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Objective: To determine if prostate-derived extracellular vesicles (EVs) present in
patient plasma samples are of exocytotic origin (exosomes) or released by the cell
membrane (microparticles/microvesicles). Both malignant and normal prostate cells
release two types of EVs into the circulation, exosomes, and microparticles/
microvesicles which differ in size, origin, and mode of release. Determining what
proportion of prostate-derived EVs are of exosomal versusmicroparticle/microvesicle
EV subtype is of potential diagnostic significance.
Materials andMethods:Multi-parametric analytical platforms such as nanoscale flow
cytometry (nFC)were used to analyze prostate derived extracellular vesicles. Plasmas
from prostate cancer (PCa) patient plasmas representing benign prostatic hyperplasia
(BPH), low grade prostate cancer (Gleason Score 3 + 3) and high grade prostate cancer
(Gleason Score ≥4 + 4) were analyzed for various exosome markers (CD9, CD63,
CD81) and a prostate specific tissue marker (prostate specific membrane antigen/
PSMA).
Results: By using nanoscale flow cytometry, we determine that prostate derived EVs
are primarily of cell membrane origin, microparticles/microvesicles, and not all PSMA
expressing EVs co-express exosomalmarkers such as CD9, CD63, andCD81. CD9was
the most abundant exosomal marker on prostate derived EVs (12-19%). There was no
trend observed in terms of more PSMA+ CD9 or PSMA +CD63 co-expressing EVs
versus increasing grade of prostate cancer.
Conclusion: The majority of prostate derived EVs present in plasmas are from the cell
membrane as evidenced by their size and most importantly, lack of co-expression of
exosomal markers such as CD9/CD63/CD81. In fact, CD81 was not present on any
prostate derived EVs in patient plasmas whereas CD9 was present on a minority of
prostate derived EVs. The addition of an exosomal marker for detection of prostate-
derived EVs does not provide greater clarity in distinguishing EVs released by the
prostate.
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1 | INTRODUCTION

The primary function of the prostate gland is the synthesis and
secretion of various proteins and proteases into human seminal
fluid, conferring important protective effects for sperm post-
ejaculation. The prostate also releases extracellular vesicles,
originally termed prostasomes,1 into seminal fluid and these
storage vesicles also contain key constituents of seminal fluid.2

Extracellular vesicles (EVs) can arise via fragmentation or “budding”
of the cell membrane, are 100-1000 nm in diameter, and are known
as microparticles/microvesicles.3,4 Alternatively, they can also
arise via exocytosis of endosomal vesicles or storage vesicles,
are 50-150 nanometers in diameter, and are known as exosomes.4

It is unclear whether prostasomes are formed exclusively through
either mechanism or a mixture of both mechanisms, with some
indications that prostasomes are morphologically more similar to
exosomes and generated via exocytosis.1 Furthermore, the
existence of two different types of exosomes in seminal fluid,
between 40 and 70 nm and 80-130 nm in diameter implicates
overlooked complexities in EV biogenesis that occur in prostatic
epithelium5,6 regardless of neoplasia or hyperplasia.7 Several cell
surface antigens such as CD9, CD63, CD81 have been designated
as consensus exosome markers with a large set of other proteins
known to be enriched within exosomes (exocarta.org) with content
varying due to source and sample type.8–10

Prostate-derived EVs such as prostasomes which are present in
seminal fluid have emerged as a next-generation biomarker platform
for prostate-related disorders, supported by recent reports of their
abundance in patient urine and blood (plasma/serum) as analyzed by
both conventional methods and novel means.11,12 These prostate-
derived EVs and their putative portfolio of biomarkers could be used in
distinguishing patients with benign prostatic hyperplasia (BPH), from
low-risk prostate cancer (PCa), intermediate-risk PCa, and high-risk
PCa.13,14 Given that serum levels of prostate specific antigen (PSA/
KLK3) are elevated in the majority of these patients and undetectable
in healthy volunteers,15,16 it is conceivable that release of prostate-
derived EVs into the blood circulation could represent a non-invasive
“liquid biopsy” of the prostate for risk stratification of PCa patients.
However, this prostate “liquid biopsy” must rely on tissue-specific
markers or antigens such as prostate specific membrane antigen
(PSMA/FOLH1) as opposed to exosome markers such as CD9, CD63,
CD81 because of their expression on other non-prostate derived
exosomes, which may be in orders of magnitude more abundant than
prostasomes in patient blood.

