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Abstract

Background Porcine seminal plasma (SP) is endowed with a heterogeneous population of extracellular vesicles
(sEVs). This study evaluated the immunophenotypic profile by high-sensitivity flow cytometry of eight sEV subpopu-
lations isolated according to their size (small [S-sEVs] and large [L-sEVs]) from four different SP sources, namely three
ejaculate fractions (the first 10mL of the sperm rich fraction [SRF-P1], the remaining SRF [SRF-P2], and the post-SRF
[PSRF]) and entire ejaculate (EE).

Methods Seminal EVs were isolated using a size exclusion chromatography-based protocol from six SP pools (five
ejaculates/pool) of each SP source and characterized using complementary approaches including total protein
(BCA™assay), particle size distribution (dynamic light scattering), morphology (transmission electron microscopy),
and purity (albumin by Western blot). Expression of CD9, CD63, CD81, CD44 and HSPI0R was analyzed in all sEV sub-
populations by high-sensitivity flow cytometry according to MIFlowCyt-EV guidelines, including an accurate calibra-
tion, controls, and discrimination by CFSE-labelling.

Results Each sEV subpopulation exhibited a specific immunophenotypic profile. The percentage of sEVs positive

for CD9, CD63, CD81 and HSPIOB differed between S- and L-sEVs (P<0.0001). Specifically, the percentage of sEVs
positive for CD9 and CD63 was higher and that for CD81 was lower in S- than L-sEVs in the four SP sources. However,
the percentage of HSP90R-positive sEVs was lower in S-sEVs than L-sEVs in the SRF-P1 and EE samples. The percentage
of sEVs positive for CD9, CD63, and CD44 also differed among the four SP sources (P <0.0001), being highest in PSRF
samples. Notably, virtually all sEV subpopulations expressed CD44 (range: 88.04-98.50%).

Conclusions This study demonstrated the utility of high-sensitivity flow cytometry for sV immunophenotyping,
allowing the identification of distinct sEV subpopulations that may have different cellular origin, cargo, functions,
and target cells.
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Background

Extracellular vesicles (EVs) are membrane-surrounded
particles of 30-1000nm that carry proteins, lipids,
metabolites, and nucleic acids and are released into the
extracellular environment by most body cells [1]. EVs cir-
culate freely in all body fluids and represent an important
cell-to-cell communication pathway that allows donor
cells to exchange molecular messages with nearby or dis-
tant target cells, eliciting a specific response in the latter
[2]. In recent years, EVs have become attractive targets
for the scientific community due to their potential utility
as therapeutic agents and as biomarkers for the diagno-
sis/prognosis of a wide range of body pathologies, includ-
ing cancer [2, 3] and fertility disorders [4, 5].

Despite the great scientific relevance of EVs, many fun-
damental insights into their phenotypic characteristics
and biological functions remain to be elucidated. The EV
population present in any biological sample is heteroge-
neous, with several subpopulations coexisting that dif-
fer in phenotypic characteristics, such as size, electron
density or morphology, and also in molecular composi-
tion. These differences define the functional role of EVs
in target cells and are determined by the cellular source
and the biogenesis mechanism [6, 7]. Consequently, one
of the major challenges facing EV researchers is to dis-
cern this diversity of EVs in any biological sample. This is
an essential step to better understand the functional role
of EVs in both physiological and pathological processes,
but a task that is hampered by the lack of reliable and
accurate methods to separately characterize each EV sub-
population separately [8, 9]. To overcome this shortcom-
ing, current characterization methods, which are based
on mass measurements that provide average data over
the entire EV population, need to be replaced by high-
throughput methods that allow reliable characterization
of individual EVs [10].

Flow cytometry would be one of the high-throughput
technologies suitable for the characterization of indi-
vidual EVs [11, 12]. Indeed, flow cytometry, a laser-
based technology, has proven to be an efficient tool for
the multiparametric analysis of single cells and particles
[13]. Technical advances in recent years have enabled the
development of highly sensitive flow cytometers opti-
mized for nanoparticle analysis [14]. Flow cytometers
that can also discriminate between EVs and non-EV par-
ticles, providing accurate information on the number,
size, and molecular phenotype (using fluorescent probes)
of large numbers of individual EVs [15].

EVs have been isolated from several reproductive flu-
ids, including seminal plasma (SP), a complex fluid
secreted primarily by the male accessory sex glands [16,
17]. The SP contains a large and heterogeneous popula-
tion of EVs (sEVs) that would be involved in modulating
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sperm physiology and functionality, including epididymal
maturation, motility, capacitation, and acrosome reac-
tion, as well as in regulating the immune environment
of the female genital tract [16]. Despite this functional
relevance, sEVs remain comparatively less studied than
those circulating in other body fluids [18, 19]. Based on
these arguments, the aim of this study was to character-
ize by flow cytometry the immunophenotypic profile of
eight subpopulations of sEVs, namely two populations of
different size (large and small EVs [L-sEVs and S-sEVs,
respectively]) isolated from four different SP sources
(from three ejaculate fractions and from entire ejacu-
lates). Ejaculates were obtained from pigs, an animal with
fractionated ejaculates like humans and considered a
suitable animal model for human reproductive medicine
[20, 21]. Immunophenotyping of sEVs by flow cytometry
was performed according to the Minimum Information
Framework for flow cytometry experiments (MIFlow-
Cyt-EV [22]) using a CytoFLEX S, a high-sensitivity flow
cytometer that has been shown to be effective for EV
detection [13, 23], together with a combination of fluo-
rescent antibodies against EV-proteins.

Methods

Ethical statement

All procedures involving animals were conducted in
accordance with the European guidelines for the pro-
tection of animals used in scientific research (Directive
2010-63-EU) and approved by the Bioethics Committee
of University of Murcia (Murcia, Spain; CBE: 367/2020
and CBE: 538/2023). The boar ejaculates were provided
by a commercial artificial insemination (AI) center (AIM
Iberica, Calasparra, Murcia, Spain). The center complies
with the Spanish (ES300130640127, August 2006) and
European (ES13RS04P, July 2012) guidelines for the pro-
duction and marketing of Al semen doses and animal
health and welfare.

Animals, ejaculates, and seminal plasma collection

Semen samples were collected from healthy, sexu-
ally mature (18 to 36 months) and fertile Landrace and
Large White boars used in commercial AI programs and
housed in individual pens within an environmentally
controlled building (15-25°C and 16 h/day of natural and
supplemental light). The Al boars had ad libitum access
to water and were fed commercial diets designed to meet
the nutritional requirements of Al boars.

Ejaculates (n=30) were collected by the gloved hand
method in three separate fractions, namely, the first
10mL of the sperm rich ejaculate fraction (SRF-P1), the
remaining SRF (SRF-P2), and the post-SRF (PSRF). A
proportional aliquot of each ejaculate fraction was mixed
to reconstitute that mimicked the entire ejaculate (EE).
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Thus, for each of the 30 ejaculates collected, there were
four separate semen samples, the three fractions and the
entire ejaculate, for a total of 120 semen samples. All the
ejaculates included in this study met the sperm quality
threshold requirements to produce commercial semen Al
doses, namely, sperm concentration>200x 10°sperm/
mL, total sperm motility >70% and normal sperm mor-
phology >75%.

Immediately after ejaculate collection, each semen
sample was centrifuged twice at 1500 xg for 10min at
room temperature (RT) (Rotofix 32A, Hettich Centri-
fuge UK, Newport Pagnell, Buckinghamshire, England,
UK) and the resulting supernatant (i.e. SP) was exam-
ined microscopically (Eclipse E400; Nikon, Tokyo, Japan)
to ensure that no spermatozoa or other cellular debris
remained. The SP samples were then treated with a
protease inhibitor cocktail (Roche complete™ Protease
Inhibitor Cocktail tablets; Basilea, Switzerland) and
stored at 5°C (Zanussi Tropic System, Electrolux Espaiia
S.A.U., Madrid, Spain) until sEV isolation (less than 24 h
after ejaculate collection).

Isolation of seminal extracellular vesicles

Seminal EVs were isolated using a size exclusion chro-
matography (SEC)-based method [24]. First, the 30 SP
samples from each of the four SP sources (SRF-P1, SRF-
P2, PSRE, and EE) were randomly pooled to create 6 SP
pools (5 SP samples for each SP source), totaling 24 SP
samples (Fig. 1). The resulting SP samples (6 mL-aliquot
each) were then centrifuged at 3200 xg for 15min at 4°C
(Sorvall™ STR40, Thermo Fisher Scientific, Waltham,
MA, USA) to ensure the absence of cells or debris. The
supernatants (4mL) were then centrifuged at 20,000 xg
for 30min at 4°C (Sorvall™ LegendrM Micro 21R, Thermo
Fisher Scientific), and the resulting pellets and superna-
tants were processed separately for SEC. The pellets were
diluted in 500 uL of 0.22um filtered phosphate buffered
saline (PBS, Merck®, Darmstadt, Germany). The super-
natants (2mL) were diluted in 0.22 pm filtered PBS (1:2;
v:v), filtered at 0.22 um (Millex® Syringe Filters, Mercl<®),
and concentrated by three repeated centrifugations at
3200 xg for 30 min at 4°C using Amicon® Ultra-4 mL cen-
trifugal filter 100kDa (Merck®) until a volume of 2mL.
SEC columns were homemade using filtration tubes
(Econo—Pac® Chromatography Columns, Bio-Rad, Her-
cules, California, USA) and Sepharose CL2B® (10mL,
Merck®), Briefly, the filtration tubes were placed on a
retort stand and Sepharose CL2B® was added dropwise,
alternating with the same volume of 0.22 pm filtered PBS.
The Sepharose CL2B® was then allowed to settle to the
bottom of the filtration tube until 10mL was reached.
Finally, the SEC columns were equilibrated and washed
between runs with 0.22 um filtered PBS (60 mL). The two
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samples (i.e., pellet [500uL] and supernatant [2mL] of
20,000 xg) of each SP sample were applied separately to
the SEC column. Twenty 500 uL eluting fractions were
separately collected from each sample and the sEV-
enriched fractions (7 to 10) were selected and mixed.
These fractions were selected based on the results of our
previous experiments (unpublished data), which showed
that they were the most enriched in sEVs. Forty-eight
sEV samples were generated (24 from 20,000 xg pel-
lets [enriched in large sEV subset, L-sEVs], and 24 from
20,000 xg supernatants [enriched in small sEV subset,
S-sEVs]). Finally, each sEV sample was aliquoted into
two separate cryovials and stored at —80°C (Ultra Low
Freezer; Haier Inc., Qingdao, China). One cryovial was
used to characterize sEV and the other to immunophe-
notype sEV using high-sensitivity flow cytometry (Fig. 1).

