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A novel multiplex bead-based platform highlights the
diversity of extracellular vesicles
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The surface protein composition of extracellular vesicles (EVs) is related to the originating cell and may play a
role in vesicle function. Knowledge of the protein content of individual EVs is still limited because of the
technical challenges to analyse small vesicles. Here, we introduce a novel multiplex bead-based platform to
investigate up to 39 different surface markers in one sample. The combination of capture antibody beads with
fluorescently labelled detection antibodies allows the analysis of EVs that carry surface markers recognized
by both antibodies. This new method enables an easy screening of surface markers on populations of EVs. By
combining different capture and detection antibodies, additional information on relative expression levels
and potential vesicle subpopulations is gained. We also established a protocol to visualize individual EVs
by stimulated emission depletion (STED) microscopy. Thereby, markers on single EVs can be detected by
fluorophore-conjugated antibodies. We used the multiplex platform and STED microscopy to show for the
first time that NK cell-derived EVs and platelet-derived EVs are devoid of CD9 or CD81, respectively, and
that EVs isolated from activated B cells comprise different EV subpopulations. We speculate that, according to
our STED data, tetraspanins might not be homogenously distributed but may mostly appear as clusters on EV
subpopulations. Finally, we demonstrate that EV mixtures can be separated by magnetic beads and analysed
subsequently with the multiplex platform. Both the multiplex bead-based platform and STED microscopy
revealed subpopulations of EVs that have been indistinguishable by most analysis tools used so far. We expect
that an in-depth view on EV heterogeneity will contribute to our understanding of different EVs and functions.
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microvesicles and apoptotic bodies which are all

cell-derived and enclosed by a lipid bilayer (1).
Exosomes are released from intact cells after inward bud-
ding of multivesicular bodies and fusion with the plasma
membrane. They have the same membrane orientation as
the originating cell, i.e. displaying extracellular domains
on their surface (2,3). Exosomes are secreted by many
cell types (4) into diverse body fluids such as blood (5),
semen (6), urine (7), saliva (8), breast milk (9), ascites
fluid (10) and cerebrospinal fluid (11). In addition to
their size, exosomes are characterized by their density,

Extraccllular vesicles (EVs) comprise exosomes,

lipid composition, and certain protein markers, such as
tetraspanins, Alix and tumour susceptibility gene 101 (1,2).
Exosomes have been shown to transport RNA (12-14),
proteins, and other cytosolic components [reviewed by
Simpson in (15)]. The surface proteins on exosomes can
affect the cellular uptake, and the exosome load can
impact the physiology of target cells (2).

CD9, CD63, and CDS81 are 3 of the most-studied mem-
bers of the tetraspanin protein family. Tetraspanins con-
tain 4 transmembrane domains that promote associations
between tetraspanins and other proteins (16). Tetraspanin
proteins are thought to be enriched in exosomes (17)
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because they mediate exosome secretion as well as protein
sorting into exosomes by assembling tetraspanin-enriched
microdomains (TEMs) (18). For example, CD63 was
shown to be essential for the sorting of a melanosomal
protein into exosomes (19), CD9 knockout impairs the
exosome secretion by dendritic cells (20) and the transfer
of MHC (major histocompatibility complex) class II into
exosomes is correlated with its association with CD9 (21).
Accordingly, the composition of TEMs and their binding
partners are specific for each cell type and related to
cellular functions, as reviewed by Levy and Shoham (16).
Origin-specific proteins described for cells were also
found on the respective exosomes, as reviewed by Théry (3).
In general, it is difficult to compare the composition of
different EVs described in the literature as the experi-
mental focus and methods often diverge. Moreover, the
multitudes of EV populations from different cell types in
a donor’s sample, e.g. plasma, add another level of com-
plexity that is difficult to resolve. For western blotting or
mass spectrometry the bulk sample is analysed. Whether
the detected protein was present on all EVs or just on a
subpopulation of EVs cannot be discriminated. Single
EV analysis, e.g. by electron microscopy, is time-consuming,
and multiple pictures must be analysed to provide suf-
ficient statistical rigor (22). In addition, the detection
of two markers present on the same vesicle is limited
to abundant epitopes, and a systematic analysis of
several markers requires several experiments (23). High-
resolution flow cytometry might currently be the most
promising technique to analyse surface marker distribu-
tions on single EVs (24,25).

To discriminate EV subpopulations in one sample
more efficiently, we have developed a multiplex bead-
based platform that detects up to 39 different surface
proteins and enables EV subpopulation identification
by staining with different antibodies. Additionally, we
established a protocol to visualize single EVs by high-
resolution microscopy using stimulated emission deple-
tion (STED). STED bypasses the diffraction limit of light
microscopy. The excitation beam is supplemented by a
STED beam that de-excites fluorophores by stimulated
emission. The combination of these two beams limits
fluorescence emission to predefined sample coordinates
to increase resolution (26,27). Our data indicate the
existence of distinct EV subpopulations and a hetero-
geneous distribution of tetraspanins on EVs.

Material and methods

Cell isolation, cultivation, and stimulation for EV
production

For platelet isolation, fresh whole blood was diluted with
an equal volume of Krebs Ringer buffer (100 mM NaCl,
4 mM KCI, 20 mM NaHCO;, 2 mM Na,SO,, 4.7 mM

citric acid, 14.2 mM tri-sodium citrate) at pH 7.4 and
centrifuged at 190 xg for 10 min (28). To deplete
leukocytes and erythrocytes, the platelet-rich plasma
was centrifuged at 100 x g for 20 min. Platelets were
pelleted at 1,000 x g for 15 min and washed twice with
Krebs Ringer buffer; 1 to 9 x 107 platelets per ml whole
blood were isolated and platelet purities ranged from 82
to 99%. After adjusting to 1 x 10° platelets per ml Krebs
Ringer buffer, they were activated with 50 nM calcium
ionophore and 10 mM calcium chloride for 30 min at
room temperature (29).