Recent evidence confirms that PSMA is a suitable tissue-specific
antigen for prostasomes,4,8,9 but our recent work has shown that
PSMA + ve EVs in various PCa patient plasmas range from 100 to
500 nanometers in diameter as determined by nanoscale flow
cytometry, covering both exosomes and larger EVs such as
microparticles/microvesicles. It is possible that a subpopulation of
PSMA + ve EVs are of exosomal origin because of their size range
between 50 and 150 nm, of which the 100-150 nm size range is
covered by nanoscale flow cytometry (nFC, 100-1400 nm).17 It is

also possible that larger EVs (>150 nm in diameter) such as
microparticles/microvesicles may also express exosomal markers.
Understanding the origin and distinction of prostate-derived EVs in
patient blood as being either exosomes versus microparticles/
microvesicles is important because their effectiveness as a
biomarker platform is dependent on their origin. For example, if a
significant proportion of PSMA + ve EVs are exosomes, then
techniques such as RNA-seq are more relevant due to their
propensity for carrying and off-loading nucleic acid biomarkers
such as microRNA and mRNA.18,19 However, if the majority of
PSMA + ve EVs are microparticles/microvesicles, then protein-based
techniques would be more relevant for the enumeration of
biomarker-laden EVs generated from the prostate and its resident
cancer.

Currently, there are two main attributes that distinguish
exosomes from microparticles/microvesicles: size and the expres-
sion of exosome-specific antigens such as CD9/CD63/CD81. Based
on our preliminary data, PSMA + ve EVs cover the full range of sizes
(100-1000 nm), with the median diameter size of ∼200 nanometers,
which is beyond the upper size limit of exosomes.10,20 Given their
larger size, we hypothesized that PSMA + ve EVs in plasma are
predominantly larger EVs such as microparticles/microvesicles and
do not express consensus exosome markers CD9, CD63, and CD81.
To test this, nanoscale flow cytometry was used which enables
quantitative, multi-parametric analysis of PSMA + ve EVs for the co-
expression of CD9/CD63/CD81 on the surface of individual EVs
from patient plasma samples. This evaluation is not currently
possible with any other technique such as ELISA, western
immunoblotting, electron microscopy, or dynamic light scattering
(DLS) methods. Equally important is the ability to perform high-
throughput analyses of >500 000 events per flow cytometry run in
order to adequately power these studies. In this report, we perform
nanoscale flow cytometry on various patient plasma samples
representing BPH, low-/intermediate-/high-risk prostate cancer,
and determine that the prostate is predominantly releasing prostate
microparticles/microvesicles and not exosomes into the blood
circulation.

2 | MATERIALS AND METHODS

2.1 | Plasma preparation and ethics

Plasma samples from prostate cancer (PCa) patients were provided by
the Ontario Institute for Cancer Research Tumor Bank and the
University Health Network Genitourinary BioBank (Toronto, ON)
under Western University Research Ethics Board (REB) approved
Ethics permits 103156 and 103409. Samples from patients with at
least 3 years’ follow-up were used in order to avoid patients that
upstaged/upgraded prior to analysis by nFC. As per Biobank SOPs,
plasma was obtained by processing patient whole blood that was
collected in K2 EDTA Vacutainers (BD Biosciences, San Jose, CA;
CA# 366643) and centrifuged at 1500g's for 20min. The plasma
supernatant layer was removed, aliquoted, and then stored at −80°C.
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2.2 | Reagents for calibration of nanoscale flow
cytometer

Three types of microspheres were analyzed using the Apogee A50
nanoscale flow cytometer. Silica beads were purchased from Apogee
FlowSystems Inc. (110, 179, 235, 304, 585, 880 nm). Latex beads were
diluted 1:10 000 before being analyzed on the flow cytometer and
came in sizes 100, 200, 500, and 1 μm (TetraSpeck beads, Invitrogen,
Waltham, MA). Liposomes were generously provided by Dr. Jason
Townson with sizes in 50, 100, 200, and 800 nm. (Sandia Institute).
Liposomes were diluted 1:10 000× before being analyzed by the A50-
Micro nanoscale flow cytometer.