Seminal extracellular vesicles characterization

The isolated sEVs were characterized according to the
Minimal information for studies of extracellular vesicles
recommendations (MISEV 2018) [25] using multiple and
complementary approaches: (1) concentration of sEVs
measured indirectly by measuring the total protein con-
centration, (2) particle size distribution by dynamic light
scattering (DLS), (3) morphology of sEVs by transmis-
sion electron microscopy (TEM), and (4) purity of sEVs
by measuring the albumin content by Western blot (WB).

Total protein concentration was measured using
bicinchoninic acid assay (BCA) following manufacturer
guidelines (Thermo Fisher Scientific). Prior to analy-
sis, sEVs were lysed by mixing 25puL of sEV samples
with of 25uL of lysis solution (Triton [0.1%, Merck®]
and sodium dodecyl sulfate [SDS, 0.1%, Merck®]) and
incubated at 37°C with agitation (50rpm) for 30 min.
Absorbance was read in a microplate reader (wave-
length: 570nm; PowerWave XS; Bio-Tek Instruments,
Winooski, Vermont, USA).

Particle size distribution and Zeta potential were ana-
lyzed by DLS using a Zetasizer Nano ZS system (Mal-
vern Panalytical, Malvern, UK) recording backscattered
light at 173° and operating at 633 nm at RT. Briefly, sEV
samples were shaken (50 rpm for 305s) to avoid sEV aggre-
gation and placed in 10mm pathlength cuvettes (50 uL
for particle size distribution) or disposable folded capil-
lary cuvettes (750 uL for Zeta potential). Light scattering
was measured for 150s and one (Zeta potential) or three
(particle size distribution) assessments were performed
per sample. The setup used for the DLS measurement
was as follows: Refractive index #=1.33; System tem-
perature: 25°C; Sample equilibration: 60s; Absorption
k=0.01. Data were obtained using Dispersion Technol-
ogy Software v.5.10 (Malvern Panalytical). The particle
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Fig. 1 Flowchart of study design. ALB: albumin; APC: allophycocyanin; DLS: dynamic light scattering; EV: extracellular vesicles; EE: entire ejaculate;
FITC: Fluorescein isothiocyanate; L-sEVs: large seminal EVs; PE: Phycoerythrin; PerCP: Peridinin Chlorophyll Protein; PSRF: Post sperm rich ejaculate
fraction; S-sEVs: small seminal EVs; SEC: size exclusion chromatography; SRF-P1: the first 10 mL of the sperm rich ejaculate fraction; SRF-P2:

the remaining sperm rich ejaculate fraction; TEM: transmission electron microscopy; WB: Western blot

size distribution results were plotted as intensity and
expressed as a range (25-75™ percentiles).

The morphology of sEVs was analyzed by TEM follow-
ing the protocol described by Thery et al. [26] with minor
modifications. Briefly, 5pL of sEV samples were fixed
in 1pL of 0.1% paraformaldehyde (Merck®) and placed
on carbon-coated formvar electron microscopy grids
for 7min at RT. The grids were fixed in 10pL of 2% ura-
nyl acetate and examined using a JEOL JEM 1011 TEM
(JEOL Ltd., Tokyo, Japan). Images were captured with an
Orius SC200 camera (Gatan, Evry, France).

The purity of the sEV samples was assessed by WB
evaluating the presence of albumin, a protein abundant

in porcine SP. Briefly, SP (positive control) and sEV sam-
ples were denatured at 95°C for 5min and loaded onto
a 4-12% SDS-PAGE. Electrophoresis was performed at
180V for 60 min and proteins were transferred to a Poly-
vinylidene Difluoride membrane (Amersham Hybond
P 0.45 PVDE, GE Healthcare Life Sciences, Chicago,
Illinois, USA) by semidry electrophoresis at 1.5mm,
25V, 1.3A program (Invitrogen from Power Blotter Sta-
tion, model: PB0010, Thermo Fisher Scientific). The
membranes were blocked for 45min with Tris-buffered
saline (TBS)-Roti®-Block x 10 (CARL ROTH, Karlsruhe,
Baden-Wiirttemberg, Germany) and incubated over-
night at 4°C with rabbit polyclonal anti-porcine albumin
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antibody (1:1000, CLFAG16140, Burlington, Ontario,
Canada). The next morning and after three washes with
TBS plus 0.1% Tween 20 (Merck®, 5min each), the mem-
branes were incubated with a horseradish peroxidase-
conjugated goat polyclonal anti-rabbit antibody (1:10000
ab6721, Abcam, Cambridge, UK) for 60 min. Immunore-
active bands were detected with ECL select WB detec-
tion reagent (Cytiva, Thermo Fisher Scientific). Images
were acquired with ImageQuant LAS 500 (GE Health-
care, Chicago, Illinois, USA).

Data from the experiments were submitted to the EV-
TRACK knowledgebase (EV-TRACK ID: EV231005).

Flow cytometry immunophenotypic analysis
Immunophenotyping of sEVs was evaluated using a
CytoFLEX S flow cytometer (Beckman Coulter, Life Sci-
ences Division Headquarters, Indianapolis, USA). The
flow cytometer was equipped with four lasers, namely
violet, blue, yellow, and red (405nm, 488nm, 561 nm,
and 638 nm, respectively), to detect up to 13 fluorescence
parameters. A detailed description of the flow cytometry
analysis, including pre-analytical and analytical proce-
dures, is provided in the MIFlowCyt-EV reports in the
Additional files 1 and 2.

Calibration and setup of extracellular vesicles detection
region

First, the optical setup of the flow cytometer was modi-
fied to use the side scatter (SSC) information of the
405nm laser (violet-SSC) instead of the 488 nm laser.
The SSC was then calibrated using polystyrene beads of
known diameter between 80 and 300 nm with a density of
1,05g/cm?® and a refractive index of 1.59 nm (Cat 30080A,
30100A, 30200A and 30300A, Nanosphere™ serie 3000;
Thermofisher Scientific, Waltham, Massachusetts, USA).
The forward scatter (FSC) and violet-SSC parameters
were corrected on a logarithmic scale and the fluores-
cence channels were corrected on a logarithmic gain. The
EV detection gate was then set using dot plot of FSC-H
vs violet-SSC-H parameters. The SSC data generated by
beads were fitted to nm according to Mie theory, using
FCMPASS software (https://nano.ccr.cancer.gov/fcmpa
ss/). The lower limit of the flow cytometer detection was
80nm. This is equivalent to a mean of 145nm (range of
118 to 165 nm) in the FCMPASS software for EVs. These
data were consistent with DLS particle size distribution
measurements. Commercially available recombinant
exosomes expressing green fluorescent protein (GFP)
on their membrane surface (SAE0193, Merck®) with
a size distribution ranging from 30 to 200nm (peak at
100-150nm, measured by DLS) were used to validate
the accuracy of the flow cytometer for the analysis of
sEVs. The concentration of the recombinant fluorescent
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exosomes used was 1x10° (the actual concentration
range between 0.85x10° and 0.93x10° depending
on the batch). It was within the expected concentra-
tion range of sEVs from the samples to be analyzed. The
flow cytometer was subjected to a quality check on each
working day, which included a test with recombinant
exosomes expressing GFP.

Labeling of seminal extracellular vesicles prior

to immunophenotyping analysis

Prior to immunophenotyping analysis, sEV samples were
incubated with CellTrace™ carboxyfluorescein succinimi-
dyl ester (CFSE, Thermo Fisher Scientific), a non-fluores-
cent probe that becomes fluorescent upon contact with
active esterases present only in functional intact mem-
brane structures [27]. CFSE-labeling was used to dis-
tinguish intact and functional sEVs from other non-EV
particles and membrane fragments. The CFSE stock solu-
tion (10uM) was prepared by adding 90 uL of dimethyl
sulfoxide (DMSO) to the vial of CFSE powder. The work-
ing solution was prepared by diluting 5pL of the CFSE
stock solution in 495pL of 0.1um filtered PBS (1:100)
after titration. The mixture was centrifuged three times
at 17,000 xg for 10min and the supernatant was used
for incubation with sEVs. Ten pL of each sEVs sample
was incubated with 100 uL of CFSE working solution for
30min at 37°C in the dark. CFSE-positive events within
the EV detection region were considered sEVs. Deter-
gent-treated sEV samples (0.1% Triton and 0.1% SDS
in 0.22 um filtered PBS) were used as a negative control
(lysed sEV samples) to verify that only intact sEVs were
CSFE positive.

