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Abstract

Exosomes, recently re-named “small extracellular vesicles” or “sEV,” are emerging as an
intercellular communication system. Quantification of the molecular cargo exosomes carry by on-
bead flow cytometry is needed for defining their role in information transfer and in human disease.
Exosomes (SEV) isolated from cell supernatants or plasma of cancer patients by size exclusion
chromatography were captured by biotinylated antibodies specific for antigens in the exosome
cargo (e.g., tetraspanins) and placed on streptavidin-labeled beads. Detection was performed

with pre-titered fluorochrome-labeled antibodies of desired specificity. The data were acquired

in a conventional cytometer, and MESF beads were used to quantify the number of fluorescent
molecules bound per bead. Isotype antibody controls were obligatory. The mean fluorescence
intensity (MFI) value of each sample was converted into MESF units, and the separation index
(SI), which quantifies separation of stained and isotype control beads, was determined. Various
proteins identified by labeled antibodies were quantified on the surface of tumor cell-derived
exosomes. To identify intravesicular cargo, such as cytokines or chemokines, exosomes were lysed
with 0.3% Triton-100, and the proteins in lysates were loaded on aldehyde/sulfate latex beads for
flow cytometry. Examples of quantitative surface and/or intravesicular on-bead flow cytometry
for exosomes produced by various cells or present in body fluids of cancer patients are provided.
On-bead flow cytometry standardized for use with conventional cytometers is a useful method for
protein detection and quantitation in exosomes isolated from supernatants of cell lines or plasma
of patients with cancer.
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Introduction

Exosomes are small nano-sized vesicles (30-150nm) that represent a subset of extracellular
vesicles (EVs) and that differ from other EVs by their origin from the multivesicular

bodies (MVBSs) of parent cells and by unique cargo characteristics, including tetraspanins
(CD9, CD63, CD31) and endocytic markers such as TSG101 or ALIX (1,2). Exosomes are
frequently also referred to as “small extracellular vesicles” or “sEV”. Exosomes are released
by all cell types and are in all body fluids, but stressed cells, especially cancer cells, produce
and release more exosomes than normal cells (3). Exosomes serve as an intercellular
communication system: they carry and deliver signals from the parent to various recipient
cells located at near or distant sites (4). Immune cells are highly responsive to exosomes,
and in the tumor microenvironment (TME), immune cell functions are reprogrammed by
tumor-derived exosomes, which we have dubbed as TEX (1,5). Interestingly, TEX can
deliver suppressive as well as stimulatory signals to different subsets of immune cells, and
the molecular cargo TEX carry and deliver determines the functional status of responder
cells. Thus, in cancer, TEX serve to convey messages from tumor to normal cells that result
in altered functions and the promotion of tumor progression (6).

Exosomes carry a rich molecular/genetic cargo that includes cellular proteins, mRNA,
miRNA and DNA (6,7). Embedded in the exosome surface membrane are biologically
active ligands and enzymes which play a key role in modulation of anti-tumor immune
responses. The intra-vesicular exosome content delivered to recipient cells following
exosome internalization is also responsible for functional re-programming of recipient
cells by mechanisms that are not yet clear. Exosome interactions with recipient cells

and mechanistic underpinnings of the transfer of exosome cargos between exosomes and
recipient cells can vary. Exosome uptake appears to be regulated at the level of recipient
cells. For example, it has been reported that exosomes mainly interact with T-cells through
receptor-ligand interactions (8), whereas interactions with antigen presenting cells (APCs),
result in exosomes uptake by endocytosis or phagocytosis (9). The initial exosome-recipient
cell contact is likely to be driven by the cargo on the surface of exosomes that might
simultaneously engage various receptors on recipient cells (8,9).

