EVs, a stringent method of counting was applied, in
which only the objects that presented a high and homoge-
nous gold-NP labeling with a well-defined near-to-circular
or tubular shape were taken into account. EVs were
found to range in size from 80 nm to 8 um (Fig. 5F).
About 95% of EVs were smaller than 1 pm, with a diam-
eter of 275 + 150 nm. Considering that a sphere flattens
into a disk upon sedimentation, the corresponding sphere
would have a diameter of about 200 nm. Table 1 gives

the concentrations determined for the various EV sub-
populations. Overall, the number of spherical EVs was
about 20 times larger than that of tubular EVs, and more
than 200 times larger than that of large fragments. This
validates the ‘fish-net’ artefact hypothesis presented
above. It is likely that the concentration of EVs smaller
than about 100 nm was under-estimated in this analysis,
due to their weaker labeling and possible shape altera-
tions induced by sedimentation and/or air-drying.

In addition, these experiments showed that the number
of residual platelets in PFP samples was < 1 platelet uL~'.

Correlation between FCM and EM

Finally, PFP samples were characterized by FCM, the
main method used in EV studies [32,33], in order to find
out which EV populations identified by EM were detected
by FCM. In these FCM experiments, the trigger was set
on the forward scatter (FS) parameter and the detection
was limited to fluorescently labeled EVs, following stan-
dard procedures [31] (Fig. 6, Fig. S6). The concentration
of Anx5-positive EVs was found to be 500 £ 190
(n = 18) uL~" pure PFP, consistent with previous reports
[30,31,42]. Consequently, when we compare this value
with the concentration of Anx5-positive EVs determined
by the sedimentation approach, about 30 000 uL~!, we
must conclude that conventional FCM detects about 1%
of the EVs.

Guided by our EM results, we attempted to identify
the Ery-ghosts by FCM, assuming that they would form
a distinct population due to their large size. A cluster of
highly fluorescent EVs was indeed identified in single
labeling experiments with either Anx5-Fluo (Fig. 6A,B)
or anti-CD235a-Cy5 (Fig. 6C,D), as well as in double
labeling experiments (Fig. 6E,F). This cluster of events
must therefore correspond to Ery-ghosts. We must stress
that the presence of a well-identified cluster of Ery-ghosts
was observed by FCM with each PFP sample investigated
during this study. With the pre-analytical conditions used
here, the concentration of Ery-ghosts in PFP was
145 + 80 EVs uL~' (n = 18). This value is close to the
concentration determined by the sedimentation approach,
about 60 Ery-ghosts pL~', providing further evidence of
the reliability of the sedimentation approach.

A striking result of this study was that 6-8 pum
Ery-ghosts present light scattering properties similar to
500-nm polystyrene beads with our flow cytometer

Fig. 5. EVs sedimented on EM grids after receptor-specific gold labeling. (A, B) Spherical EVs labeled with Anx5-gold-NPs. These EVs are
called spherical by extension of our cryo-EM observations, even though their shape may be distorted due to sedimentation and/or air-drying.
Scale bars: (A) 200 nm; (B) 500 nm. (C) Tubular EV labeled with anti-CD235a-gold-NPs. The tube appears dark, most likely due to the pres-
ence of hemoglobin. Scale bar: 1 pm. (D, E) Ery-ghost, 7 um in overall size, labeled with Anx5-gold-NPs. In (D) the Ery-ghost has been con-
toured with a white dashed line. (E) Enlarged view of the red boxed area in (D). Ery-ghosts are the easiest EVs to recognize after
sedimentation on EM grids due to their characteristic size and their high density labeling with either Anx5- or anti-CD235a-gold-NPs. Scale
bar: 1 um. (F) Size histogram of all EVs, determined over 500 images of EVs recorded on three EM grids. Error bars correspond to SD

between the three individual datasets.
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Table 1 Concentrations of EVs in PFP determined by sedimentation
on EM grids

Large fragments

Tubular Ery-ghosts
Spherical EVs*  EVs 1-6 pm 68 pm
PS-positive 28 000 + 7000 220 + 100  ND 60 + 30
EVs
Ery-EVs 2600 + 600 1800 + 800 ND 60 + 30
PLT-EVs 11 500 £+ 5500 220 £ 100 ND 0
All EVs > 95% < 5% < 0.5%

PS-positive EVs, Ery-EVs and PLT-EVs were identified by labeling
with Anx5-, anti-CD235a- and anti-CD41-gold-NPs, respectively.
The PS-positive spherical EVs*, tubular Ery-EVs and Ery-ghosts are
the most easily recognizable EVs. They are marked in bold here to
indicate that their corresponding concentrations are more reliable.
To calculate EV concentrations, the numbers of EVs were counted
over at least 100 EM grid squares for Ery-ghosts and at least five
grid squares for spherical and tubular EVs. The numbers of EVs per
grid square (of 2750 um2 area) were converted into the total number
of EVs sedimented on the entire surface of the epoxy resin support,
namely 113 mm2, and then divided by the volume of pure PFP used
in the sedimentation experiment, namely 150 pL, in order to obtain
EV concentrations pL—1 pure PFP.