Antibodies and preparation of working solutions

For the immunophenotyping of EVs, some of the pro-
teins recommended by the MISEV2018 guidelines for EV
characterization were analyzed based on their protein
content [25]. The proteins analyzed were the tetraspanins
CD9, CD63 and CD81 and the cytosolic protein HSP90p,
which has the ability to bind membrane proteins. In addi-
tion, the transmembrane protein CD44, known to be
present in porcine sEVs [28], was also analyzed. Table 1
shows the details of the fluorescence-conjugated anti-
bodies used. The antibodies against the tetraspanins
CD9, CD63 and CD81 react with human target proteins.
For use in the present experiment, amino acid sequence
alignment between human and porcine was checked
using the EMBOSS Matcher software (https://www.ebi.
ac.uk/Tools/psa/emboss_matcher/). The check revealed
89, 86.6, and 95.8% identity and 95.2, 91.2, and 98.3%
similarity for CD9, CD63, and CD81, respectively. These
results strongly suggest that these antibodies can cor-
rectly identify the three porcine tetraspanins. Albumin
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Table 1 Fluorescent conjugated antibodies used in the study
Feature EV Protein
CD9 CD63 CD81 HSP90B CD44 Albumin
Antibody CD9 Antibody, anti- Ccbe3 D81 HSP90 polyclonal Rat anti mouse CD44  Anti-swine Albumin
human Antibody, anti- Antibody, anti- antibody
human human
Conjugate PerCP FITC APC PE FITC FITC
Species reactivity Human Human Human Pig and other Mouse Pig
Pig cross-reactivity No' No' No' Yes Yes Yes
Manufacturer Miltenyi Biotec Miltenyi Biotec Miltenyi Biotec Enzo life Sciences Bio-Rad Cedarlane Laboratories
Code 130-118-814 130-123-673 130-119-787  ADI-SPA-844PE MCA4703F CLFAG16140

Bio-Rad, Hercules, California, USA; Cedarlane Laboratories, Burlington, Canada; Enzo Life Sciences, Farmingdale, NY, USA; Miltenyi Biotec B.V. & Co. KG, Bergisch

Gladbach, Germany

EV extracellular vesicle, APC allophycocyanin, FITC Fluorescein isothiocyanate, PE Phycoerythrin, PerCP Peridinin Chlorophyll Protein

! |dentity and similarity of amino acid sequence alignments between humans and pigs greater than 86% (see text)

was also analyzed as a non-EV protein to verify the purity
of the sEV samples (Note that the presence of albumin
was also analyzed by WB). Working solutions for each
antibody were prepared by diluting the antibodies in
0.1 pum filtered PBS and following manufacturer recom-
mendations: 1:50 for anti-CD9, anti-CD63 and anti-
CD81, 1:100 for anti-HSP90B, 1:75 for anti-CD44 and
1:30 for anti-albumin. The working solutions were cen-
trifuged at 800 xg for 3 min using Ultrafree-MC centri-
fuge filters (C78142, Merck®) and the filtrates were used
for immunophenotyping of sEVs. Detergent-treated sEV
samples (0.1% Triton and 0.1% SDS in 0.22um filtered
PBS) were used as control (lysed sEV samples) to verify
that only intact sEVs were antibodies positive.

Immunophenotyping of seminal extracellular vesicles

The sEVs were immunophenotyped using the following
antibody combinations: (1) CD9-PerCP + CD63-FITC +
CD81-APC, and (2) CD44-FITC + HSP90B-PE+CD9-
PerCP (Fig. 1). To define the most optimal incubation
protocols, control titrations were performed for each
antibody to determine the optimal concentration to best
discriminate between sEVs and background. Accordingly,
10 uL of sEV samples were incubated with (1) 1pl anti-
CD9-PerCP, 1 pL anti-CD63-FITC, 1 uL anti-CD81-APC;
and with (2) 2pL anti-CD44-FITC, 1 uL anti-HSP90B-PE
and 1pL anti-CD9-PerCP. Incubations were performed
for 30 min at 37 °C in the dark. Samples were resuspended
in 0.1 um-filtered PBS to a final volume of 500 uL prior to
flow cytometry analysis.

Controls

Controls were performed according to the recommended
MIFlowCyt-EV guidelines [22] to ensure the absence of
background noise, autofluorescence, and non-specific

antibody signal. These controls include: (1) buffer only
(0.1 um filtered PBS); (2) buffer with each fluorochrome
separately; (3) unstained sEV samples; (4) single-stained
sEV samples (i.e., sSEV samples separately incubated with
anti-CD9-PerCP, anti-CD63-FITC, anti-CD81-APC,
anti-HSP90B-PE, or anti-CD44-FITC) prepared under
the same incubation conditions and acquired at the same
settings in Cytoflex S as the sEV-stained samples; and
(5) lysed sEV samples incubated with anti-CD44-FITC
+ HSP90B-PE or anti-CD81-APC+CD44-FITC. These
controls were able to correctly distinguish sEVs from
contaminants and debris.

Flow cytometry acquisition settings

A wash step with 0.1 um filtered distilled water was per-
formed prior to sample acquisition to minimize back-
ground noise. Acquisition of sEV samples was performed
when the number of events per second of 0.1 um filtered
distilled water was between 5 and 10 at a low flow rate
of 10 uL/min. The analysis setup was adjusted to acquire
10x 10° events per sample. In some samples where this
was not possible due to dilution rate and/or low total
number of sEVs, the percentage of positive events was
compared to the total number of events to avoid poten-
tial bias. To avoid swarm effect, SEV samples were diluted
to ensure that no more than 120 events per second were
acquired at the minimum cytometer speed (10 uL/min).
Two technical replicates were analyzed for each sEV sam-
ple (coefficient of variation < 10%). Filtered distilled water
(0.1 pm) was used as the sheath fluid and 0.1 pm-filtered
PBS was used to identify background signals. Two-min-
ute wash steps with 0.1 um-filtered distilled water were
performed between sEV samples. Considering the tech-
nical characteristics of Cytoflex S, PE was excited with
561 nm laser and fluorescence was collected in channel



Barranco et al. Cell Communication and Signaling (2024) 22:63

Y1 (575/25 nm filter), FITC was excited with 488 nm laser
and fluorescence was collected in channel B1 (525/25-nm
filter), PerCP-A was excited with 488 nm laser and fluo-
rescence was collected in channel B2 (710/30 nm filter),
and APC was excited with 633 nm laser and fluorescence
was collected in channel R1 (670/40 nm filter). With this
approach no compensation was needed. The SSC was
obtained with a 405nm laser and therefore the param-
eter was named violet SSC (vSSC). Data analysis was per-
formed using CytoExpert software (BeckmanCoulter).
Flow cytometry files were uploaded to the FlowReposi-
tory database (ID: FR-FCM-Z732).

Statistical analysis

Data were statistically analyzed using GraphPad Prism
9.3.0 (GraphPad Software, Inc., La Jolla, CA, USA;
https://www.graphpad.com/). First, the Shapiro-Wilk test
was used to analyze the data for normal distribution. A
two-way ANOVA analysis was then performed to analyze
the influence of sEV subsets (L-sEVs and S-sEVs) and SP
sources (SRF-P1, SRF-P2, PSRF, and EE) on sEV charac-
terization parameters and on immunophenotyping of the
sEV subpopulations identified in the different SP sources.
Tukey’s test was used for multiple comparisons, with
P<0.05 accepted as the minimum significance level.

Results

Characterization of seminal extracellular vesicle
subpopulations

The characterization of sEVs from the eight samples gen-
erated from two subsets of SEVs (L-sEVs and S-sEVs)
isolated from four different SP sources (SRF-P1, SRF-P2,
PSREF, and EE) is summarized in Additional files 3 and 4.
Total protein concentration (ug/mL) differed between SP
sources (P < 0.001), but not between SEV subsets, with
an interaction between the two main factors (P < 0.001)
(Additional file 3). DLS measurements revealed differ-
ences in particle size distribution between sEV sub-
sets (P < 0.0001) and between SP sources (P < 0.0001),
with no significant interaction between the main fac-
tors (Additional file 3). The particle size distribution
ranged between 90 and 185 nm (25" and 75" percentiles,
respectively) in S-sEVs and between 170 and 300nm in
L-sEVs samples. Zeta potential did not differ between
the two subsets of sEVs but did differ between SP sources
(P<0.05), with no significant interaction between the two
main factors (Additional file 3). The conductivity ranged
from 13.5 to 16.8 mS/cm, values expected for samples
diluted in PBS. TEM images confirmed the presence
of membrane-enclosed nanostructures and showed an
enrichment of small and large sEVs in S- and L-sEVs sam-
ples, respectively (Additional file 4). No relevant differ-
ences in the morphology of sSEVs were observed among
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the eight sEV samples. WB analysis showed no presence
of albumin in the eight sEV samples, confirming the high
purity of sEVs in all samples (Additional file 5). In con-
trast to WB, flow cytometry was able to measure albumin
in both subsets of SEVs, although the percentages of albu-
min-positive particles were low, namely 6.86% +3.38%
(mean+SD) in S-sEVs samples and 2.16%+1.90% in
L-sEVs samples.

Flow cytometry controls to identify

and immunophenotype porcine seminal extracellular
vesicles

The EV detection region for analysis (vSSC/FSC) was
established by using recombinant exosomes expressing
GFP (control EVs). The fluorescence of GFP was used as
the threshold (the fluorescence threshold was set to 800).
The threshold was adjusted after defining and identify-
ing the region where more than 90% of the events were
displayed on the vSSC/ESC dot plot (vSSC:104826 and
FSC:1000). The region was defined as the EV detection
region (Additional file 6). For sEVs analysis, vSSC and
FSC were used as thresholds and all events within the EV
detection region were considered. This ensures that all
EVs are analyzed regardless of fluorescent staining. The
SSC dot plot in Additional file 6 shows the distribution
of the control EVs, noting that most of them were within
the EV detection region. In addition, CFSE staining was
performed on each sEV sample to confirm the vSSC/FSC
boundaries and the quality of the sEV sample preparation
(Additional file 6). Samples of lysed sEVs (treated with
the combination of Triton [0.1%] and SDS [0.1%] deter-
gents in 0.22um filtered PBS; 1:1, v:v) incubated with
CFSE were loaded and gated as a negative control. As
expected, no CFSE positive events were detected. Subse-
quently, fluorescence controls were performed to ensure
the staining specificity of the CD9, CD63, CD81, CD44
and HSP90P antibodies (Additional files 7, 8 and 9). The
controls showed that the five antibodies tested bound
adequately to the sEVs. Each antibody showed meas-
urable levels of fluorescence at the chosen concentra-
tion (Additional file 8). The controls also demonstrated
that the antibodies bound to intact sEVs (CSFE posi-
tive events), as they exhibited no fluorescence when the
stained samples contained lysed sEVs (Additional file 9).