To investigate the surface cargo of exosomes, we and others have resorted to flow

cytometry analysis, thus replacing semi-quantitative western blots broadly used for exosome
characterization (10,11). The existing reports indicate that analysis of exosomes with bead-
based assays using conventional flow cytometers might have sufficiently high sensitivity
that is necessary for measuring exosome cargos (12,13). The challenge is the small size

of the exosomes, in the range of virus particles, as compared to much larger cells. We

have previously reported that bead-based assays utilizing conventional cytometers allow for
the detection and quantitative measurements of proteins on the surface of exosomes (11).
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However, performing on-bead flow cytometry with exosomes using conventional cytometers
requires carefully executed titrations of the beads/Abs/exosome ratios, instrument calibration
and informed data interpretation. A reliable, standardized procedure for exosome protein
detection and quantification by flow cytometry is required for comparisons of results
between various laboratories. Here, we present and evaluate the usefulness of the on bead-
flow cytometry method for the protein detection and quantitation in exosomes isolated from
supernatants of cell lines or plasma of patients with cancer.

Materials and Methods

Exosome isolation from human plasma by size-exclusion chromatography (SEC)

The size exclusion chromatography (SEC) method for exosome isolation was optimized for
routine high-throughput use as previously described (14,15) (EV-TRACK ID: EV160007).
Briefly, plasma samples or concentrated cell supernatants (freshly harvested or banked)
were pre-cleared by centrifugation first at 2,000xg for 10min at room temperature (RT) and
then for 30min at 10,000-12,000%g at 4°C. Next, the specimens were ultrafiltered using a
0.22um filter (EMD Millipore, Billerica, MA). A 1 mL aliquot of plasma or supernatant
was placed on a mini-SEC column and eluted with PBS. A series of mini-SEC columns can
be run in parallel, allowing for processing of larger sample volumes. For each mini-SEC
column, the 4th ImL-void volume fraction enriched in exosomes was collected. The fraction
#4 contained non-aggregated, morphologically intact exosomes that were partly depleted

of plasma proteins which elute in later fractions, as previously reported (14). The protein
concentration of the isolated exosome fraction #4 was determined using a Pierce BCA
protein assay kit (Pierce Biotechnology, Rockford, IL) according to the manufacturer’s
instructions. Exosomes were concentrated using Vivaspin 500 (VS0152, 300,000 MWCO,
Sartorius, Gottingen, Germany). For FACS analysis, samples containing 5-10pg of exosome
protein in 100uL of PBS were used.

Scanning electron microscopy (SEM) of exosomes

Exosomes captured on magnetic beads were fixed in 4% glutaraldehyde (in PBS) for 30min
at RT. The beads were washed x3 in PBS and cytospun on epoxy silane coated glass

slides (Nexterion, Schott AG). To characterize the beads, slides were air-dried overnight and
gold-coated using a Pelco SC-6 sputter coater (Ted Pella, Inc., Redding, CA). Imaging was
performed using an FEI Quanta 200 FEG SEM (Thermo Fisher Scientific, Waltham, MA) at
Carnegie Mellon University Materials Characterization Facility.

Flow cytometry for detection of surface proteins on exosomes

For on-bead flow cytometry of exosomes, the method described by Morales-Kastresana (12)
was modified and used as previously described by us (11).

1. Exosome capture on magnetic beads—*For detection of exosome-associated
surface proteins by flow cytometry, exosomes were first captured on 3um-sized ExoCap™
Streptavidin magnetic beads (MBL International, Woburn, MA). Exosomes (5-10pg/100uL
PBS in 0.5mL Eppendorf microfuge tubes) were co-incubated with biotin-labeled mAbs for
2h at RT. Next, an aliquot of beads (titrated for use individually with every biotinylated
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Ab) was added and the tubes were again incubated for 2h at RT (Figure 1A). Titrations

of the beads, Abs and exosomes to establish the optimal Ab-on-beads/exosome ratios are
obligatory. Samples were washed 1x with dilution buffer from the kit using a magnet (Figure
1A) and blocking was performed with mouse serum for 30min on a shaker. Blocking buffer
containing BSA can be used as well, but in our experience, blocking with mouse serum
shows reduced background.