Natural killer (NK) cells were isolated from buffy coats
using the MACSxpress® NK Cell Isolation Kit and
cultivated in TexMACS medium with 5% human AB
serum and 500 U/ml IL-2 (Miltenyi Biotec) for 14 days.

Monocytes were isolated from buffy coats after Ficoll
gradient by immunomagnetic cell sorting using CD14
MicroBeads (Miltenyi Biotec) with purities of 92-98%
and cultivated in RPMI1640 with 2 mM L-glutamine, 50
U/ml penicillin and 50 pg/ml streptomycin for 24 h with
viability rates >90%.

B cells were isolated from a buffy coat after Ficoll
gradient by immunomagnetic cell sorting using CD19
MicroBeads (Miltenyi Biotec) with a purity of 96%.
2% 10° B cells per ml were stimulated in StemMACS
HSC Expansion Media XF with 5% vesicle-depleted
human AB serum, 1 pg/ml CD40 ligand, 3.6 pl/ml cross-
linking antibody, 20 U/ml IL-4, 50 U/ml penicillin and 50
pg/ml streptomycin according to the B cell Expansion Kit
(Miltenyi Biotec) for 5 days. On the day of EV harvest,
the cell viability rates were >90%.

Isolation of extracellular vesicles

Cell culture supernatants were depleted of cells and
large cell debris by centrifugation at 2,000 x g for 30 min.
Dead cells and cell debris were depleted by centrifugation
at 10,000 x g for 45 min and larger vesicles by filtration
through 0.22 pm. The filtrated supernatants were cen-
trifuged at 108,000 xg for 2 h and the pellets were
washed with PBS (23). The EV-enriched pellet was re-
suspended in PBS using 1/500 to 1/50 of the initial cell
culture supernatant volume. The vesicle concentration
was measured indirectly by BCA Assay (Thermo Fisher
Scientific) using BSA as standard.

Multiplex bead-based platform

Carboxylated polystyrene beads (Microparticles GmbH)
were hard dyed by swelling them in an organic solution
of pyrromethene/LD688. For the calculation of dye
concentrations in the mixture, beads were dyed with
single dyes at varying concentrations beforehand. The
emission into fluorescence channels was measured and
linear equations correlating mean fluorescence intensities
(MFIs) of the different emission channels with staining
concentrations were established. The data were combined
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into a matrix equation to allow calculation of MFIs from
the concentrations of a dye mixture. By inverting the
matrix, the equation was used to calculate concentra-
tions of dye mixtures for the desired MFIs of bead
populations.

Capture antibodies (Supplementary Table 1) were
reduced at room temperature and incubated with dyed,
imide covered beads. The capture antibody beads were
washed with PBS + 0.03% Pluronic F68 + 0.05% sodium
azide.

Approximately 800 beads per bead population were
incubated with EVs isolated from NK cells, B cells, or
monocytes in 100 pl or platelet supernatant in 300 pl at
4°C overnight. To adjust the volume of different samples,
PAP buffer consisting of PBS with 0.1% Pluronic and
0.09% azide was used. The optimal amount of isolated
EVs (typically 8-32 pg) was determined for each EV type
by titration of the EV sample. For the analysis after
immunomagnetic separation, 100, 70 and 30% of the
original protein amount used for separation and 130 pl of
the eluted sample were each adjusted to a total volume of
300 pl with PAP buffer. These samples and the 300 pl flow-
through were each incubated with a 39-plex bead set.

To remove unbound EVs, the beads were washed in
PAP and pelleted at 3,000 x g for 5 min. The beads were
resuspended in 100 pL PAP and bound EVs were stained
with 0.5 pg of each detection antibody. The capture anti-
bodies used are listed in Supplementary Table I. The
same antibody clones from the same companies con-
jugated to allophycocyanin (APC) were used as detection
antibodies.

Flow cytometry analysis

For flow cytometry analysis, the MACSQuant Analyzer
10 with the corresponding software (Miltenyi Biotec)
was used. For the multiplex bead-based platform, a
trigger for the side scatter (SSC) and the forward scatter
(FSC) were selected to confine the measurement on the
multiplex beads. Single beads were gated to exclude bead
doublets and non-bead events. Voltages for the FITC and
PE channels were adapted to ensure that each of the
differentially labelled bead populations were detectable.
The 39 single bead populations were gated to allow the
determination of the APC signal intensity on the respec-
tive bead population (Fig. 1).

Background signals were determined by analysing
beads incubated only with the respective staining anti-
bodies. The background signals were subtracted from the
signals obtained for beads incubated with EVs and
stained with the respective antibody to receive back-
ground corrected signals.

For the NK cell-derived EVs that were isolated from
medium with human AB serum, an equivalent volume of
medium including human AB serum was used for EV

Diversity of extracellular vesicles

isolation. The signals gained for the isolated AB serum
EVs were set as background and were subtracted from
the NK cell EV sample signals.

Stimulated Emission Depletion

Standard glass slides (Menzel, Thermo Fisher Scientific)
were cleaned in a 1% (w/v) ammonium persulfate solu-
tion in sulphuric acid for 1.5 h at room temperature
and modified with amino groups by incubation with 2%
(w/v) (3-aminopropyl)triethoxysilane (APTES) in ethanol
for 1 hour at room temperature. Succinimidyl-4-(N-
maleimidomethyl) cyclohexane-1-carboxylate (SMCC)
was dissolved in dimethyl sulfoxide and further diluted
with PBS containing 2 mM EDTA. After cleaning in
ethanol, slides were incubated with 0.5 mg/ml SMCC
for 3 hours at room temperature to be activated with
maleimide groups. Anti-CD63 (clone H5C6) antibody or
a cocktail of anti-CD9 (clone SN4), anti-CD63 and anti-
CD81 (clone 5A6) antibodies (Miltenyi Biotec) were
reduced by TCEP-HCI for 1 hour at room temperature.
The antibodies were incubated for 3 hours at room
temperature to bind to the maleimide groups on the
activated glass slides.

