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A simple flow cytometry method improves the detection of
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Summary. Background: Plasma  contains  cell-derived
extracellular vesicles (EVs), which participate in physio-
pathological processes and have potential applications as
disease biomarker. However, the enumeration of EVs
faces major problems, due to their sub-micrometer size
and to intrinsic limitations in methods of characteriza-
tion, mainly flow cytometry (FCM). Objectives: Our
objective is to enumerate EVs in plasma, by taking as the
prototype the population of phosphatidylserine (PS)-
exposing EVs, which constitute one of the major EV pop-
ulations and are responsible for thrombotic disorders.
Methods: The concentration of PS-exposing EVs in plate-
let-free plasma (PFP) of healthy subjects was measured
by FCM using either light scattering or fluorescence as
the trigger and fluorescent Annexin-5 (Anx5) as the spe-
cific label. In addition, PS-exposing EVs were enumerated
by electron microscopy (EM) after labeling with Anx5
gold nanoparticles and sedimentation on EM grids.
Results: We show that about 50x more Anx5-positive
EVs are detected by FCM when detection is triggered on
fluorescence as compared with light scattering. By fluores-
cence triggering, concentrations of 22 000-30 000 Anx5-
positive EVs per pL PFP were determined, using two
different flow cytometers. The limit of detection of the
fluorescence triggering method was estimated at about
1000-2500 Anx5 molecules. Results from EM suggest that
EVs down to 100-150 nm diameter are detected by fluo-
rescence triggering. Conclusion: This study presents a
simple method for enumerating EVs. We believe that this
method is applicable in a general context and will
improve our understanding of the roles of EVs in patho-
physiological situations, which will open avenues for the
development of EV-based diagnosis assays.
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Introduction

Blood and other body fluids contain cell-derived extracellu-
lar vesicles (EVs) that consist of small pieces of cytoplasm
surrounded by a lipid membrane. EVs are commonly clas-
sified according to their formation mechanism and their
size [1,2]. EVs called microparticles or microvesicles are
sub-micrometer vesicles that are shed from the cell plasma
membrane, while exosomes are 50—100-nm vesicles that are
secreted by cells via exocytosis of multivesicular bodies. In
this paper, the term EV will be used to designate all types
of cell-derived vesicles that are found in plasma [3,4].

Considered initially as cellular debris or waste particles
[5,6], there is now increasing evidence that EVs are involved
in numerous functions [7,8]. In blood, EVs participate in
physiological processes of coagulation, inflammation or
intercellular communication, while elevated EV levels have
been reported in numerous diseases [9—11], including cardio-
vascular diseases, cancer, sepsis and autoimmune diseases
[12-15]. EVs exposing the procoagulant lipid phosphatidyl-
serine (PS) have attracted major interest for several reasons.
According to the classical theory of EV formation at cells’
plasma membranes, the exposure of PS molecules on the
outer membrane leaflet constitutes an early step of cell acti-
vation processes, which precedes membrane blebbing and
EV shedding [16-18]. Most studies on plasmatic EVs are in
keeping with this theory and consider that PS-exposing EVs
represent the majority, or even the totality of EVs [19-23].
In addition, PS and tissue factor-exposing EVs have been
implicated in thrombotic events associated with various
pathologies [11,24,25]. Furthermore, the physiological
importance of PS-exposing EVs in hemostasis is underlined
by the fact that two bleeding disorders, Scott syndrome and
Castaman’s defect [26,27], are characterized by an impair-
ment in generating PS-exposing EVs.

However, despite intense research, current knowledge on
EVs is still limited. This is mainly due to the small size of
EVs, most of them being smaller than 500 nm [20,21,28],
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and to intrinsic limitations of methods applied for their
characterization. Over the last two decades, flow cytometry
(FCM) has been the main method used for characterizing
EVs [1,2,29]. In the classical FCM approach, referred to
hereafter as conventional FCM, objects are detected in a
two-step process, first on the basis of their light scattering
intensity, which must exceed a threshold value, and second
on the basis of their specific labeling with fluorescent
ligands. This approach has established the existence of EVs
from different cellular origins in various body fluids
[1,2,4,30-32]. However, major issues have emerged con-
cerning the actual size and amount of EVs detected by
FCM. In particular, it is now well established that polymer
particles initially used as size calibrators do not constitute
proper references for sizing EVs, due to their different light
scattering properties [33,34]. Recent theoretical studies
have reported that 500-nm polymer particles scatter light
similarly to 800-nm EVs on a standard flow cytometer [35].
Also, we have recently shown experimentally that only one
to a few % of the PS-exposing EVs observed by quantita-
tive electron microscopy (EM) were detected by conven-
tional FCM [28].