Immunophenotyping of seminal extracellular vesicle

subpopulations from the different seminal plasma sources
The percentage of CFSE-positive events ranged from
53.99 to 96.39% and differed between the two sEV sub-
sets (P < 0.0001) and the four SP sources (P < 0.01),
with a significant interaction (P < 0.01) between them
(Fig. 2). The percentage of CFSE-positive events was
lower in S- than in L-sEVs for all SP sources (Fig. 2A).
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Fig. 2 Box plots showing the percentages of carboxyfluorescein succinimidyl ester (CFSE)-positive events in samples of extracellular vesicles

(EVs) isolated from seminal plasma (SP) of porcine ejaculates (sEVs). Sem

inal EVs were isolated by SEC in two different size subsets (small [S-SEVs]

and large [L-sEVs]) and from four different SP sources: the first 10mL of the sperm rich ejaculate fraction (SRF-P1), the remaining of the SRF (SRF-P2),
the post-SRF (PSRF), and from the entire ejaculate (EE). Data from six replicates. Boxes enclose the 25" and 75" percentiles, whiskers extend
to the 5™ and 95t percentiles, and the line indicates the median. Different asterisks indicate different statistical values (*: P<0.05; **: P<0.01; ***:

P<0.001; **** P<0.0001)

In the L-sEVs, the percentage was higher in SRF sam-
ples (P1 and P2) than in PSRF and EE samples. In the
S-sEVs, no differences were found between SP sources
in the percentage of CFSE-positive events.

Regarding tetraspanins expression (Fig. 3A-B), the
percentage of CD9-positive sEVs ranged from 1.01
to 63.97% and differed between the two sEV sub-
sets (P < 0.0001) and between the four SP sources (P
< 0.0001), with a significant interaction (P < 0.0001)
between them. The percentage of CD9-positive sEVs
was higher in S-sEV (ranging from 17.24 to 63.97%)
than in L-sEV (ranging from 1.01 to 32.51%) samples
in all SP sources (Fig. 3A). In the S-sEVs, the highest
percentage of CD9-positive sEVs was in the PSRF sam-
ples, while in the L-sEVs, it was found in PSRF and EE
samples (Fig. 3B). The percentage of CD63-positive
sEVs ranged from 20.52 to 81.27% and differed between
the two sEV subsets (P < 0.0001) and between the four
SP sources (P < 0.0001), with a significant interaction
(P < 0.01) between them (Fig. 3C, D). The percentage
of CD63-positive sEVs was higher in S-sEVs (ranging
from 57.51 to 81.27%) than in L-sEVs (ranging from
20.52 to 56.06%) across all SP sources (Fig. 3C). For
S-sEVs, the percentage differed between SRF-P1 and EE
samples, which had the lowest and highest percentages,
respectively. For L-sEVs, the percentage of CD63 posi-
tive sEVs was lowest in SRF-P1 and SRF-P2 samples
(Fig. 3D). The percentage of CD81 positive EVs ranged
from 61.34 to 94.42% and differed between the two sEV
subsets (P < 0.0001) but not between the SP sources,

with no significant interaction between them (Fig. 3E,
F). The percentages were lower in S-sEVs (ranging from
61.34 to 84.90%) than in L-sEVs (ranging from 83.18 to
94.42%) (Fig. 3E).

Regarding the expression of the cytosolic protein
HSP90B, the percentage of positive sEVs ranged from
57.66 to 95.03% and differed between the two sEV sub-
sets (P < 0.0001) but not between the SP sources, with a
significant interaction (P<0.05) between them. The per-
centages were lower (P<0.05) in S-sEVs (ranging from
57.66 to 95.03%) than in L-sEVs (ranging from 80.59 to
94.85%) for SRF-P1 and EE samples (Fig. 4A). Regarding
the SP sources in each sEV subset, there were no differ-
ences in the S-sEVs, with high percentages of HSP90p3-
positive sEVs in all SP sources (Fig. 4A). In contrast, there
were differences (P<0.05) between SP sources in the
L-sEVs, with lower percentages of HSP90B-positive sEVs
in the PSRF samples than in the SRF-P1 and EE samples
(Fig. 4B).

For the transmembrane protein CD44, the percentage
of positive sEVs ranged from 88.04 to 98.50% and dif-
fered between the four SP sources (P < 0.0001) but not
between the two sEV subsets, with no significant interac-
tion between them (Fig. 4C, D). For S-sEVs, the percent-
age was lowest in SRF-P1, and for L-sEVs, the percentage
was lowest in the SRF-P1 and SRF-P2 (Fig. 4D).

Co-expression of CD9/CD63, CD9/CD81, CD81/
CD63, CD9/CD44, HSP90B/CD9 and HSP90B/CD44 was
analyzed in sEV samples (Fig. 5). Differences (P<0.0001)
between sEV subsets (S-sEVs vs L-sEVs) were observed
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Fig. 3 Box plots showing the percentages of porcine seminal plasma (SP) extracellular vesicles (sEVs) expressing the tetraspanins CD9 (A-B), CD63
(C-D) and CD81 (E-F). Seminal EVs were isolated by SEC in two different size subsets (small [S-sEVs] and large [L-sEVs]) and from four different SP
sources: the first 10 mL of the sperm rich ejaculate fraction (SRF-P1), the remaining of the SRF (SRF-P2), the post-SRF (PSRF), and from the entire
ejaculate (EE). Data from six replicates. Boxes enclose the 25M and 751 percentiles, whiskers extend to the 5t and 95 percentiles, and the line
indicates the median. Different asterisks indicate different statistical values (*: P<0.05; **: P<0.01; ***: P<0.001; ****: P<0.0001)

for all of the above antibody combinations except for the
HSP90B/CD44 combination, which was expressed by vir-
tually all S-sEVs and L-sEVs. Interestingly, the propor-
tion of sEVs expressing CD9 in combination with any of
the other EV protein marker antibodies (CD63, CD81,
CD44 and HSP90P) was consistently low in both sEV

subsets, but more pronounced in L-sEVs. Differences
(P<0.05) between SP sources within each sEV subset
were also observed in the proportion of sEVs expressing
the CD9/CD63, CD9/CD81, CD9/CD44 and HSP90p/
CD9 combinations. Seminal EVs from the PSRF source
tended to have the highest percentages of expression for
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Fig. 4 Box plots showing the percentages of porcine seminal plasma (SP) extracellular vesicles (sEVs) expressing HSP90B (A-B) and CD44 (C-D).
Seminal EVs were isolated by SEC in two different size subsets (small [S-sEVs] and large [L-sEVs]) and from four different SP sources: the first 10mL

of the sperm rich ejaculate fraction (SRF-P1), the remaining of the SRF (SRF-P2), the post-SRF (PSRF), and from the entire ejaculate (EE). Data from six
replicates. Boxes enclose the 25 and 75 percentiles, whiskers extend to the 5 and 95 percentiles, and the line indicates the median. Different
asterisks indicate different statistical values (*: P<0.05; **: P<0.01; ***: P<0.0071; ****: P<0.0001)

all combinations of EV protein marker antibodies in both
sEV subsets.

Discussion

In recent years, sEVs have emerged as a powerful next-
generation biomarker platform for male fertility-related
disorders [29]. SP contains a large and heterogeneous
population of sEVs [24, 30-34]. Such heterogeneity is a
major obstacle to discern the precise role of sEVs. Incon-
sistent results on the functional role of sEVs in repro-
ductive processes suggest compositional and functional
differences between the existing sEV subpopulations [16].
Therefore, the identification and characterization of sEV
subpopulations is an open question and at the same time

an imperative requirement for a better understanding of
the role of sEVs in reproductive processes. The results of
the present study, which are based on flow cytometry, are
relevant findings that can contribute to the filling of this
knowledge gap.

Porcine ejaculate is expelled in two main fractions,
SRF and PSRE, which differ in the origin of the SP, being
delivered mainly from the prostate and seminal vesi-
cles, respectively [35]. In addition, it has also been found
that the SP of the SRF-P1 is mainly derived from the
epididymis [35]. Accordingly, in this study, sEVs were
isolated into two subsets according to their size (L- and
S-sEVs) from three different SP sources (SRF-P1, SRF-
P2, PSRF). The isolated sEVs subpopulation could have a
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Fig. 5 Stacked bar graphs showing the proportion of porcine seminal extracellular vesicles (EVs) simultaneously co-expressing two EV protein
markers. Seminal EVs were isolated by SEC in two different size subsets (small [S-sEVs] and large [L-sEVs]) and from four different SP sources: the first
10mL of the sperm rich ejaculate fraction (SRF-P1), the remaining of the SRF (SRF-P2), the post-SRF (PSRF), and from the entire ejaculate (EE). Bars

show data from six replicates. ns indicates no significant differences

different (1) biogenesis, as L-sEVs could be mainly ecto-
somes and S-sEVs mainly exosomes [1], and (2) cellular
origin, as they originated from different reproductive
organs. In addition, L-sEVs and S-sEVs isolated from EE,
representative of the total sEV population present in the
ejaculate, were also analyzed.

Characterization of sEV subtypes, performed according
to the MISEV 2018 guidelines [25], confirmed the pres-
ence of sEVs in the three ejaculate fractions, in contrast
to a previous study that identified sEVs in the SRF but not
in the PSRF [36]. The key to this disagreement may have
been the sEV isolation method used. Bai et al. [36] used
the commercially available Exoquick, while we used the
SEC. It is well known that different methods of isolation
can lead to different measurable results of the sEVs [37].
The characterization also confirmed, as expected, that
S- and L-sEVs differed in size, with S-sEVs being smaller

than L-sEVs in all three ejaculate fractions, which would
support the suitability of the isolation methods used to
isolate two distinct sEV subpopulations of different sizes.