Antibody-coated slides were washed in PBS with 2 mM
EDTA, 0.03% Pluronic F68 and 0.05% sodium azide and
stored in the same buffer at 4°C until use. 13 pg B cell
EVs, 2 pg monocyte EVs or a mixture of 2.4 pg platelet
EVs and 2 pg NK cell EVs in 30 pul PBS/EDTA each were
immobilized on slides overnight at 4°C. Slides were washed
with PBS and bound EVs were stained with a final con-
centration of 5 pg/ml of each respective antibody conjugate
for 3 hours at 4°C, ie. anti-CD9-STARA488, anti-CD9-
STAR RED, anti-CD81-STAR488, anti-CD81-STAR
RED, anti-IgG1-STAR RED, anti-CD42a-STAR RED,
and anti-CD19-STAR488 (all Miltenyi Biotec). All incuba-
tion steps were performed in a humidified chamber and
cover slips were used to prevent the slides from drying.
Slides were washed twice in PBS and the stained EVs were
preserved with Pro Long Gold antifade reagent (Thermo
Fisher Scientific).

For STED analysis a Leica TCS SP8 gSTED micro-
scope with a 100 x objective was used. Fiji (ImageJ 2.0.0-
rc-38, www.fiji.sc) was used to align the STED images
and perform a basic peak detection. After this initial step,
R (3.3.0) was used to calculate the full width at half
maximum for each spot identified at the respective peak
positions (Gaussian fitting on neighbourhood surround-
ing each peak). Identified spots with intensities below
an automatically determined threshold (histogram based)
were ignored for further analysis. Using a nearest
neighbour approach, colocalized spots were identified.

Immunomagnetic separation of EVs
EVs (25 pg NK cell EVs, 50 pg platelet EVs or a mixture
of 12.5 pg NK cell EVs and 25 pg platelet EVs) were
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Fig. 1. The multiplex bead-based platform. (a) Workflow of the multiplex platform. Isolated EVs or cell culture supernatant were
incubated overnight with up to 39 different bead populations, each coupled to a different capture antibody. The different bead
populations are distinguishable by flow cytometry. EVs bound to the beads were detected with single antibodies, e.g. cell-specific
markers, or exosome markers such as anti-CD9-APC, anti-CD63-APC, anti-CD81-APC antibodies, or with a cocktail of the latter 3
antibodies. (b—d) Analysis example showing (b) exclusion of doublets and no bead events, (c) discrimination of differently labelled bead
populations, and (d) measurement of signal intensities of the single bead populations. Positive bead populations are highlighted in
colours. Black events represent beads that did not bind EVs or beads with EVs not detected by the staining cocktail.

incubated with 50 L. CD9-, CD63- or CD81-MicroBeads
(Miltenyi Biotec) for 1 hour at room temperature in a
MACSmix Tube Rotator in the dark. The mixture was
applied to an equilibrated (50 pL equilibration buffer for
protein applications, then 3 times 100 pL. PBS) p column
placed in a uMACS Separator (Miltenyi Biotec). For the
western blot analysis, the p column was washed 4 times
with 200 pL PBS before EVs and beads were co-eluted
outside the magnetic field with 100 pL hot (95°C)
1 x SDS loading buffer (200 mM Tris, pH 6.8, 0.02%
SDS, 0.5% glycerol, 0.005% bromophenol blue). For the
multiplex platform analysis, the flow-through of the
p column and 100 pl PAP buffer applied as wash were
collected. EVs and beads were co-eluted outside the

magnetic field with 100 pL PAP buffer. In both cases, a
5 ml syringe plunger was used for elution.

Results

Multiplex bead-based platform

The multiplex platform is based on polystyrene beads
with a diameter of 4.8 pm that were labelled with varying
amounts of 2 dyes to generate 39 different bead popula-
tions distinguishable by flow cytometry. Each bead popu-
lation is coupled to a different capture antibody that
recognizes EVs that bear the respective antigen. EVs
bound to beads are detected by an APC-conjugated
antibody. The workflow of the assay is depicted in Fig. 1.
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For a broad detection, captured exosome-enriched EV
samples were stained with an antibody cocktail of the
commonly used exosome markers anti-CD9-, anti-CD63-
and anti-CD81-APC (30). This marker set might not be
suitable for all kinds of EVs and a missing marker on the
EVs could bias the results. The parallel detection of up to
39 different surface markers results in a characteristic
profile of the EVs.

EVs from NK cells and platelets carry surface
markers of the originating cells

To investigate the surface marker profile from primary
human blood cells, EVs were isolated from stimulated
platelets and expanded NK cells. NK cell EVs from 4
donors or platelet EVs from 11 donors were incubated
overnight with 39 bead populations, washed and stained
with a cocktail of anti-CD9-, anti-CD63- and anti-CD81-
APC antibodies.

Besides the signals for the exosome markers CD9,
CD63 and CD81, well-established cell markers could be
detected. For example, the NK cell markers CD2 (31),
CDS8 (32) and CD56 (33) were detected on NK cell EVs
while the platelet markers CD41b, CD42a and CD61 (34)
were detected on platelet EVs (Fig. 2).

To assess non-specific binding, we incubated multiplex
beads with detection antibodies without EVs. The
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mm Platelet-derived EVs (n=11)
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o
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N
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Background corrected APC median signal intensity

Diversity of extracellular vesicles

obtained signals were subtracted from the EV sample
signals for each bead population to receive background
corrected signals. In addition, beads coupled to isotype
control antibodies were used to assess potential non-
specific binding of EVs to the capture beads. Both nega-
tive controls showed low signals (maximal APC median
signals of 2.7 and 5.3 for the buffer control and the
isotype control-beads, respectively).