2. Antibodies used for exosome capture—Monoclonal antibodies (mAbs) 763.74
and 225.28 which recognize distinct and spatially distant epitopes of CSPG4 were
generated and characterized (16). The mAbs were purified from ascitic fluids by affinity
chromatography on Protein G. The purity and activity of mAbs were assessed by SDS-
PAGE and by binding assays with CSPG4-expressing cells. CD63-specific mAb (clone
H5C3) and CD81-specific mAb (clone 5A6) were both purchased from Biolegend (San
Diego, CA). For immunocapture of exosomes, anti-CSPG4 mAbs and anti-CD63 mAb were
biotinylated using a one-step antibody biotinylation kit purchased from Miltenyi Biotec
(Auburn, CA) as recommended by the manufacturer.

3. Flow cytometry-based detection of antigens on exosomes—The
exosome/Ab/bead complexes were incubated with the pre-titered fluorochrome-conjugated
Abs for 1h at RT. After washing x 3 with PBS, detection was performed immediately
using the Gallios flow cytometer equipped with Kaluza 1.0 software (Beckman Coulter,
Indianapolis, Indiana). Samples were run for 2min and approximately 10,000 events

were acquired. Gates were set on the bead fraction using forward light scatter doublet
discrimination (Figure 2) or forward and side light scatter. When using a conventional flow
cytometer, it is important to set the gates for detection of small-sized events in the range of
3um.

Most data analysis was performed using VenturiOne (Version 7.0, Applied Cytometry,
Dinnington, UK).

3a. Antibodies used for antigen detection on exosomes:. In addition to the anti-CSPG4
mAbs (APC labeled), the following fluorochrome-labeled specific for various antigens
carried by exosomes were used: Anti-Ox40L-APC (clone 159403, catalog# FAB10541A,
conc. 10ug/mL, staining with 10uL/0,1ug, R&D Systems); anti-CD81-APC (clone 1D§,
catalog# 17-0819-42, conc. 200ug/mL, staining with 5uL/1ug, Ebioscience,); anti-perforin-
PE (clone delta GG9, calatolg# 12-9994-42, conc. 12ug/mL, staining with 5ul/0.06ug,
Ebioscience); anti-TGFB-PE (clone 9016, catalog# FAB2463P, conc. 25ug/mL, staining with
2,5uL/0.06ug, R&D Systems); anti-MIP-1p (Clone D21-1351, catalog# Anti-Ox40L-APC
(clone #159403, R & D Systems); anti-CD81 (clone 1D6) APC labeled (Ebioscience);
anti-perforin-PE (clone delta GG9), (Ebioscience); anti-TGFB-PE (clone 9016) (R & D
Systems); anti-MIP-1 (clone24006) (R & D Systems.)

3b. Titration of antibodies used for antigen detection: Exosomes are significantly
smaller than cells, and the presence of beads, which are necessary for analyses of exosomes
in a conventional flow cytometer, complicates the assay and requires negative controls.
These include an isotype-matched irrelevant antibody control and unstained exosome/Ab/
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bead complexes. The latter may be the source of background staining. Further, titration of
the fluorochrome-conjugated detection Ab is required to achieve the optimal concentration
as determined by the highest separation index between the detection Ab and isotype control
(Figure 3). The optimal concentration of fluorochrome-labeled antibody is defined as that
which gives the best signal to noise ratio, resulting in the best separation between antibody-
stained and isotype-control stained exosomes. We used the separation index

_ (MFIjgpjeled = MFIypigbeled)
\/ SDjgpleled? + SDuniabeled?

2
(SI) metric, which takes into account both the difference in MFI between stained and isotype
control capture beads, and the average spread of their distributions (17,18).

3c. Calibration of a flow cytometer: To calibrate the instrument, PMT voltage should
be standardized to place a reference bead within a pre-established target channel range. We
used the 7t peak of 8-peak SPHERO Rainbow calibration particles (Cat. No. RQC-4K,
Spherotech, Lake Forest, IL) for this purpose.

3d. Choaice of fluorochrome: Because of the special challenges of exosome-on-bead flow
cytometry, we recommend the use of the same fluorochrome for different Abs, if single-stain
experiments are performed. A multicolor stain of exosomes on-beads is possible as well.
Here, we recommend the usage of bright single molecule protein fluorochromes such as PE
and APC, as they lend themselves well to quantification.