Other methods have been applied to the detection and
quantification of EVs, including EM, atomic force micros-
copy (AFM), dynamic light scattering (DLS), nanoparticle
tracking analysis (NTA) or resistive pulse sensing (RPS).
These methods present specific advantages, as recently
reviewed in [36]. However, FCM remains the method of
choice for phenotyping large numbers of samples, as
required in a biomedical context. It is worth noting that the
detection of small objects is not a new issue in FCM. More
than 30 years ago, dedicated flow cytometers were devel-
oped that were able to detect 100-nm viruses based on their
light scattering properties [37,38]. More recently, Marie
et al. [39,40] pioneered an alternative strategy that con-
sisted of triggering detection of viruses on a fluorescence
parameter instead of a light scattering parameter. In the
EV field, this approach has been rarely applied [12,41], yet
its power was recently illustrated with the detection of cell
culture EVs using a high-end flow cytometer and an origi-
nal labeling strategy in which a lipophilic fluorophore was
incorporated into EV membranes [42].

Here, we present a simple method for detecting PS-
exposing EVs from plasma samples by fluorescence (FL)
triggering. In addition, we compare results obtained by
this method and by a quantitative EM approach recently
introduced for enumerating EVs [28].

Methods

Materials

Phe-Pro-Arg chloromethyl ketone (PPACK) was from
Haematologic  Technologies (Cryopep, Montpellier,
France). Fluorescein-5-maleimide (Fluo-Mal) and cyanine-
5-maleimide (Cy5-Mal) were from Invitrogen (Saint

Aubin, France) and GE Healthcare (Velizy-Villacoublay,
France), respectively. Size calibration fluorescent particles
Estapor® F-XC100 (1-pm) and F-XCO050 (500-nm) were
from Merck Chemicals (Fontenay-sous-Bois, France). Flu-
orescence calibration particles Quantum™ fluorescein iso-
thiocyanate (FITC)-5 molecule equivalent soluble
fluorophore (MESF) were from Bangs Laboratories (Poly-
sciences, Eppelheim, Germany). Sphero™ 1-um Ultra
Rainbow, 240-nm yellow fluorescent particles (YFP 240)
and 2-um AccuCount particles were from Spherotech (In-
terchim, Montlucon, France).

All other chemicals were of ultrapure grade (Sigma-
Aldrich, Lyon, France). Ultrapure water with a resistivity
of 18.2 MQ.cm was produced by a RiOs5-Synergy system
(Millipore, Molsheim, France).

Preparation of plasma samples

Blood was collected after written informed consent from
five healthy male donors who had fasted for at least 12 h
[43]. Blood was drawn from an antecubital vein using a
21-Gauge needle. A light tourniquet was applied during
collection of the first tube, which was discarded, then the
tourniquet was released and blood was collected in 4.5 mL
BD Vacutainer® tubes containing 0.1 volume of 105 mm
sodium citrate. The preparation of platelet-free plasma
(PFP) was started less than 1 hour after blood collection
and consisted of two cycles of centrifugation at 2500 x g
for 15 min at 25 °C in an Eppendorf 5804 R centrifuge
equipped with an A-4-44 swinging bucket rotor [23].

Production of fluorescently labeled Annexin-5 (Anx5-F*)

An Annexin-5 (Anx5) mutant containing a single cystein
residue was produced and conjugated with Fluo-Mal or
Cy5-Mal, as previously described [44].

Flow cytometry

PFP samples were diluted 10x in a buffer made of
150 mm NaCl, 2 mm NaNj, 10 uym PPACK, 10 mm HE-
PES, pH 7.4 (HBS buffer), then Anx5-F* was added at
2.8 nMm final concentration, unless otherwise stated. Recal-
cification was achieved by adding 10 mm CaCl, FCM
was performed after at least 30-min incubation at ambient
temperature. As negative controls, PFP samples were pre-
pared as above in the absence of Ca’".

