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Introduction

Calibration and standardization of extracellular
vesicle measurements by flow cytometry for
translational prostate cancer researcht

Yohan Kim,? Edwin van der Pol,>““ Ali Arafa,? Ishwor Thapa,® Cameron J. Britton,?
Jorgena Kosti,? Siyang Song,? Vidhu B. Joshi, ¢ f Ree M. Erickson,® Hesham Ali® and
Fabrice Lucien =) *@

Extracellular vesicles (EVs) are microscopic particles released naturally in biofluids by all cell types. Since EVs
inherits genomic and proteomic patterns from the cell of origin, they are emerging as promising liquid bio-
markers for human diseases. Flow cytometry is a popular method that is able to detect, characterize and
determine the concentration of EVs with minimal sample preparation. However, the limited awareness of
the scientific community to utilize standardization and calibration methods of flow cytometers is an impor-
tant roadblock for data reproducibility and inter-laboratory comparison. A significant collaborative effort by
the Extracellular Vesicle Flow Cytometry Working Group has led to the development of guidelines and best
practices for using flow cytometry and reporting data in a way to improve rigor and reproducibility in EV
research. At first look, standardization and calibration of flow cytometry for EV detection may seem burden-
some and technically challenging for non-academic laboratories with limited technical training and knowl-
edge in EV flow cytometry. In this study, we build on prior research efforts and provide a systematic
approach to evaluate the performance of a high sensitivity flow cytometer (herein Apogee A60-Micro Plus)
and fine-tune settings to improve detection sensitivity for EVs. We performed calibration of our flow cyt-
ometer to generate data with comparable units (nanometers, MESF). Finally, we applied our optimized pro-
tocol to measure the concentrations of prostate-derived EVs in healthy individuals and prostate cancer
patients. In conclusion, our proof-of-feasibility study can serve as a scientific and technical framework for
other groups motivated in using flow cytometry for EV research.

ie. do not contain a functional nucleus.” EVs have a wide
size range between 30 nanometers and 5 micrometers and

Extracellular vesicles (EVs) are emerging as promising liquid
biomarkers for the management of human cancers." The
International Society for Extracellular Vesicles (ISEV) endorses
EVs as a generic term for particles naturally released from the
cell that are delimited by a lipid bilayer and cannot replicate,
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they are abundantly released in biofluids such as blood and
urine.®> Having the capacity to detect EVs specifically released
from tumor cells offers numerous benefits for cancer diagno-
sis, early-detection of disease recurrence and monitoring
response to therapy. In line with this, the development of
EV-based tests for prostate cancer has been an active area of
investigation because of high incidence rates and limited per-
formance of current diagnostic tools.*® Prostate-specific
antigen (PSA) screening has improved early-diagnosis of pros-
tate cancer, but the poor specificity of PSA test leads to over-
diagnosis and unnecessary invasive tissue biopsy. Therefore,
there is a strong need to develop non-invasive tools to identify
men with clinically significant prostate cancer and avoid
unnecessary biopsies for men with no cancer or indolent
cancer.”’

While the multifaceted role and regulation of EVs is heavily
studied, great progress has been made in the development and
optimization of methods to detect, characterize, and isolate
EVs.” Flow cytometry (FCM) is a commonly used technique for
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single EV analysis. FCM holds several advantages over other
common methods such as electron microscopy and nano-
particle tracking analysis. FCM allows for high-speed detection
of millions of particles (>100 nm) within a few minutes from a
small volume and without the need for EV enrichment or iso-
lation. Furthermore, FCM combines light-scatter detection of
particles with fluorescence immunophenotyping that gives the
opportunity to estimate EV diameters as well as concentrations
of EVs released by a cell population of interest. These unique
capabilities have driven the use of FCM to assess the clinical
utility of EVs as cancer biomarkers.?™*?

Nevertheless, several challenges remain to be addressed
before unleashing the full capabilities of EV detection with
FCM. The small size of EVs, low abundance of surface antigens
and biophysical similarities with EV-like particles are impor-
tant hurdles in EV detection. Conventional and high-sensitivity
flow cytometers vary in their performance to resolve EVs above
the background noise using light-scatter or fluorescence
detection."*'® Accordingly, several groups have been investing
in optimizing FCM hardware and pre-analytical and analytical
conditions to reliably detect EVs.'"'”"*! Furthermore, an inter-
national collaborative effort led by the EV-FCM Working Group
has raised awareness towards the calibration and standardiz-
ation of flow cytometric detection of EVs to maximize rigor
and reproducibility in data acquisition, and
reporting.'*?2724

In this study, we described a systematic approach for stan-
dardization of acquisition parameters for side-scatter detection
of EVs and other particles from cell-depleted plasma and
urine. We demonstrated that, without in-depth technical train-
ing and knowledge in EV flow cytometry, standardization and
calibration of EV flow cytometry is feasible by building on
prior research efforts. To fulfill the prerequisites of rigor and
transparency established by the EV-FCM Working Group, we
performed calibration of our flow cytometer and transformed
side-scatter and fluorescence intensities in standardized units
(particle diameter and MESF values). Next, we determined
optimal pre-acquisition and data acquisition settings such as
sample dilution, illumination wavelength power, triggering
threshold, and flow rates. Finally, we applied our optimized
protocol for flow cytometric quantification and characteriz-
ation of EVs in plasma and urine of healthy individuals and
prostate cancer patients. Our optimized workflow will help us
evaluate the clinical value of circulating extracellular vesicles
for prostate cancer diagnosis in a reliable manner.
Furthermore, in synergy with the EV flow cytometry commu-
nity efforts, our work will facilitate the conduct of multicenter
translational studies using flow cytometry.

analysis,

Materials and methods
Blood and urine collection

Blood and urine samples were collected from localized pros-
tate cancer patients and benign individuals. Demographics
and clinicopathological characteristics can be found in
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Table 1 Demographics and clinicopathological characteristics of

patients
Patient cohort
BPH Localized PCa Metastatic PCa
Number of patients 35 85 20
Age
Median (min to max) 63 (43-76) 66 (50-86) 66 (55-76)

Prostate specific antigen levels (ng mL™")
Median (min to max) 6.7 (1.0-17.6) 6 (1.4-29)
Gleason scores