2.3 | Preparation of extracellular vesicles from
cultured cells

Both LnCap and PC-3M-LN4 cells were grown to 90% confluency in
RPMI + 10% FBS cell culture media. Cells were harvested using 0.05%
Trypsin + EDTA, and centrifuged at 200g's for 5min. The resultant cell
pellet was then resuspended in water and left at room temperature for
1 h to allow EV release. The supernatant was reserved and submitted
to one round of centrifugation at 1000g's for 15min at room
temperature. This subsequent supernatant was reserved and used
for experiments.

2.4 | Nanoscale flow cytometric detection of
extracellular vesicles

To detect exosomes on the A50-Micro nanoscale flow cytometer,
20 μL of plasma was incubated with 1 μL of CD63-FITC (BD
Biosciences; CA#561924), CD9-FITC (BD Biosciences; CA#555371),
CD81-APC pre-conjugated antibody (BD Biosciences; CA# 656154),
and/or anti-PSMA antibody (3E7 clone12,21) for 30min at room
temperature in the dark. Corresponding negative isotype controls,
mouse IgG-FITC andmouse IgG-PEwere added separately and used in
exactly the same incubation conditions. Gates for each microparticle
population were established by analyzing the isotype control first,
modifying the gains for each PMT as necessary, and then analyzing the
antibody labeled samples.

2.5 | Immunofluorescence staining of PC-3M-LN4
cells

PC-3M-LN4 cells (cultured to 90% confluency) were incubated on a 6-
well plate overnight, at 37°C. Cells were fixed with 10% formalin for
10min before blocking. Cells were incubated with 10% normal goat
serum for an hour to block unspecific binding of antibody. To stain CD9
antigens on plasma membranes, cells were incubated with the diluted
monoclonal CD9-FITC antibody in 10% normal goat serum overnight at
room temperature in the dark. To label plasmamembranes and nuclei of
cells, cells were incubated with the diluted wheat germ agglutinin
(Invitrogen) and Hoechst (Invitrogen) in 10% normal goat serum and
PBS, respectively, for 5min at room temperature in the dark.

3 | RESULTS

3.1 | Nanoscale flow cytometry can accurately
resolve particles within the submicron size range

To determine the efficiency of the nanoscale flow cytometer in the
analysis of submicron-sized particles, we calibrated the instrument
using various silica calibration beads, latex beads and liposomes of
known sizes. The nanoscale flow cytometer was calibrated by
measuring the particle size of silica beads in the range of 110, 179,
235, 304, 585, 880, and 1300 nm (Figure 1A). The analysis of latex/
polypropylene beads with various sizes (100, 200, 500, and 1000 nm)
demonstrated polystyrene beads as small as 100 nm could be readily
detected into discrete populations corresponding to each size group
(Figure 1B). However, the A50-Micro nanoscale flow cytometer erred
by positioning smaller polystyrene beads above larger silica beads in
the LALS versus SALS sizing scatterplot (500 nm and 1 μm polystyrene
beads over 880 nm and 1300 nm silica beads), revealing that different
refractive indices of nanoparticles result in discrepant size measure-
ments, with the polypropylene bead unsuitable for nFC due to its
higher refractive index of 1.665 ± 0.046 and solid core compared to
the vacant cores of silica nanoparticles and refractive index of
1.447 ± 0.021.22 Blood borne EVs have been reported to have a
refractive index range of 1.34-1.50.22 Given the errors in measuring
sizes regarding to material properties of beads and to evaluate the
effectiveness of nanoscale flow cytometry in the enumeration of
biological particles, we also analyzed liposomes of 50, 100, 200, and
800 nm in size (refractive index of 1.40). Liposomes of various sizes
were readily distinguished (Figure 1C). The A50-Micro was even able
to detect 50 nm liposomes, which gathered near the 100 nm level. As
shown, the overlapped liposome distribution area between 50 and
100 nm suggests that the A50 might not have sufficient resolving
power to distinguish liposomes with diameters less than 100 nm
(Figure 1C).