The majority of FCM experiments were performed with
a Beckman Coulter FC 500 (Villepinte, France) equipped
with an additional solid phase 635 nm laser and running
CXP Acquisition 2.2. A few experiments were performed
with a Beckman Coulter Gallios in a 3 laser/10 color con-
figuration and running Gallios cytometer 1.2.

A detailed description of the FCM operating condi-
tions, data acquisition and analysis protocol is provided
in Supplementary Methods.
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Quantification of Anx5-positive-EVs by EM

Anx5-positive EVs were enumerated by EM after sedimen-
tation on EM grids as previously described [28]. Briefly,
PFP samples were labeled with Anx5-conjugated gold
nanoparticles (Anx5-gold-NPs) [45] as follows: 100 uL
PFP were mixed with 1 uL 1 mm PPACK, 1 pL Anx5-
gold-NPs at 1-3 x 10'"® NP/L, supplemented with 10 mwm
Ca’", and incubated for 30 min at ambient temperature.
Samples were then diluted 30x with 100 mm cacodylate
buffer, pH 7.4, containing 2 mm Ca’", and deposited into
4.5 mL polyallomer centrifuge tubes containing at the bot-
tom a 12-mm diameter hemispherical epoxy resin support
onto which four EM grids coated with a continuous carbon
film had been fixed (Fig. S1). Samples were centrifuged in
an Optima™ MAX-E Ultracentrifuge equipped with a
MLS50 rotor at 100 000 x g for 1 h at 20 °C, after which
the liquid above EM grids was discarded, and EM grids
were recovered and air dried.

Grids were observed with a CM120 microscope (FEI,
France) operated at 120 kV. Images were recorded with a
USC1000-SSCCD  camera (Gatan, Warrandale, PA,
USA).

A stringent method was applied for counting Anx5-
positive EVs, in which only objects that presented a high
and homogenous gold-NP labeling with a well-defined
shape were taken into account.
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Results

Detection of Anx5-positive EVs in PFP samples by FS
triggering

PS-exposing EVs were identified via specific labeling with
fluorescent Anx5, a protein binding with high affinity to
PS-exposing membranes in the presence of Ca®" [46-48].

PFP samples were first analyzed by a conventional FCM
approach, in which the trigger was set on the forward scat-
ter (FS) parameter and the detection was limited to events
labeled by Anx5-F* (Fig. 1A,B). The concentration of
Anx5S-positive EVs detected by this approach was
457 + 178 (n = 10) per uL pure PFP. This value is consis-
tent with previous reports on EVs from normal PFP
[20,23,28,30]. Displayed on a FS vs. side scatter (SS) color
dot plot, most of the Anx5-positive EVs are superposed
with the background from the buffer (Fig. 1A,B). On an
FL1 vs. SS plot, two populations of Anx5-positive EVs can
be distinguished. About 30% of them (134 £+ 91 per pL)
form a distinct cluster of high fluorescence intensity events
(colored blue in Fig. 1B). As previously reported [28], these
objects, which are characterized by a high fluorescence
intensity and scattering properties similar to 500-nm poly-
mer particles (Fig. 1B left), correspond to empty erythro-
cytes and are called hereafter erythrocyte ghosts. The rest of
the Anx5-positive EVs are colored red in Fig. 1B.
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Fig. 1. Flow cytometry (FCM) analysis of a platelet-free plasma (PFP) sample by FS triggering (A,B) and FL triggering (C,D), in the absence
of Ca®>" (A, C) and in the presence of Ca>" (B, D). (A-D). Each of the four panels presents on the left an FS vs. SS color dot plot and on the
right an FL1 vs. SS color dot plot. Thresholds are represented by a solid blue line, while fluorescence positivity gates are represented by a
dashed blue line. The positions of 500-nm and 1-pum polystyrene particles are indicated in each FS vs. SS plot (Fig. S2). (A,B) FS triggering
analysis. The acquisition time was 10 min. Events labeled with Anx5-Fluo are separated into two groups: events of high fluorescence intensity
forming a well-defined cluster are colored blue, and all the other Anx5-positive events are colored red. (C,D) FL triggering analysis. The acqui-
sition time was 1 min, which explains why the cluster of erythrocyte ghosts (colored blue) contains less events than in (B).
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Detection of Anx5-positive EVs by FL triggering

