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STUDY QUESTION: Are epididymosomes implicated in protein transfer from the epididymis to spermatozoa?

SUMMARY ANSWER: We characterized the contribution of epididymal secretions to the sperm proteome and demonstrated that
sperm acquire epididymal proteins through epididymosomes.

WHAT IS KNOWN ALREADY: Testicular sperm are immature cells unable to fertilize an oocyte. After leaving the testis, sperm transit
along the epididymis to acquire motility and fertilizing abilities. It is well known that marked changes in the sperm proteome profile occur
during epididymal maturation. Since the sperm is a transcriptional and translational inert cell, previous studies have shown that sperm
incorporate proteins, RNA and lipids from extracellular vesicles (EVs), released by epithelial cells lining the male reproductive tract.

STUDY DESIGN, SIZE, DURATION: We examined the contribution of the epididymis to the post-testicular maturation of spermato-
zoa, via the production of EVs named epididymosomes, released by epididymal epithelial cells. An integrative analysis using both human
and mouse data was performed to identify sperm proteins with a potential epididymis-derived origin. Testes and epididymides from
adult humans (n=9) and adult mice (n=3) were used to experimentally validate the tissue localization of four selected proteins using
high-resolution confocal microscopy. Mouse epididymal sperm were co-incubated with carboxyfluorescein succinimidyl ester (CFSE)-
labeled epididymosomes (n =4 mice), and visualized using high-resolution confocal microscopy.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Adult (12-week-old) C57BL/CBAFI wild-type male mice and adult humans
were used for validation purposes. Testes and epididymides from both mice and humans were obtained and processed for immunofluores-
cence. Mouse epididymal sperm and mouse epididymosomes were obtained from the epididymal cauda segment. Fluorescent epididymo-
somes were obtained after labeling the epididymal vesicles with CFSE dye followed by epididymosome isolation using a density cushion.
Immunofluorescence was performed following co-incubation of sperm with epididymosomes in vitro. High-resolution confocal microscopy
and 3D image reconstruction were used to visualize protein localization and sperm-epididymosomes interactions.

MAIN RESULTS AND THE ROLE OF CHANCE: Through in silico analysis, we first identified 25 sperm proteins with a putative epidid-
ymal origin that were conserved in both human and mouse spermatozoa. From those, the epididymal origin of four sperm proteins
(SLC27A2, EDDM3B, KRTI19 and WFDCS8) was validated by high-resolution confocal microscopy. SLC27A2, EDDM3B, KRTI9 and
WFDCS8 were all detected in epithelial cells lining the human and mouse epididymis, and absent from human and mouse seminiferous
tubules. We found region-specific expression patterns of these proteins throughout the mouse epididymides. In addition, while EDDM3B,
KRT19 and WFDCB8 were detected in both epididymal principal and clear cells (CCs), SLC27A2 was exclusively expressed in CCs. Finally,
we showed that CFSE-fluorescently labeled epididymosomes interact with sperm in vitro and about 12-36% of the epididymosomes contain
the targeted sperm proteins with an epididymal origin.

LARGE SCALE DATA: N/A.

LIMITATIONS, REASONS FOR CAUTION: The human and mouse sample size was limited and our results were descriptive.
The analyses of epididymal sperm and epididymosomes were solely performed in the mouse model due to the difficulties in obtaining epi-
didymal luminal fluid human samples. Alternatively, human ejaculated sperm and seminal EVs could not be used because ejaculated sperm
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have already contacted with the fluids secreted by the male accessory sex glands, and seminal EVs contain other EVs in addition to epididy-
mosomes, such as the abundant prostate-derived EVs.

WIDER IMPLICATIONS OF THE FINDINGS: Our findings indicate that epididymosomes are capable of providing spermatozoa with
a new set of epididymis-derived proteins that could modulate the sperm proteome and, subsequently, participate in the post-testicular
maturation of sperm cells. Additionally, our data provide further evidence of the novel role of epididymal CCs in epididymosome produc-
tion. Identifying mechanisms by which sperm mature to acquire their fertilization potential would, ultimately, lead to a better understanding
of male reproductive health and may help to identify potential therapeutic strategies to improve male infertility.
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Introduction

Spermatogenesis is a complex process that takes place in the seminif-
erous tubules of the testis and involves a highly regulated germ cell dif-
ferentiation process, giving rise to the male gamete (Oliva and Dixon,
[1991; de Kretser et al., 1998; Hecht, 1998; Oliva and Castillo, 201 I;
Carrell et al., 2016; Gervasi and Visconti, 2017). The resulting testicu-
lar spermatozoa, though morphologically differentiated, are still func-
tionally immature cells, unable to move progressively and lacking the
ability to fertilize an oocyte (Orgebin-Crist, 1967, 1969; Schoysman
and Bedford, 1986; Dacheux and Dacheux, 2014; Jodar et al., 2017).
In humans and mice, the motility and the fertilizing potential of sper-
matozoa are acquired after leaving the testis, when testicular sperm
transit through the epididymis, and all along the male reproductive
tract. During this journey, the sperm cells are in contact with the fluids
secreted by the epididymis, prostate, seminal vesicles and bulboure-
thral glands, which collectively produce the seminal plasma (Camargo
et al., 2018). This complex fluid is crucial for sperm nutrition, matura-
tion and survival, and plays a key role in fertilization by preventing pre-
mature capacitation and contributing to the sperm-to-oocyte
recognition and interaction (Drabovich et al., 2014; Jodar et al., 2017;
Camargo et al., 2018; Samanta et al., 2018; Barrachina et al.,, 2019).
These post-testicular modifications occur in a male gamete that is tran-
scriptionally and translationally inert due to the high DNA compaction
of the sperm nuclei and extrusion of the majority of the cytoplasm
(Dacheux et al.,, 2012; Castillo et al., 2015; Jodar et al., 2016, 2017;
Barrachina et al., 2018). Therefore, post-testicular functional matura-
tion of the spermatozoa is attributed to the acquisition of components
from the seminal plasma (Reilly et al., 2016; Jodar et al., 2017; Zhou
et al., 2018; Barrachina et al, 2019; Hernandez-Silva and Chirinos,
2019). Previous studies have shown the participation of extracellular
vesicles (EVs) released by the different male accessory sex glands in
the post-testicular maturation process, which results in substantial

changes in the protein, RNA and lipid content of the sperm cell (Saez
et al., 2003; Aalberts et al., 2014; Belleannée, 2015; Martin-DelLeon,
2015; Sullivan, 2016; Barcelé et al., 2018, 2019; Garcia-Rodriguez
et al.,, 2018).

Recently, our group compiled a catalog of human sperm proteins
from published datasets, identifying up to 6871 proteins present in the
sperm cell (Castillo et al., 2018). By an integrative analysis using prote-
omic and transcriptomic data from sperm, testis, epididymis, prostate
and seminal vesicles, 165 human sperm proteins were identified as
presumably extra-testicularly acquired, with some of them being in-
volved in sperm function and fertilization (Castillo et al, 2018). This
finding further highlighted the impact of secretions from the post-
testicular male reproductive tract on the sperm proteome and sperm
function. Interestingly, about half of these proteins (n=93) showed an
epididymal-origin, emphasizing the importance of epididymal secretions
for the post-testicular maturation of the sperm cell.