The specificity of EV binding was also tested by anti-
body blocking experiments. Addition of soluble isotype
control antibody did not reduce signal intensities. In
contrast, using the same excess of CD63 antibody nearly
completely abolished the signals of anti-CD63-bead bound
EVs, whereas the signals on the anti-CD9 and anti-
CDS81-beads were not affected (Supplementary Fig. 1a).

Theoretically, different capture antibodies can compete
for antigens on an EV population. This could bias the
analysis towards larger vesicles, high abundant antigens,
or high affinity antibodies. However, only a fraction of
the EVs binds to the beads as demonstrated in a control
experiment using the supernatant after incubating an EV
sample with a 39-plex bead set. The protein profile gained
by adding fresh beads to the diluted supernatant was
comparable. The signal intensities were lower likely due
to the dilution of the sample (Supplementary Fig. 2).
In addition, we did not observe competition between
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Fig. 2. Surface marker profiles of NK and platelet EVs. Background corrected APC median signal intensities after incubation of NK
cell-derived EVs from 4 donors (8 ug each) or platelet-derived EVs from 11 donors (32 ug each) with 39 capture antibody bead
populations, followed by staining with a cocktail of anti-CD9-, anti-CD63- and anti-CD81-APC antibodies. REA, mIgG1, mIgG2a
and mIgG2b indicate isotype control-beads, i.e. beads linked to an antibody which does not bind EVs.
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capture beads for EVs. EVs that were incubated with
a single bead population (data not shown), a bead set con-
sisting of 8 bead populations, or a set of 34 bead popu-
lations gave comparable signals (Supplementary Fig. 1b).
To minimize potential bias due to the size of the vesicles,
we assured a small size range of the EV samples as
monitored by Nanoparticle Tracking Analysis (NTA)
(Supplementary Fig. 3). In summary, the signal intensity
of captured EVs appeared to be independent of the
number of beads or the composition of the bead set.

EVs from NK cells and platelets differ in their
tetraspanin composition

For a detailed analysis, bead set captured EVs can be split
into samples that are each stained with a different APC-
conjugated antibody. We hypothesized that swapping
capture and detection antibodies would result in different
signal intensities. Differing signal intensities could pro-
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vide information about the relative amount of different
markers on an EV population and the proportion of EVs
that comprise a given marker. Theoretically, one marker
molecule would be sufficient for EV binding to a bead,
while more marker molecules would not enhance the EV
binding. In contrast, if the marker is used for detection,
more marker molecules would ideally increase the signal
(Fig. 3a).

Likewise, the proportion of EVs in a sample compris-
ing a given marker will also affect the signal intensities.
For instance, all EVs carry a similar number of marker
molecule A but only half of the EVs carry a similar
number of marker molecule B (Fig. 3b). Capturing
EVs with anti-marker A beads and detecting with anti-
marker A antibodies would result in higher signals than
capturing A and detecting B. In contrast, by capturing
with marker B would give the same signal intensity when
detecting with marker A or B. The signal would be as
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Fig. 3. (a, b) Theoretical example of matrix profiles (a) of EVs carrying 10 molecules A and 1 molecule B on each EV or (b) of EVs
carrying 10 molecules A and 50% of the EVs comprise also 10 molecules B. Every detected molecule giving a signal of 1 light unit. (c—f)
Background corrected APC median signal intensities of anti-CD9-, anti-CD63-, anti-CD81-beads and isotype control-beads after
incubation with (c) 16 pg NK cell-derived EVs, (d) 16 pg platelet-derived EVs, (e) a mixture of NK cell-derived EVs and platelet-
derived EVs (8 pg each) or (f) 8 pg monocyte-derived EVs, followed by staining with anti-CD9-APC, anti-CD63-APC, or anti-CD81-
APC antibodies or with a cocktail of these antibodies. MIgGl1 indicates isotype control-beads.
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high as capturing with marker A and detecting with
marker B but lower than capturing with marker A and
detecting with marker A.

In general, lower signal intensities for a bead popula-
tion indicate less captured EVs likely because of a
subpopulation that lack the respective marker.

Indeed, we could observe differences in EV marker
levels on EVs isolated from different cell types. After
staining with a cocktail of anti-CD9, anti-CD63, and
anti-CD81-APC antibodies, no signals were detected on
anti-CD9 beads with NK cell-derived EVs. Additionally,
no anti-CD9-APC antibody staining was observed on
any bead population (Fig. 3c). The lower signals on anti-
CD63-beads stained with the same anti-CD63 antibody
or the low anti-CD81-bead/anti-CD81-APC signal most
likely indicate blocking effects due to the same antibodies
used for capturing and staining.

For platelet-derived EVs, hardly any EVs were detected
on anti-CD81-beads or on any bead population after
anti-CD81-APC antibody staining (Fig. 3d). To exclude
any technical issue with the assay, we analysed monocyte
EVs giving signals for all combinations of anti-CD?9, anti-
CD63 and anti-CD81 beads and stainings (Fig. 3f).

To reveal possible subpopulations of platelet EVs,
single stainings were performed (Fig. 3d). Irrespective
of the detection antibody, stronger signals were detected
on anti-CD9-beads as compared to anti-CD63-beads.
This indicates that less EVs were captured by the anti-
CD63-beads likely due to a subpopulation of platelet EVs
carrying no CD63. The captured CD63 positive subpo-
pulation gave a stronger signal after anti-CD9 staining
as compared to the larger population of captured CD9
positive EVs stained by anti-CD63 antibodies (Fig. 3d).
Taken together, only a subpopulation of platelet EVs
carry CD63 and the level of CD63 per EV within this
subpopulation was lower as compared to the level of CD9.

The above examples emphasize one important princi-
ple of the platform: The detected signal intensity results
from the simultaneous binding of the capture antibody
and the detection antibody. If no EVs were captured or
no marker could be detected, there would be no signal.

Therefore, besides the identification of surface markers
on a given EV population, the platform can also be used
to discover the co-existence of two markers on the same
vesicle.