Figure 1(C,D) presents the results obtained when the
same PFP sample was analyzed with the trigger set on
the FL1 parameter, in the absence of Ca’" (Fig. 1C) and
in the presence of Ca’>" (Fig. 1D). After recalcification, a
large number of Anx5-positive EVs were detected, namely
22 326 + 206/uL PFP for this sample. Most of these
Anx5-positive EVs formed a compact cluster, with a mini-
mal fluorescence intensity of 2 arbitrary units (colored red
in Fig. 1D). The erythrocyte ghosts, identified by their
high fluorescence intensity, formed a minor group of
objects (colored blue in Fig. 1D). Their number, namely
249 + 208 (n = 10) per uL. PFP, was larger than the num-
ber measured by FS triggering, which is likely to be due
to the weak scattering intensity of some of them.

Using this approach, referred to hereafter as FL trig-
gering, we determined an average concentration of
22 245 + 3664 (n = 10) Anx5-positive EVs per uL. PFP.
Similar values were obtained with either Anx5-Fluo or
Anx5-Cy5 (Table S1), hence Anx5-Fluo and Anx5-CyS5
were used interchangeably in the rest of this study. It is
important to note that the numbers of Anx5-positive EVs
measured by FL triggering are highly reproducible, with
less than 5% difference between replicates.

By comparing the concentrations of Anx5-positive EVs
detected by FL and FS triggering in 10 PFP samples, we
conclude that the FL triggering approach enables us to
detect 55 + 24 (n = 10) more EVs than the conventional
FS triggering approach.

The values reported above were obtained from 10 PFP
samples that were selected because they were prepared
and analyzed in the same experimental conditions. During
this study, 30 additional PFPs from healthy subjects were
also analyzed, although with slightly different conditions
of preparation or FCM analysis. The concentrations of
Anx5-positive EVs detected by FL and FS triggering were
determined for these 30 PFPs, indicating that FL trigger-
ing detects 51 + 24 x more EVs than FS triggering.

Chelation of Ca”?" with EDTA resulted in a near total
disappearance of the Anx5-positive EVs, as expected from
the Ca’"-dependency of Anx5 binding to PS-exposing
membranes (Fig. S3C) [47]. Similarly, a near total rever-
sion of the signal was observed after addition of 0.5%
Triton X-100 (Fig. S3D), confirming the lipidic nature of
EVs. In addition, we found that after sedimentation of
PFP samples at 20 000 x g, most of the Anx5-positive
EVs disappeared from the supernatants (Fig. S3E) and
were recovered in the resuspended pellets (Fig. S3F). This
ensemble of data allows us to conclude that the Anx5-
positive objects detected by FL triggering are genuine
Anx5-positive EVs.

The Ca®" concentration of 10 mm used for recalcifying
PFP samples was selected because it corresponds to the
plateau value of Ca’" concentration curves (Fig. S4).
Furthermore, we verified with synthetic large unilamellar
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Fig. 2. Influence of Anx5-F* concentration on the concentrations of
Anx5-positive extracellular vesicles (EVs) detected by FS and fluores-
cence (FL) triggering. Curves representing the concentrations of
Anx5-positive EVs (expressed per pL of pure platelet-free plasma)
detected by FS (dashed lines) and FL triggering (plain lines) at vari-
ous Anx5-F* concentrations, for two platelet-free plasma (PFP) sam-
ples (represented by squares and circles, respectively). The
concentrations of Anx5-F* range from 0 to 2.8 nM. Each point rep-
resents the mean £+ SD of two independent aliquots measured in
duplicate.

vesicles (LUVs) that, in the conditions used here, Anx5
binding is specific to PS-exposing membranes, with no
detectable binding to phosphatidylethanolamine-exposing
liposomes (Fig. S95).

Influence of Anx5-F* concentration on the detection of
Anx5-positive EVs

Next, we investigated the influence of Anx5-F* concentra-
tion on the detection of Anx5-positive EVs. For both FS
and FL triggering, the number of Anx5-positive EVs
detected was found to increase with increasing Anx5-F*
concentration, until a plateau value was reached (Fig. 2).
In the conditions used here, namely 10 x-diluted PFP,
the plateau was reached at 0.8 nm Anx5-F*. Most experi-
ments reported in this paper were performed with 2.8 nm
Anx5-F*, therefore in saturating conditions.