The MISEV 2018 guidelines recommend that the iden-
tification of EV-specific protein markers be part of the
EV characterization package [25]. Such identification
was typically performed using the WB. Flow cytometry
is currently a powerful alternative tool to WB because
it is more sensitive. The albumin analyses performed
would be a clear indication of the higher sensitivity of
flow cytometry compared to WB. WB did not detect
albumin in either S-sEVs or L-sEVs samples, whereas
flow cytometry was able to detect low levels of albumin
in both subsets of sEVs. In addition to its higher sen-
sitivity, flow cytometry allows the analysis of individual
EVs and thus differentiates EV subpopulations accord-
ing to their expression or non-expression of proteins of
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interest [38, 39]. However, not all flow cytometers are
well suited for this purpose [13]. The nanometer size of
EVs and their low refractive index are limiting factors,
as they are outside the sensitivity range of most flow
cytometers [40]. In fact, most conventional flow cytom-
eters are unable to detect and immunophenotype the
vast majority of EVs because the reduced surface area
of EVs results in low expression of surface proteins that
can be masked by background noise [39, 41]. The Cyto-
flex S flow cytometer used in this study has been shown
to be useful for EV analysis [13, 42—45] and has been
successfully used for surface protein identification on
porcine sEVs [24, 46-48].

For the analysis of sEVs by flow cytometry, the adap-
tation of the cytometer for the analysis of nanosized
particles and its subsequent validation by experienced
cytometrists is essential, otherwise inaccurate results
may be obtained [49]. The optical setup of the flow
cytometer was modified by switching from conventional
to 405nm laser-derived SSC detection (violet-SSC), as
violet-SSC detection improves the resolution of EVs com-
pared to conventional SSC detection [50]. Calibrating the
flow cytometer using reference materials is also critical
to accurately match flow rate, light scatter, and fluores-
cence [38]. It also ensures that EV signals are expressed
in standardized units, making the data easier to inter-
pret [38]. In the present study, the flow cytometer was
calibrated using polystyrene beads of known diameter
(between 80 and 300nm), and the scattering sensitivity
was determined by measuring the smallest bead distin-
guishable from noise, which was 80nm. The Mie scat-
tering algorithm was used to achieve a more accurate
detection of EVs and to avoid any bias, as the refractive
index of polystyrene beads is higher than that of EVs [51].
Recombinant exosomes expressing GFP were used as
control to validate the sensitivity of the flow cytometer
for the analysis of SEVs and to ensure that the defined EV
region was correct.

Labeling of EVs to identify them among the population
of nanosized particles collected should be the first step
in flow cytometry EV analysis. Efficient EV-labeling dyes
should be used, and several lipid-, protein- and nucleic
acid-binding fluorescent dyes have been proposed,
including CFSE, BODIPY, long-chain dialkylcarbocya-
nines (DiD, Dil and DiO), PKH67, PKH26, among others
[27, 52]. In our study, sEVs were labeled using CFSE, a flu-
orescent membrane-permeable amine-reactive dye that
is widely used for EV labeling [27, 53—55], even for those
isolated from porcine SP [24, 46—48]. CFSE was chosen
because it does not promote aggregate formation and
therefore does not alter the typical light-scattering pat-
tern of EVs [27]. The proportion of CFSE-positive events
was higher in L- than in S-sEVs, indicating a higher

Page 12 of 17

proportion of non-EV particles in S-sEV samples, which
would mostly be lipoproteins of similar size to small EVs
[56]. The evidence of a higher albumin content in S- than
L-SEV samples would also support this hypothesis.

For sEV immunophenotyping, five EV marker pro-
teins were analyzed by flow cytometry, namely the tet-
raspanins CD9, CD63 and CD81, the cytosolic protein
HSP90P and the transmembrane protein CD44. All are
EV surface proteins, with the exception of HSP90p. This
is a cytosolic protein that has been shown to diffuse to
the membrane surface of EVs [57]. The first four proteins
are among the EV-specific marker proteins proposed by
MISEV2018, and CD44 was chosen because it has been
identified in porcine sEVs [28]. The choice of antibodies
is a critical decision, as they must highlight proteins that
are present at low levels in nano-sized membrane struc-
tures [58]. The first obvious selection criterion should be
that the antibodies show reactivity against proteins of
the species under study, in this case pig. Unfortunately,
there are not many commercial antibodies that meet this
requirement. The antibodies used in this study against
the three tetraspanins did not meet this requirement,
as they were reactive with human but not with porcine
tetraspanins. However, the similarity and arrangement
of amino acids between human and porcine in these
three tetraspanins is very high, ensuring the ability of
the selected antibodies to correctly bind to porcine tet-
raspanins. The brightness of the fluorochrome conjugat-
ing the antibody is another important feature to consider.
Ensuring adequate brightness is a necessary approach to
improve the detection threshold of the flow cytometer
for phenotyping a small number of proteins or detecting
small EVs [39]. Accordingly, the antibodies used in this
study were conjugated to fluorophores with appropriate
brightness.

Flow cytometric analysis of SEVs revealed a distinct
immunophenotypic signature for each of the eight iso-
lated sEV subpopulations. Detection of the tetraspanins
CD9, CD63, and CD81 is a common step in the charac-
terization of EVs, including those isolated from SP [46,
59, 60]. Focusing on the two sEV subsets isolated in the
present study, more S- than L-sEVs expressed CD63
and CD9 and less S- than L-sEVs expressed CD81. The
expression pattern of these tetraspanins in porcine sEVs
differed from that reported in our first study [46]. Differ-
ent methods of EV isolation would probably explain the
discrepancy [38]. In the present study L- and S-sEVs were
isolated separately by an SEC-based procedure, whereas
in the Barranco et al. [46] study sEVs were isolated in bulk
by ultracentrifugation and subsequently sorted into small
and large by SSC flow cytometry. Ultracentrifugation
remains the gold standard for EV isolation. However, SEC
better preserves the morphological structure of isolated
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EVs [61]. Furthermore, the isolation method affects the
proteome and transcriptome of the isolated EVs [62, 63].
These observations highlight the urgent need for stand-
ardization of sEV isolation methods, selecting those that
best preserve the integrity and molecular composition of
sEVs.

Focusing on the ejaculate fractions, sEVs expressing
CD9 (in both sEV subsets) and CD63 (only in L-sEVs)
were more abundant in PSRF than in SRF. Alvarez-Rod-
riguez et al. [28] found no differences between porcine
ejaculate fractions in the proportions of sEVs expressing
CD9, CD63, or CD81. Differences in the sEV isolation
method (two-step discontinuous density gradient ultra-
centrifugation vs SEC) and the flow cytometry protocol
used to identify tetraspanins in sEVs (EXO-FLOW " exo-
some purification beads vs direct staining) between the
two studies may explain the different results. The dif-
ferences found in the immunophenotypic sEV profile
between PSRF and SRF would reflect a different cellu-
lar origin, as EVs express the phenotype of cells of ori-
gin [64, 65]. Tetraspanins can characterize the cargo and
interaction of EVs with target cells [66]. Therefore, the
different profile in tetraspanins among sEVs from dif-
ferent ejaculate fractions could indicate that each sub-
population of sEVs would have different cargo and target
cells, in addition to a different cellular origin. Although
the role of sEV tetraspanins in male reproductive pro-
cesses is still unclear, Caballero et al. [67] found in bull
epididymosomes that only those expressing CD9 were
able to bind and transfer their cargo to live epididymal
spermatozoa. These researchers also reported that CD9-
expressing epididymosomes were particularly enriched in
proteins involved in sperm maturation and sperm-oocyte
interaction. A beneficial effect of sEVs expressing CD9
and CD63 on sperm quality and functional parameters
was observed in pigs by Du et al. [60].

The protein HSP90B was another EV marker analyzed
and it was more expressed in L-sEVs, but only in those
isolated from the SRF-P1. The role of HSPs in EVs is still
unclear. However, HSP90 proteins would be involved in
the fusion of multivesicular body vesicles to the plasma
membrane [68]. Ono et al. [57] found that HSP90B was
expressed in EVs released from human metastatic oral
cancer cells but not from parenteral cells, suggesting that
its expression level in EVs may depend on their cellular
origin. In male reproduction, HSP90 proteins have been
identified in sperm from several mammalian species [69]
and have been positively associated with relevant sperm
functions, including motility, hyperactivation, and acro-
some reaction [70, 71]. Lower sperm HSP90p expression
has also been associated with male fertility disorders [71,
72]. It is challenging to investigate whether the differ-
ential HSP90P expression between sEV subpopulations

Page 13 of 17

could be related to functional changes in spermatozoa or
male fertility.

The last protein analyzed in sEVs was CD44. Inter-
estingly, CD44 was expressed by virtually in all sEVs,
regardless of sEV subtype or SP source. These results
are consistent with those reported by Alvarez-Rodriguez
et al. [28], who observed that the majority of porcine
sEVs were CD44-positive. This ubiquity may support the
use of CD44 as a universal protein marker for the identi-
fication of the entire porcine sEV population. However,
further studies are needed to confirm this statement. This
finding was not particularly surprising, as CD44 has been
identified in the more important sEV release organs of
the male reproductive tract, such as the epididymis and
prostate [73], as well as in spermatozoa [74]. The CD44
protein is the major cell surface receptor for hyaluronan
[75] and thus may play a critical role in reproductive
events, as hyaluronan is involved in sperm survival and
capacitation, as well as successful sperm storage in the
oviduct [76]. Whether CD44 of sEVs could be involved
in these functional male reproductive events would be an
interesting research topic for clarification.

Although flow cytometry is a valuable technology for
the analysis of EVs, it has some drawbacks, mainly due
to the limitation of the instrument to detect and analyze
small EVs (diameter < 100nm), which have a small sur-
face area with low protein expression and low scattering
properties [39]. This is of utmost importance considering
that EV size ranges from 30 to 1000nm and is particu-
larly relevant for exosomes (small EVs), whose size ranges
from 30 to 150nm [1]. Indeed, one of the weaknesses of
the present study was that the flow cytometer was unable
to detect EVs smaller than 118 nm. As result, the smaller
sEVs, which were mainly present in the S-sEV samples
as shown by DLS and TEM, were neither detected nor
analyzed. This instrumental limitation was the reason
why the concentration of sEVs was not measured by flow
cytometry. Another weakness of the present study was
that fluorescence calibration was not performed, which
would certainly have been beneficial for follow-up stud-
ies [22].