3.2 | Exosome specific antibodies alone are a minor
source of background noise

Removal of background noise, which is occasionally observed after
immunofluorescent staining, is critical to improve efficient
enumeration of fluorescently conjugated EVs. We examined the
proportion of background events in samples of PBS alone and each
fluorescently conjugated exosome specific antibody alone when
resuspended in PBS diluent (CD63-FITC, CD9-FITC, and CD81-
APC). PBS itself contained very low amounts of unidentified events
mainly ranging from 100 to 200 nm with little fluorescent signal in
the three channels of interest (Figure 2D). When we analyzed
CD63-FITC and CD9-FITC in PBS respectively with a dilution index
of 30, minimal contaminants in a range of 100 nm-300 nm were
detected in both samples with a similar distribution pattern
(Figures 2A and 2B). We detected fewer contaminating events
sized ∼100 nm in CD81-APC antibody only sample (Figure 2C, left
panel). Meanwhile, we found a small population of ∼200 nm sized
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events producing high fluorescence intensity in the CD63-FITC
antibody only sample (Figure 2A). CD9-FITC positive particles were
also detected but the fluorescence intensity was much lower than
that of the CD63-FITC antibody only sample (Figure 2B) while only
few CD81-APC positive particles with fluorescence intensity were
observed (Figure 2C, right panel). Hence, exosome specific
antibodies (CD9-FITC, CD63-FITC, and CD81-APC) exhibited
minimal non-specific binding and were used for immunofluores-
cent staining of exosomes in plasma samples.

3.3 | Nanoscale flow cytometry of antibody labeled
patient plasma samples

To demonstrate that we could detect EVs within the nanoscale size
range in human plasma samples, we analyzed unlabeled plasma
samples from localized prostate cancer patients with the nFC. We

detected a large number of events ranging from 50 nm to >1 um with
the majority of events <500 nm in size (Figure 3A, top panel). The
degree of background auto-fluorescence in all three fluorescent
channels, which were 488nm-Green channel (Figure 3A, second
panel), 488 nm-Orange channel (Figure 3A, third panel) and 639nm-
Red channel (Figure 3A, bottom panel) was negligible. Of note, the
488-Orange channel detected minimal auto-fluorescence; whereas
the 639-Red channel revealed more auto-fluorescence from larger
sized EVs (>500 nm).

We next wanted to exclude the possibility that we are
measuring albumin as EVs, which is the most abundant protein
in human plasma and a potential source of artefact in our analysis.
The analysis of high-concentration (7.5 mg/mL) BSA (Figure 3B)
and low-concentration (0.45 mg/mL) BSA (Figure 3C) showed
similar size distributions of nanoparticles at human plasma samples
containing diluted BSA and the number of events was proportional

FIGURE 1 The Apogee A50-Micro nanoscale flow cytometer is able to readily analyze events within the submicron range. The analysis of
silica calibration beads of various diameters, 110, 179, 235, 304, 585, 880, and 1300 nm (A), as well as latex/polystyrene beads of the
diameters 100, 200, 500, and 1000 nm (B), show that the A50-Micro can resolve particles as small as 100 nm in size. The A50-Micro
instrument is also able to accurately analyze microspheres with a lipid bilayer, as demonstrated by the analysis of liposomes that are 50, 100,
200, and 800 nm in size (C). [Color figure can be viewed at wileyonlinelibrary.com]
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to the concentration of albumin (normal range of albumin in human
plasma: 36-48 mg/mL). We subsequently analyzed the auto-
fluorescence of BSA in concentrations of 7.5 mg/mL and
0.45 mg/mL at the three channels (488-Green channel, 488-
Orange channel, and 639-Red channel). Minimal autofluorescence
was detected in BSA. However, the size measurement of nano-
particles in both high concentration and low concentration BSA
samples was inconsistent in all channels. All events in albumin-high
samples were <100 nm in terms of size according to the 639-Red
channel, while events ranged between 100 and 500 nm in the 488-
Green and Orange channel (Figures 3B and 3C). These results
suggest that the 639-Red channel is not suitable for accurate sizing
of EVs in the LALS versus SALS sizing scatterplot.