The human epididymis is a 6—7 m long tubular organ that connects
the testis to the vas deferens. After being produced by the testis,
sperm cells travel through and are stored in the epididymis for up to
2 weeks. During this period, sperm cells undergo maturation and ac-
quire motility and the ability to fertilize the oocyte (Orgebin-Crist,
1969; Breton et al., 2016; Sullivan et al., 2019). Anatomically, the epi-
didymis is divided into four main regions: initial segments, caput, cor-
pus and cauda epididymides (Turner, 1995; Belleannée et al., 2013a;
Breton et al., 2016; Sullivan and Mieusset, 2016), and it is further sub-
divided into smaller segments that have different functional characteris-
tics, as described elsewhere (Turner et al., 2003; Johnston et al., 2005;
Jelinsky et al., 2007; Dacheux et al., 2016). The epididymis consists of
a pseudostratified epithelium composed by principal cells (PCs), clear
cells (CCs), narrow cells and basal cells (BCs), among others, whose
role is essential for the creation of a unique luminal environment for
sperm maturation, concentration, protection and storage (Breton
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et al., 2016; Zhou et al., 2018). BCs cover the base of the epididymis
in all epididymal regions, although they were shown to transiently
cross the tight-junction barrier to sample the luminal content in specific
segments (Shum et al, 2008; Breton et al., 2016; Roy et al., 2016).
PCs are the most abundant cell type in the epididymis and participate
in the transepithelial transport of water, solutes, ions and protein se-
cretion (Robaire et al., 2006; Da Silva et al., 2007; Park et al., 2017;
Zhou et al., 2018; Breton et al, 2019). PCs are traditionally believed
to be the main cells producing EVs, called epididymosomes (Sullivan
et al., 2007; Caballero et al., 2010; Martin-DeLeon, 2015; Zhou et dl.,

2018; James et al., 2020), but recent findings indicate that CCs may
also release epididymosomes (Battistone et al., 2019b). CCs are
proton-secreting cells that express the proton pump V-ATPase in their
apical membrane, and are responsible for luminal acidification and en-
docytosis (Hermo et al., 1988; Brown et al., 1997; Breton et al., 2016,
2019; Zhou et al., 2018).

It is well known that the epididymal lumen contains an impressive
population of epididymosomes, which seem to play an important role
in the post-testicular maturation of spermatozoa (Yanagimachi et al.,
1985; Sullivan et al., 2007; Sullivan and Saez, 2013; Sullivan, 2015;
Gervasi and Visconti, 2017). The interaction between epididymosomes
and epididymal sperm has also been demonstrated through different
approaches, such as the use of biotinylated proteins, fluorescent
markers or transgenic mice (Frenette et al., 2002, 2010; Schwarz et al.,
2013; Reilly et al, 2016; Nixon et al, 2019; Zhou et al, 2019;
Battistone et al, 2019b). In order to deapher the impact of ep|d|dy—
mosomes on sperm function, several groups have conducted compre-
hensive molecular profiling of the epididymosome content in different
species, aimed at unraveling the proteomic (Frenette et al., 2006,
2010; Thimon et al., 2008b; Girouard et al., 201 |; Nixon et al., 2019)
and transcriptomic (Belleannée et al., 2013a,b; Reilly et al, 2016;
Sharma et al.,, 2016, 2018) composition of epididymosomes. While
these studies have provided evidence that epididymosomes may be
implicated in the transfer of secreted epididymal proteins to sperm
(Frenette and Sullivan, 2001; Frenette et al, 2010; D’Amours et dl.,
2012), to the best of our knowledge, direct protein transfer to sper-
matozoa through epididymosomes is still poorly characterized.

Therefore, the main aim of this study is to experimentally validate
direct sperm acquisition of epididymal proteins through epididymo-
somes. First, we used protein data from human and mouse sperm to
infer proteins with a putative epididymis-derived origin that are poten-
tially transferred to sperm by epididymosomes in both species. Using
immunofluorescence analysis, we then experimentally demonstrated
the extra-testicular sperm acquisition of some of these inferred pro-
teins through epididymosomes.

Materials and methods

In silico prediction of sperm proteins with
an epididymal origin

The initial identification of potential sperm proteins with an epididymis
origin was based on a previous integrative analysis carried out in our
laboratory, which provided a list of 165 human sperm proteins poten-
tially acquired after testicular maturation (from the epididymis, pros-
tate and/or seminal vesicles) (Castillo et al, 2018) (Fig. |). From

those, 93 showed a putative epididymal origin (Fig. 1). This dataset
was analyzed herein in order to identify sperm proteins with a poten-
tial epididymal origin that were conserved among species, using mice
and humans as model systems (Fig. ). Thus, we assessed whether
those 93 human sperm proteins were detected in proteomic data
from mouse testis (Paz et al, 2006; Zhu et al., 2006; Huang et dl.,
2008; Guo et al,, 2010; Gan et al,, 2013; Qi et al, 2014; Xie et dl,
2018; Xu et dl., 2018), epididymal sperm (Baker et al., 2008; Dorus
et al, 2010; Chauvin et al, 2012; Claydon et al, 2012; Guyonnet
et al, 2012; Skerget et al, 2015; Vicens et al, 2017), epididymis
(Chaurand et al., 2003; Da Silva et al., 2010; Liu et al., 2015a,b) and
2019) (Supplementary Table SI).
Specifically, we first selected the human sperm proteins with a putative

epididymosomes (Nixon et adl.,

epididymal origin that were also found in the mouse epididymal sperm
proteome, and that were absent in the mouse testis proteome.
Subsequently, we further complemented the dataset with information
from the mouse epididymis and epididymosome protein reports.
However, since the available proteomic data for mouse epididymis
and epididymosomes is scarce, this information was not considered as
a condition for selecting the potential candidates to be validated
herein. The Gene Ontology (GO) Knowledgebase from the GO
Consortium (http://www.geneontology.org/) (Ashburmer et al., 2000;
The Gene Ontology Consortium, 2019) was used to conduct a GO
Enrichment analysis on Cellular Components terms (Mi et al., 2019).
This tool was powered by the PANTHER vI5.0 database (Release
date || June 2019) and the significance of the enrichment analysis was
calculated by a Fisher’s exact test. P-values <0.05 after false discovery
rate (FDR) adjustment were considered statistically significant.

Biological material and ethical approval

Adult (12-week-old) C57BL/CBAFI| wild-type male mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME, USA), and at least
three mice were analyzed for each experiment. All experimental pro-
cedures were reviewed and approved by the Massachusetts General
Hospital Subcommittee on Research Animal Care and performed in
accordance with the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals. Prior to dissection, animals were
anesthetized with pentobarbital (60 mg/kg intraperitoneally) and eu-
thanized by cervical dislocation.