For the two PFP samples analyzed in Fig. 2, the concen-
trations of Anx5-positive EVs detected by FL triggering
were, respectively, 58 (circles) and 75 (squares) x larger
than the concentrations detected by FS triggering.

Influence of PFP dilution on the detection of Anx5-positive
EVs

In order to evaluate the possible occurrence of coinci-
dence effects on the detection of AnxS-positive EVs
[36,49], we determined the concentration of AnxS-positive
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Fig. 3. Influence of platelet-free plasma (PFP) dilution on the detec-
tion of Anx5-positive extracellular vesicles (EVs). Curves represent-
ing the concentrations of Anx5-positive EVs in diluted PFP samples
detected either by FS (dashed lines) or fluorescence (FL) triggering
(plain lines) vs. the reciprocal dilution factor, for two PFP samples
(represented by squares and circles, respectively). The calculated lin-
ear regression lines are presented. R? values higher than 0.96 were
obtained for all regression lines. By extrapolating the regression lines
to pure PFP (dilution factor 1 x), Anx5-positive EVs concentrations
of 35 666 (squares) and 50 239 (circles) are obtained. Each point
represents the mean + SD of two independent aliquots measured in
duplicate.

EVs for serial 2-fold dilutions of PFP samples, using a
fixed concentration of 2.8 nm Anx5-F*.

Figure 3 shows the results of two independent experi-
ments in which Anx5-positive EVs were detected using
either FS triggering (blue symbols) or FL triggering (red
symbols), for dilution factors ranging from 4x to 128x.
The concentration of Anx5-positive EVs in diluted PFP
samples is observed to decrease linearly with the reciprocal
dilution factor. In addition, the mean fluorescence inten-
sity of EVs detected by FL triggering remains constant
over the entire dilution range (Fig. S6). These results indi-
cate the absence of coincidence effects on the detection of
Anx5-positive EVs. Therefore, as the experiments reported
here were performed with 10 x-diluted PFP samples, we
conclude that the 22 000 Anx5-positive EVs determined
by FL triggering correspond to individual EVs.

In the two independent experiments presented in Fig. 3,
the numbers of Anx5-positive EVs detected by FL trig-
gering were respectively 45 (squares) and 79 (cir-
cles) x larger than the values measured by FS triggering.

Determination of the number of Anx5-F* molecules
required for detecting single Anx5-positive EVs by FL
triggering

Next, we focused on the determination of the sensitivity
of the FL triggering approach, which can be defined as

Detection of Annexin-5 positive EVs in plasma 241

the minimal number of Anx5-F* molecules needed for
detecting one single Anx5-positive EV. The fluorescence
intensities of a mixture of MESF-FITC calibration parti-
cles containing from 0 to 756 000 MESF were measured
by FS triggering (Fig. 4A,B), from which a calibration
curve relating the number of fluorophores of the particles
to their fluorescence intensity was drawn (Fig. 4C).

Based on this calibration curve, the minimal fluores-
cence intensity measured by FL triggering, which is equal
to 2 fluorescence arbitratry units, is found to correspond
to about 2500 MESF. As the Anx5-F* molecules used in
this study bear one single fluorophore per protein [44], we
conclude that the sensitivity of the FL triggering
approach corresponds to 2500 Anx5-F* (Fig. 4D).

This result was further confirmed by analyzing the mix-
ture of MESF-FITC calibration particles by FL triggering
(Fig. 4E). Indeed, only four populations of particles were
detected, those containing 9828 fluorophores and above.
The 1484 MESF particles, of 1.34 mean fluorescence
intensity, were not detected by FL triggering.

Enumeration of Anx5-positive EVs by EM

In order to determine the minimal size of Anx5-positive
EVs detected by FL triggering, we analyzed the same
PFP samples by EM. As we reported recently [28], Anx5-
positive EVs can be enumerated reliably by EM after
labeling with Anx5-gold-NPs and high-speed sedimenta-
tion on EM grids (Fig. S1).

A gallery of EV images obtained by this procedure is
presented in Fig. 5. Most EVs (Fig. SA-D) present a
near-circular shape, as expected from spherical EVs
projected onto a flat support. Some EVs present a
tubular morphology (Fig. 5C,D), while a minor number
consists of large fragments and erythrocyte ghosts
(Fig. 5E).