8.9 (0.88-117)

Gleason score 0 35 NA NA
Gleason score 3+3 NA 22 NA
Gleason score 3 +4 NA 38 NA
Gleason score 4 +3  NA 16 NA
Gleason score 4 +4  NA 3 NA

Gleason score > 8 NA 6 NA
Number of lesions
Median (min to max) NA NA Unknown

Table 1. All samples were collected with approved Mayo Clinic
IRB (19-006675, 21-004451). All urine samples were processed
within 30 minutes post-collection. Blood samples were pro-
cessed within 1 hour post-collection. Whole patient blood
(40 mL) was drawn using a 21 G needle in EDTA-coated vacu-
tainers (BD Biosciences, San Jose, CA). Vacutainers were centri-
fuged at 2500g (x factor - 9153), 20 °C with low break for
15 minutes with Sorvall Legend 1XR centrifuge (Thermo
Fisher Scientific, Waltham, MA) and top layer of plasma was
transferred into 15 mL conical centrifugal tubes without dis-
turbing the buffy coat (1 mL was left above the buffy coat).
Plasma was centrifuged again at 2500¢ (x factor — 9153), 20 °C
for 15 minutes to obtain platelet-free plasma (PFP). Removal of
platelets was confirmed by nanoscale flow cytometry by stain-
ing for CD61 using CD61-APC antibodies (HIP8 clone)."” Top
layer of plasma (approximately 1 mL left from bottom) was
transferred to cryovials and stored at —80 °C without snap
freezing and until further use. First-catch urine was collected
using Collipee collection device (Novosanis, Belgium). 20 mL
of urine was transferred to a 50 mL conical tube and centri-
fuged at 3000g (x factor - 9153), 20 °C with low break for
15 minutes. 15 mL of supernatant was transferred to cryovials
(1 mL per vial) and stored at —80 °C until further analysis. A
separate cohort of 20 widely metastatic CRPC (mCRPC) (i.e.
patients with >3 metastatic lesions) detected by conventional
CT and/or bone scan and with a PSA level above 2.0 ng ml™"
was used to compare EV levels between localized PCa and
metastatic PCa patients (IRB #21-004451).

Side scatter calibration of flow cytometry

Side scatter was calibrated with Rosetta Calibration beads
(#Cal002, Exometry, The Netherlands) and Rosetta Calibration
software (version v1.24 purchased license from Exometry, The
Netherlands) according to manufacturer’s instructions
(Exometry, The Netherlands). Briefly, a mixture of polystyrene
beads of known size and refractive index was analyzed and
side scatter intensities in arbitrary units were converted in

This journal is © The Royal Society of Chemistry 2022
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nanometers using Mie theory modeling.'®** To estimate the
size of an extracellular vesicle, we assumed that polystyrene
beads have a refractive index of 1.633 and double distilled
water as sheath fluid has a refractive index of 1.343 at an illu-
mination wavelength of 405 nm. For EVs, we assumed a core
refractive index of 1.38, a shell refractive index of 1.48 and a
shell thickness of 4 nm."” For label-free identification of EVs
from lipoproteins, we determined the diameter and refractive
index of each particle detected by flow cytometry using the
Flow-Scatter Ratio (Flow-SR) as described previously.>® Briefly
fecs files were imported into Rosetta Calibration software to
convert side scatter intensities into diameter. Then, files were
transferred to the Flow-SR software to measure levels of par-
ticles below and above refractive index of 1.45.%%2¢

Flow cytometry acquisition settings

Each sample was analyzed on Apogee A60-Micro Plus (A60MP,
Apogee Flow Systems Inc., Northwood, UK) equipped with 3
excitation lasers (405, 488, 638 nm) and 9 detectors. Default
configuration for the A6OMP included: a 405 nm excitation
laser set at 70 mW for side scatter detection, a side scatter trig-
gering threshold of 2300 arbitrary units (corresponding to a
side scattering cross section of 19 nm”* and an EV diameter of
188 nm with a core refractive index of 1.38 and a shell refrac-
tive index of 1.48), a flow rate of 0.75 ul min~" and an acqui-
sition time of 60 seconds. Before each run, a blank sample
with DPBS was run to ensure a count rate < 100 events per
second. Each sample was run in three technical replicates for
60 seconds. The laser power, triggering threshold and flow rate
were adjusted as described in the manuscript. Each week, the
A60MP underwent a quality control procedure including a run
with a mix of fluorescent polystyrene and silica polydisperse
beads (Apogee bead mix #1493, Apogee Flow Systems) to
control for instrument sensitivity and flow rate stability. Data
analysis was performed in FlowJo version 10.6.1. Number of
detected events, sample dilution, flow rate and acquisition
time were used to determine particle concentration. For a
detailed description of the flow cytometer specifications, pre-
analytical and analytical procedures, please refer to the
MIFlowCyt-EV report (ESIT).

Fluorescence intensity calibration

MESF reference values for each population of Alexa fluor 488
(AF488) and 647 (AF647) beads, along with acquired channel
statistics for each population were log-transformed before per-
forming linear regression (Quantum™ Alexa Fluor488 MESF
and Alexa Fluor647 MESF, Bangs Laboratories Inc., Fishers,
Indiana). Log transformed raw data was then converted to
MESF units using the obtained slope and intercept (Fig. S171).

Antibody conjugation and preparation

PSMA (3/E7, Creative Biolabs) and STEAP1 (SMC1, Mayo Clinic
Hybridoma Core) antibodies were labeled with Alexa Fluor 647
(AF647) and 488 (AF488) antibody labeling kits (Thermo Fisher
Scientific, Waltham, MA) respectively. Degree of antibody
labeling (DOL) was measured using a Nanodrop One C
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spectrophotometer (Fisher Scientific). Degree of labeling
(DOL) for PSMA and STEAP1 was 3.2 and 3.6 respectively. The
antibodies were then stored at 4 °C for future use. For sample
preparation, antibodies were centrifuged at 17000g for
30 minutes at 20 °C to remove any fluorescent antibody aggre-
gates. Antibodies were diluted to DPBS to prepare working
antibody solution with the desired concentrations and kept in
ice.