The characterization of single EVs is becoming increas-
ingly important both for the phenotyping of EVs and for
unraveling the key roles of the EVs in physiological/path-
ological processes. In recent years, advances in innova-
tive technologies for the analysis of single EVs have made
possible to overcome the limitations of EV characteriza-
tion and phenotyping due to their highly heterogeneous
nature and nanometric size. In addition to high sensi-
tive flow cytometers (including Cytoflex S, Apogee or
NanoFCM), other technologies using label (nanoparticle
coating or fluorescence) or label-free techniques for EV
analysis have been described [10, 77, 78]. Some examples



Barranco et al. Cell Communication and Signaling (2024) 22:63

of label-free technologies include cryogenic electron
microscopy, atomic force microscopy, Raman tweezer
micro spectroscopy, or single-particle interferometric
reflectance imaging sensor. Label-based technologies
include total internal reflection fluorescence microscopy,
resonance energy transfer, super-resolution microscopy,
or digital droplet PCR. However, each of these tech-
nologies has specific strengths and weaknesses, and still
needs to improve its detection capability, cost, and per-
formance [77].

Conclusions

In conclusion, this experimental study demonstrates
the suitability of high-sensitivity flow cytometry for the
immunophenotyping of sEVs and for the identification
of distinct subpopulations within the heterogeneous
population of EVs present in SP, in this case in porcine
SP. The identified subpopulations of sEVs would have
different cellular origins and may have different cargoes,
functions, and target cells. Notably, the flow cytometry
analysis performed did not identify the same proportion
of L- and S-sEVs. While it was able to identify almost all
L-sEVs, it did not identify the same proportion of S-sEVs,
as those smaller than 118 nm were not identified. Current
high-sensitivity flow cytometers, such as the Cytoflex S
used here, are unable to detect EVs smaller than 100 nm,
making it impractical to analyze and phenotype the full
range of EV sizes. This fact, which is undoubtedly a limi-
tation of the present study, does not diminish the value of
the results obtained, but should be considered in the use
of these results in future studies.

Abbreviations

Al Artificial insemination
APC Allophycocyanin
CFSE Carboxyfluorescein succinimidyl ester

DLS Dynamic light scattering
DMSO  Dimethyl sulfoxide

EE Entire ejaculate

EVs Extracellular vesicles

FITC Fluorescein isothiocyanate
FSC Forward scatter

GFP Green fluorescent protein

HSP Heat shock protein
L-sEVs  Large seminal extracellular vesicles
MISEV  Minimal information for studies of extracellular vesicles

PBS Phosphate buffered saline

PE Phycoerythrin

PerCP Peridinin Chlorophyll Protein
PSRF Post sperm rich ejaculate fraction
RT Room temperature

S-sEVs  Small seminal extracellular vesicles
SDS Sodium dodecyl! sulfate

SEC Size exclusion chromatography
SEVs Seminal extracellular vesicles
SP Seminal plasma

SRF-P1  First 10mL of the sperm rich ejaculate fraction
SRF-P2  Remaining sperm rich ejaculate fraction
SSC Side scatter
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TBS Tris-buffered saline

TEM Transmission electron microscopy
vSSC Violet side scatter

WB Western blot

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512964-024-01485-1.

Additional file 1. MIFlowCyt-EV report. Detailed description of the flow
cytometry analysis, including pre-analytical and analytical procedures.

Additional file 2. MIFlowCyt report. Detailed description of the flow
cytometry analysis, including pre-analytical and analytical procedures.

Additional file 3: Supplementary Fig. 1. Characterization of the quantity
(indirectly assessed by total protein concentration) and size distribution
(dynamic light scattering analysis; DLS) of seminal extracellular vesicles
(sEVs) isolated using a size exclusion chromatography-based method
from porcine ejaculates. Eight subpopulations of sEVs were generated
based on two size sEV subsets (small [S-sEVs] and large [L-sEVs]) from four
different seminal plasma (SP) sources: the first 10mL of the sperm rich
ejaculate fraction (SRF-P1), the remaining of the SRF (SRF-P2), the post-SRF
(PSRF) and entire ejaculate (EE). (A) Violin plot showing total protein con-
centration (ug/mL). The dashed lines indicate the median and the dotted
lines indicate the interquartile range from 25 to 75%. The table below the
graph shows total protein concentration data (mean +SD) for each sEV
subset and SP source. (B) Particle size distribution (nm) in each sEV sample.
Solid and dashed lines represent L-sEVs and S-sEVs, respectively. Each
color represents one SP source. The table below the graph shows the size
distribution data (mean = SD) for each sEV subset and SP source. (C) Violin
plot showing Zeta potential (mV). The dashed lines indicate the median
and the dotted lines indicate the interquartile range from 25 to 75%. Each
color represents one SP source. Data are from six biological replicates,
each containing an SP pool of five ejaculates.

Additional file 4: Supplementary Fig. 2. Representative transmission
electron microscopy images of extracellular vesicles isolated from porcine
seminal plasma (sEVs). Eight subpopulations of sEVs were generated
based on two size sEV subsets (small [S-sEVs] and large [L-sEVs]) from four
different seminal plasma (SP) sources: the first 10mL of the sperm rich
ejaculate fraction (SRF-P1), the remaining of the SRF (SRF-P2), the post-SRF
(PSRF) and entire ejaculate (EE).

Additional file 5: Supplementary Fig. 3. (A) Representative image
(cropped) of Western blot (WB) analysis of albumin in porcine seminal
plasma (SP, positive control) and two extracellular vesicle (sEV) size subsets
(small [S-sEVs] and large [L-sEVs]) isolated from porcine seminal plasma
using a size exclusion chromatography-based method; (B) Full scan
(uncropped) of WB image.

Additional file 6: Supplementary Fig. 4. Determination of Cytoflex S
sensitivity and extracellular vesicle (EV) forward scatter (FSC) and side scat-
ter (violet-SSC, vSSQ) region for analysis of porcine seminal EVs. (A) Com-
mercially available recombinant exosomes expressing green fluorescent
protein (GFP) on their membrane surface (SAE0193, Merck®) were used
and the region of interest was defined based on their FSC/vSSC character-
istics, gating the area where EVs used as standards occur. The GFP signal
was used as a threshold. (B) Based on this previous analysis, CFSE-stained
sEVs were used as a control for the sEVs preparation, using the region
defined by the standards and using FSC/vSSC as a threshold. Immunophe-
notyping analysis was not performed if the percentage of CFSE-positive
events was less than 50%. CFSE: carboxyfluorescein succinimidyl ester.

Additional file 7: Supplementary Fig. 5. Flow cytometry controls per-
formed to characterize and immunophenotype porcine seminal extracel-
lular vesicles (sEVs). Representative time vs violet side scatter (V-SSC-A) dot
plots of (A) a sample of 0.1 um filtered phosphate buffer saline (PBS), and
(B) a sample of 0.1 um PBS with CFSE and each antibody tested. (C) Rep-
resentative dot plots of unstained sEV samples. Representative forward
scatter (FSC-H) vs violet side scatter (V-SSC-H) dot plots of (D) a sample of
0.1 um PBS, (E) a sample of 0.1 um PBS with CFSE, (F) with antibodies, and
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(G) with unstained sEV samples. Note the low number of events in A and
B, and the complete absence of fluorescence-positive events in C.

Additional file 8: Supplementary Fig. 6. Flow cytometry calibration
controls performed to characterize and immunophenotype small (S-)
and large (L-) porcine seminal extracellular vesicles (sEVs). Representative
plot (violet side scatter [violet-SSC/forward side scatter [FSC]) for each
antibody showing the number of events falling within the sEV region.

Additional file 9: Supplementary Fig. 7. Flow cytometry controls per-
formed to characterize and immunophenotype porcine seminal extracel-
lular vesicles (sEVs). Representative dot plots of non-lysed (left) and lysed
(right) samples of porcine seminal extracellular vesicles (sEVs) stained
with CD44-FITC + HSP90B-PE (top) and CD81-APC + CD44-FITC (bottom).
The lysis detergent solution was Triton (0.1%) and sodium dodecyl! sulfate
(0.1%). Note the absence of positive events in the lysed sEV samples.

Acknowledgments

The authors thank AIM Ibérica (Topigs Norsvin Ibérica, Madrid, Spain) for
providing boar ejaculates and Maria Dolores Ortega of the Department

of Medicine and Animal Surgery and the technicians of the Service of
Techniques Applied to Biosciences of the University of Extremadura for their
technical support.

Authors’ contributions

1.B., Conceptualization; Investigation; Data curation; Funding acquisition;
Writing — original draft. A.A-B., Data curation; Formal analysis; Investigation;
Validation; Writing — review & editing. A.P, Methodology; Investigation; Visu-
alization. PM.-D., Methodology; Investigation; Visualization. X.L., Conceptual-
ization; Methodology; Investigation; Visualization; Funding acquisition. JR,
Conceptualization; Formal analysis; Resources; Funding acquisition; Supervi-
sion; Writing — review & editing.

Funding

The study was supported by grants PID2020-113493RB-100/
AEI/10.13039/501100011033 (MICIN, Madrid, Spain), PID2022-137738NA-
100 funded by MCIN/AEI/10.13039/501100011033/FEDER UE, RYC2021-
034546- funded by MCIN/AEI/10.13039/501100011033 and European
Union NextGenerationEU/PRTR and by grant 21935/P1/22 funded by the
Seneca Foundation (Murcia, Spain).

Availability of data and materials

The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request. The datasets generated
during the current study are available in the FlowRepository database (http://
flowrepository.org/id/FR-FCM-Z732).