*EVs smaller than | um are called spherical EVs although their
shape after sedimentation may be slightly distorted.

ND, not determined.

(Fig. 6, B, D and F). In view of this unexpected result,
hitherto unreported, complementary FCM experiments
were performed with erythrocyte ghosts produced in vitro.
These experiments confirmed that erythrocyte ghosts
formed a cluster of events scattering light similarly to
500-nm polystyrene beads (Fig. S6G).

Discussion

This study provides novel insights on the morphology,
size, phenotype and concentration of EVs from plasma of
healthy donors.

We show that plasma contains spherical EVs, of about
200-nm diameter, tubular EVs, with a mean length close
to 2 um, and large fragments, 1-8 um in size. This
description is significantly different from the common
view that EVs are spherical vesicles ranging in size from
50 to 500 nm, which is mainly based on EM [26,28],

atomic force microscopy (AFM) [26,48,49] and nanoparti-
cle tracking analysis (NTA) [50]. Although tubes and
large fragments represent only about 5% and 0.5% of
EVs, respectively, their total membrane surfaces are of
the same order of magnitude as that of spherical EVs,
which may be important for functions exerted via sur-
face-exposed receptors.

Our finding that a majority of EVs are not labeled by
Anx35 is in contrast to classical models of EV formation
[10,43,51] and most studies on EVs which consider that
the majority, or even the totality, of plasmatic EVs con-
sist of PS-exposing EVs [26,31,41-43]. Although several
FCM studies [30,52-55] have reported the presence of
Anx5-negative EVs, the fact that FCM detects only a
minority of EVs does not allow a direct comparison with
our results. Concerning the origin of the Anx5-negative
EVs, we considered two main hypotheses: (i) these EVs
do not expose PS, (ii) these EVs expose PS but either
Anx5 binding is prevented by the prior binding of other
PS-binding proteins, or the level of PS is insufficient for
Anx5 binding [56]. This second hypothesis is considered
unlikely, principally because the proportion of Anx5-posi-
tive EVs was observed to increase when PFP samples
were kept at 4 °C for several days or were centrifuged
and resuspended, which suggests a transfer of PS mole-
cules from the inner to the outer membrane leaflet of pre-
viously Anx5-negative EVs [57]. PS-negative EVs must
therefore form via a mechanism that maintains the
plasma membrane phospholipid asymmetry. We propose
that tubular EVs, which are PS-negative for most of
them, form by direct fragmentation of vascular cells, in a
process analogous to the formation of platelets from
megakaryocytes [58]. By extension, PS-negative spherical
EVs may also form by cell fragmentation, or by scission
of PS-negative tubes, as suggested by the observed ten-
dency of tubes to fragment into vesicles (Fig. 7). Reinin-
ger et al. [59] have shown that tubular membrane tethers
several tens of pm long form when platelets interact,
under high shear conditions with von Willebrand factor-
coated surfaces, and that increasing shear stress led to the
formation of EVs. In the case of synthetic lipid tubes, it
is well established that tubes submitted to various physi-
cal constraints transform into vesicles, a phenomenon
known as pearling instability [60].

Fig. 6. Flow cytometry analysis of a PFP sample. (A, C, E) Ungated Anx5-Fluo (FL1) vs. anti-CD235a-Cy5 (FL4) plots. (B, D, F) Forward
scatter (FS) vs. side scatter (SS) plots corresponding to A, C and E, representing events falling in gates Al (blue), A2 (green), A4-B (red) and
B (purple). The positions of 500-nm and 1-um microbeads are indicated. (A, B) Single labeling experiment with Anx5-Fluo. All events labeled
with Anx5 present FS values lower than 1-um microbeads, as expected for PFP EVs (B). A cluster of highly fluorescent events, located in gate
B (purple), is apparent in FL1 vs. FL4 plots (A). These events have FS/SS values close to those of 500-nm microbeads. (C, D) Single labeling
experiment with anti-CD235a-CyS5. Events labeled with anti-CD235a-CyS5 appear as a single cluster in gate Al (blue) (C). They present FS/SS
values close to those of 500-nm microbeads (D). (E, F) Double labeling experiment with Anx5-Fluo and anti-CD235a-CyS5. A cluster of events
labeled with both Anx5-Fluo and anti-CD235a-CyS5 is observed in gate A2 (green). This cluster contains most of the events previously located
in gates B and Al in single labeling experiments with Anx5-Fluo and anti-CD235a-CyS5, respectively (E). Events positive only for Anx5 are still
observed in gate A4-B (red). The double labeled events present FS/SS values close to those of 500-nm microbeads (F). These results indicate
that most of the events presenting a high Anx5 labeling intensity are of erythrocyte origin and therefore correspond to the Ery-ghosts identified

by EM.
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Cryo-EM and immuno-gold labeling allowed a detailed
characterization of the sub-populations of Ery-EVs and
PLT-EVs, showing that they account for more than 50%
of all EVs. As reported by Heijnen et al. [28], activated
platelets produce not only EVs that originate from the
plasma membrane and are CD41-positive, but also exo-
somes originating from multi-vesicular endosomes, which
are CD4l1-negative. Consequently, the identification of
the entire population of PLT-EVs will require the use of
additional markers. Further work will also be needed to
characterize the sub-populations of EVs deriving from
leukocytes and endothelial cells, as well as to identify the
cell origin of the striated tubular EVs (Fig. 3H-I).