Human epididymis (n=9) and testis samples (n=9) were obtained
from the Department of Pathology, Hospital Clinic de Barcelona
(Barcelona, Spain), and all samples were analyzed for each set of
experiments. Epididymis tissues were obtained post-mortem after
myocardial infarction (n=2) or hemorrhagic stroke (n= 1), and from
orchidectomy performed on patients with testicular tumors (n=6).
Testicular biopsies were obtained from infertile patients with normal
spermatogenesis (n=9). Patients were 38+ 5.3years old (mean +
SEM). Written informed consent was obtained from all subjects in ac-
cordance with the ethical standards of the institutional and national re-
search committee, and with the Declaration of Helsinki and the
Department of Health and Human Services Belmont Report. All sam-
ple storage and processing were approved by the Clinical Research
Ethics Committee of the Hospital Clinic de Barcelona (Barcelona,
Spain).
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Integrative analysis using human
proteomics and transcriptomics data
from testis, epididymis and sperm

93 human sperm proteins with a
potential epididymis-derived origin

Mouse proteomics data from testis,

epididymis, sperm and epididymosomes

25 conserved human/mouse sperm proteins
potentially acquired from the epididymis

Validation of representative proteins (SLC27A2, EDDM3B, KRT19, WFDC8)
to confirm their epididymal origin, their presence in cauda epididymal
spermatozoa, and their transfer to spermatozoa through epididymosomes

e

Demonstration of the presence of SLC27A2, EDDM3B,
KRT19, and WFDC8 in human/mouse epididymis and
their absence in human/mouse testis

«

Specific localization of
SLC27A2, EDDM3B,
KRT19, and WFDC8 in
mouse epididymis

SLC27A2, EDDM3B, KRT19,
— and WFDCB8 are presentin — contain SLC27A2, EDDM3B,

mouse epididymal sperm

Testis Epididymis

Mouse epididymosomes

KRT19, and WFDC8

Co-localization of the CFSE-labeled
epididymosomes with the epididymis-
derived proteins

Figure I. Overall workflow to identify and validate conserved human/mouse sperm proteins acquired from the epididymis

through epididymosomes.

Testis and epididymis preparation

Testes and epididymides from adult male mice were removed and
fixed for 16 h by immersion in paraformaldehyde (PFA) lysine period-
ate solution (containing 4% PFA) at 4°C with shaking. After several
washes in phosphate buffered saline (PBS), tissues were incubated at
4°C in PBS containing 30% sucrose for 2days. Subsequently, tissues
were embedded in Tissue-Tek OCT compound (Sakura Finetek,
Torrance, CA, USA), and mounted and frozen on a cutting block in a
Reichert Frigocut microtome. Tissues were cut at |0-um thickness,
and sections were placed onto Fisherbrand Superfrost Plus microscope
slides (Fisher Scientific, Pittsburgh, PA, USA).

Testes and epididymides from adult humans were fixed in 4% for-
mol and Sakura molecular fixative (Tissue-Tek Xpress, Sakura,
Torrance, CA, USA) for 16h each. Samples were processed on the
Sakura Tissue-Tek Xpress x120 tissue processor (Tissue-Tek Xpress,
Sakura), where samples were dehydrated in pre-processing solution
(Tissue-Tek Xpress, Sakura) for 30 min, followed by three washes of

30min in Processing reagent (Tissue-Tek Xpress, Sakura) and paraffin-
embedded. Tissues were cut in a Tissue-Tek AutoSection microtome
at 2 pm and 4 pm thickness.

Sperm collection

Mouse epididymal fluid containing spermatozoa was obtained from
four adult mice as follows. After induction of anesthesia, the epididymi-
des were removed, and the cauda segment was separated from the
rest of the tissue. Cauda epididymides were minced (3 cuts) and
placed in a physiological solution adjusted to pH 6.6 and containing
50mM NaCl, 50mM K-gluconate, [.2mM MgSO,4, 0.6mM CaCl,,
4mM NaOAc, | mM Trisodium citrate, 6.4 mM NaH,PO,, 3.6 mM
NayHPO4 (360 mOsm/kg) for |5 min at 37°C. Afterward, the remain-
ing tissue was discarded, and the medium was centrifuged at 400 g for
5min at room temperature (RT) to separate epididymal spermatozoa
from the epididymal fluid. Only mouse cauda sperm was collected



Epididymosome protein transfer to sperm

655

since these sperm have already contacted with fluids from all sections
of the epididymis: initial segments, caput, corpus and cauda. Sperm cells
were immediately used for the co-incubation assay with epididymosomes.

The mouse cauda epididymal fluid from eight epididymides was diluted
I:1 in pH 6.6 solution, centrifuged at 1200g for I5min, 3000¢g for
I5min and 10000g for 30 min at 4°C, and the supernatant was sub-
sequently filtered through a 0.20 um membrane. Afterward, the super-
natant was ultracentrifuged (100000g, 70 min, 4°C) and the pellet,
which contained epididymosomes and other microvesicles, was resus-
pended in pH 6.6 solution. Vesicle labeling was conducted by incuba-
with  7.5pM  carboxyfluorescein  succinimidyl ester (CFSE
eBioscience™ CFSE, Invitrogen) (Fig. 2A; Condition A: Vesicles-CFSE),
following the manufacturer’s instructions. The following negative con-
trols were included: (i) vesicles incubated with anhydrous dimethyl-
sulphoxide as a diluent control, without CFSE (Fig. 2A; Condition B:

tion

A B

| Pool of 8 cauda epididymal fluid |
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CONDITION A: || CONDITION B: CONDITION C:
Vesicles-CFSE || Viesidles - No CFSE CFSE
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Vesicles-No CFSE); and (i) pH 6.6 solution-only incubated with
7.5uM CFSE (Fig. 2A; Condition C: CFSE) to ensure CFSE does not
undergo non-specific aggregation. After 30 min incubation at 37°C in
the dark, samples were diluted in pH 6.6 solution and centrifuged at
100000 g for 70 min at 4°C to remove unbound CFSE. In order to en-
rich our preparation in epididymosomes, the pelleted vesicles were
resuspended in pH 6.6 solution and subjected to a density gradient ul-
tracentrifugation, as previously described (Vojtech et al., 2014). Briefly,
the resuspended vesicles were loaded on top of a 30% sucrose/D,O
density cushion followed by centrifugation at 100000g for 90 min at
4°C. The remaining supernatant was loaded on top of a 25% sucrose/
D,O density cushion and centrifuged again at 100000g for 14h at
4°C. Finally, both 25% and 30% sucrose cushions containing epididy-
mosomes were combined, diluted in pH 6.6 solution, and epididymo-
somes were pelleted after a final ultracentrifugation step (100000 g for
70 min at 4°C). Through this approach, first labeling vesicles with CFSE
dye and, afterward, isolating epididymosomes using a 25-30% sucrose
cushion, we ensured that no CFSE dye remained in the medium. The
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Figure 2. Characterization of the epididymosomes and assessment of the incubation of CFSE-labeled epididymosomes with
mice sperm. (A) Methodological workflow to fluorescently label the epididymosomes with the CFSE dye, followed by their co-incubation with
mice sperm (Condition A’), and the negative controls (Condition B’, C’, D’). (B) Morphological characterization of the epididymosomes. The panels
show the size distribution and particles concentration determined by nanoparticle tracking analysis (NTA) (left panel) and representative TEM images
of isolated epididymosomes (right panel, in arrows). Bars =200 nm. (€) Confocal microscopy images showing CFSE-labeled epididymosomes
(arrows; green) attached to the mouse sperm head (Condition A’ (a, e)). No fluorescent epididymosome-like particles were observed for the nega-
tive controls (Condition B’ (b, f), C' (c, g), D’ (d, h)). Note that autofluorescence in the green channel was present in the sperm midpiece due to a
high concentration of mitochondria in this region. Sperm nuclei are labeled with DAPI in blue. Bars =5 pm. Images show a 3D reconstruction of two
colors z-stacked image acquired using the Zeiss LSM-800 confocal microscope. CFSE, carboxyfluorescein succinimidyl ester; DAPI, 4’,6-diamidino-2-

phenylindole; TEM, transmission electron microscopy.
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Bradford method (Quick Start™ Bradford Protein Assay; Bio-Rad
Laboratories, Hercules, CA, USA) was used for the quantification of
the total protein of epididymosomes.