Declarations

Ethics approval and consent to participate

All procedures were conducted in accordance with the European guidelines
for the protection of animals used in scientific research (Directive 2010-63-EU)
and approved by the Bioethics Committee of University of Murcia (Murcia,
Spain; CBE: 367/2020 and CBE: 538/2023). Consent to participate is not
applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Medicine and Animal Surgery, Faculty of Veterinary Science,
University of Murcia, Murcia, Spain. 2Servicio de Técnicas Aplicadas a las
Biociencias, Universidad de Extremadura, Badajoz, Spain.

Received: 17 October 2023 Accepted: 9 January 2024
Published online: 23 January 2024

Page 150f 17

References

1.

20.

21

22.

23.

Doyle LM, Wang MZ. Overview of extracellular vesicles, their origin, com-
position, purpose, and methods for exosome isolation and analysis. Cells.
2019;8:727.

Gieseler F, Ender F. Extracellular vesicles and cell-cell communication:
new insights and new therapeutic strategies not only in oncology. Int J
Mol Sci. 2020;21:4331.

Kodam SP, Ullah M. Diagnostic and therapeutic potential of extracellular
vesicles. Technol Cancer Res Treat. 2021;20:15330338211041204.
Machtinger R, Baccarelli AA, Wu H. Extracellular vesicles and female
reproduction. J Assist Reprod Genet. 2021,38:549-57.

Tamessar CT, Trigg NA, Nixon B, Skerrett-Byrne DA, Sharkey DJ, Robertson
SA, et al. Roles of male reproductive tract extracellular vesicles in repro-
duction. Am J Reprod Immunol. 2021;85:e13338.

Van Niel G, D'’Angelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. Nat Rev Mol Cell Biol. 2018;19:213-28.

Bagal C, Sever-Bahcekapili M, Belder N, Bennett APS, Erdener SE,
Dalkara T. Overview of extracellular vesicle characterization techniques
and introduction to combined reflectance and fluorescence confocal
microscopy to distinguish extracellular vesicle subpopulations. Neuro-
photonics. 2022;9:21903.

Willms E, Cabanas C, Médger |, Wood MJA, Vader P. Extracellular vesicle
heterogeneity: subpopulations, isolation techniques, and diverse func-
tions in cancer progression. Front Immunol. 2018;9:738.

van Niel G, Carter DRF, Clayton A, Lambert DW, Raposo G, Vader P.
Challenges and directions in studying cell-cell communication by
extracellular vesicles. Nat Rev Mol Cell Biol. 2022;23:369-82.

Chiang C-Y, Chen C. Toward characterizing extracellular vesicles at a
single-particle level. J Biomed Sci. 2019;26:9.

. Welsh JA, Holloway JA, Wilkinson JS, Englyst NA. Extracellular vesicle

flow cytometry analysis and standardization. Front cell Dev Biol.
2017,5:78.

Nolan JP, Duggan E. Analysis of individual extracellular vesicles by flow
cytometry. Methods Mol Biol. 2018;1678:79-92.

Gorgens A, Bremer M, Ferrer-Tur R, Murke F, Tertel T, Horn PA, et al.
Optimisation of imaging flow cytometry for the analysis of single extra-
cellular vesicles by using fluorescence-tagged vesicles as biological
reference material. J Extracell vesicles. 2019;8:1587567.

Lian H, He S, Chen C, Yan X. Flow cytometric analysis of nanoscale
biological particles and organelles. Annu Rev Anal Chem.
2019;12:389-409.

Kuiper M, van de Nes A, Nieuwland R, Varga Z, van der Pol E. Reliable
measurements of extracellular vesicles by clinical flow cytometry. Am J
Reprod Immunol. 2021;85:213350.

Roca J, Rodriguez-Martinez H, Padilla L, Lucas X, Barranco I. Extracellular
vesicles in seminal fluid and effects on male reproduction. An overview
in farm animals and pets. Anim Reprod Sci. 2022;246:106853.
Rodriguez-Martinez H, Roca J. Extracellular vesicles in seminal plasma: a
safe and relevant tool to improve fertility in livestock? Anim Reprod Sci.
2022;244:107051.

Royo F, Théry C, Falcdn-Pérez JM, Nieuwland R, Witwer KW. Methods

for separation and characterization of extracellular vesicles: results of

a worldwide survey performed by the ISEV rigor and standardization
subcommittee. Cells. 2020;9:1955.

ShenY, YouY, Zhu K, Fang C, Chang D, Yu X. Exosomes in the field of
reproduction: a scientometric study and visualization analysis. Front
Pharmacol. 2022;13:1001652.

Ehmcke J, Schlatt S. Animal models for fertility preservation in the male.
Reprod. 2008;136:717-23.

Zigo M, Manaskova-Postlerova P, Zuidema D, Kerns K, Jondkové V, Tdmova
L, et al. Porcine model for the study of sperm capacitation, fertilization
and male fertility. Cell Tissue Res. 2020;380:237-62.

Welsh JA, Van Der Pol E, Arkesteijn GJA, Bremer M, Brisson A, Cou-

mans F, et al. MIFlowCyt-EV: a framework for standardized reporting of
extracellular vesicle flow cytometry experiments. J Extracell Vesicles.
2020;9:1713526.

Brittain GC 4th, Chen YQ, Martinez E, Tang VA, Renner TM, Langlois M-A,
et al. A novel semiconductor-based flow cytometer with enhanced light-
scatter sensitivity for the analysis of biological nanoparticles. Sci Rep.
2019;9:16039.


http://flowrepository.org/id/FR-FCM-Z732
http://flowrepository.org/id/FR-FCM-Z732

Barranco et al. Cell Communication and Signaling

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2024) 22:63

Barranco I, Sanchez-Lopez CM, Bucci D, Alvarez-Barrientos A, Rodriguez-
Martinez H, Marcilla A, et al. The proteome of large or small extracellular
vesicles in pig seminal plasma differs, defining sources and biological
functions. Mol Cell Proteomics. 2023;22:100514.

Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsito-
haina R. Minimal information for studies of extracellular vesicles 2018
(MISEV2018): a position statement of the International Society for
Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell
Vesicles. 2018;7:1535750.

Théry C, Amigorena S, Raposo G, Clayton A. Isolation and characterization
of exosomes from cell culture supernatants and biological fluids. Curr
Protoc cell Biol. 2006;30(1):3-22.

Morales-Kastresana A, Telford B, Musich TA, McKinnon K, Clayborne C,
Braig Z, et al. Labeling extracellular vesicles for nanoscale flow cytometry.
Sci Rep. 2017;7:1878.

Alvarez-Rodriguez M, Ljunggren SA, Karlsson H, Rodriguez-Martinez

H. Exosomes in specific fractions of the boar ejaculate contain CD44: a
marker for epididymosomes? Theriogenology. 2019;140:143-52.

Parra A, Padilla L, Lucas X, Rodriguez-Martinez H, Barranco |, Roca J.
Seminal extracellular vesicles and their involvement in male (in)fertility: a
systematic review. Int J Mol Sci. 2023;24:4818.

Aalberts M, van Dissel-Emiliani FMF, van Adrichem NPH, van Wijnen M,
Wauben MHM, Stout TAE, et al. Identification of distinct populations

of prostasomes that differentially express prostate stem cell antigen,
annexin A1, and GLIPR2 in humans. Biol Reprod. 2012;86:1-8.

Hoog JL, Lotvall J. Diversity of extracellular vesicles in human ejaculates
revealed by cryo-electron microscopy. J Extracell Vesicles. 2015;4:28680.
Leahy T, Rickard JP, Pini T, Gadella BM, de Graaf SP. Quantitative proteomic
analysis of seminal plasma, sperm membrane proteins, and seminal
extracellular vesicles suggests vesicular mechanisms aid in the removal
and addition of proteins to the ram sperm membrane. Proteomics.
2020;20:21900289.

Zhang X, Vos HR, Tao W, Stoorvogel W. Proteomic profiling of two distinct

populations of extracellular vesicles isolated from human seminal plasma.

Int J Mol Sci. 2020,21:7957.

Wang H, Zhu Y, Tang C, Zhou Z, Wang Z, Li Z, et al. Reassessment of the
proteomic composition and function of extracellular vesicles in the
seminal plasma. Endocrinology. 2022;163:1-14.

Rodriguez-Martinez H, Kvist U, Saravia F, Wallgren M, Johannisson A, Sanz
L, et al. The physiological roles of the boar ejaculate. Soc Reprod Fertil
Suppl. 2009;66:1-21.

Bai R, Latifi Z, Kusama K, Nakamura K, Shimada M, Imakawa K. Induction
of immune-related gene expression by seminal exosomes in the porcine
endometrium. Biochem Biophys Res Commun. 2018;495:1094-101.
Mercadal M, Herrero C, Lopez-Rodrigo O, Castells M, de la Fuente A,
Vigués F, et al. Impact of extracellular vesicle isolation methods on
downstream mirna analysis in semen: a comparative study. Int J Mol Sci.
2020;21:5949.

Welsh JA, Arkesteijn GJA, Bremer M, Cimorelli M, Dignat-George F, Giebel
B, et al. A compendium of single extracellular vesicle flow cytometry. J
Extracell Vesicles. 2023;12:212299.

Gul B, Syed F, Khan S, Igbal A, Ahmad I. Characterization of extracel-

lular vesicles by flow cytometry: challenges and promises. Micron.
2022;161:103341.

Stoner SA, Duggan E, Condello D, Guerrero A, Turk JR, Narayanan PK, et al.
High sensitivity flow cytometry of membrane vesicles. Cytom Part A.
2016;89:196-206.

Campos-Silva C, Sudrez H, Jara-Acevedo R, Linares-Espinds E, Martinez-
Pifeiro L, Yahez-M& M, et al. High sensitivity detection of extracellular
vesicles immune-captured from urine by conventional flow cytometry.
SciRep. 2019;9:2042.