3e. Determination of Molecules of Equivalent Soluble Fluorochrome (MESF): MESF
beads are used to quantify the number of fluorescent molecules bound per bead. When
staining has been optimized and when labeled antibodies contain one molecule of
fluorochrome per antibody molecule, MESF is a surrogate for the number of target
molecules bound per bead. Quantum APC MESF microspheres are provided by Bangs
Laboratories (Lot No. 13028, Cat. No. 823A, Fishers IN, USA), and their use represents a
consistent, instrument-independent way to interpret mean fluorescence intensity. Calibration
is performed with each sample according to the method developed by Schwartz and his
colleagues at the FDA, Canadian FDA, CDC and NIST (18,19). The kit provides one blank
population (Sample 0) and a series of four fluorescent microsphere populations bearing
known numbers of fluorescent molecules, quantified as MESF. MFI values determined for
each bead are plotted against the known MESF value. MFI of samples are then interpolated
on the standard curve and converted to MESF (Figure 4). Unlike MFI, fluorescence
quantified as MESF can be compared between instruments, given that the same staining
protocol is used.

An example of MESF calibration for measurements of OX40L expression levels on
exosomes isolated from plasma of seven patients with carcinoma of the head and neck
(HNC) is provided in Figure 5. MESF, a quantitative estimate of the number of fluorescent
molecules bound to each bead, were determined from MFI. SI were determined as an
indicator of quality, to quantify separation of stained and isotype control beads. For example,

Cytometry A. Author manuscript; available in PMC 2022 May 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Theodoraki et al.

Page 6

in sample 8019 an Sl of 0.3 indicates that the difference in fluorescence intensity between
stained and control samples was only 0.3 SD, indicating that the estimated MESF (781
molecules per bead) is in the range of noise.

3f. Detection of intravesicular cytokinesin exosomes: Since a single PE-conjugated 1gG
molecule has a diameter of about 60 nm, approaching the size of an average exosome, intra-
vesicular staining with Abs by using conventional cellular permeabilization procedures did
not seem applicable to exosomes. Therefore, exosomes (10-30ug protein) were pre-treated
with 0.3% TritonX-100 for 10min, which effectively lysed all exosomes as confirmed by
TME, and then the lysates were co-incubated with an aliquot (1uL) of Aldehyde/Sulfate
Latex Beads (4um) for 1h to load proteins in the lysate onto the beads. The beads were then
blocked with 2% (w/v) BSA in PBS for 1h. After washing x 3 with PBS, the beads were
stained with labeled detection Abs of choice and analyzed by flow cytometry.

Ethical Statement

Results

The protocol for human sample collection for research was reviewed and approved by the
Institutional Review Board (IRB) at the University of Pittsburgh (IRB #960279). All patients
and healthy donors participating in this study signed an IRB approved informed consent.
This work was carried out in accordance with the Helsinki Declaration of 1975, as revised in
2008.

Binding of exosome-Ab complexes to beads

Using streptavidin beads and conventional flow cytometry, we successfully performed
surface staining of nano-sized exosomes and measured MFI as well as Sl of selected
proteins carried by exosomes. As previously reported (20), two binding-to-beads strategies
are possible: (i) exosomes are mixed with biotinylated Ab prior to the addition of beads

or (ii) biotinylated Abs are added to streptavidin-labeled beads prior to exosome addition.
The two strategies were compared, and the first was found to be more reproducible (20).
The optimal ratio of exosome/biotinylated capture Ab was established by titrations using
a defined concentration of exosome protein and increasing the Ab concentrations until the
saturation point was reached (20). In the next step, the optimal ratio of the beads/exosome/
detection Ab was determined by titrations as illustrated in Figure 6. Beads at increasing
volumes were co-incubated with 10ug exosome protein complexed with a mix of anti-CD63
and anti-CD81 Abs. These two anti-tetraspanin Abs were used because they are carried by
most although not all exosomes. The data indicated that 20uL beads gave the highest SI
value, reflecting the greatest separation between isotype and Ab peaks.