Immunophenotyping of EVs

Both plasma and urine samples were thawed at 37 °C for
2 minutes. Samples (1 ml) were centrifuged at 13 000g for
5 minutes at room temperature to remove any aggregates and
900 pL of supernatant was transferred into a new Eppendorf
tube. All plasma samples were pre-diluted in sterile DPBS
(Thermo Fisher Scientific, Waltham, MA) as indicated in the
manuscript. Urine samples were not pre-diluted prior to ana-
lysis. 10 uL of PSMA-AF647 and STEAP1-AF488 antibodies with
desired concentrations (6 pg mL " final concentration for both
antibodies) were plated to a well of 96-well V-plate, then 10 pL
of pre-diluted plasma or urine samples were added to the anti-
body mixture, which makes a total volume of 30 pL. The anti-
body-biofluid mixture was incubated in dark for 30 minutes at
room temperature to label prostate specific EVs with anti-
bodies. Each well was filled with 170 pL of DPBS to end the
incubation and proceed to sample analysis. Unstained PFP
was used to gate and count fluorescent events for each anti-
body. To determine the specificity of antibody staining, cell-
and plasma-derived EVs were incubated with 0.1% SDS in the
dark and at room temperature for 30 minutes. 180 pL of DPBS
was added to stop incubation and then the sample was ana-
lyzed with A6OMP.

Cell lines and transfection

Human HEK293T (ATCC, Manassas, VA, USA) were maintained
in a humidified incubator at 5% CO,. HEK293T cells were cul-
tured in high glucose DMEM (Corning, New York, NY, USA)
with 10% fetal bovine serum (Thermo Fisher Scientific,
Waltham, MA) and 5% penicillin and streptomycin (Thermo
Fisher Scientific, Waltham, MA). Cells were cultured at 70-80%
confluency in a 6-well plate (Thermo Fisher Scientific,
Waltham, MA) and transiently transfected with CD63-pEGFP
C2 (#62964) gag-GFP (#80605) and pEGFP-C1 (#54759) con-
structs purchased from Addgene. To collect cell-derived EVs,
cells were cultured in serum-free media for 48 hours.
Conditioned medium was collected and centrifuged twice at
2500g (k factor — 9153), 20 °C for 15 minutes with max break.
1 mL of EV-containing supernatants was aliquoted in cryovials
and stored at —80 °C until further use.

Ultracentrifugation-based EV depletion from human plasma

Patient plasma samples (4 mL per sample) in Ultra-Clear cen-
trifuge tubes (Beckman Coulter, Inc., Brea, CA) were centri-
fuged at 20 000g (k factor - 48) for 40 minutes (20 °C) and
100 000g (x factor — 48) for 16 hours (4 °C) in a Beckman
Coulter (Brea, CA) Optima XPN-100 ultracentrifuge using a SW
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55 Ti rotor to deplete EVs. After the process of sequential cen-
trifugation, plasma samples were diluted in DPBS. 10 pL of
diluted plasma samples were incubated with anti-PSMA and
STEAP1 antibodies in dark at room temperature for
30 minutes followed by adding 180 pL of DPBS to the mixture.
The prepared sample was run with A6OMP.

Statistical analysis

Student ¢-test (parametric), Mann-Whitney test (non-para-
metric) was employed to compare two groups. One-way ANOVA
(parametric) and Kruskal-Wallis (non-parametric) tests were
used to compare three or more groups. Linear regression ana-
lysis was conducted to determine correlation between continu-
ous variables (EV concentrations). The interquartile range
method was used to exclude outliers in correlation tests. The
results were considered significant for p values < 0.05. p values
were either specified in the figure or denoted as asterisk: *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All data were ana-
lyzed and plotted in GraphPad Prism 9.0.1.

Results

Determination of the linear relationship between particle
concentration and dilution

Swarm detection is an important factor in single particle
discrimination by flow cytometry that can lead to false enu-
meration of submicron particles within particle-rich bio-
fluids, such as plasma and serum.?” At high concentration,
multiple particles below the detection limit can run continu-
ously through the laser beam and be counted as single par-
ticle. As recommended by the EV Flow Cytometry Working
Group, serial dilutions of samples must be performed to
determine whether the measured particle concentration
scales linearly with sample dilution.””> Platelet-free plasma
and cell-free urine of three prostate cancer patients were
serially diluted in PBS and particle concentration was
measured using side-scatter detection on the A60MP flow
cytometer (Fig. 1).

To determine the linear range for particle concentrations
measured by the A6OMP, we calculated R-squared values for
successive sets of data points, and observe the range for which
perfect linearity was maintained across all dilutions. For PFP,
linear quantification of particles was lost when concentration
exceeded 4.8 x 10® particles per ml for PFP_1, 5.8 x 10° par-
ticles per ml for PFP_2 and 5.0 x 10° particles per ml for PFP_3
(Fig. 1A-C). This represented a 40-fold dilution for PFP_1 and
PFP_3 and a 160-fold dilution for PFP_2. Mean particle con-
centration at the upper limit was 5.8 x 10° particles per ml,
which corresponds to a mean event rate of 6.5 x 10° events per
s. At a particle concentration below ~1.0 x 10” particles per ml
(event rate ~ 125 events per s), the measured concentration
exceeded the concentration expected from the dilution due to
the presence of background noise (particle and optical noise),
as verified with the buffer-only control (~89 + 35 particles per
s) (Fig. S3f). Swarm detection can also be confirmed by
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measuring side scatter intensities of particles where median
scattering intensity increased with decreasing dilutions.*” Loss
of linearity in side scatter intensities was observed at low
dilution for PFP_1 and _2 which is in line with loss of linearity
observed for particle concentration (Fig. 1A-C). Therefore, par-
ticle concentrations of clinical samples under 5.8 x 10° par-
ticles per ml (6.5 x 10 events per s) are optimal to achieve
linearity.