Kondratov K, Nikitin Y, Fedorov A, Kostareva A, Mikhailovskii V, Isakov D,
et al. Heterogeneity of the nucleic acid repertoire of plasma extracellular
vesicles demonstrated using high-sensitivity fluorescence-activated sort-
ing. J Extracell Vesicles. 2020,9:1743139.

Salmond N, Khanna K, Owen GR, Williams KC. Nanoscale flow cytometry
for immunophenotyping and quantitating extracellular vesicles in blood
plasma. Nanoscale. 2021;13:2012-25.

Kudryavtsev |, Kalinina O, Bezrukikh V, Melnik O, Golovkin A. The signifi-
cance of phenotyping and quantification of plasma extracellular vesicles

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 16 of 17

levels using high-sensitivity flow cytometry during COVID-19 treatment.
Viruses. 2021;13:767.

Khanna K, Salmond N, Halvaei S, Johnson A, Williams KC. Separation and
isolation of CD9-positive extracellular vesicles from plasma using flow
cytometry. Nanoscale Adv. 2023;5:4435-46.

Barranco |, Padilla L, Parrilla I, Alvarez-Barrientos A, Pérez-Patifio C, Pefia FJ,
et al. Extracellular vesicles isolated from porcine seminal plasma exhibit
different tetraspanin expression profiles. Sci Rep. 2019,9:11584.
Mateo-Otero Y, Yeste M, Roca J, Llavanera M, Bucci D, Galeati G, et al.
Seminal extracellular vesicles subsets modulate gene expression in
cumulus cells of porcine in vitro matured oocytes. Sci Rep. 2022;12:19096.
Padilla L, Barranco |, Martinez-Hernandez J, Parra A, Parrilla |, Pastor LM,
et al. Extracellular vesicles would be involved in the release and delivery
of seminal TGF-@ isoforms in pigs. Front Vet Sci. 2023;10:1102049.
Morales-Kastresana A, Jones JC. Flow cytometric analysis of extracellular
vesicles. Methods Mol Biol. 2017;1545:215-25.

McVey MJ, Spring CM, Kuebler WM. Improved resolution in extracellular
vesicle populations using 405 instead of 488 nm side scatter. J Extracell
Vesicles. 2018;7:1454776.

van der Pol E, Coumans FAW, Grootemaat AE, Gardiner C, Sargent IL,
Harrison P, et al. Particle size distribution of exosomes and microvesicles
determined by transmission electron microscopy, flow cytometry, nano-
particle tracking analysis, and resistive pulse sensing. J Thromb Haemost.
2014;12:1182-92.

Panagopoulou MS, Wark AW, Birch DJS, Gregory CD. Phenotypic analysis
of extracellular vesicles: a review on the applications of fluorescence. J
Extracell Vesicles. 2020;9:1710020.

Pospichalova V, Svoboda J, Dave Z, Kotrbova A, Kaiser K, Klemova D, et al.
Simplified protocol for flow cytometry analysis of fluorescently labeled
exosomes and microvesicles using dedicated flow cytometer. J Extracell
Vesicles. 2015;4:25530.

Mastoridis S, Bertolino GM, Whitehouse G, Dazzi F, Sanchez-Fueyo A,
Martinez-Llordella M. Multiparametric analysis of circulating exosomes
and other small extracellular vesicles by advanced imaging flow cytom-
etry. Front Immunol. 2018;9:1583.

Ender F, Zamzow P, von Bubnoff N, Gieseler F. Detection and quantifica-
tion of extracellular vesicles via FACS: membrane labeling matters! Int J
Mol Sci. 2019;21:291.

Karimi N, Cvjetkovic A, Jang SC, Crescitelli R, Hosseinpour Feizi MA,
Nieuwland R, et al. Detailed analysis of the plasma extracellular

vesicle proteome after separation from lipoproteins. Cell Mol Life Sci.
2018;75:2873-86.

Ono K, Eguchi T, Sogawa C, Calderwood SK, Futagawa J, KasaiT, et al.
HSP-enriched properties of extracellular vesicles involve survival of meta-
static oral cancer cells. J Cell Biochem. 2018;119:7350-62.

van der Vlist EJ, Nolte-'t Hoen ENM, Stoorvogel W, GJA A, Wauben

MHM. Fluorescent labeling of nano-sized vesicles released by cells and
subsequent quantitative and qualitative analysis by high-resolution flow
cytometry. Nat Protoc. 2012;7:1311-26.

XieY,Yao J, Zhang X, Chen J, Gao Y, Zhang C, et al. A panel of extracellular
vesicle long noncoding RNAs in seminal plasma for predicting testicular
spermatozoa in nonobstructive azoospermia patients. Hum Reprod.
2020;35:2413-27.

Du J, Shen J,Wang Y, Pan C, Pang W, Diao H, et al. Boar seminal plasma
exosomes maintain sperm function by infiltrating into the sperm mem-
brane. Oncotarget. 2016;7:58832-47.

Kaddour H, Tranquille M, Okeoma CM. The Past,the present, and the
future of the size exclusion chromatography in extracellular vesicles
separation. Viruses. 2021;13:2272.

Buschmann D, Kirchner B, Hermann S, Marte M, Wurmser C, Brandes

F, et al. Evaluation of serum extracellular vesicle isolation methods for
profiling miRNAs by next-generation sequencing. J Extracell Vesicles.
2018;7:1481321.

Askeland A, Borup A, @stergaard O, Olsen JV, Lund SM, Christiansen G,

et al. Mass-spectrometry based proteome comparison of extracellular
vesicle isolation methods: comparison of ME-kit, size-exclusion chroma-
tography, and high-speed centrifugation. Biomedicines. 2020;8:1-15.
Marchisio M, Simeone P, Bologna G, Ercolino E, Pierdomenico L, Pieragos-
tino D, et al. Flow cytometry analysis of circulating extracellular vesicle
subtypes from fresh peripheral blood samples. Int J Mol Sci. 2020;22:48.



Barranco et al. Cell Communication and Signaling (2024) 22:63

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

Garcia-Martin R, Brandao BB, Thomou T, Altindis E, Kahn CR. Tissue
differences in the exosomal/small extracellular vesicle proteome and
their potential as indicators of altered tissue metabolism. Cell Rep.
2022;38:110277.

Andreu Z, Yahez-Mo6 M. Tetraspanins in extracellular vesicle formation and
function. Front Immunol. 2014;5:442.

Caballero N, Frenette G, Belleannée C, Sullivan R. CD9-positive microvesi-
cles mediate the transfer of molecules to bovine spermatozoa during
epididymal maturation. PLoS One. 2013;8:265364.

Lauwers E, Wang Y-C, Gallardo R, Van der Kant R, Michiels E, Swerts J, et al.
Hsp90 mediates membrane deformation and exosome release. Mol Cell.
2018;71:689-702.€9.

Volpe S, Galeati G, Bernardini C, Tamanini C, Mari G, Zambelli D, et al.
Comparative immunolocalization of heat shock proteins (Hsp)-60, =70,
—90 in boar, stallion, dog and cat spermatozoa. Reprod Domest Anim.
2008;43:385-92.

Calle-Guisado V, Bragado MJ, Garcia-Marin LJ, Gonzélez-Fernédndez L.
HSP90 maintains boar spermatozoa motility and mitochondrial mem-
brane potential during heat stress. Anim Reprod Sci. 2017;187:13-9.
Sagare-Patil V, Bhilawadikar R, Galvankar M, Zaveri K, Hinduja |, Modi D.
Progesterone requires heat shock protein 90 (HSP90) in human sperm

to regulate motility and acrosome reaction. J Assist Reprod Genet.
2017,34:495-503.

Bansal SK, Gupta N, Sankhwar SN, Rajender S. Differential genes expres-
sion between fertile and infertile spermatozoa revealed by transcriptome
analysis. PLoS One. 2015;10:e0127007.

Alam TN, O'Hare MJ, Laczkd |, Freeman A, Al-Beidh F, Masters JR, et al.
Differential expression of CD44 during human prostate epithelial cell
differentiation. J Histochem Cytochem. 2004;52:1083-90.
Alvarez-Rodriguez M, Lopez-Bejar M, Rodriguez-Martinez H. The risk of
using monoclonal or polyclonal commercial antibodies: controversial
results on porcine sperm CD44 receptor identification. Reprod Domest
Anim. 2019;54:733-7.

Day AJ, Prestwich GD. Hyaluronan-binding proteins: tying up the giant. J
Biol Chem. 2002;277:4585-8.

Rodriguez-Martinez H, Tienthai P, Atikuzzaman M, Vicente-Carrillo A,
Rubér M, Alvarez-Rodriguez M. The ubiquitous hyaluronan: functionally
implicated in the oviduct? Theriogenology. 2016,86:182—6.
Bordanaba-Florit G, Royo F, Kruglik SG, Falcén-Pérez JM. Using single-
vesicle technologies to unravel the heterogeneity of extracellular vesicles.
Nat Protoc. 2021;16:3163-85.

Hilton SH, White IM. Advances in the analysis of single extracellular vesi-
cles: a critical review. Sens Actuators Rep. 2021;3:100052.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17



	Immunophenotype profile by flow cytometry reveals different subtypes of extracellular vesicles in porcine seminal plasma
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Ethical statement
	Animals, ejaculates, and seminal plasma collection
	Isolation of seminal extracellular vesicles
	Seminal extracellular vesicles characterization
	Flow cytometry immunophenotypic analysis
	Calibration and setup of extracellular vesicles detection region
	Labeling of seminal extracellular vesicles prior to immunophenotyping analysis
	Antibodies and preparation of working solutions
	Immunophenotyping of seminal extracellular vesicles
	Controls
	Flow cytometry acquisition settings

	Statistical analysis

	Results
	Characterization of seminal extracellular vesicle subpopulations
	Flow cytometry controls to identify and immunophenotype porcine seminal extracellular vesicles
	Immunophenotyping of seminal extracellular vesicle subpopulations from the different seminal plasma sources

	Discussion
	Conclusions
	Acknowledgments
	References