As shown in Figure 1B, an immense number of exosomes may be captured per bead. Hence,
exosomes which are positive for a specific antigen will be on the same bead as exosomes
which are negative for this antigen, and captured exosomes (antigen-positive and -negative)
will be dispersed on the beads with an approximately log-normal distribution. Although the
lower tail of this distribution may fall below the assays limit of detection, presenting the
results as percent positive exosomes captured on beads is misleading and incorrect (Figure
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6B). The quantity of exosomes bound per bead follows a distribution which is reflected in
the one-parameter fluorescence histograms. When the fluorescence of stained beads overlaps
with the isotype control, it is because the lower portion of the distribution of stained beads
falls below the assay’s limit of quantification, not because those beads contain no bound
exosomes. In on-bead staining, the fluorescence intensity is a proauct of: (i) the positivity
level of a targeted antigen and (ii) the density of this antigen on exosomes. This product

is best described by the MFI of stained exosomes minus the MFI of isotype control, the
significance of which is determined by the SI. Figure 3 illustrates the concept.

of MESF

Using the MESF beads for instrument calibration as described in Methods and illustrated

in Figure 4a, is especially important for the on-bead assays. It allows for a standardized
evaluation of the MFI by calculating MESF values estimated within the linear range of

the standard curve generated by the fluorochrome-labeled beads. The logarithm of the MFI
of the stain subtracted by the MFI of the isotype is used for calculation of the MESF

value of each sample. Figure 5 provides an example of on-bead staining for OX40L on
plasma-derived CD63+ exosomes in several different HNC patients. Results are presented as
MFI, MESF and Sl calculated using the standard curve shown in Figure 4b.

Gate-setting for exosomes on-beads

The use of beads introduces a requirement for establishing a gate that does not include
aggregates of beads. Figures 2 and 4c illustrate the optimal gating strategy, where aggregates
of beads are clearly discriminated from single exosome/detection Ab/bead complexes on the
basis of forward light scatter pulse area versus forward scatter pulse height. Events with a
pulse area too great for their pulse height represent bead aggregates. The gating strategy

is especially critical when exosomes are disrupted in 0.3% Triton X-100 in PBS and the
lysate proteins are placed on latex beads for detection of intraluminal antigens. SFigure 2
illustrates gating used for detection of intraluminal perforin or TGF-f in exosomes isolated
from supernatants of NK92 cells.

Reproducibility of the flow cytometry-based detection assay

Reproducibility of the flow cytometry-based detection method for antigens carried by
exosomes was tested and validated targeting PD-L1 on exosomes from plasma of patients
with HNC as previously described by us (11). Exosomes isolated from plasma of 3 different
HNSCC patients were divided into 3 aliquots. Each of these aliquots was divided again

into 3 parts and stained for PD-L1 (the total of 3x9 aliquots). Results of flow cytometry
(MFI of PD-L1* exosomes) showed that the assay had excellent reproducibility with the
experimental error of only 7% (11).

Flow cytometry-based detection of various surface or intraluminal antigens in exosomes

On-bead flow cytometry of exosomes isolated from supernatants of tumor cell lines or
plasma of patients with cancer was successfully used to measure levels of selected antigens
carried by exosomes on the membrane surface or in the lumen of these vesicles. To illustrate
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the versatility of the methodology for quantitative phenotyping of exosomes captured on
beads, several selected examples are presented in Supplemental Figures 1-3.

We have previously used anti-CSPG4 Abs to capture melanoma-derived exosomes from
plasma of patients with melanoma (14,21). SFIGURE 1 presents the results of immune
capture of CSPG4+ exosomes, almost all of which are positive, and the absence of the
CSPG4 protein on non-captured exosomes.