Patient-matched urine samples were run with similar set-
tings as plasma samples (Fig. 1D-F). At the lowest dilution
(4-fold), the particle concentration did not exceed 1.6 x 10°
particles per ml corresponding to an event rate of 2.0 x 10°
events per s (Urine_3). Hence, the concentration of particles in
urine was significantly lower than in plasma. Upon serial
dilution, perfect (R* = 0.999, p < 0.0001) linearity was achieved
except for Urine_1 where linearity was lost at a particle concen-
tration below 1.6 x 107 particles per ml (event rate 199 events
per s). No difference was observed in median side scatter
intensities across all dilutions which confirmed the absence of
swarm effect in particle analysis from urine.

PFP from 20 prostate cancer patients were analyzed at a
200-fold dilution (Fig. 1G). Median particle concentration
measured by the AGOMP was 2.2 x 10® particles per mL (min =
2.3 x 10”; max = 1.2 x 10°). By using the upper detection limit
for concentration of 5.8 x 10°® particles per mL, 20%
samples exceeded the upper detection limit for concentration.
Using a 20-fold dilution of urine from 20 prostate cancer
patients, median particle concentration was 3.1 x 10’ particles
per mL (min = 1.1 x 10’; max = 1.1 x 10%) with no sample
exceeding the upper detection limit for particle concentration
(Fig. 1H).

Altogether, these data indicate that submicron particles can
be rigorously quantified from cell-depleted plasma and urine.
For our A6OMP flow cytometer, we obtained a linear relation
between particle concentration and sample dilution below a
concentration of 5.8 x 10° particles per mL, suggesting that
minimal dilution factor for urine sample is acceptable to keep
particle concentrations in the detection range of the flow cyt-
ometer. For plasma, a 200-fold dilution is an acceptable start-
ing dilution but some samples exceeding the upper detection
limit might need higher dilution.

Detection of fluorescent recombinant EVs spiked-in biofluids

To assess the sensitivity of the A6OMP for detecting EVs, we,
per Fig. S2A,} generated recombinant EVs (rEVs) in vitro from
HEK293T transfected with an expression vector coding for the
fluorescent reporter GFP, the EV-enriched cell-surface marker
CD63 tagged with GFP or the viral protein Gag tagged with
GFP. EVs released by cells transfected with Gag-GFP construct
are enriched in GFP bound to the inner leaflet of the plasma
membrane, which can be used as reference biological material
for EV flow cytometry experiments.”® Analysis of culture
medium-derived rEVs by flow cytometry in Fig. S2Bf showed
higher percentage of EVs positive for Gag-GFP (~79%) com-
pared to CD63-GFP (41%) and GFP (18%). Fig. S2Ct shows
that Gag-GFP-positive EVs have higher mean fluorescence

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Determination of the linear detection range of particles from platelet-free plasma and cell-free urine by nanoscale flow cytometer. (A-C)
Concentrations of particles and median side scatter measured in serial dilution of additional platelet-free plasma samples (N = 3). Particle concen-
trations, median side scatters and dilution factors are presented in logarithmic scale. Perfect linear regression curve (R? = 1) for particle concen-
trations and median side scatters are presented in red (r = 1) and green (r = 1). (D—F) Concentrations of particles and median side scatter measured
in serial dilution of additional cell-free urine samples (N = 3). Particle concentrations, median side scatters and dilution factors are presented in log-
arithmic scale. Perfect linear regression curve (R? = 1) for particle concentrations and median side scatters are presented in red (r = 1) and green (r =
1). (G) Concentrations of particles measured in a 200-fold dilution of platelet-free plasma samples (N = 20). Dotted line in red indicates the
maximum particle concentration for linear detection. (H) Concentrations of particles measured in a 20-fold dilution of urine (N = 20).

intensity compared to GFP-EVs and CD63GFP-EVs. We also
employed refractive index-based discrimination (Flow-Scatter
Ratio or Flow-SR) to compare particle refractive index (RI) of
EVs > 200 nm released from HEK293T Gag-GFP-positive or
wild-type cells (Fig. S2D1).>® As expected, most EVs (92%)
release from wild-type cells fell under RI < 1.45. Similarly,
95% of GagGFP-positive EVs showed a RI < 1.45 which con-
firms that Gag-GFP-positive EVs share similar biophysical

This journal is © The Royal Society of Chemistry 2022

properties to wild-type EVs. Serial dilutions of rEVs (Gag-
GFP-EVs) were spiked-in PFP and urine and concentrations
were recorded to determine the lower concentration for
linear quantification of rEVs (Fig. S2E-Hf). Linear quantifi-
cation of rEVs was achieved down to 4.6 x 10* EVs per mL
for PFP (r = 0.998, p < 0.0001, 0.062% of total particles) and
3.0 x 10* EVs per mL for urine (r = 0.997, p < 0.0001, 0.51%
of total particles).
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Impact of acquisition parameters on side scatter detection of
particles and rEVs from platelet-free plasma and cell-free urine

Power of illumination laser positively correlated with side
scatter detection of particles and rEVs in platelet-free plasma
and cell-free urine. By using rEVs spiked-in plasma and urine
from three prostate cancer patients, we compared four
different powers (70, 100, 150 and 200 mW) of the 405 nm exci-
tation laser for side scatter detection and quantification of par-
ticles and rEVs. Fig. 2A shows total particle concentrations
measured in PFP samples positively correlated with laser
power (PFP_1 r = 0.993 and p < 0.01, PFP_2 r = 0.993 and p <
0.01, PFP_3 r = 0.944 and p < 0.05). In contrast to total par-
ticles, concentrations of rEVs modestly increased at 100 mW
compared to 70 mW and reached a plateau at 150 mW
(Fig. 2B). In Fig. S3,} particle measurement from filtered PBS
also showed higher number of particles detected with increas-
ing laser power but remained much lower (<24-fold) than PFP
particle concentration. A laser power of 100 mW impacted very
slightly (~10%) on the measurement of particle and rEV con-
centrations while higher laser powers led to significant
increase in both particle and rEV concentrations measured
(Fig. 2C). Concentrations of particles detected were increased
by 102% and 129% at a laser power of 150 mW and 200 mW
while levels of rEVs were only increased by 39% and 35%
respectively compared to a laser power of 70 mW. The loss of
linearity in rEV concentrations measured at high laser power
can result from photobleaching of GFP fluorophores
29345328. We calculated mean fluorescence intensity of rEVs
and found a reduction by ~15% at laser power above 150 mW
(Fig. S3Dt). This suggests that photobleaching of dimly fluo-
rescent GagGFP-positive EVs can shift their fluorescence inten-
sity below the minimum detectable signal-to-noise ratio of the
instrument resulting in loss of linearity in the relationship
between laser power of GagGFP-positive EV concentrations
measured (Fig. 2B). Similar to PFP, increase of laser power was
associated with higher particle and rEV concentrations
measured in urine (Fig. 2D). While detectable levels of rEVs
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increased by 39% in PFP at 150 mW, it increased by 58% in
urine compared to the levels of rEVs measured at 70 mW.