3.4 | Exosome markers on EVs in human plasma

Healthy volunteer patient plasma samples were immunostained with
monoclonal antibodies against three exosome-specific antigens (CD9,
CD63, CD81). CD9 positive EVs were observed in greatest abundance
(Figure 4A, top left panel) with a broad size range of 50-600 nm
(Figure 4A, bottom left panel, red rectangle). CD63 positive EVs were
also present (Figure 4B, top left panel) in the size range of 200-600 nm
but were not as abundant as CD9 positive EVs (Figure 4B, bottom left
panel). CD81 antigens were absent on EVs in healthy patient plasmas
(Figure 4C).

Prostate cancer patient plasma samples were also immunos-
tained with exosome specific antigens (CD9, CD63, CD81). CD9-
positive EVs were the most abundant in prostate cancer patient
plasma samples (Figure 4A, top right panel) with a broad size range of

50-600 nm (Figure 4A, bottom right panel). CD63-positive EVs were
also present (Figure 4B, top right panel) in the size range of 200-
600 nm but not as abundant as CD9-positive EVs (Figure 4B, right
panel). CD81 positive EVs were notably absent in prostate cancer
patient plasma samples. EVs from healthy/prostate cancer patient
plasmas showed the same degree of CD9/CD63 positivity without
CD81 (Figure 4C), suggesting that the CD9 antigen is broadly
present on different types of EVs including exosomes which are
smaller than 150 nm in diameter. EV size-restricted expression of
CD63 also reveals that large EVs (>200 nm) express CD63 on the
surface.

3.5 | Exosome markers and the prostate specific
membrane antigen biomarker on EVs from cultured
prostate cancer cells

PC-3M-LN4 prostate cancer cells were stained with the exosomal
markers CD9 and CD63with wheat germ agglutinin used to define the
cell surface membranes of unpermeabilized PC-3M-LN4 cells. An
abundance of CD9 was observed (green signal) on the cell surface
(Figure 5A), thus confirming that CD9 is a suitable surface antigen of
prostate cancer cells and EVs generated by these cells as determined
previously by others.23 EVs from PC-3M-LN4 and LnCap cells were
immunostained with CD9-FITC and CD63-FITC antibodies. EVs
released from PC-3M-LN4 were highly CD9-FITC positive
(Figure 5B, first panel). CD63 positive PC-3M-LN4 microparticles
were also abundant as shown in Figure 5C (left panel). When EVs were
gated on CD9/CD63 positivity, the size distribution of CD9-FITC
positive microparticles (50-1000 nm) was similar to those of CD63-

FIGURE 2 Anti-exosomal antibodies alone reveal minimal background during nFC. Analyses of CD63-FITC (A), CD9-FITC (B), and CD81-
APC (C) antibodies, diluted into DPBS, show minimal particle contamination, as well as low levels of auto-fluorescence (top and bottom
panels, respectively). Analysis of PBS, the diluent for all samples, shows minimal contaminating particles and fluorescent signal (D). [Color
figure can be viewed at wileyonlinelibrary.com]
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FITC positive microparticles (Figures 5B and 5C, second panel). We
also detected a small subpopulation of EVs that were both PSMA-PE
and CD9-FITC positive, exhibiting a size distribution of 200-1000 nm
(Figure 5B, third and fourth panel). CD63 and PSMA-PE dual positive

PC-3M-LN4 microparticles were also in low abundance and the size
distribution was same as those in CD9 and PSMA dual positive
microparticles (Figure 5C, third and fourth panel). EVs that were dual
positive for exosome markers and PMSA were relatively rare (Yellow

FIGURE 3 Minimal autofluorescence of EVs in patient plasma samples. Analysis of localized prostate cancer patient plasma by nFC
(A, top panel) results in a wide size distribution of particles, with events ranging from 50 nm all the way to >1 um. Additionally, there is
very little auto-fluorescence from the plasma alone in the 488-Green channel (second panel), 488-Orange channel (third panel), and
639-Red channel (bottom panel). Analysis of high-concentration (7.5 mg/mL) BSA (B) and low concentration (0.45 mg/mL) BSA (C),
show minimal presence of EVs, as well as minimal florescence activity in each channel. [Color figure can be viewed at
wileyonlinelibrary.com]
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rectangles represent the finding that CD9/CD63 & PSMA dual-
positive PC-3M-LN4 microparticles were less than 20% of PSMA-
positive microparticles).