SFigure 2A shows an experiment in which NK92 cells and NK92-derived exosomes
captured on SA beads were assessed for the presence of perforin. Western blots indicated
that perforin and granzyme B were present in exosomes produced by NK92 cells. (SFigure
2C). Flow cytometry of permeabilized NK92 cells showed that perforin was largely found
in cytosol, and cell surface staining showed only minimal perforin expression (SFigure

2A). NK92-derived exosomes captured on SA beads carried no perforin on the surface
(SFigure 2B). Exosome treatment with BD permeabilzation buffer same as that used for
cellular permeabilization procedure was negative for perforin (SFigure 2B), When, however,
the exosome lysate-coated latex beads were used for detection, perforin was present in
NK92 cell-derived exosomes (Figure 7A). Further, as shown in Figure 7A, levels of perforin
measured in the exosome lumen depend on the ratio of beads/exosomes, suggesting that
titrations to establish the optimal ratio is a critical aspect of on-bead flow cytometry with
€X0S0mes.

Intra-vesicle detection after disruption of exosomes with 0.3% Triton X-100 was used to
detect and measure cytokines (e.g., TGF-p in Figure 7B and MIP-1p in SFigure 3) present
in NK92 cell-derived exosomes. It is essential to confirm (e.g., by TEM) that under these
conditions exosome lysis is complete. By parallel testing for surface cytokines and cytokine
or chemokine detected in the exosome lysate, it is possible to evaluate the total cytokine
content in and on the surface of the vesicles. These examples are provided to illustrate that
not only proteins on the exosome surface but also intraluminal exosome proteins, including
cytokines, chemokines and other soluble factors, can be detected and measured using Abs
and on-bead flow cytometry.

Discussion

Labeling of EVs for nanoscale flow cytometry has been evaluated and described by
Morales-Kastresana et al (12,22). The authors of these reports emphasize that on-bead
flow cytometry does not provide multiparametric information at a single EV level. Instead,
it enables phenotypic characterization of specific EV populations of interest enriched

by selective capture with Abs and subsequent detection of the EV cargo within in the
population of the captured vesicles. On-bead flow cytometry provides the positivity level
and the density of targeted protein within the isolated and captured population of multiple
EVs. Because EVs that we have been evaluating by on-bead flow cytometry are first
isolated from plasma or culture supernatants by SEC and have characteristics consistent with
those ascribed to exosomes, including virus-like size, the MVB origin and the presence of
endocytic proteins in their cargo (2), we consider this method as an advantageous approach
to the analysis of immunocaptured exosomes selectively captured on beads. The selection
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and preparation of beads and Abs used for exosome capture are the critical components of
the strategy. The beads should be of the appropriate size to be recognized in a conventional
flow cytometer (e.g., ~3um) and should have no or minimal background fluorescence.
While the use of mouse plasma for blocking of non-specific staining (Figure 1) in part
improves antigen detection, the potential for artifacts is decreased with beads that deliver
no background signal. The second critical factor for successful on-bead exosome analysis
is the ratio of beads/Ab/exosomes which needs to be optimized for each and every Ab/
exosome complex. We pointed out earlier that incubation of Abs with exosomes prior to
introducing the beads may be preferable to the use of Ab/bead complexes for exosome
binding (20). Since Ag/Ab interactions are always concentration dependent, optimization of
this interaction is necessary before the beads, used at a pre-determined number, are added
to form a complex detectable in a flow cytometer. The detection of pre-formed bead/Ab/
exosome complexes with a selected labeled Ab requires a separate titration, but once
established, the optimal ratio for a given detection Ab is a stable factor. Such optimization
is essential if data are to be reported as MESF. The third critical factor for successful
on-bead exosome analysis is isotype control, which again requires cross-titration against
the labeled detection Ab to minimize non-specific reactivity. While the use of isotype
control antibodies is controversial for cellular flow cytometry. for bead-based exosome
staining it is of high importance. The objective is to achieve the best separation of the
isotype MFI from the detection Ab MFI, which is defined as the separation index or SI.
Achieving such a separation is difficult using unstained controls in place of the isotype,
because the signal is very weak preventing discrimination. To quantify fluorescence by an
instrument-independent objective metric, calibration of the MFI signal by the daily use of
Quantum MESF microspheres is recommended. This allows for the calculation of MESF
values within the linear range of the standard curve generated by the fluorochrome-labeled
beads and allows for comparative estimates of signal intensity in different samples and
between different laboratories.