To validate our findings, we measured side scatter intensi-
ties of NIST traceable 80 nm polystyrene beads (Fig. S4At). We
observed a positive correlation between laser power and side
scatter intensities (r = 0.999, p < 0.01) (Fig. S4Bt). Positive cor-
relation was also found with laser power and particle concen-
tration (r = 0.990, p < 0.01). At 200 mW, a concentration of 5.9
x 107 beads per milliliter was detected which is close to the
known concentration of 6.5 x 10’ beads per milliliter (+10%).
These data demonstrate that increasing laser power for side
scatter particle detection improves sensitivity for smaller par-
ticles resulting in higher particle concentration measured.
Furthermore, recombinant EVs spiked-in biofluids are a suit-
able biological tool to determine instrument sensitivity, risk of
photobleaching and optimize data acquisition settings for EV
quantification from blood and urine.

Determination of optimal triggering threshold for side
scatter detection of particles and rEVs. The triggering
threshold is another critical aspect of single particle analysis,
because it determines on the one hand the number of
included background events and on the other hand the signal
level of the dimmest detectable particle. To determine the
optimal side scatter triggering strategy, we compared three
different triggering thresholds 1800, 2000, and 2300 arbitrary
units. Number of events acquired with PBS was significantly
increased with reduced triggering threshold reaching ~2699
events per second at a threshold of 1800 a.u. (Fig. S5A-Cf¥).
High event rate with PBS likely results from acquisition of elec-
tronic and optical noise. Similarly, total particle concentration
from PFP was significantly increased by 64% at a threshold of
1800 a.u. compared to 2300 a.u. (Fig. 3A-C). In contrast, levels
of rEVs only increased by 29% at a threshold of 1800 a.u. In
urine, total particle concentration increased by 105% at a
threshold of 1800 a.u. compared to 2300 a.u. while rEV con-
centrations measured only increased by 21% (Fig. 3D).

Impact of flow rate on side scatter detection of particles and
rEVs. The flow rate with the optimal dilution together controls
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Fig. 2 Impact of laser power on side scatter detection of particles and EVs from platelet-free plasma and cell-free urine. (A and B) Concentrations

of total particles and GFP-positive rEVs in rEV spiked-in PFP samples (N =

3) measured in different laser powers. Laser powers are presented in milli-

watts (mW). Dotted line indicates the maximum particle concentration for linear detection of particles. (C and D) Fold changes in detection levels of
total particles and rEVs from rEV spiked-in PFP (N = 3) and urine (N = 3) samples measured in different laser powers. Laser powers are presented in

milliwatts (mW).
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the sample volume passing through the laser beam. A low flow
rate is usually associated with higher sensitivity for single par-
ticle analysis because less particles are running simul-
taneously through the interrogation point thereby limiting the
incidence of swarm detection.'” Therefore, different flow rates
(0.75, 1.50 and 3.00 ul min™") were evaluated in terms of par-
ticle concentration measured and variance between technical
and biological replicates. For PBS alone, the event rate was pro-
portional to the flow rate and measured particle concentration
was unaffected (Fig. S5D-Ff). For PFP, a flow rate of 0.75 or
1.50 pl min~" led to similar particle and rEV concentrations
measured by A6OMP (Fig. 4A-C). In contrast, a flow rate of
3.0 pl min~" was associated with a significant decrease in both
particle and rEV concentrations (Fig. 4B and C). A decrease of
30% in rEV concentrations was observed in PFP samples ana-
lyzed at 3.0 ul min™' compared to 0.75 ul min™" (Fig. 4D). A
flow rate of 1.5 pl min~" was associated with better stability
between replicates with a coefficient of variation of 4.2% =+
1.8% (Fig. 4E). A flow rate of 0.75 and 3.0 pl min™" showed a
coefficient of variation of 9.3% + 9.9% and 17.4% =+ 15.7%.
Particle and EV quantification from urine was not affected by
flow rate (Fig. 4F). However, a flow rate of 1.5 and 3.0 ul min™"
resulted in smaller variance between replicates with a coeffi-
cient of variation of 7.43% + 6.47% and 6.0% + 1.59%, respect-
ively (Fig. 4G).

Altogether, our data showed that acquisition parameters
and particle abundance can significantly influence sensitivity
and enumeration of particles measured from platelet-free
plasma. Standardization of acquisition parameters and selec-
tion of optimal settings are required to have best sensitivity for
EV quantification while maintaining the linearity in particle
detection by the flow cytometer. Given the major differences in
particle concentration in blood and urine, different acquisition
parameters may be used to provide the best detection sensi-
tivity for single particle analysis. In our environment, optimal
settings for PFP analysis included a 405 nm laser set at
70 mW, a flow rate of 0.75 pl min~" and a triggering threshold

This journal is © The Royal Society of Chemistry 2022

on side-scatter of 2300 a.u. Analysis of urine-derived EVs was
optimal with a 405 nm laser set at 150 mW, a flow rate of
3.0 pl min~" and a triggering threshold at 2300 a.u.