The concentration of Anx5-positive EVs determined
by EM was 30 615 + 10243 (n=11) per pL PFP.
Although we lack a proper control for evaluating the
yield of the sedimentation procedure, two independent
results suggest strongly that most of the EVs present in
centrifugation tubes are recuperated on EM grids. First,
when a PFP sample is centrifuged a first time and its
supernatant is submitted to a second centrifugation,
basically no EVs are observed on EM grids. Second, the
sedimentation conditions are sufficient to sediment EVs
of small size, as demonstrated by the observation of
such EVs on EM grids (e.g. in Fig. 5B which shows two
unlabeled EVs of about 50 nm diameter marked with
arrows). We consider therefore that the value of about
30 000 Anx5-positive EVs per pl. PFP corresponds to
the large majority of this EV population. Yet, due to
the stringent method of EV counting and the possible
deformation of small EVs upon sedimentation, we con-
sider likely that EVs smaller than about 100-150 nm
diameter are under-estimated in this analysis.
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Fig. 4. Determination of the number of Anx5-F* molecules needed to detect individual extracellular vesicles (EVs) by fluorescence (FL) trigger-
ing. (A-C) FS triggering analysis of a mixture of Quantum™ fluorescein isothiocyanate (FITC)-5 MESF particles made of six particle popula-
tions containing, respectively, 0, 1484, 9828, 47 640, 188 438 and 756 101 MESF. (A) The 7.7-um fluorescent particles form a homogeneous
cluster, located in the upper right corner of the FS vs. SS color dot plot. (B) Histogram of fluorescence intensities, showing four resolved peaks
(A,B,C,D) corresponding to particles containing 9828 fluorophores and above, while the 1484 MESF particles form a peak (E) overlapping the
blank particles (F), which present some auto-fluorescence. (C) Calibration curve correlating the MESF-FITC of the particles to their mean flu-
orescence intensity, taken from (B). (D) Enlarged view from the low-fluorescence values of the calibration curve (C). The minimal fluorescence
intensity of 2 arbitrary units measured by FL triggering is indicated (horizontal arrow), together with its corresponding MESF value, namely
2500 MESF (vertical arrow). (E) FL1 triggering analysis of the Quantum™ FITC-5 MESF particles. Four peaks (A,B,C,D) corresponding to
particles containing 9828 MESF and above are detected, while the population of 1484 MESF particles is not detected. The threshold is repre-
sented by a solid blue line.

The number of Anx3-positive EVs observed by EM is Application of the FL triggering approach to another flow

larger than the number determined by FL triggering
(about 22 000 per pL). As about one-third of Anx5-posi-
tive EVs measured by EM range from 100 to 200 nm
(Fig. 5F), we estimate that EVs down to about 200 nm
diameter were detected by FL triggering with the flow cy-
tometer settings used here. This point will be further dis-
cussed below.

cytometer

At a later stage of this study, we applied the FL trigger-
ing approach to another flow cytometer, namely a Gallios
instrument. The concentration of Anx5-positive EVs
detected by FL triggering was measured in five PFP sam-
ples and found to be 31975 + 13 306 per puL PFP

Fig. 5. Gallery of Anx5-positive extracellular vesicles (EVs) observed by EM. (A-E) Representative images of Anx5-positive EVs observed on EM
grids after sedimentation. Most EVs present a near-circular shape. Very rare gold-nanoparticles (NPs) are present in the background, illustrating
the high specificity of Anx5-gold-NP labeling. Some EVs devoid of Anx5-gold-NPs are labeled with arrows, including 50-nm spherical EVs in (B)
and a 2-um tubular EV in (C). The size of the Anx5-positive EVs is indicated on the images (in nm). Considering that a spherical EV, of radius R
and area 4nR?, transforms upon sedimentation into a flattened circular pancake, of radius R’ and area 2nR™, the radius of the flattened pancake
is related to the radius of the original sphere by the relationship R = R’\2. The size indicated in the images for the circular EVs is the diameter
of the equivalent spheres. Scale bars: (A-D) 200 nm; (E) 2 pm. (F) Size histogram of Anx5-positive EVs. About 80% Anx5-positive EVs are com-
prised between 100 and 400 nm. Histogram determined over 500 images of EVs recorded on three EM grids. Error bars correspond to SD between
the three individual datasets [28].
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(n=15). The absolute number of AnxS-positive EVs
detected with the Gallios is therefore higher than with the
FC 500, as expected from the respective sensitivity of
these instruments [50] (Fig. S7).