As an example, a mixture of two distinct EV popula-
tions in one sample was mimicked by mixing NK cell EVs
and platelet EVs (Supplementary Fig. 4). After staining
with an antibody cocktail of anti-CD9-, anti-CD63- and
anti-CD81-APC antibodies, each capture antibody bead
population gave a signal indicating that EVs bound on all
3 bead populations (Fig. 3e). Due to the used staining
cocktail, CD9 ~/CD81% EV populations could not be
distinguished from CD9*/CD81~ populations. But the
single stainings with either anti-CD9 or anti-CD81 anti-
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body resulted in very low CD9/CDS§1-double-positive
signals demonstrating that the markers do not co-exist
on the same EV.

Our approach of applying different capture and detec-
tion antibody combinations allows to discriminate EV
subpopulations in one sample and a relative quantitation
of surface markers.

Analysis of surface markers on B cell EVs suggests
EV subpopulations

B cells were isolated resulting in high purities (96%,
Supplementary Fig. 5a) and activated with CD40 ligand
and IL-4. After 5 days, 86 and 98% of the cells were
positive for the B cell activation markers CD80 and
CDS86, respectively (Supplementary Fig. 5b). EVs from
activated B cells were incubated with multiplex beads and
stained with a cocktail of anti-CD9, anti-CD63 and anti-
CDS81-APC or with selected single antibodies. For the
cocktail staining, weaker signals were detected on the
activation marker beads anti-CD80 and anti-CD86 (APC
median signal 1.0 and 5.0, respectively) than on the
exosome marker bead anti-CD63 (APC median signal
10.0, Fig. 4). This might be due to a subpopulation of
CD63+CD80 ~CD86 ~ EVs that were likely derived from
B cells before activation. Differences in signal intensities
could also originate from different antibody affinities,
but the weaker signal was detected for both activation
markers strengthening the hypothesis of EVs from not-
yet activated cells. Furthermore, a strong staining of the
antibody conjugates on activated B cells demonstrated
antibody functionality (Supplementary Fig. 5b).

The anti-CD42a-beads and the anti-CD9-beads gave
signals exclusively after staining with the anti-CD9/63/81-
APC cocktail. The signal on the anti-CD42a-beads is a
hint of platelets. Control stainings after B cell isolation
detected 20% CD42a-positive events if no gates and
triggers were set (Supplementary Fig. 6), confirming the
presence of platelets within the isolated B cell fraction.
We conclude that the signal on the anti-CD9-beads was
most likely also due to platelet EVs.

For the B cell markers, signals for anti-CD19-beads
were stronger than for anti-CD20-beads (APC median
signal 11.3 and 5.4, respectively, Fig. 4) after the cocktail
staining. This might be due to less CD20 positive EVs
than CD19 positive EVs. However, the anti-CD20-APC
signals were stronger than the anti-CD19-APC signals on
all bead populations, suggesting higher levels of CD20
per EV as compared to CD19. Taken together, we found
a subpopulation of B cell EVs carrying high levels of
CD20.

EV visualization by STED microscopy

To analyse differences in protein composition and visu-
alize different EV populations, the analysis on a single EV
level would be beneficial. To resolve the small size of EVs,
we used a superresolution microscopy technique, called
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Fig 4. Matrix profile of B cell EVs. Background corrected APC median signal intensity of different capture antibody bead populations
after incubation with 32 pg EVs from activated B cells, followed by staining with anti-CD19-APC, anti-CD20-APC, anti-CD69-APC,
anti-CD80-APC, anti-CD86-APC, anti-HLA-DQ-APC, or a cocktail of anti-CD9-APC, anti-CD63-APC and anti-CD81-APC

antibodies. REA and mIgG1 indicate isotype control-beads.

stimulated emission depletion (STED). To overcome
bleaching effects on the dyes, we reduced the STED
power to 30 or 50% resulting in minor resolution. With
the applied settings, we could detect two fluorescence dyes
in parallel with a spatial resolution of at least 100 nm.

We established a protocol using antibody-coated glass
slides to fix EVs and subsequently stained the bound EVs
by antibody-fluorophore conjugates optimized for STED
microscopy. Figure 5 shows an example of two single EVs
located close to each other. While a common fluorescent
area appears by confocal microscopy (Fig. 5a), two
independent spots can be distinguished by STED de-
monstrating the higher resolution (Fig. 5b). The risk of
incorrectly identifying two neighbouring EVs as a single
event is minimized by STED microscopy.

The analysis on the multiplex platform indicated that
EVs from NK cells are CD9 ~CD81", whereas platelet

(a) (b)

EVs appeared CD9"CDS81 ~. We analysed a mixture of
NK cell EVs and platelet EVs by STED after staining
with anti-CD9-STAR488 and anti-CD81-STAR RED. On
4 different image sections, no spots were detected positive
for both conjugates (Fig. 6). In control experiments using
either NK cell EVs or platelet EVs stained with anti-
CD9-STAR488 and anti-CD81-STAR RED, we saw
either green (CD9 ") spots or red (CD81") spots, respec-
tively (data not shown). The negligible co-staining demon-
strates that single positive EVs can be distinguished from
each other.

Next, we had a closer look on EVs isolated from B cells
that might be contaminated with platelet EVs (Fig. 7).
After staining with anti-CD19-STAR488 and anti-CD9-
STAR RED, we detected 162 green spots on 3 different
image sections (39—-84 spots each) and 1,355 (353-619)
red spots. In only one of the three image sections, 1% of

(c)
100
-+ Confocal

-~ STED

50

Normalized signal intensity

0.5
Distance [um]

Fig. 5. NK cell-derived EVs bound to an anti-CD63-coated glass slide, stained with anti-CD81-STAR RED, and visualized by (a)
confocal microscopy at 100-fold magnitude and (b) STED. (c¢) Intensity profile of the image section marked with the white line after
confocal microscopy (grey) and STED microscopy (red). Scale bars represent 1 pm.
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Fig. 6. STED analysis of EVs bound to an anti-CD63-coated glass slides. (a) A mixture of NK cell EVs and platelet EVs stained with
anti-CD9-STAR488 and anti-CD81-STAR RED and (b) the corresponding intensity profile. Scale bar represents 500 nm.