With a suitably pre-titered Ab-based detection system, and the capability to express

MIF values as MESF units, gating on exosome-bead complexes is the next critical step.
Because beads, Ab-coated beads or bead-exosome complexes may and often do form
aggregates, gating must eliminate these aggregates, so that only singlet analytes are in
the gate. The gating on singlets is facilitated when exosomes are isolated by SEC instead
of ultracentrifugation, because the vesicle morphology and integrity are maintained in
SEC-isolated exosomes. Lysis of exosomes with mild detergents and subsequent on-bead
detection by flow to assess the intraluminal protein content may increase aggregate
formation and calls for especially vigilant gating (Figure 6A).

Despite many potential pitfalls, all of which can be avoided, advantages of on-bead flow
cytometry analysis of exosomes are considerable. Quantification of proteins present on the
surface or in the lumen of exosomes within a selected vesicle subset allows for the molecular
definition of their cargos and for establishing correlations between exosome samples from
different sources or different patients (Figure 5). Further, it allows for correlations to be
established between exosome cargo and clinicopathological endpoints, as we have reported
(23,24). Sensitivity of flow detection appears to be especially important for detection of
proteins present in femtomolar quantities on the exosome surface or in the lumen, such as
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cytokines. Despite a multi-step method for detection of target antigens on/in exosomes, the
reproducibility of both the Ab-based capture and detection methods is excellent as we have
previously reported (11,14).

We have selected several examples to illustrate the usefulness of on-bead flow cytometry
for assessments of their content. The analysis is applicable to the identification of distinct
subpopulations of exosomes that carry highly variable molecular cargos. Specifically, tumor-
derived exosomes (TEX) can be quantitatively evaluated for protein content by this method
and differentiated from exosomes produced by non-tumor cells (21,25). It is thus possible
to establish correlations between the TEX cargo and their origin as well as their functional
activities (21,25). Further, on-bead flow cytometry analyses allowed us to show that within
the same subset of exosomes, vesicles are present that carry different proteins at vastly
different densities. The implication of these results is that within a specific subset of
exosomes in plasma of patients with cancer, there are subpopulations of vesicles carrying
numerous different proteins at vastly different densities and capable of delivering signals
that simultaneously target a variety of molecular pathways in recipient cells.

The dependence of the on-bead flow-based methodology on Abs provides specificity and
sensitivity not achievable by other exosome evaluation methods, such as LC-MS/MS, for
example. Consistently, mass spectrometry detection of cytokines in TEX has been negative
in our hands, while both western blots and on-bead flow cytometry were positive. We

have also used on-bead flow cytometry to confirm mass spectrometry detection of specific
immunoregulatory antigens in exosomes produced by human tumor cell lines (26). The

use of flow cytometry for studies of exosomes is likely to greatly expand with the recent
introduction of new instruments that will enable identification of virus-size vesicles and their
staining with Abs without the beads.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Immune capture and detection of the exosome cargo by on-bead flow cytometry.
A: A schema for the capture of exosomes onto beads and antigen detection on exosomes.

After exosome isolation from plasma via SEC, immune capture with a biotinylated Ab (e.g.,
anti- CD63 Ab) is followed by incubation with streptavidin beads. For antigen detection,
exosome/Ab/bead complexes are incubated with fluorochrome-conjugated detection Ab, and
MFI of the targeted antigen is determined by on-bead flow cytometry. B: Visualization of
exosomes captured on beads via scanning electron microscopy (SEM). Note an excess of
exosomes that are packed on beads. Titrations of exosomes and beads are necessary to avoid
excessive exosome “crowding” on the bead surface.
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Figure 2. Gating strategy for exosomes on beads and controals.
In A, using of a forward scatter pulse analysis permits for selection of labeled single

non-aggregated exosome-bead complexes and their discrimination from larger aggregates. In
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B, detection of OX40L on CD63+ exosomes isolated from plasma of a patient with HNC.
capture used Biotinylated anti-CD63 Ab was used for capture. In C, controls necessary

for on-bead flow cytometry measurements of OX40L on exosomes. Detection is with APC-

labelled anti-Ox40L Ab.
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Figure 3. Establishment of the separation index (SI).
An example of flow cytometric stain of exosomes on beads gated on the main bead

