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Background: The mechanism(s) for delivery of transmembrane proteins to sperm via exosomes/microvesicles is unknown.
Results: Using SR/SIM and a lipophilic dye, fusion detected for delivery of PMCA4 was inhibited by blocking integrin/ligand interactions.
Conclusion: Integrins on sperm and microvesicles play a role in microvesicle fusion for cargo delivery.

Significance: Delivery of reproductive microvesicle cargo that modulates fertility is mediated by integrins.

Oviductosomes ((OVS), exosomes/microvesicles), which de-
liver the Ca®>* efflux pump, plasma membrane Ca>*ATPase 4
(PMCAA4), to sperm are likely to play an important role in sperm
fertilizing ability (Al-Dossary, A. A., Strehler, E. E., and Martin-
DeLeon, P. A. (2013) PloS one 8, e80181). It is unknown how
exosomes/microvesicles deliver transmembrane proteins such
as PMCA4 to sperm. Here we define a novel experimental
approach for the assessment of the interaction of OVS with
sperm at a nanoscale level, using a lipophilic dye (FM4 — 64FX)
and three-dimensional SR/SIM, which has an 8-fold increase in
volumetric resolution, compared with conventional confocal
microscopy. Coincubation assays detected fusion of prelabeled
OVS with sperm, primarily over the head and midpiece. Immu-
nofluorescence revealed oviductosomal delivery of PMCA4a to
WT and Pmca4 KO sperm, and also endogenous PMCA4a on
the inner acrosomal membrane. Fusion was confirmed by trans-
mission immunoelectron microscopy, showing immunogold
particles in OVS, and fusion stalks on sperm membrane. Immu-
nofluorescence colocalized OVS with the av integrin subunit
which, along with CD9, resides primarily on the sperm head and
midpiece. In capacitated and acrosome reacted sperm, fusion
was significantly (p < 0.001) inhibited by blocking integrin/li-
gand interactions via antibodies, exogenous ligands (vitronectin
and fibronectin), and their RGD recognition motif. Our results
provide evidence that receptor/ligand interactions, involving
avf33 and a5B1integrins on sperm and OVS, facilitate fusion of
OVS in the delivery of transmembrane proteins to sperm. The
mechanism uncovered is likely to be also involved in cargo deliv-
ery of prostasomes, epididymosomes, and uterosomes.
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Reproductive fluids of the male tract and uterine environ-
ment are known to contain extracellular vesicles (EVs),>
microvesicles, and exosomes, which serve as vehicles for the
transfer of proteins to the sperm surface (1-3). This protein
transfer during the interaction of sperm with the microenviron-
ment in the female tract is essential for their maturation and
fertilizing ability. In the oviduct where sperm are stored in the
sperm reservoir they interact with the alkaline oviductal
microenvironment and acquire fertilization factors (4). Conse-
quently, failure of oviductal support has been shown to lead to
infertility in mice (5).

Recently, we discovered that the murine oviductal fluid con-
tains EVs, which we termed “oviductosomes” (OVS), and that
during the proestrus/estrus stage they carry and deliver to
sperm an essential fertility-modulating protein, plasma mem-
brane Ca®>*-ATPase 4 (PMCA4) (6). PMCA4 with its two iso-
forms (4a and 4b), is a 10-pass transmembrane protein that has
functional domains on the cytoplasmic side of the membrane
and interacts with membrane-associated proteins (7). It is the
major Ca®" efflux pump in mouse sperm where it has a higher
affinity for Ca®" compared with other Ca®>* clearance mecha-
nisms (Na*-Ca®>* exchanger (NCX) and mitochondrial Ca>"
uniporter (MCU)) (8). Importantly, deletion of Pmca4 disrupts
Ca®>" homeostasis and leads to loss of both progressive and
hyperactivated sperm motility and ultimately to infertility in
mice (9, 10). Earlier, PMCA4 which is expressed in testicular
sperm was shown to be synthesized and secreted in the murine
epididymis where epididymosomes (extracellular vesicles)
were demonstrated to deliver it to sperm in vitro (11). Consis-
tent with PMCA4’s in vivo delivery to epididymal sperm and its
crucial role in motility, is the finding of significantly higher
levels in caudal sperm compared with caput ones (11), which
lack motility (12). This underscores its functional and matura-
tional roles in sperm. Thus, in the female tract the acquisition of