We determined the sensitivity of the FL triggering
approach with this flow cytometer, as described above,
and found that about 1000 Anx5-F* were required to
detect individual Anx5-positive EVs (Fig. S8).

As the number of Anx5-positive EVs detected by FL
triggering on the Gallios is almost equal to the number
observed by EM, we conclude that EVs down to about
100-150 nm diameter were detected by FL triggering on
this instrument.

Phenotyping of Anx5-positive EVs

Finally, we attempted to phenotype the Anx5-positive
EVs detected by FL triggering. We focused on the popula-
tions of EVs derived from platelets and erythrocytes,
which were identified by labeling with anti-CD41-mAb-PE

and anti-CD235a-mAb-PE, respectively. As shown in
Fig. 6, when PFP was double labeled with Anx5-Cy5 and
either anti-CD41-PE (Fig. 6B) or anti-CD235a-PE
(Fig. 6C), a population of events positive for both mark-
ers was observed in the FL6 vs. FL2 color dot plots. We
found that, for this PFP sample, 23% and 8% of the
Anx5-positive EVs detected by FL triggering derived from
platelets and erythrocytes, respectively.

These results provide a proof of principle of the pheno-
typing of PFP EVs by FL triggering. A complete study
will be described elsewhere.

Discussion

In this paper, we present a simple FCM method that
improves the detection of PS-exposing EVs in plasma
samples. In this method, the detection of EVs is based on
their fluorescence signal, instead of their scattering inten-
sity as in conventional FCM. Although the detection of
small objects by FCM based on their fluorescence is a
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Fig. 6. Phenotyping of Anx5-positive extracellular vesicles (EVs) detected by fluorescence (FL) triggering. A platelet-free plasma (PFP) sample
was double labeled with Anx5-Cy5 and either anti-mouse-IgG-PE (A), anti-CD41-mAb-PE (B) or anti-CD235a-mAb-PE (C). FL6 fluorescence
was used as a trigger, which means that all the detected events are Anx5-positive EVs. Anti-mouse-IgG-PE was used as an isotypic antibody to
create a PE positivity gate on the FL6 vs. FL2 color dot plots. Events positive for only Anx5 are colored blue, while events positive for both
Anx5 and a PE-conjugated mAb are colored red. On the bottom row, events labeled with Anx5 and/or a PE-conjugated antibody are backgat-
ed and displayed on FS vs. SS color dot plots. (C, top row) A small population of erythrocyte ghosts (EG) is observed in the top right corner
(colored green). EG are characterized by their high intensity for both Anx5 and anti-CD235a labeling.
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strategy that was introduced more than 10 years ago
[12,39-41], this strategy has only been applied recently in
the EV field [42,49,51].

In this study, we focused on PS-exposing EVs, which are
considered to constitute a major population of cell-derived
EVs and have been the subject of most FCM studies on
EVs [18-23]. The main result of our work is that about
50x more Anx5-positive EVs are detected by the FL trig-
gering approach as compared with a conventional FS trig-
gering approach. For several years it has been recognized
that only a fraction of EVs were detected by FCM, yet
their exact amount remained unclear. This study is there-
fore in agreement with our previous EM study, which con-
cluded that conventional FCM detects only a few per cent
of EVs, as further discussed below [28].

The FL triggering method presents several advantages:
(1) its simplicity, as it can be performed with most commer-
cial flow cytometers; (ii) its reproducibility, as intra-sample
variation coefficients of less than 5% were observed; (iii) its
speed, as it requires only several minutes per sample; (iv) its
cost effectiveness, as it requires only about 100 nanograms
Anx5-F* per sample, together with small sample volumes
(e.g. less than 100 puL plasma); and (v) this method is appli-
cable to unprocessed plasma samples, thus avoiding poten-
tial artifacts from filtration or sedimentation. In addition,
the fact that Anx5 binding to PS-exposing membranes can
be induced by simple addition of Ca®" constitutes a further
advantage, because highly reliable negative controls can be
obtained by analyzing the same samples in the absence of
Ca®". In comparison, negative controls in FCM involve in
general the use of isotypic antibodies, often of unknown
fluorophore to antibody ratio, which may lead to unsatis-
factory results.