LnCap EVs were stained with CD9-FITC and CD63-FITC and
CD9 + CD63 dual positive EVs were less abundant compared to
EVs generated by PC-3M-LN4 cells but continued to exhibit the
same size distribution as PC-3M-LN4 generated EVs
(Figures 5D and 5E, first and second panel). CD9/CD63 and
PSMA dual positive EVs were also lower in proportion compared to
PSMA-PE only EVs (Yellow rectangles represent that CD9/CD63 &
PSMA dual positive LnCap microparticles were less than 10% of
PSMA only positive microparticles) (Figures 5D and 5E, third
panel). CD9/CD63 and PSMA dual positive LnCap microparticles
exhibited a similar size distribution to those observed in PC-3M-
LN4 generated EVs (200-1000 nm) (Figures 5D and 5E, fourth
panel). Taken together, these results suggest that PSMA is not
consistently co-expressed with exosome markers (CD9, CD63) on
prostate derived EVs.

3.6 | Exosome markers and prostate specific
membrane antigens on EVs from prostate cancer
patient plasmas

nFC of PCa patient plasmas was performed to determine the
proportion of prostate derived exosomes (<150 nm and co-expression
of PSMA and CD9/CD63) and the proportion of prostate derived
microparticles/microvesicles (>150 nm and co-expression of PSMA
and CD9/CD63). Analysis of patient plasmas with antibodies specific
for PSMA-PE (Figure 6A), CD9-FITC (Figure 6B), CD63-FITC
(Figure 6C) positive EVs was performed with healthy volunteer plasma
samples, prostate cancer patient (Gleason Score 3 + 3) plasma samples
and prostate cancer patient (Gleason Score ≥4 + 4) plasma samples.
The number of samples chosen was based on central limit theorem for
powering groups based on a Gaussian distribution of data.

Nanoscale flow cytometry analysis of one plasma sample (ID PMP
087, Gleason Score 3 + 3) revealed (Figures 6A and 6B, left and middle
panel) a large amount of both PSMA positive microparticles and CD9
positive microparticles (Figures 6A and 6B, far right graphs). Plasmas
from Gleason Score 6 prostate cancer patients revealed more PSMA
positive events when compared to Gleason Score ≥4 + 4 patients, but
this did not reach statistical significance (Figure 6A, right panel). CD63
positive microparticles were comparatively fewer in number and
concentration, with a narrower size range of 200-600 nm (Figure 6C,
right panel) than CD9 positive microparticles and those of micro-
particles released by prostate cancer cells in vitro (Figure 5, left panel
and second panel). Meanwhile, healthy volunteer plasmas showed the
least number of CD9 positive events among the three patient plasma
sample groups.

Human plasma samples co-stained with antibodies specific for
PSMA and exosome markers (CD9/CD63) revealed a small
subpopulation of PSMA + CD9 dual positive EVs that exhibited a
wide size range of 100-1000 nm (Figure 6D). The number of EVs that
co-express PSMA + CD63 and was also examined in the same

samples revealing a similar number and size distribution as was
observed in the PSMA + CD9 dual positive EVs (Figure 6E). This
finding suggests that PSMA positive EVs in human plasma seldom
express exosome biomarkers such as CD9 and CD63. Comparison of
the number of PSMA + CD9/CD63 EVs between different plasma
sample groups revealed that low grade prostate cancer patient
(Gleason Score 3 + 3) plasmas contained the most dual-positive EVs

FIGURE 4 Continued.
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regardless of exosomal marker used but this did not reach statistical
significance. The lowest level of dual positive events were detected
in plasma samples from high-risk prostate cancer patients (Gleason
Score ≥4 + 4) (Figure 6D & 6E, right panel) but this did not reach
statistical significance.

Table 1 summarizes the proportion of prostate derived EVs that
express both an exosomal marker (CD9 top table, CD63 bottom table)
and PSMA. There was no statistically significant difference between
the three patient groups in terms of the proportion of dual positive EVs
compared to total PSMA events (CD9/CD63&PSMA dual + ve/
PSMA + ve). However, the proportion of dual + ve EVs in relation to
total PSMA EV events was significantly higher in the CD9 table (12.5%
to 19.1%) compared to CD63 (0.17% to 0.31%). This would suggest
that CD9 is a superior EV marker than CD63.