The unanticipated presence of Ery-ghosts in PFP sam-
ples deserves some comments. Although Ery-ghosts have
not been identified until now in PFP samples, it is most
likely that they account for part of Ery-EVs reported in
previous FCM studies. An obvious question is whether
Ery-ghosts are present in blood or are created during or
after blood collection. Interestingly, the number of
Ery-ghosts found in PFP is close to the number of ery-
throcytes that are eliminated from the circulation in sev-
eral minutes [61]. Ery-ghosts may therefore correspond to

the end stage of red blood cells’ life. The question of the
genuine existence vs. the artefactual creation of Ery-
ghosts is of importance because the presence of PS mole-
cules at their surface may confer on them a role in vivo in
blood coagulation homeostasis [62] or in vitro in the
properties of blood bank products [63].

By correlating EM and FCM, we found that conven-
tional FCM detects only about 1% of EVs. In addition, we
show that 6-8-um fragments have light scattering proper-
ties comparable to 500-nm polystyrene beads. This result
adds some objective information to a series of recent dis-
cussions questioning the use of polymer beads for size
calibration of biological objects [25,64,65]. Although Ery-
ghosts have the same size as intact erythrocytes, their FS/
SS values are considerably different (Fig. SOG—H). This is
certainly due to differences in refractive indices between
hemoglobin-full and hemoglobin-empty erythrocytes.

The relative amounts of spherical EVs, tubular EVs
and large fragments determined by the sedimentation
approach are about 95%, 5% and 0.5%. We consider
that the absolute concentrations of tubular EVs and large
fragments are reliable because these objects are easily rec-
ognizable. On the other hand, it is likely that the concen-
trations of spherical EVs of small size, smaller than about
100 nm, is under-estimated, due to their weaker labeling
and possible shape distortion. We estimate therefore that
the relative amounts of the three morphological types of
EVs are: > 95% spherical EVs, < 5% tubular EVs and
< 0.5% large fragments (Table 1). At this stage of the
analysis, a conservative statement is that one microliter of
pure plasma contains at least 50 000 spherical EVs and
2000 tubular EVs. How do these values compare to pub-
lished work? There is little agreement in the literature
concerning the concentration of EVs in plasma, with val-
ues ranging from 200 to 10° EVs uL™' [50,66]. Low EV
concentrations have been consistently obtained by

Fig. 7. Fragmentation of tubular EVs into spherical EVs. (A) Tubu-
lar EV of 1.45 pm length and 140 nm width. The upper left extrem-
ity of the tube is fragmented into three spherical EVs of about

140 nm diameter. The spherical EV closest to the tube extremity is
still associated with the tubular part by a thin connecting material
(arrow). Note that the diameter of the spherical EVs is close to the
diameter of the tubular portion. We speculate that fragmentation
resulted from mechanical constraints associated with shear effects
during thin film formation. This image was recorded from a PFP
sample labeled with Anx5-, anti-CD235a- and anti-CD41-gold-NPs.
The lack of labeling with Anx5-gold-NPs indicates that the tube
fragmentation into vesicles was not accompanied by the exposure of
PS molecules. (B) Tubular Ery-EV, 2.2 um long, labeled with anti-
CD235a-gold-NPs, which has fragmented into an ensemble of spheri-
cal EVs of 220 nm average diameter. It is likely that fragmentation
was induced by mechanical constraints associated with deposition of
the tube on the underlying carbon net; the tube areas in direct con-
tact with the carbon film are stretched into thin tubules (arrows),
which may break below a size limit and give rise to spherical vesicles.
White asterisks in A and B point to areas of the carbon net. Scale
bars: 200 nm.



conventional FCM, which is in agreement with our find-
ing that FCM detects only a minority of EVs. On the
other hand, EV concentrations up to 10° EVs uL~' PFP
have been reported by NTA [50,67], hence several orders
of magnitude larger than our EM results. It is likely that
non-vesicular particles like lipoproteins or macromolecu-
lar complexes contribute to these large values, as shown
by Dragovic et al. [50].

Important progress has been made recently in the EV
field with the development of standardized protocols of
sample preparation and of EV measurement conditions in
FCM [30,33,64,68]. Further progress is expected from the
development of flow cytometers with improved detection
capabilities [47,64,69], or the application of novel detec-
tion strategies, such as the triggering of small particles by
fluorescence in FCM [69,70]. These developments,
together with improved methods of EV purification
[69,71,72], sorting [73] and proteo/genomic analysis
[72,74], should lead to a better knowledge and under-
standing of EVs’ origin, composition and properties. This
is critical for evaluating objectively the roles of EVs in
health and disease, as well as their potential biomedical
applications.

In conclusion, this work improves our basic knowledge
on EVs from normal plasma. We believe it constitutes a
reference for further studies of EVs in pathological
situations.
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