Characterization of the epididymosomes
by nanoparticle tracking analysis and
transmission electron microscopy

Size distribution and concentration of isolated epididymosomes were
determined by nanoparticle tracking analysis (NTA) with NanoSight
LMI0 equipment (Malvern) (Fig. 2B) using the following parameters:
camera at 30 frames per second, camera level at |4, temperature at
22°C, and video recording time 60s. Nanosight NTA Software (ver-
sion 3.2) analyzed raw data videos by quintuplicate. Vesicle morphol-
ogy was analyzed using transmission electron microscopy (TEM)
(Fig. 2B). Briefly, epididymosomes were fixed with 2% PFA in PBS,
transferred onto 200 mesh formvar/carbon-coated nickel grids, and
contrast-stained in 2% methylcellulose (tylose)-uranyl acetate solution.
Note that vesicles are negatively stained with this method.
Examination of preparations was done using a JEOL JEM 1011 trans-
mission electron microscope at 80kV. Images were collected using an
AMT digital imaging system with proprietary image capture software
(Advanced Microscopy Techniques, Danvers, MA, USA).

Co-incubation of sperm with CFSE-labeled
epididymosomes

CFSE-labeled  epididymosomes isolated as described above were
resuspended in pH 6.6 solution supplemented with | mM ZnCl,, and
incubated with cauda epididymal sperm for 3h at 37°C (Fig. 2A;
Condition A’: Epididymosomes-CFSE), based on previously reported
methodologies (Frenette et al., 2002; Reilly et al., 2016). Negative con-
trols included: (i) sperm incubated with epididymosomes not labeled
with CFSE (Fig. 2A; Condition B’: Epididymosomes-No CFSE); (ii)
sperm incubated with medium without CFSE, in which the CFSE dye
from initial Condition C has been properly removed from the medium
through sequential ultracentrifugations (Fig. 2A; Condition C": CFSE
cleared medium); and (iii) sperm alone (Fig. 2A; Condition D’: Sperm
alone). After 3h-incubation, sperm cells were washed three times
(400g, 5min) in pH 6.6 solution to remove any unbound CFSE-
labeled epididymosomes and fixed in 1% PFA. Afterwards, the efficacy
of both the isolation and the labeling of epididymosomes, and the in-
teraction with mouse spermatozoa were assessed by confocal micros-
copy (Fig. 2C).

Immunofluorescence

Immunofluorescence  was
(Battistone et al., 2019a). For the human paraffin-embedded sections,
the process included a xylene deparaffinization (2 x 100% xylene), fol-
lowed by washes in ethanol (2 x 100% EtOH), and tissue rehydration
through graded series of ethanol (90%, 70%, 50%, 30%). Afterward, all
samples (including human/mouse testes and epididymides, and mouse

performed as previously described

sperm alone or incubated with epididymosomes) were hydrated in
PBS and, for antigen retrieval, samples were treated with PBS contain-
ing 1% SDS and 0.1% Triton for 4min. The anti-WFDC8 and anti-
EDDM3B antibodies required an additional antigen retrieval step, and
slides were microwaved for | min in | mM EDTA, 10mM Tris (pH

9.0). Slides were blocked in 1% bovine serum albumin, and incubated
with the primary antibody at 4°C for |16 h, and with the corresponding
secondary antibody for | h at RT. The primary antibodies used were:
affinity-purified rabbit polyclonal antibody against keratin type | cyto-
skeletal 19 (KRT19; 0.01 pg/ul; #10712-1-AP, Proteintech, Rosemont,
IL, USA), affinity-purified rabbit polyclonal antibody against the very
long-chain acyl-CoA synthetase (SLC27A2/FATP2; 2 pg/ml; #14048-
|-AP, Proteintech, Rosemont, IL, USA), affinity-purified rabbit poly-
clonal antibody against the epididymal secretory protein E3-beta
(EDDM3B; 0.02 pg/pl; #ARP53756_P050, Aviva Systems Biology, San
Diego, CA, USA), and protein G purified rabbit polyclonal antibody
against the WAP four-disulfide core domain protein 8 (WFDCS;
0.08 ng/pl; #CSB-PA818226LA0IHU, Cusabio Technology LLC,
Houston, TX, USA). Tissue co-labeling with a chicken polyclonal anti-
body against the V-ATPase Bl subunit (0.3 pg/ml; made and purified
in the Breton lab: (Paunescu et al., 2010)) was used for epididymal
CGCs identification, as previously described (Castro et al., 2017; Park
et al, 2017). The secondary antibodies (Jackson Immunoresearch
Laboratories, West Grove, PA, USA) used were: goat anti-rabbit
IgG conjugated to Alexa Fluor 488 (30 pug/ml; #111-545-144),
donkey anti-rabbit 1gG conjugated to Cy3 (7.5 ug/ml; #711-165-
I52) and donkey anti-chicken IgY conjugated to Cy3 (7.5 ug/ml;
#703-165-155). All antibodies were diluted in DAKO medium
(Dako, Carpinteria, CA, USA). For the negative controls, the incu-
bations were performed with the secondary antibody only. Slides
were mounted using SlowFade™ Diamond Antifade Mountant
(Invitrogen, Eugene, OR, USA) with 4',6-diamidino-2-phenylindole
(2 pug/ml; Vector Laboratories, Burlingame, CA, USA). Images
were captured using an LSM800 confocal microscope (Zeiss
Laboratories, Thornwood, NY, USA). Z-stack images were proc-
essed with Volocity software for 3D reconstruction.

Quantification analysis of the
epididymosomes

Following IF, a quantification analysis of the epididymosomes was per-
formed using an LSM800 confocal microscope (Zeiss Laboratories,
Thornwood, NY, USA). Specifically, the presence of each of the four
epididymis-derived proteins (SLC27A2, EDDM3B, KRT 19 and WFDCS8)
in CFSE-labeled epididymosomes was evaluated and quantified from
multiple confocal images (22-52 confocal images/protein). At least 150
CFSE-labeled epididymosomes (or clusters of epididymosomes) contain-
ing or not containing a given protein were quantified for each protein
tested. Because EVs could form clusters and the observed fluorescent
signals could represent more than one epididymosome, our quantifica-
tion analysis might be over- or under- estimating the real amount of epi-
didymosomes with a given epididymis-derived protein.