4 | DISCUSSION

The use of exosomal markers such as CD9 and CD63 and CD81 are
expected to help identify exosomes (50-150 nm) against larger EVs
such asmicroparticles/microvesicles (>150 nm). In prostate cancer and
normal prostatic epithelium, both exosomes and prostasomes/micro-
particles/microvesicles are produced and released into semen and
blood respectively but a multi-parametric and high-throughput means
of making this distinction was not possible until now. The use of
nanoscale flow cytometry for prostate EV analysis as pioneered by our
laboratory group sought to address the longstanding issue of the origin
of prostate derived EVs as being released by exocytosis as exosomes,
or if they were released at the cell membrane as microparticles/
microvesicles. This method overcomes conventional means of EV
analysis because nFC ascertains the antigen profile of each individual
EV whereas other methods rely on batch analyses (ELISA, western
immunoblotting) which incur contaminant EVs such as platelet
microparticles. Our results reveal that the majority of prostate derived
EVs are not exosomal in origin, but rather due to release at the cell
membrane as occurs in platelets and endothelial cells. In fact, very few
PSMA + ve EV events at the 100-150 nm analytical size range
expressed either CD9 or CD63. The large majority of CD9 + ve
prostate derived EVs were much larger in size, which was the same
regardless of cancer grade (low vs high).

The lack of CD9/CD63 expression on PSMA + ve EVs brings
into question their validity for identifying cancer EVs particularly
prostate-derived exosomes if used alone or in combination with
other exosomal markers. Given that we observed a small
proportion of PSMA + ve EVs co-expressing CD9/CD63 (12-19%
of PSMA + ve EVs in prostate cancer patients), exclusive use of
CD9 and/or CD63 to determine cancer EV concentration in
plasma would be erroneous. There are several limitations with this
study related to the use of CD9/CD63 antibodies; there is no
consensus clone for each antibody that is recommended by ISEV
but the clone used in these experiments has been validated by
various commercial entities and its effectiveness for immuno-
staining CD9 on cells and EVs is well documented.24–27 Another
limitation to consider is that PSMA itself is not purely prostate
epithelium specific although its TPM (Transcripts of target per
million total transcripts) for tissue specific expression is the
highest in the prostate and liver.28 We have determined
previously that PSMA is indeed specific for prostate derived
extracellular vesicles regardless of tumor grade or Gleason Score
and that is why it was used as the tissue-specific marker in this
study.12 Lastly, the nFC instrument used in this study has an
official analytical limit of analyzing 100 nm EVs in diameter but as
seen in Figure 1C, it is still able to identify 50 nm liposomes albeit
in an inefficient manner. This analysis does fully cover the
exosome range (50-150 nm) and the microparticle/microvesicle
range (150-1000 nm) and while some EVs of the exosomal range
may not be fully captured, at least a portion of those EVs were
included in our analysis.

nFC is ideal for enumerating EVs in a multi-parametric manner,
meaning that it is able to determine if an individual EV expresses one
target of interest or multiple targets. Much like conventional flow
cytometry, nFC can use the same fluorophores without any limit to
the number of targets being analyzed. In these experiments, two
targets were of focus, one representing an exosomal marker (CD9 or
CD63) and the second target representing a tissue-specific marker
(PSMA). In our studies, CD81 did not have utility in identifying
exosomes nor did it bind to any similar magnitude as CD9 or CD63
on larger EVs. In the same vein, CD9 proved to be a more
“ubiquitous” exosomal marker whereas CD63 was observed in
significantly lower numbers of EVs and PSMA + ve EVs. This may be
due to the fact that mRNA levels of CD9 (841.3 TPM) are higher than
CD63 levels (682.8 TPM) in the prostate (www.proteinatlas.org).28

However, CD81 levels are also high in the prostate (835.7 TPM). It
behooves other investigators to first consult this online resource to
determine if CD9/CD63/CD81 levels are abundant in their tissue of
interest prior to experimentation.