(a) (b)

Fig. 7. STED analysis of B cell EVs bound to anti-CD9/63/81-
coated slides and stained with (a) anti-CD19-STAR488 and
anti-CD9-STAR RED or (b) stained with anti-CD9-STAR488
and anti-CD42a-STAR RED. Scale bars represent 500 nm.

the spots were positive for both antibodies (Fig. 7a),
indicating that the CD19-positive B cell EVs do not carry
CD9. In the control experiment, we detected 255 anti-
CD9-STAR488 positive spots (72-105 each on 3 dif-
ferent images) and 1,660 spots that were positive for the
platelet marker-specific antibody conjugate anti-CD42a-
STAR RED (500-617). 8—12% of green spots were also
red and 1-2% of the red spots were also green (Fig. 7b),
confirming that CD42a™ platelet EVs give rise to the
CD9 positive events detected by the multiplex platform.

It is still challenging to visualize the colocalization of
markers on the single EV level. The spatial resolution
of STED microscopy enables single EV detection, and
the data give no indication on false positives due to EV
doublets or aggregates. Therefore, co-stainings of single
EVs with two different antibodies confirm that there are
single EVs carrying two different markers, as suggested
by the multiplex data.

As positive control for the detection of two antibody-
fluorophore conjugates on the same EV, we stained mono-

cyte EVs with the humanized anti-CD81-STAR488 and
anti-human IgG1-STAR RED as a secondary antibody.
In two image sections, 73 and 89% of all detected green
fluorescent spots (anti-CD81-STAR488) were also posi-
tive for the secondary antibody staining in red (Fig. 8a
and b). We detected a higher number of red spots than
green spots (118 and 139 versus 177 and 216) resulting in
a lower proportion (49 and 57%) of red spots that were
double positive. The STAR RED dye appeared brighter
or more stable resulting in an improved detection limit
for STAR RED. In the control staining of EVs with only
the secondary antibody, hardly any signals were detected
(data not shown). To evaluate the effect of the 2 dyes, we
used monocyte EVs stained with anti-CD9 and anti-CD&81
antibodies, each coupled to STAR488 or STAR RED
and vice versa. After staining with anti-CD9-STAR488
and anti-CD81-STAR RED, we analysed 3 images and
detected a total of 263 green spots (63—113 green spots
per image) and 1942 (558-744) red spots (Fig. 8c).
After we swapped the dyes (anti-CD81-STAR488/anti-
CD9-STAR RED), we detected on 3 images 426 (97-175)
green spots and 1,038 (320-364) red spots (Fig. 8d).
Comparing the STAR RED or STAR488 positive counts,
we see more CD81 positive spots as compared to the
respective CD9 staining. The double-positive fractions
converge if the brighter STAR RED dye is used for the
anti-CD9 antibody (Fig. 8¢). The brighter dye somewhat
compensates for the lower amounts of CD9 on the EVs
or the lower affinity of the antibody. Although we cannot
rule out differences in antibody affinity, the results could
indicate more CD81 positive EVs or more CDS81 epitopes
giving brighter stainings as compared to CD9.

As additional control, we stained monocyte EVs with
a mixture of the anti-CD81 antibody coupled to either
STAR488 or STAR RED to investigate whether the
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Fig. 8. STED analysis of EVs bound to anti-CD63-coated glass slides. (a) Monocyte EVs stained with anti-CD81-STAR488 and anti-
IgG1-STAR RED and (b) corresponding intensity profile, (c) monocyte EVs stained with anti-CD9-STAR488 and anti-CD81-STAR
RED and (d) monocyte EVs stained with anti-CD81-STAR488 and anti-CD9-STAR RED. (e) Overview of the percentage of double-
positive monocyte EVs from 3 images and total number of analysed spots. (f) Monocyte EVs stained with anti-CD81-STAR488 and
anti-CD81-STAR RED and (g) corresponding intensity profile. Scale bars represent 500 nm.

frequency of antigens on one EV is sufficient to enable
the binding of 2 antibodies in parallel. We analysed 599
(146278 each on 3 different images) green spots and 983
(223-404) red spots resulting in only 16-28% green spots
that were also red and 7-18% double-positive red spots
(Fig. 8f and g). As the proportion of double-positive
spots in this control is much lower as compared to the
staining using a secondary antibody, the ratio of co-
staining results with two different antibodies should be
interpreted with care. Co-staining is likely not represen-
tative for the proportion of the EVs carrying the two
respective epitopes.

Still, our control experiment using a mixture of the
same antibody labelled with two different dyes raises the
question why the majority of the EVs appeared only
single positive. We could rule out the technical limitations
of the STED microscope as well as the potential repul-
sion of the dyes demonstrated by the secondary antibody
control staining.

We suggest two possibilities to explain these results.
Either EVs carry a limited number of tetraspanins CD9
and CDS81 per vesicle or tetraspanin clusters might
sterically limit antibody binding and many of these
vesicles are stained by a single antibody.
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EVs differing in surface markers can be separated
using MicroBeads

The separation of EV subpopulations allows further
analysis of differences. We used antibody loaded mag-
netic MicroBeads to isolate EVs according to specific
surface markers. As a proof of principle, we mixed NK
cell EVs and platelet EVs. By western blot, we detected
CD29, CD81 and CD9 in the control sample before
separation as well as after anti-CD63 isolation (Supple-
mentary Fig. 7, middle). Obviously, the western blot gave
no indication of the two artificial subpopulations. Using
the anti-CD9 MicroBeads, only CD29 and CD9 positive
EVs (platelet origin) were isolated. Using anti-CD81
MicroBeads, only CD9 ~CDS81% NK cell EVs were iso-
lated (Supplementary Fig. 7 middle).