Using two different flow cytometers, we determined
concentrations of Anx5-positive EVs of about 22 000 and
30 000 per pL normal PFP. Both values are of the same
order of magnitude when compared with values previ-
ously reported from FS triggering studies, namely around
500 EVs per puL [20,23,28,30]. The additional fact that the
values obtained independently by EM are close to those
from FL triggering constitutes a strong support for the
validity of both methods.

It is logical to wonder which percentage of the whole
population of Anx5-positive EVs are detected by FL trig-
gering and what is the smallest size of EVs detected by this
method. Two independent sets of results provide some
answers to these questions. First, using fluorescence cali-
bration particles, we determined the number of Anx5-F*
molecules necessary for detecting individual Anx5-positive
EVs, namely about 2500 and 1000 Anx5-F* molecules for
the FC 500 and Gallios, respectively. Considering that an
Anx5 molecule covers a surface of 30 nm? on synthetic
PS-exposing membranes [52-54] and approximating EVs
to spheres made of pure lipids, 1000 and 2500 Anx5 mole-
cules would cover vesicles of 100 and 150-nm diameter,
respectively. These values must be considered with
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caution, because EVs are not pure liposomes and it is
most likely that the presence of membrane proteins
reduces the membrane surface accessible for Anx5 bind-
ing. Second, we found that the concentrations of Anx5-
positive EVs detected by EM and by FL triggering with
the Gallios were almost identical. As EM detects Anx5-
positive EVs down to 100-150 nm in diameter, we con-
clude that the Anx5-positive EVs detected with the Gallios
have similar size, while slightly larger EVs are detected
with the FC 500. These two independent sets of results
lead therefore to the same conclusion, which is that FL
triggering allows detecting EVs of 100-150 nm diameter.

In principle, the FL triggering approach should be
applicable to the quantification of EVs of other pheno-
types. The prerequisites are that EVs present a sufficient
number of receptors, that bright fluorescent ligands are
available, and that reliable negative controls are designed.

This study presents the proof of concept of the quantifi-
cation of EVs by the FL triggering method, demonstrated
here in the case of PS-exposing EVs from plasma. As
shown here, the use of different flow cytometers leads to
different results. Therefore, in order to be able to compare
results from different laboratories, standardized proce-
dures will have to be established, including the use of fluo-
rescent calibration particles, the use of well-controlled
fluorescent proteins, and sample preparation methods [23].

We foresee that applying the FL triggering detection
strategy on flow cytometers with improved optics and
detector sensitivity [34,42,50,55] should allow an efficient
identification and enumeration of all EVs, including the
smallest ones. This is mandatory for a better understand-
ing of the diversity of EVs’ functions, and also for the
development of EV-based biomarker assays.

Addendum
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Gounou produced the Anx5 proteins and performed part
of the FCM studies; R. Linares performed the EM experi-
ments and synthesized the Anx5-conjugated gold nanopar-
ticles; A. R. Brisson coordinated the entire project.
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Supplementary Methods

Table S1. Comparison of the concentrations of Anx5-
positive EVs detected by FS and FL triggering with either
Anx5-Fluo or Anx5-CyS5 labeling.

Fig. S1. Scheme of the procedure of sedimentation of
EVs on EM grids.

Fig. S2. Characterization of the FC 500 (A,B) and the
Gallios (C,D) flow cytometers used in this study by
means of size calibration fluorescent particles.

Fig. S3. Effect of Ca’" chelation, Triton X-100 and cen-
trifugation on the detection of Anx5-positive EVs by FL
triggering.

Fig. S4. Influence of the Ca®" concentration on the num-
ber of Anx5-EVs detected by FL triggering.

Fig. S5. Binding of Anx5-F* to 200-nm liposomes, by FL
triggering.

Fig. S6. Effect of PFP dilution on the mean fluorescence
intensity of Anx5-positive EVs.

Fig. S7. Comparative analysis of a PFP sample with
either a FC 500 or a Gallios flow cytometer, by FS and
FL triggering.

Fig. S8. Determination of the limit of detection of the
Gallios flow cytometer by FL triggering, using fluores-
cence calibration particles.
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