population visible on the forward/side scatter. Note, the low MFI of the isotype control
compared to the MFI of the APC-labeled detection Ab (anti-OX40L Ab). Capture was with
biotinylated anti-CD63 Ab. The SI calculated for this sample (1.8) is based on the difference
in MFI between isotype control and Ab-stained exosomes on beads and the average spread
of their distributions. The formula for calculating the Sl is shown.
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Figure 4. Flow cytometry of the M ESF beads gated on the main bead population.
Quantum APC MESF microspheres (MESF) provided by Bangs Laboratories (bead lot

13028) were used to quantify the number of fluorescent molecules per bead. A: One blank
population (Sample 0) and a series of four fluorescent microsphere populations of known
MESF (samples 1-4). B: Linear curve constructed out of the MFI values from A. For the
presented experiment, a standard curve relating MFI to known MESF of the microspheres
was constructed as follows: 1) The published MESF of the APC calibration microspheres
were logqg transformed; 2) The MFI of the blank microsphere was subtracted from the
MFI of each APC-conjugated microsphere to yield Net MFI; 3) Next, MFI values were
logqg transformed; 4) Log,o(MESF) were regressed against the logqo(Net MFI), providing
a standard curve with slope and intercept coefficients. The MFI of the isotype control

was subtracted from the MFI of each labeled exosome prep (stained at saturation) and the
log1gMESF was interpolated using the regression coefficients from step 4. The MESF was
determined for each APC labeled exosome prep by taking the antilog,( of each interpolated
log1o(MESF) value. C: Data for expression of OX40L on CD63* exosomes isolated from
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plasma of 4 patients with HNC. Biotinylated anti-CD63 Ab was used for exosome capture.
The MFI value was determined for each exosome sample and was converted to MESF units.
Note a broad range of MESF units among the exosomes of these patients, allowing for
comparative quantitation of OX40L expression for each sample. These data were placed in
the Flowdepository.org, file # FR-FCM-Z2XH.
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Figure 5. Quantitative estimates for the presence of OX40L on the surface of CD63+ exosomes
captured from plasma of 7 patientswith HNC.

The MFI value was determined for each exosome sample and was converted to MESF units.
Sl were also calculated. Note a broad range of MESF units among the exosomes of these
patients, allowing for the comparative quantitation of OX40L in every exosome sample.
Biotinylated anti-CD63 Ab was used for exosome capture.
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Figure 6. Establishment of the bead/exosome ratio for antigen detection.
Exosomes at the protein concentration of 10ug were co-incubated with increasing volumes

of SA beads coated with biotinylated anti-CD63 Abs. In A. Detection was with pre-titered
APC-labeled anti-CD81 Ab and isotype control Abs. Capture with a mix of biotinylated
anti-CD63 and -CD81 Abs at the 1:1 ratio). Note that the ratio of 20uL beads/10ug
exosomes gave the optimal Sl at 2.1. In B. The same data displayed using a different
program (Kaluza, Beckman Coulter) shows percentages of on-bead positivity for CD81.
While the optimal bead/exosome ratio is the same, the display of data as percentage-positive
isincorrect.
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Figure 7. On-bead flow cytometry for exosomes disrupted with 0.3% Triton X.
Exosomes produced by NK92 cells were treated with 0.3% Triton X-100 in PBS as

described in Methods. Lysates were placed on /atex beads (1uL) at the pre-determined
exosome/beads ratios for detection with PE-labeled anti-perforin Abs. Upper panels. flow
cytometry for perforin in 10ug lysate of exosomes produced by NK92 cells. Lower panels.
flow cytometry for perforin in 30ug 30ug of the same lysate. At 50ug of lysate, MFI did

not increase (not shown), indicating that saturation was reached at 30ug. In B, detection

of intraluminal TGF-f on exosomes produced by NK92. We have previously reported that
these exosomes carry TGF- B based on Western blotting of exosomes (25). In A and B, note
that with /atex beads, the gate should be carefully set to exclude bead aggregates. .

TGFB-PE
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