Calibration of side scatter detection of particles by nanoscale
flow cytometry

After having defined the optimal acquisition parameters for
particle detection in blood and urine using flow cytometry, we
calibrated our flow cytometer and report scatter and fluo-
rescence intensities in standardized measurement units. This
is in accordance with the large collaborative effort to improve
rigor and reproducibility in single particle detection by flow
cytometry.>® Acquisition settings for PFP included a 405 nm
excitation laser set at 70 mW and a side scatter triggering
threshold set at 2300 arbitrary units. A mixture of fluorescent
and non-fluorescent polystyrene beads (Rosetta Calibration)
was analyzed, and side scatter intensities were recorded and
converted in standardized units using Mie Theory-based
scatter modeling.'® The A60MP successfully detected polydis-
perse polystyrene beads ranging from 120 nm to 400 nm while
larger polystyrene beads in the mixture saturated the detector
(Fig. S6AT). The side scattering intensity to diameter relation-
ship showed that 200 nm polystyrene beads (Refractive index =
1.63) scatter as much light as an EVs of 730 nm (Refractive
index core = 1.38; Refractive index shell = 1.48; shell thickness
= 4 nanometers). Polystyrene beads of 80 nm diameter (RI =
1.63) have similar side scatter intensities as an EV of 158 nm +
10 nm (RI core = 1.38; RI shell = 1.48; shell thickness = 4 nm)
(Fig. S6Bt). Side scatter intensities generated by rEVs mainly
fell in the range of 100-125 nm polystyrene beads with a peak
at 2822 arbitrary units corresponding to a diameter of 199 nm
(Fig. S6CT). In our A6OMP system, a side scatter triggering
threshold of 2300 a.u. corresponds to a scattering cross section
of 19 nm?* and an EV diameter of 188 nm, given the assumed
refractive index distribution of an EV is correct. For urine,
acquisition settings included a 405 nm excitation laser set at
150 mW. A side scatter triggering threshold set at 2300 arbi-
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Fig. 4

Impact of flow rate on side scatter detection of particles and EVs from platelet-free plasma and cell-free urine. (A) Event rates of total par-

ticle detection per second from PFP (N = 3) measured in different sample flow rates. Flow rates are presented in pl min~. (B and C) Concentrations
of total particles and GFP-positive rEVs detected from PFP with rEV spike-in (N = 3) measured in different sample flow rates. (D) Fold changes in
detection levels of total particles and rEVs from rEV spiked-in PFP samples (N = 3) measured in different flow rates. Particle concentrations measured
in flow rates 1.5 and 3.0 pl min~ were normalized to the one measured in flow rates 0.75 ul min~ . (E) The coefficient of variation of plasma GFP-
positive rEV concentrations and total particle concentrations measured in different flow rates between each replicate. (F) Fold changes in detection
levels of total particles and rEVs from rEV spiked-in urine samples (N = 3) measured in different flow rates. Particle concentrations measured in flow
rates 1.5 and 3.0 pl min~ were normalized to the one measured in flow rates 0.75 pl min~. (G) The coefficient of variation of urinary GFP-positive

rEV concentrations measured in different flow rates between each replicate.

trary units corresponds to a scattering cross section of 9 nm?*
and an EV diameter of 158 nm.

Label-free detection and characterization of particles and EVs
from blood and urine of prostate cancer patients and age-
matched men with benign prostate hyperplasia

Using our standardized protocol and calibrated flow cytometer,
we sought to determine concentration of particles in blood and
urine of 85 prostate cancer patients and 35 men with benign
prostate hyperplasia (BPH). We also employed refractive index-
based discrimination (Flow-Scatter Ratio or Flow-SR) to dis-
tinguish EVs (RI < 1.45) from non-EV particles such as lipopro-
teins (RI > 1.45) in a label-free manner (Fig. 5A and B).>>?°
Median particle concentration in plasma was similar in
BPH patients and prostate cancer patients with 2.5 x 10'° and
3.0 x 10" particles per ml respectively (Fig. S7Ct). Using Flow-
SR, we did not find any significant difference in concen-
trations of EVs and lipoproteins (LPs) between BPH and pros-

9788 | Nanoscale, 2022, 14, 9781-9795

tate cancer patients (Fig. 5C and D). In addition, the percen-
tages of EVs were similar in prostate cancer patients compared
to BPH patients (Fig. 5E).

In urine, no difference was observed in total particle con-
centration between BPH patients and prostate cancer patients
with 1.1 x 10° particles per ml (Fig. S7Dt). Most particles
detected in urine (>89%) fell under a RI of 1.45 (Fig. 5F-H).
When LPs were excluded from the analysis, median urine con-
centration of EVs was slightly higher in prostate cancer patients
compared to BPH patients (1.3 x 10° vs. 9.1 x 107 particles per
ml, p =0.1702) (Fig. 5F). Percentages of EVs were similar in pros-
tate cancer patients compared to BPH patients (Fig. 5H).

Antibody-based fluorescence detection of EVs in detection of
prostate-derived EVs biofluids from BPH and prostate cancer
patients

Our previous data show that label-free quantification of par-
ticles and EVs by flow cytometry is not sufficient to discrimi-

This journal is © The Royal Society of Chemistry 2022
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samples of BPH (N = 35) and localized prostate cancer (N = 85) patients. (C and D) Comparison of particle and lipoprotein concentrations in plasma
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patients.

nate prostate cancer patients from men with BPH. Therefore,
immunophenotyping using antibodies against tissue- or
cancer-specific surface antigens is critical to further character-
ize the cellular source of EVs and identify potential diagnostic
biomarkers. Accordingly, we measured the blood and urine
levels of prostate-specific EVs using antibodies against two

This journal is © The Royal Society of Chemistry 2022

prostate markers, namely PSMA and STEAP1. To demonstrate
the specificity of fluorescent antibodies in detecting EVs and
not generating false-positive aggregates, we measured particle
and EV concentrations in EV-depleted plasma (Fig. S8 and
S9f). We wused ultracentrifugation- and detergent-based
methods to deplete EVs from human plasma. Using both
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approaches, we observed a depletion of more than 90% of anti-
body-bound EVs which confirmed the specificity of PSMA and
STEAP1 antibodies in binding EVs.