Results

In silico prediction of sperm proteins with
an epididymal origin in humans and mice

The previously published list of 93 human sperm proteins with a puta-
tive epididymal acquisition by Castillo et al. (2018) was further comple-
mented with additional proteomics data of mouse testis, sperm,
epididymis and epididymosomes (Chaurand et al., 2003; Paz et al.,



Epididymosome protein transfer to sperm

657

Table I List of sperm proteins with a putative epididymis-derived origin in both human and mouse species.

Human sperm proteins with putative extra-testicular
acquisition (from Castillo et al., 2018)

Mouse proteomics data

Predicted organ of origin Accession Gene name
number
Epididymis Q9UKQ2 ADAM28
Epididymis Q9H2U9 ADAM7
Epididymis QS8IUAO WFDC8
Epididymis Q5GAN3 RNASEI3
Epididymis P30613 PKLR
Epididymis P56851 EDDM3B
Epididymis Q7RTZI OVCH2
Epididymis Q08648 SPAGI B
Epididymis Q07522 BSPHI
Epididymis Q3B820 FAMI6IA
Epididymis/seminal vesicles 014975 SLC27A2
Epididymis/seminal vesicles P22748 CA4
Epididymis/seminal vesicles/prostate P05787 KRT8
Epididymis/seminal vesicles/prostate P05783 KRT18
Epididymis/seminal vesicles/ P08727 KRTI9
prostate
Epididymis/seminal vesicles/prostate P12830 CDHI
Epididymis/seminal vesicles/prostate P09668 CTSH
Epididymis/seminal vesicles/prostate E7ET76 GGTI
Epididymis/seminal vesicles/prostate Q8IW92 GLBIL2
Epididymis/seminal vesicles/prostate P02788 LTF
Epididymis/seminal vesicles/prostate 095994 AGR2
Epididymis/seminal vesicles/prostate 014493 CLDN4
Epididymis/seminal vesicles/prostate Q96BQI FAM3D
Epididymis/seminal vesicles/prostate Q9Y584 TIMM22
Epididymis/seminal vesicles/prostate P06280 GLA

Testis Epididymal Epididymis Epididymosomes
sperm
- X X X
- X X X
— X X -
_ x % _
- X - X
— X - -
_ x _ _
_ x _ _
_ x _ _
_ x _ _
— X X -
- X - X
- X X
- X X
- X X X
- X X X
_ x % _
- X X X
_ x x _
- X - X
_ x X _
_ x _ _
_ x _ _
_ x _ _
_ x _ _

The subset of human sperm proteins with a predicted acquisition after testicular maturation published by Castillo et al. (2018) was complemented by integrating published mouse pro-
teomic datasets (see an extended version in Supplementary Table Sl). Proteins whose epididymis-derived origin has been experimentally validated in this study are indicated in bold.

X, Protein detection, —, Protein absence.

2006; Zhu et al., 2006; Baker et al., 2008; Huang et al., 2008; Da Silva
et al., 2010; Dorus et al., 2010; Guo et al., 2010; Chauvin et al., 2012;
Claydon et dl., 2012; Guyonnet et al., 2012; Gan et al.,, 2013; Qi et dl.,
2014; Skerget et dl., 2015; Liu et al, 2015a,b; Vicens et dl., 2017; Xie
et al, 2018; Xu et al, 2018; Nixon et al., 2019) (Supplementary Table
Sl). Through this broadened in silico analysis, we identified a subset of
25 sperm proteins potentially acquired from the epididymis in both
species (Table I, Supplementary Table SI, Fig. 1). Interestingly, a notable
enrichment of the GO Cellular Components ‘extracellular exosome’
(GO: 0070062) and ‘apicolateral plasma membrane’ (GO: 0016327)
was observed in this data set (P-value after FDR adjustment < 0.01).

Localization of the inferred epididymis-
derived sperm proteins

To validate the results derived from the in silico prediction, we selected
four out of the 25 sperm proteins identified above to determine their

tissue localization. The selection criteria used to select protein candi-
dates included human sperm proteins with a putative epididymal origin
that were also identified in the mouse epididymal sperm proteome,
and that were absent in the mouse testis proteome. Due to the low
availability of proteomic data for mouse epididymis and epididymo-
somes, the absence of our protein candidates in these proteomic data-
sets was not considered an exclusion criterion. The selected proteins
were the very long-chain acyl-CoA synthetase (SLC27A2/FATP2), the
epididymal secretory protein E3-beta (EDDM3B), the keratin type | cy-
toskeletal 19 (KRT19) and the WAP four-disulfide core domain pro-
tein 8 (WFDCS8). Specifically, our protein candidates included a sperm
protein already identified in mouse epididymis and epididymosomes
proteomes (KRT19), two sperm proteins already identified in mouse
epididymis proteome but not in mouse epididymosomes proteome
(WFDCB8 and SLC27A2), and a sperm protein not identified yet in
mouse epididymis and epididymosomes proteomes (EDDM3B)

(Table ).


https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac015#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac015#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac015#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac015#supplementary-data
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Figure 3. Localization of the epididymis-derived protein SLC27A2 in mouse and human testes and epididymides. Confocal mi-
croscopy images showing the absence of SLC27A2 protein in germ cells from seminiferous tubules of mouse (a, b) and human (e, f) testes, and the
presence of SLC27A2 protein (green) in mouse (c, d) and human (g, h) epididymal epithelial cells. Nuclei are labeled with DAPI in blue. The bottom
panels (°) show a higher magnification representation of the areas delineated by the boxes in the upper panels. Bars =50 um for upper panels,
Bars = 10 um for lower panels (b’, £), Bars =5 pum for lower panels (d’, h’). See Supplementary Fig. S| for the localization of EDDM3B, KRT19,

WFDCS8 proteins. DAPI, 4',6-diamidino-2-phenylindole.

Immunofluorescence analyses through high-resolution confocal mi-
croscopy showed the presence of all the selected proteins (SLC27A2,
EDDM3B, KRT19 and WFDCS8) in mouse and human epididymal epi-
thelial cells, and their absence in mouse and human seminiferous
tubules (Fig. 3, Supplementary Fig. SI and Table Sll). Note that al-
though KRT19 and WFDC8 were detected in the connective tissue
surrounding the seminiferous tubules (Leydig or interstitial cells), no la-
beling was observed in testicular germ cells (Supplementary Fig. SI).