To purify the B cell EV sample, we depleted platelet
EVs using anti-CD61 MicroBeads. Subsequently, the
original B cell EV sample and the isolated fractions
were analysed on the multiplex platform. In the CD61
depleted flow-through fraction, the signals for each of the
3 investigated platelet markers (CD41b, CD42a and
CD62P) were dramatically lower in comparison to the
original sample (Supplementary Fig. 8). The signals for
the B cell markers CD19 and CD20 were comparable to
the initial sample, indicating high recovery (APC median
signal for CD19 of 6.1 before and 5.9 after separation, 2.2
and 1.7, respectively, for CD20; Supplementary Fig. 8).
The platelet EVs were conversely detected in the eluate
of the column based sorting and appeared CD9 positive
in contrast to the flow-through. This confirms again
the hypothesis that the signal on anti-CD9 beads
derived from platelet EVs in the original B cell prepara-
tion (Fig. 4).

Immunoaffinity isolation allows the physical separa-
tion of EV subpopulations from a sample for further
analysis.

Discussion

Several studies described various exosome populations
that are characterized by their surface protein profile and
related to the type and status of the originating cell
[reviewed in (15,35)]. EV proteins are thought to affect
intercellular communication via exosomes (4). Exosomes
can carry antigenic material and peptide-MHC-complexes.
Tumour antigen-harbouring exosomes incubated with
dendritic cells were able to induce antitumor immune
responses of T cells that lead to tumour rejection (10,36).
In addition to these immune activating effects, proteins
on tumour exosomes are also able to promote immune
escape (37,38). Depending on their protein content, exo-
somes could be used for immunization against cancer, to
improve immunotherapy or as biomarkers (39,40). The
term exosome is defined according to the biogenesis and
after secretion; there is no unambiguous marker to dis-
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criminate exosomes from other EVs (41). We therefore
prefer the term “extracellular vesicles™.

As exosomes adopt cell-specific markers during their
biogenesis, it would be advantageous to analyse EV sub-
populations in a similar manner to well-established cell
typing methods, e.g. by flow cytometry. The small size of
exosomes requires technical modifications to flow cyto-
meters to reach resolutions sufficient to reliably analyse
100 nm vesicles (24,25,42). Fluorescent signals are also
limited by the small size of the vesicles. In contrast to
multicolour flow cytometry used for cell analysis, only few
bright fluorescent dyes such as PE or APC can be used for
microvesicle analysis (25). Therefore, the routine analysis
of a broader range of surface markers would require
several independent flow cytometric measurements.

To enable an easy and fast screening of multiple EV
surface proteins, we combined 39 different capture anti-
body beads to analyse a plurality of markers in parallel by
standard flow cytometry. Jorgensen and colleagues de-
scribed a protein microarray-based technique that detects
EVs bound to antibody-coated microarray slides (43).
The methods mainly differ in the detection platform, i.e.
the capture antibodies are bound to glass slides or beads.
Accordingly, a microarray scanner or a flow cytometer is
used to acquire the signals. However, we suggest an
additional dimension for the analysis by using single
detection antibodies. Single staining allows distinguishing
subpopulations that do not carry a certain marker and
EVs with a low level of the marker, as demonstrated by
our analysis of EVs from NK cells, platelets and B cells.

In addition to the characterization of EVs by this
screening platform, we aimed to visualize the marker
presence on single EVs. Transmission electron microscopy
is a traditional technique that combines high resolution of
up to 1 nm to determine EV size with information about
the morphology (22). Further characterization with
immunogold-labelled antibodies is time-consuming and
the steric hindrance of gold particles must be taken into
account due to the small size of exosomes (23). Whereas
electron microscopy takes advantage of the high resolu-
tion to resolve morphological properties, STED micro-
scopy enables the detection of multiple markers to resolve
biochemical properties.

We adapted STED microscopy to analyse single EVs
with a resolution of at least 100 nm. Because this resolu-
tion limit is in the range of the exosome sizes, EVs
carrying different surface markers could be distinguished
and the presence of two different markers on the same
EV could be confirmed. However, due to the small size of
the spots, we set a signal intensity threshold and we might
underestimate the number of detected spots. In addition,
we cannot determine the proportion of double-positive
EVs. Monocyte EVs stained with a mixture of the same
anti-CD81 antibody coupled to either one of two dyes
revealed that most EVs were stained with only one of the
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dyes. A control experiment using a secondary antibody
demonstrated that colocalized antibodies on EVs can be
detected. In addition, the number of protein molecules
per exosome had been estimated in a range of 10-30
(44,45) and tetraspanins are among the most prominent
exosome surface markers (18,46). Therefore, we would
rule out limiting amounts of tetraspanins per EV to
explain the low proportion of double-positive EVs.
Instead, we speculate that tetraspanins might mainly be pre-
sent as clusters and not evenly distributed on EVs.
Zuidscherwoude and colleagues demonstrated by STED
microscopy of plasma membranes that most tetraspanin
clusters are composed of one tetraspanin type (47).
Interestingly, these clusters appeared quite large even
under STED resolution, with diameters well above 100
nm. Exosomes most likely adopt tetraspanin clusters
from the plasma membrane because homodimers of CD9
and CD81 were observed to be assembled already from
newly synthesized proteins in the Golgi (48). We consider
that exosomes adopt these clusters or parts of them.
Assuming 4 nm diameter for a tetraspanin molecule (49),
a small cluster of, e.g. 6 tetraspanin molecules would give
a cluster diameter of about 12 nm. Such an area could be
occupied by a single bound antibody.

Smaller clusters would only allow binding of a single
antibody per cluster. Larger clusters or more than one
cluster per EV would give rise to the proportion of
double-positive stained EVs. Interestingly, for the few
antibody pairs that recognized different epitopes, we also
saw a minor portion of double-positive EVs in the STED
pictures. We suggest the following model: Tetraspanins
build homoclusters instead of being evenly distributed
over the surface of an exosome and most of the exosomes
comprise only a subset of tetraspanins.