We compared the blood concentrations of PSMA'-EVs and
STEAP1'-EVs between men with BPH, localized prostate cancer
and metastatic castration-refractory prostate cancer (Fig. 6A
and B). In addition, urine concentrations of both EV subsets
were measured in men with BPH and localized prostate cancer
(Fig. 6F and G). Similar levels of PSMA" and STEAP1" EVs were
observed in both PFP and urine of prostate cancer patients
and BPH men. However, blood concentrations of PSMA" EVs
(8.4 x 10° vs. 3.8 x 10° and 2.9 x 10° Events per mL, p < 0.01)
and STEAP1" EVs (9.6 x 107 vs. 2.0 x 107 and 1.6 x 10’ Events
per mL, p < 0.0001) were significantly higher in metastatic cas-
tration-refractory prostate cancer patients compared to both
BPH and localized prostate cancer patients (Fig. 6B). In
addition, there were significantly positive correlations between
blood PSMA" EV levels and STEAP1" EV levels in both BPH (r =
0.55 and p < 0.001) and localized prostate cancer patients (r =
0.45 and p < 0.0001). A loss of positive correlation in blood
PSMA" EV levels and STEAP1" EV levels was observed for meta-
static prostate cancer patients (r = —0.41 and p = 0.08) (Fig. 6C-
E). No difference was observed between BPH and localized
prostate cancer for concentrations of urine-derived PSMA" EVs
and STEAP1" EVs (Fig. 6F and G). Similar to blood, a strong
and significantly positive correlation was observed between
PSMA" EVs and STEAP1" EVs in urine of both BPH (r = 0.80
and p < 0.0001) and localized prostate cancer patients (r = 0.69
and p < 0.0001). (Fig. 6H and I). Antibody-based flow cyto-
metric quantification of prostate-derived EVs using PSMA and
STEAP1 markers do not distinguish men with localized pros-
tate cancers from men with BPH. However, the significant
increase in concentrations of both PSMA" EVs and STEAP1"
EVs in metastatic prostate cancer patients suggest that pros-
tate-derived EVs can serve as a surrogate marker of disease
burden and identify patients with metastatic disease.

Discussion

In this study, we reported a systematic approach to identify the
best acquisition parameters for quantification of biological
particles and EVs in clinical platelet-free plasma and cell-free
urine samples from healthy donors and prostate cancer
patients using an A60-MicroPlus flow cytometer. To determine
the optimal acquisition settings (illumination wavelength
power, side scatter triggering threshold, flow rate) for sensitive
detection of EVs without the need for fluorescent antibodies,
we used recombinant fluorescent EVs (Gag-GFP) released by
cultured cells and spiked-in biofluids. Recombinant EVs share
similar biophysical properties as EVs released from wild-type
cells and can serve as reliable test samples for EV-flow cytome-
try (Fig. S2D7).”® Using rEV spiked-in biofluids, we observed
that fine-tuning acquisition settings could substantially
improve sensitivity for light scatter detection of small particles
and technical replicability. Therefore, acquisition settings
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must be carefully selected based on the sample source and
instrument capabilities while maintaining linear particle
quantification.

Flow cytometry is the only method capable of quantifying,
sizing, and characterizing millions of submicron particles in
nanoscale sample volume and within minutes.'” Besides being
a valuable research tool to study EV biology and function in
pathological conditions, flow cytometry is poised to play a
pivotal role in the development of EV-based liquid biopsies for
the management of human diseases.>*" However, single par-
ticle analysis remains challenging because EVs are a hetero-
geneous population of particles ranging from ~30 nanometers
up to 5 micrometers with the majority of EVs falling under 300
nanometers. Each instrument also provides different sensi-
tivity to detect submicron particles with extremely heteroge-
nous sizes, which can result in significant discrepancy for the
measured EV concentration.'® Therefore, it is critical to stan-
dardize data acquisition by defining optimal instrumental set-
tings for sensitive EV detection and quantification. In
addition, instrument calibration with reference materials is
also crucial for reporting data in standardized units so data
can be compared with other platforms.'® Finally, such rigorous
and reproducible methodology will serve as framework for the
development of new analytical tools and more sensitive flow
cytometers.>?

Once we identified optimal settings for plasma and urine
analysis, we used the scatter-to-diameter relationship obtained
by Mie theory to calibrate our flow cytometer and estimate
absolute diameters and concentrations of particles and EVs in
plasma and urine of prostate cancer patients.'? Conversion of
side scatter intensities from arbitrary units to nanometers is
critical to assess the sensitivity of flow cytometers and allows
inter-lab comparisons with similar or different instruments.>*
In this study, we employed Rosetta Calibration beads manufac-
tured by Exometry Inc., which includes a software to transform
side scatter intensities into diameter directly from raw flow
cytometry files. Other manufactured NIST certified and trace-
able polystyrene and silica beads with known diameter and
refractive index can be also used for similar purpose.'* For
example, FCM,,,s software is another tool to convert side
scatter intensities in diameter and includes fluorescence cali-
bration as well.>> Based on our instrument configuration and
acquisition parameters, side scatter intensities recorded from
a population of NIST polystyrene 80 nm beads corresponded
to an EV with a mean diameter of 158 nm. Our A60OMP flow
cytometer was also capable of detecting recombinant Gag-GFP-
positive EVs with a median diameter of 199 nm. Previous
studies have reported a diameter for Gag-GFP-positive EVs of
~115 nm as measured by NTA and electron microscopy.>®*?
Discrepancy in size measurement can be explained by varia-
bility in instrument sensitivity but also in EV isolation meth-
odology used. In our study, only dual centrifugation at 2500g
was used to remove platelets, cellular debris, and aggregates.
In both previous reports, density gradient and ultracentrifuga-
tion have been employed prior to size measurement which can
result in enrichment of smaller particles.?®3?

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Enumeration and characterization of fluorescent prostate cancer EVs in biofluids of localized prostate cancer patients and age-matched BPH
patients. (A) Representative cytograms of PSMA* and STEAPL1* EVs in plasma samples of BPH (N = 35), localized (N = 85) and metastatic (N = 20)
prostate cancer patients. (B) The comparisons of PSMA* and STEAP1" EV levels in BPH (N = 35), localized (N = 85) and metastatic (N = 20) prostate
cancer patient plasma samples. Kruskal—Wallis test, **p < 0.01, ****p < 0.0001. (C-E) Correlations between PSMA* and STEAP1* EV levels from BPH,
localized and metastatic prostate cancer patient plasma samples. (F) Representative cytograms of PSMA* and STEAPL* urinary EVs from BPH patients
(N = 35) and localized prostate cancer patients (N = 85). (G) The comparisons of PSMA* and STEAP1* EV concentrations in urine samples of BPH
patients (N = 35) and localized prostate cancer patients (N = 85). (H and ) Correlations between PSMA* and STEAP1* EV levels from BPH and loca-