Immunofluorescence analyses of the four selected proteins in the
different regions of the epididymis (caput, corpus and cauda)

demonstrated their segment-dependent cellular expression in the
mouse epididymis (Fig. 4, Supplementary Table SIl). SLC27A2 was
expressed in epididymal CCs (V-ATPase Bl subunit positive) localized
along the entire duct, comprising caput, corpus and cauda epididy-
mides (Fig. 4A). EDDM3B expression was restricted to corpus and
cauda epididymides and displayed a different cellular expression
pattern (Fig. 4B). In the corpus, EDDM3B was only expressed on
the apical membrane of PCs (V-ATPase Bl subunit negative) while,
in the cauda, EDDM3B was present in CCs and in the apical mem-
brane and Golgi-like organelles of PCs (Fig. 4B). Likewise, KRT 19
was not expressed in the caput epididymis, but it was detected in
both CCs and the apical region of PCs in corpus and cauda epidid-
ymides (Fig. 4C). KRTI9 was also detected in interstitial cells of
the cauda epididymis (Fig. 4C). Finally, WFDC8 displayed high ex-
pression in CCs and the apical membrane of PCs in all epididymal
segments (Fig. 4D).


https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac015#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac015#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac015#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac015#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac015#supplementary-data
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Figure 4. Specific localization of the epididymis-derived proteins SLC27A2, EDDM3B, KRT19 and WFDC8 in the mouse epidid-
ymis. Double immunolabeling of the epididymis-derived proteins (green) and V-ATPase Bl subunit (red) as a marker for epididymal clear cells
(CGs), in the caput, corpus and cauda regions of mouse epididymis. (A) SLC27A2 (green) was specifically detected in CCs (red) on the overall epi-
didymis segments. (B) EDDM3B (green) was detected in the apical portion of principal cells (PCs) located in the corpus; EDDM3B was also detected
in CCs (red), and in the apical portion and Golgi-like organelles of PCs in the cauda. (C) KRT |9 (green) was present in the apical portion of PCs and
in CCs (red) in both corpus and cauda, and in interstitial cells in cauda. (D) WFDCS8 (green) was identified in CCs (red) and in the apical portion of
PCs all along the epididymal segments. Nuclei are labeled with DAPI in blue. Bars = |0 um. DAPI, 4’,6-diamidino-2-phenylindole.

The epididymis-derived proteins SLC27A2,
EDDM3B, KRT19 and WFDCS8 are present
in epididymal sperm

Immunofluorescence analyses showed that SLC27A2, EDDM3B,
KRTI19 and WFDC8 proteins are present in sperm isolated from the
mouse cauda epididymides, suggesting their acquisition during epididy-
mal transit (Fig. 5, Supplementary Table SlI). Interestingly, the four se-
lected epididymis-derived proteins displayed a differential localization
in mouse spermatozoa: SLC27A2 and KRTI9 were detected within
the post-acrosomal sheath of the sperm head and in the sperm mid-
piece; EDDM3B was present in the posterior part of the sperm flagel-
lum; and WFDC8 was predominantly detected in the sperm midpiece,
with a far less intense signal in the sperm head and along the sperm
flagellum (Fig. 5). This analysis was only performed in mouse

epididymal sperm since human ejaculated sperm have already been in
contact with all the fluids secreted along the male reproductive tract.

Epididymosomes contain the epididymis-
derived proteins SLC27A2, EDDM3B,
KRTI19 and WFDC8

Epididymosomes and other vesicles from mouse epididymal fluid from
the cauda epididymides were firstly labeled with the fluorescent dye
CFSE, and epididymosomes were isolated by ultracentrifugation in 25%
and 30% sucrose cushions (Fig. 2A). TEM analysis showed the pres-
ence of round or cup-shaped vesicles enclosed by a phospholipid bi-
layer (Fig. 2B; right panel). The size distribution and concentration of
the epididymosomes were determined by NTA, showing that the epi-
didymosomes had a diameter of 181.94+3.6nm (mean + SEM)


https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac015#supplementary-data
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Figure 5. Presence of the epididymis-derived proteins SLC27A2, EDDM3B, KRT19 and WFDCS8 in mouse sperm. Mouse sperma-
tozoa were isolated from cauda epididymis and immunolabeled for SLC27A2, EDDM3B, KRT 19 and WFDCB8. The four epididymis-derived proteins
(red) were detected in cauda sperm, but displayed a different localization pattern: SLC27A2 (a, b) and KRTI9 (i, j) proteins were located in the
sperm midpiece and post-acrosomal region; EDDM3B (e, f) was present in the posterior part of the sperm tail; and WFDC8 (m, n) was mainly pre-
sent in sperm midpiece, with a faint signal in the sperm head and tail. No fluorescence signal was observed in each respective negative control (c—d,
g—h, kI, o—p). Sperm nuclei are labeled with DAPI in blue. Representative confocal microscopy images are presented as maximum intensity projec-

tions. Bars = 10 um. DAPI, 4,6-diamidino-2-phenylindole.

(Fig. 2B; left panel). A second smaller population of epididymosomes
of higher size indicates the potential occurrence of some vesicle clus-
ters. Both TEM and NTA techniques confirmed the presence of
epididymosome-like vesicles with spherical morphology and within the
normal range of EVs.

After co-incubation of CFSE-labeled epididymosomes with mouse
sperm, fluorescent epididymosomes attached to spermatozoa were
detected (Fig. 2C; Condition A’). Negative controls discarded any
unspecific labeling (Fig. 2C; Conditions B’ and D’) as well the presence
of CFSE fluorescent compounds or aggregates (Fig. 2C; Condition C').
These data confirmed the ability of epididymosomes to interact with
mouse sperm after an in vitro incubation.

We next investigated whether the attached epididymosomes con-
tained the epididymis-derived proteins SLC27A2, EDDM3B, KRTI9
and WFDCB8. As shown in Fig. 6, positive CFSE-labeled epididymo-
somes attached to mouse cauda spermatozoa contain the four se-
lected epididymal proteins (Supplementary Table Sll), reinforcing the
hypothesis that epididymosomes transfer proteins to spermatozoa.
Note that due to the high expression of these proteins in epididymo-
somes, the intensity of the laser was decreased to capture the images
and the epididymis-derived proteins are no longer observed across the
sperm as was shown in Figs 5 and 6. Nonetheless, the four
epididymis-derived proteins are indeed detected in mouse sperm, in
addition to epididymosomes, when displaying the same laser


https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac015#supplementary-data
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Figure 6. Mouse epididymosomes incubated with cauda
sperm in vitro contain the epididymis-derived proteins
SLC27A2, EDDM3B, KRT19 and WFDC8. Mouse epididymo-
somes contain the epididymis-derived proteins SLC27A2, EDDM3B,
KRT19 and WFDCB. Several CFSE-labeled epididymosomes (green)
attached to mouse cauda spermatozoa are positive (red, arrows) for
SLC27A2 (a, b, c), EDDM3B (d, e, f), KRTI9 (g, h, i) and WFDC8
(, k, 1) proteins. Due to the high expression of the epididymis-
derived proteins in epididymosomes, the intensity of the red laser
was decreased to capture the images (see Supplementary Fig. S2).
Negative control images (m, n, o) show the incubation of cauda
sperm with CFSE cleared medium (Condition C’; no presence of epi-
didymosomes), in order to discard the presence of CFSE fluorescent
compounds or aggregates. Negative control shows autofluorescence
in sperm midpiece due to high NADH concentration in sperm
midpiece mitochondria. Sperm nuclei are labeled with DAPI in blue.
Bars =5pum. Images show a 3D reconstruction of three colors
z-stacked image acquired using the Zeiss LSM-800 confocal
microscope. CFSE, carboxyfluorescein succinimidyl ester; DAPI,
4',6-diamidino-2-phenylindole.

parameters used for confocal microscopy images shown in Fig. 5 and
Supplementary Fig. S2. The quantification of fluorescent EVs, which
represent one or more CFSE-labeled epididymosomes, showed that
36.4% (60 of 165) contain SLC27A2, 20% (30 of 150) contain
EDDM3B, 12.2% (19 of 155) contain KRT19 and 20.9% (32 of 153)
contain WFDCS.