The primary finding of this work is that prostate derived EVs do
not all express exosomal markers such as CD9/CD63/CD81. This has
twomain implications, in that EV release in prostate cancer and normal
prostatic epithelium occurs on the cell membrane, which means that
other cell surface biomarkers can be used to develop more effective
and accurate “liquid biopsies.” The other implication is that prostate
derived EV release is triggered by non-exocytotic mechanisms as one

3
FIGURE 4 Exosome markers on microparticle-sized events in
human plasma. Healthy volunteer patient plasma and localized
prostate cancer patient plasma were stained with three exosomal
markers, and analyzed with the A50-Micro nFC instrument. It was
demonstrated that CD9 (A) and CD63 (B) were abundant in both
healthy volunteer patient (left panels) and localized prostate cancer
patient plasmas (right panels), whereas CD81 expressing EVs was
absent (C). These populations are outlined in the regions of interest
(red rectangles). Events staining positively for CD63 revealed a size
range of 200-600 nm (B, bottom panels). In contrast, events staining
positively for CD9 had a wider distribution of 50-600 nm (4A, top
panels). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Exosome markers and Prostate Specific Membrane Antigen on EVs generated from various prostate cancer cell lines.
Immunofluorescent staining of PC-3M-LN4 cells with CD9-FITC antibody revealed abundant cell surface localization as demarcated by wheat
germ agglutinin-Alexa594 staining (A). PC-3M-LN4 EVs reveal a high abundance of CD9 + ve EVs (B, left panel) as indicated by the red
rectangle. When the EVs are gated on CD9 positivity, they reveal a wide size distribution from 50 to 1000 nm (B, second panel). EVs staining
positively for both PSMA and CD9 are less abundant (B, third panel, red rectangle) but have a narrower size distribution of 250-1000 nm (B,
right panel). PC-3M-LN4 EVs stained with CD63-FITC and PSMA-PE revealed similar results (C). LNCaP EVs stained with CD9-FITC and
PSMA-PE revealed a lower overall abundance of EV events, as well as a lower number of CD9 + ve EVs (D, left panel, red rectangle). When
gated on CD9 positivity; however, EVs show a higher concentration of events in the 50-500 nm range (D, second panel). Events that are dual
positive for CD63 and PSMA are low (D, third panel, red rectangle) and show a similar size distribution to those in PC-3M-LN4 EVs (D, right
panel). LnCap EVs stained with CD63-FITC and PSMA-PE reveal a CD63 positive population (E, left panel, red rectangle) that has a larger size
(E, second panel). Evaluation of CD63 and PSMA dual positive populations reveal similar results to the PC-3M-LN4 microparticles (E, third and
right panels). [Color figure can be viewed at wileyonlinelibrary.com]
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would expect with exosomes. Instead, EV release by prostate cancer
cells is likely due to apoptosis, necroptosis, necrosis, migration, or
other cell activation types. These translational results have significant
bearing on how the biology of EVs produced by cancer can be used to
deduce tumor cell function in the patient. In this case, prostate derived

EVs present in low and high grade disease were released by dying
tumor cells or cells undergoing migration while a small proportion of
these EVs were simply released due to the constitutive exocytotic
nature of prostate epithelium releasing prostasomes into the seminal
fluid or blood.

FIGURE 6 nFC analysis of prostate cancer patient plasmas for prostate-derived EVs that express exosomal markers. Patient plasma
samples revealed a large amount of PSMA positive (A) and CD9 positive (B) microparticles (red gates, left panels). Both of the gated
microparticles distribute from 50 to 1000 nm in size (A and B, second from left panels). Meanwhile, CD63 positive microparticles were
less abundant (C) revealing a size range of 200-600 nm. Events that are dual positive for CD9 and PSMA are in low abundance (D, left
panel, red gate) and have a wide size distribution of 100-1000 nm (D, middle panel). Evaluation of CD63 and PSMA dual positive
populations reveal similar results to CD9 and PSMA dual positive populations (E). Prostate cancer patient (Gleason Score 3 + 3) plasma
samples revealed the most positive events in all staining strategies (right panels), while least positive events were detected in prostate
cancer patient (Gleason Score ≥4 + 4) plasma samples except staining with CD9-FITC (B, right panel). [Color figure can be viewed at
wileyonlinelibrary.com]
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