Accordingly, sandwich assays, such as our multiplex
platform, give information on a proportion of EVs
carrying at least two accessible epitopes. Even for our
STED analysis, we miss EVs that might lack the epitope
required for binding to the antibody-coated glass slide.

We suggest that the surface of single EVs and the
population of EVs are more heterogeneous than assumed
so far.

Marker-specific isolation or depletion of EVs by im-
munoaffinity isolation enables further analysis of hetero-
geneous EV mixtures. It has already been demonstrated
that EVs from various sources can be isolated using
suitable antibody-coated magnetic beads (50-55). Ac-
cording to the protein profiles of EVs isolated by im-
munoaffinity in comparison to ultracentrifugation and
gradient density separation, immunoaffinity might be the
“most effective method to isolate exosomes”™ (54).

It is known that TEMs are cell-specific (16) and are
transferred to exosomes (17). Since they interact with
each other and other proteins that are important for cell

communication and cell activation (17,18), the presence
of tetraspanins on distinct exosome populations might
be related to different exosome functions. In line with
this, we found that the tetraspanins CD63 and CDS§1
but hardly any CD9 could be detected on NK cell-
derived EVs. As another example, platelet-derived EVs
were positive for CD63 and CD9, but CD81 was not
detectable. In consistency with these findings, NK cell—
derived exosomes are described as CD63* (56), but
according to exocarta.org (57), the existence of CD9 or
CDS81 was not yet investigated. Platelet exosomes were
shown to be positive for CD9 (58) and CD63 (28), but
CDS81 could not so far be detected (28,58).

EVs isolated from activated B cells likely comprise
subpopulations. The results obtained from combinations
of several capture and detection antibodies indicate the
existence of different EV populations: platelet-derived
EVs, EVs from activated B cells, EVs from non-activated
B cells, CD19%™CD20 ~ EVs and CD19“™CD20"¢" EVs.
Consistent with our results, several studies demonstrated
that B cell exosomes are enriched in MHC class 11
(51,59-62). Two published studies used beads coated with
an anti-MHC class II antibody to detect CD19, CD20,
CD63, CD80, CD81 and CD86 on B cell exosomes
(51,60). Clayton and colleagues detected CD20 on B cell
exosomes but did not investigate CD19, whereas Admyre
and colleagues detected CD19 but did not stain for CD20
(51,60). In another study, Oksvold and colleagues ana-
lysed the CD19 and CD20 levels of exosomes from four B
cell lines by western blotting (62). These 3 studies confirm
that both markers are present on B cell exosomes but do
not give a hint on potential B cell EV subpopulations as
we have suggested.

We could assign the CD9% EVs in our B cell EV
preparation to platelet-derived EVs. Oksvold and collea-
gues did not detect CD9 on any of the 5 investigated B
cell line exosomes (62). Therefore, the CD9 ~ B cell EVs,
in addition to platelet and NK cell EVs, might be the
third type of EVs with very low levels of one of the three
so-called exosome markers. Among all tetraspanins, CD9
and CD81 are most structurally related (63) and compete
with each other for association with the other tetraspanin
proteins (64). On the other hand, CD9 and CD8I1 are
described to preferentially homodimerize in comparison
to cross-linking with other tetraspanins (48). Since CD81
has been described to be able to compensate CD9 loss
(65), the question arises whether CD9 and CD81 are
exchangeable. If the presence of both markers is not
necessary, one would assume CD9 is preferentially pre-
sent on platelet EVs as observed here because CD9 is
associated with CD41/CD61 on platelets (63). Similarly,
CDS81 would be expected on B cell EVs because CDS81
was shown to be required for the normal expression of
CD19 (66). In addition, CDS81 seems to be enriched in B

Citation: Journal of Extracellular Vesicles 2016, 5: 29975 - http://dx.doi.org/10.3402/jev.v5.29975

(page number not for citation purpose)


http://www.journalofextracellularvesicles.net/index.php/jev/article/view/29975
http://dx.doi.org/10.3402/jev.v5.29975

cell exosomes (17) and CD9 is expressed only during B
cell development (63). In general, the presence of various
proteins is critical for EV function. For example, surface
proteins on exosomes and recipient cells were shown
to be essential for exosome uptake because the uptake
was inhibited by proteinase K treatment (67). Exosomes
from APC were observed to activate naive T cells in
absence of APC if they carry MHC class I/peptide com-
plexes, intercellular adhesion molecule I (CD54) and the
co-stimulatory molecule B7 (68). In addition, disease-
associated antigens were observed to be transferred be-
tween cells via exosomes. The main co-receptor CCRS for
macrophage-tropic human immunodeficiency virus (HIV)-1
is transferred via microparticles to CCRS negative peri-
pheral blood mononuclear cells leading to infection
of tissues without endogenous CCRS5 expression (69).
Similarly, aggressive glioma cells have been shown to
transfer the oncogenic form of the epidermal growth
factor receptor (EGFRVIII) to receptor-negative cancer
cells by microvesicles (70). Melanoma derived, MET-
containing exosomes appeared to educate bone marrow
progenitor cells towards metastasis (71). Exosomes might
“adopt the homing pattern of the parental cell of origin”
(72) and targeted delivery could be important for the
development of vaccines or therapies. These examples
demonstrate the need to investigate potential subpopula-
tions of EVs not only with regard to their origin, but also
with the focus on potential functional effects.

Taken together, we demonstrate here that immunoaffi-
nity isolation is a fast and easy tool to physically separate
EV subpopulations. It can be combined with the multi-
plex bead-based platform to screen the initial sample and
the separated fractions for EV subpopulations. Visualiza-
tion of single EVs and their surface marker profile by
STED microscopy gives insight into EV heterogeneity.

The novel methods introduced here can change the
way we look at the origins and functions of the plethora
of EV populations.
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