Discussion

While testicular spermatozoa are morphologically differentiated cells,
they lack progressive motility and the ability to fertilize an oocyte. The
sperm cell undergoes post-testicular maturation through contact with
different secretions from the post-testicular male reproductive tract
(epididymis, prostate and seminal vesicles) (Jodar et al, 2017,
Camargo et al., 2018; Barrachina et al, 2019). Our group recently
revealed a subset of potentially extra-testicularly acquired human
sperm proteins (Castillo et al., 2018). Here, we extend our previous
human in silico analysis by exploring the conservation of this dataset in
the mouse model and focusing on sperm maturation acquired during
epididymal transit. Consequently, we report for the first time herein a
subset of 25 sperm proteins with an epididymal origin that is con-
served in both human and mouse species. Through high-resolution
confocal microscopy, we confirm the epididymal origin of four selected
proteins acquired by sperm and demonstrate that these proteins are
transferred to the maturing sperm through epididymosomes.

The functional maturation of ejaculated spermatozoa is achieved in
a post-testicular context, mainly driven via interaction of the maturing
sperm with epididymal secretions and epididymosomes (Sullivan et al.,
2007; Sullivan, 2015, 2016; Breton et al., 2016; Zhou et al., 2018;
James et al., 2020). These sperm proteins with an epididymis origin in-
clude: (i) proteins involved in sperm maturation and function, such as
ADAMY7 (Cornwall and Hsia, 1997; Oh et al., 2005; Han et al., 201 [;
Cho, 2012; Choi et al., 2015), ADAM28 (Howard et al., 2000, 2001;
Cho, 2012), EDDM3B (Amaral et al., 2014; Légaré et al, 2017),
SPAGI IB (Hamil et al., 2000; Zhou et al., 2004; Radhaknshnan et al.,
2009; Dorin and Barratt, 2014; Narmadha and Yenugu, 2015), GGTI
(Garrido et al., 2009; Lee and Foo, 2014), LTF (Piomboni et al., 2008;
Belleannée et al,, 201 |; Zumoffen et al., 2015; Nowicka-Bauer et dl.,
2018; Hernandez—Sllva and Chirinos, 20|9), GLBIL2 (Samanta et dl.,
2019) and BSPHI (Plante et al., 2012, 2014, 2016; Plante and
Manjunath, 2015); (i) proteins involved in fertilization, including
ADAM7 (Kim et al., 2006; Choi et al, 2015) and LTF (Zumoffen
et al, 2015; Hernandez-Silva and Chirinos, 2019); (i) proteins that
provide antioxidant protection to sperm, such as GGT| (Walker
et al., 2006) and LTF (Guyonnet et al., 201 1; Nowicka-Bauer et al.,
2018); (iv) proteins involved in male reproductwe tract immunity, such
as WFDC8 (Thimon et al., 2008a; Rajesh et al., 2011), SPAGIIB
(Radhakrishnan et al., 2009; Fel et al., 2012; Dorln and Barratt, 2014;
Narmadha and Yenugu, 2015), LTF (Piomboni et al., 2008; Guyonnet
et al, 2011; Nowicka-Bauer et al., 2018) and FAM3D (Zhu et al,
2002; Peng et al., 2016); and (v) a protein that could be relevant for
energy production and/or lipid synthesis for membranes, SLC27A2
(Caimari et al., 2010; Black et al., 2016).


https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac015#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deac015#supplementary-data

662

Barrachina et al.

In addition, LTF and FAMI61A might be required for proper early
embryogenesis, since their abundance seems to be reduced in sperm
samples from unexplained infertile male patients with poor blastocyst
development after an IVF cycle using an oocyte donor (McReynolds
et al.,, 2014). However, this hypothesis is in contrast to the generation
of viable embryos in vitro using testicular spermatozoa (Dozortsev
et al., 2006; Kang et al., 2018). Further functional studies are, thus, re-
quired to clarify the potential role of extra-testicularly acquired sperm
proteins in early embryogenesis. Interestingly, structural integrity com-
ponents were also identified within the list of epididymis-derived
sperm proteins, such as some members of the keratin gene family
(KRT8, KRT18 and KRTI9). Of note, in addition to their structural
role, keratins also participate in organelle and protein transport, differ-
entiation and proliferation (Magin et al., 2007; Skerget et al., 2015).

In the present study, we provide evidence that the sperm proteins
SLC27A2, EDDM3B, KRTI19 and WFDCS8, are present in epithelial
cells lining both the human and mouse epididymis. Specifically, KRT 19
was detected in PCs and CCs, and SLC27A2 was detected in CCs.
However, the expression patterns of EDDM3B and WFDC8 were
species-dependent, with both proteins being detected in PCs and CCs
in the mouse epididymis, but only in CCs in the human epididymis.
SLC27A2 and WFDC8 were detected in all epididymal segments,
whereas EDDM3B and KRT9 were absent from the caput. In addition,
while EDDM3B was present in PCs and CCs in the cauda, it was
detected only in PCs in the corpus. Thus, the expression of these pro-
teins appears to be under the control of local stimuli within the epidid-
ymis. The expression of some of these proteins in PCs was expected
because of the well-known participation of these cells in protein bio-
synthesis and secretion. Our observation that they are all expressed in
CGCs is in agreement with a recent study indicating that these cells are
also involved in the production of epididymosomes via apocrine secre-
tion (Battistone et al., 2019b). However, because CCs have a high
endocytic rate (Hermo and Robaire, 2002; Zhou et al, 2018; Breton
et al, 2019), it remains possible that they could internalize proteins ex-
creted by PCs. This might be the case for EDDM3B, KRTI9 and
WFDCS8, which are also expressed by PCs in the mouse epididymis,
but not for SLC27A2, which is expressed exclusively in CCs. In addi-
tion, the transcripts for EDDM3B, KRT19, WFDC8 and SLC27A2
have all been recently identified in CCs (Battistone et al., 2019b). Our
results thus further support the novel role of CCs in the transfer of
proteins to sperm during epididymal transit.