lized prostate cancer patient urine samples.
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To our knowledge, our study is the first to analyze concen-
tration and size of particles and EVs from human plasma and
matched urine using a standardized and calibrated flow cyt-
ometer and without the need for pre-enrichment/isolation. In
a large cohort of specimens (N = 140), we reported a particle
concentration in PFP ranging from 3.1 x 10° to 1.7 x 10"" par-
ticles per mL with a median particle concentration of 3.3 x
10" particles per mL. In contrast, we found that circulating
particles in urine are in lower concentration with a range from
1.1 x 10® to 2.0 x 10° particles per mL with a median particle
concentration of 6.4 x 10° particles per mL (using similar
acquisition settings for PFP and urine). Several reasons can
explain the ~50-fold difference in particle concentration
between both biofluid types. Blood contains concentrations of
lipoproteins that exceed EV concentrations.** Among lipopro-
teins, chylomicrons share a similar light scatter property (e.g.
diameter) to EVs and their abundance in blood is an
important barrier for EV-FCM studies.>**?*® To avoid
swarm detection, most PFP samples have been diluted at
200-fold in 200 microliters of PBS and run at a flow rate of
0.75 pul for 1 minute. This means that 0.0037 pl (3.7 nanoliters)
of plasma are analyzed, which can result in limited sensitivity
for low abundant EV populations such as organ- and cancer-
specific EVs. Several methodologies have been developed to
separate EVs from lipoproteins including size-exclusion
chromatography and density-gradient centrifugation, but they
are time-consuming, labor-intensive and require specific
instrumentation.?”*® Alternative pre-analytical strategies that
can deplete lipoproteins from platelet-free plasma in a high-
throughput manner are needed in order to improve flow cyto-
metry sensitivity and its utility for EV research. As chylomi-
crons differ from EVs in terms of density and refractive index,
both particle populations can be discriminated on flow cyto-
metry by using side scatter intensity-refractive index
relationship.>”*° Herein, we provide the first external appli-
cation of flow cytometry scatter ratio method (Flow-SR) in clini-
cal cell-free plasma and urine samples. As expected, we
observed a higher concentration of lipoproteins (particles with
RI > 1.45) in plasma compared to urine. Besides the abun-
dance of lipoproteins, other factors contribute to the differ-
ences in particle concentration between blood and urine.
Urine-derived particles mostly originate from the urinary
organs including bladder, kidney and prostate while hemato-
poietic and lymphatic systems and various epithelial tissues
can contribute to the EV landscape in blood.***' Additionally,
urine is made from excess fluid and waste products eliminated
from blood during glomerular filtration and the glomerular
basement membrane is impermeant to particles larger than
immunoglobulins in physiological conditions supporting the
lower diversity in urine-derived EVs compared to blood.*?
EV-FCM combined with antibodies specific to tissue markers
can be a method of choice to uncover the EV landscape in
blood and urine and identify what organs release the most EVs
in normal and pathological conditions.

Finally, we applied standardized and calibrated EV-FCM to
compare particle concentration in biofluids from prostate
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cancer patients and men with benign prostatic hyperplasia. In
the context of prostate cancer diagnosis, avoiding tissue biopsy
to men with no prostate cancer is one of the biggest challenges
in the management of prostate cancer.”’ Elevation of serum
prostate specific antigen (PSA) remains the main clinical sign
of prostate cancer. However, abnormal PSA levels can also be
observed in men with benign prostatic hyperplasia or prostati-
tis, hence, poor specificity of PSA results in high false-positive
rate (>50%) and unnecessary invasive biopsies. An EV-based
blood or urine test using FCM is an attractive tool to improve
prostate cancer diagnosis because it requires minimal instru-
mentation, minimal sample volume and results can be
obtained within few hours. Few groups have used FCM to
evaluate the potential role of EVs as diagnostic biomarker in
prostate cancer.'**™*” To our knowledge, our study is the first
to employ standardized and calibrated FCM for the quantifi-
cation of particles and prostate-derived EVs from blood and
urine. Furthermore, we compared side-by-side two prostate
markers, namely PSMA and STEAP1.*® For both blood and
urine, we did not find significant difference in total particle
number as well as in concentrations of PSMA™-EVs between
BPH and localized prostate cancer which corroborates with
two previous studies.”>*” We obtained similar findings with
STEAP1 marker which suggest that tissue-specific EV markers
are not sufficient to discriminate localized cancer patients
from men with BPH. Interestingly, we found a significant
elevation of PSMA'-EVs and STEAP1'-EVs in metastatic cas-
tration-refractory prostate cancer (mCRPC) compared to loca-
lized prostate cancer and BPH. This cohort consists of patients
who are refractory to prior systemic therapies and present with
high metastatic burden on CT/bone scan imaging. Our data
suggest that blood levels of PSMA™-EVs and STEAP1'-EVs may
serve as prognostic biomarkers in prostate cancer. Although
significant differences were observed in levels of PSMA™EVs
and STEAP1'-EVs between mCRPC and localized prostate
cancer, we simultaneously observed that the correlation
between PSMA™-EVs and STEAP1'-EVs was lost and STEAP1'-
EVs outnumbered PSMA™-EVs in mCRPC patient samples.
Lower PSMA expression has been previously reported in treat-
ment-refractory prostate cancer patients.’** In response to
androgen-deprivation therapy, CRPC tumors can progress
towards a neuroendocrine phenotype and lose PSMA
expression. Herein, we provide blood-based evidence that both
PSMA" and STEAP1'-EVs can be promising for identification
of aggressive prostate cancer including those characterized by
neuroendocrine features and low serum PSA levels.

Conclusion

This study underlines the feasibility and relevance to standar-
dize and calibrate EV-FCM using the most recent guidelines
from the EV-FCM Working Group and the ISEV community. By
reporting detailed methodologies, instrument characteristics
and acquisition settings, our work can serve as a framework
for inter-lab comparison studies and further investigate the

This journal is © The Royal Society of Chemistry 2022
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clinical utility of prostate-derived EVs as liquid biomarkers for
the management of prostate cancer.
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