The strategy followed in the present study, combining the co-
incubation of sperm with CFSE-labeled epididymosomes together with
targeted fluorescent protein labeling, confirmed the presence of epidi-
dymosomes that interact with sperm and contain the epididymis-
derived proteins SLC27A2, KRTI9, EDDM3B and WFDCS8. In addi-
tion, our quantification analysis revealed that a significant percentage of
epididymosomes (12-36%) contain these epididymis-derived proteins.
However, we cannot entirely exclude the possibility that some epidi-
dymosomes form clusters, as shown in the NTA analysis, which would
then over- or under-estimate the actual percentage of epididymo-
somes containing each target protein. Despite this limitation, our
results provide a proof-of-concept that epididymosomes participate in
protein transfer from the epididymis to sperm during the post-
testicular maturation process. In fact, there is growing evidence sup-
porting the potential trafficking of RNAs and proteins from the epidid-
ymis to sperm through epididymosomes (Krapf et al., 2012). Sharma

et al. (2016, 2018) previously demonstrated the epididymis-to-sperm
transfer of small RNAs through mouse epididymosomes by incubating
them with epididymal or testicular sperm, whereas Reilly et al. (2016)
showed that mouse epididymosomes can directly interact with sperm
and deliver a selective set of miRNAs. Also, the proteins P25b,
ELSPBP| and GBB2 were proposed as being transferred to sperm by
epididymosomes in bovine species. P25b is a protein whose concen-
tration increases in cauda spermatozoa, and it is also present in epidi-
dymosomes (Frenette and Sullivan, 2001). The co-incubation of caput
sperm with cauda epididymal fluid resulted in an increased sperm con-
centration of P25b, indirectly suggesting that the epididymosomes
might be responsible for the acquisition of this protein by sperm
(Frenette and Sullivan, 2001). Besides, an elegant strategy co-
incubating biotinylated cauda epididymosomes with caput sperm
revealed that two biotinylated proteins, namely ELSPBPI and GBB2,
were transferred to caput sperm from epididymosomes, as identified
by using a mass spectrometry analysis of biotinylated proteins
(Frenette et al., 2010). Interestingly, flow cytometry assay revealed
that the epididymosome-mediated transfer of ELSPBP| to epididymal
sperm only occurred in dead spermatozoa, suggesting that the transfer
of ELSPBPI may be a tag for the recognition of dead sperm and,
therefore, may serve as a quality control mechanism for defective
sperm in the epididymis (D’Amours et dl., 2012).

In the current study, we provide a visual demonstration of the direct
interaction between spermatozoa and epididymosomes that contain
proteins known to be transferred to the sperm cells during their epi-
didymal maturation. Of note, we found that CFSE-labeled epididymo-
somes were found to be interacting with different regions of
spermatozoa. Similarly, Schwarz et al. (2013) showed that biotin-
labeled epididymosomes transfer proteins to bovine sperm, to the
post-acrosomal region, but also to the neck, mid-piece and principal
pieces. On the contrary, other studies using biotinylated epididymo-
somes showed that the epididymosome-sperm interaction was pre-
dominantly restricted to the post-acrosomal domain of the sperm
head (Nixon et al., 2019; Zhou et al., 2019). Another study has also
previously shown that the sperm head and mid-piece of the flagellum
were the predominant sites for epididymosome-sperm interaction af-
ter co-incubating CFSE-labeled epididymosomes with caput sperm
(Reilly et al., 2016). While we were able to observe fluorescently
CFSE-labeled epididymosomes interacting with sperm, Reilly et al.
(2016) found a more disperse staining pattern of the CFSE-labeled epi-
didymosomes after a co-incubation period with sperm. Differences in
the methodology used in our study compared to the study by Reilly
and collaborators could explain this discrepancy: (i) while the source
of sperm and epididymosomes was caput in the Reilly study, we used
cauda epididymis; and (i) the steps to label and isolate epididymo-
somes were also distinct. Reilly et al. (2016) isolated epididymosomes
using a discontinuous OptiPrep gradient and, afterward, the epididy-
mosomes were labeled with CFSE and were subjected to final ultra-
centrifugation at 100000g. In our case, we first labeled the vesicles
present in the epididymal cauda fluid and, to fully ensure that no CFSE
dye remained in the medium, we then isolated the epididymosomes
using a 25-30% sucrose cushion which was followed by another ultra-
centrifugation at 100000g. Indeed, several reports showed CFSE-
labeled EVs interacting or being taken up by cells (Tian et al., 2014;
Morales-Kastresana et al., 2017; Dominguez Rubio et al., 2020), con-
sistent with our results. Furthermore, Vilanova-Perez et al. (2020)
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recently revealed individual fluorescent EVs interacting with mammalian
sperm in vitro using total internal reflection fluorescence microscopy
imaging, and no specific EVs-sperm fusion site was observed.
Battistone et al. (2019b) using high-resolution confocal microscopy, ob-
served EGFP™ epididymosomes in the lumen of the epididymis in vivo
that were attached to the head, midpiece and tail of the sperm. In ad-
dition, Paunescu et al. (2014) found several epididymosome-like mem-
branous vesicles on the surface of the cytoplasmic droplet located in
the sperm tail using high-resolution helium ion microscopy. Further
studies are now required to decipher whether there is a specific union
site for epididymosomes-sperm, and to shed light on the mechanisms
by which the epididymosomes are able to interact and fuse with the
sperm membrane.

The current paradigm is that epididymosomes are mainly released
by PCs via apocrine secretion (Hermo and Jacks, 2002; Rejraji et dl.,
2006; Sullivan, 2016; Zhou et al., 2018). However, in our study, we
observed that the epididymis-derived sperm protein SLC27A2 is exclu-
sively expressed by epididymal CCs, and is present in epididymosomes
that are interacting with spermatozoa, suggesting that CCs may also
have the ability to release epididymosomes. This is in accordance with
a recently published article suggesting that CCs are also releasing epidi-
dymosomes, using a transgenic mouse model that specifically
expresses EGFP' in CCs (Battistone et al., 2019b). Furthermore, a
proteomic analysis of mouse epididymosomes identified some pro-
teins, such as ATP6VOA4 (a4) and ATP6VIGI (GI) (Nixon et dl.,
2019), which are specifically expressed in CCs (Da Silva et al., 2010;
Battistone et al., 2019b). Altogether, our results provide additional evi-
dence supporting the novel role of CCs in sperm protein transfer
through epididymosomes and, therefore, their potential participation
in sperm maturation.

Epididymosome interaction with maturing epididymal sperm is of
growing interest, and advances are being made to characterize the real
contribution of epididymosomes on the reproductive function. The
data obtained in the current study provides additional evidence that
epididymosomes harbor an epididymis-derived protein cargo that can
be delivered to the spermatozoa, thereby providing the inert transcrip-
tionally and translationally sperm cell with new proteins and, conse-
quently, modulating the sperm proteome. However, it is surprising to
note that three of the four proteins (SLC27A2, EDDM3B and
WFDC8) shown here to be specifically expressed in epididymis and
present in epididymosomes are not listed in the mouse epididymo-
some proteome profile recently published by Nixon et al. (2019). This
fact reflects the current need for further studies using additional
approaches to complete the proteome characterization of epididymo-
somes, which will further clarify the role of the epididymis in sperm
function. Furthermore, because of the limitation of collecting human
epididymal fluid samples, it is not possible to provide evidence about
whether human epididymosomes carry the epididymis-derived pro-
teins. Nonetheless, the fact that three of the four sperm epididymis-
derived proteins (WFDC8, EDDM3B, and KRT9) are present in hu-
man seminal plasma (Jodar et al, 2017) points to the possibility that
human epididymosomes also contain these epididymis-derived pro-
teins, a finding that would provide meaningful information on the role
of epididymosomes in human male reproduction. Future studies will
be required to determine whether the other proteins identified in our
in silico analysis may also be provided to spermatozoa via epididymo-
somes. Understanding the role played by the epididymis in sperm

function through epididymosomes will contribute to improving our
current knowledge of male fertility and to identifying altered extra-
testicular molecular targets that could directly impact male reproduc-
tive health.
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