3 The abbreviations used are: EV, extracellular vesicles; OVS, oviductosomes;
CAP, capacitation; AR, acrosome reaction; TEM, transmission electron
microscopy; VN, vitronectin; FN, fibronectin; OLF, oviductal luminal fluid;
HTF, human tubal fluid; SR-SIM, super-resolution structured illumination
microscopy; IAM, inner acrosomal membrane.
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additional PMCA4 from the OVS might be important for main-
taining sperm viability during capacitation (the final sperm
maturational stage), as well as in hyperactivation, and acrosome
reaction (AR) (6), which all require elevated levels of Ca*"
(13-16).

Because OVS are highly likely to play a crucial role in fertility,
it is important to determine the mechanism by which they
deliver their cargo to the sperm surface. In somatic cells it has
been reported that endocytosis and fusion are demonstrated
mechanisms for cargo delivery from EVs to recipient cells (17).
Since endocytosis does not occur in spermatozoa it is an
unlikely mechanism for cargo delivery from OVS or other
reproductive EVs. It should be noted that Martin-DeLeon and
coworkers (2, 3) have shown that EVs from the epididymal and
uterine fluids (epididymosomes and uterosomes, respectively)
dock on the sperm membrane in delivering their cargo. They
have postulated that from the docked sites hydrophobic inter-
actions may underlie the transfer of glycosyl phosphatidylinosi-
tol (GPI)-linked proteins, which are attached to the outer leaflet
of the lipid bilayer of the sperm membrane. However, hydro-
phobic interactions are unlikely to be involved in the transfer of
transmembrane proteins, such as PMCA4, which has its cata-
lytic domain on the cytosolic side of the membrane (18).

Recently, Schwarz et al. (19) proposed a fusogenic mecha-
nism for the transfer of PMCA4 from epididymosomes to
bovine sperm, although the molecular basis underlying the pro-
cess was not investigated (19). While exosomes/microvesicles
are known to carry adhesion molecules such as tetraspanin
(CD9 and CD81), which build fusion-competent sites (20, 21),
and integrins which play a potential role in cell-to-cell commu-
nication (22), the mechanism of their action in cargo delivery
remains unknown (23, 24). We hypothesized that cargo deliv-
ery from OVS to sperm involves a fusogenic mechanism that is
facilitated by fusion-competent sites involving CD9 and integ-
rins on both sperm and OVS.

Thus the goal of this investigation was to use a lipophilic dye
and the novel SR-SIM approach that allows three-dimensional
imaging with an 8-fold volumetric resolution improvement,
compared with state-of-the-art confocal microscopy, to visual-
ize OVS-sperm interaction. Using PMCA4 as a model, and
transmission electron microscopy (TEM), we sought to provide
evidence for the fusogenic mechanism in cargo delivery from
OVS. Our results provide support for the mechanism and
reveal that fusion can be blocked by exogenous ligands,
fibronectin, and vitronectin, for a5B1and avf33 integrins, their
Arg-Gly-Asp recognition motif, and anti-av antibodies. Thus
we provide a schematic model in which we implicate o581 and
avf3 in the fusion which mediates cargo delivery of OVS dur-
ing capacitation and after the acrosome reaction. This mecha-
nism is likely to play a role in cargo delivery to sperm from
reproductive exosomes and microvesicles, in general.

Materials and Methods

Animals and Reagents—Sexually mature 4-12-week-old
female and 10 —12-week-old male mice (FVB/N strain; Harlan,
Indianapolis, IN) were used throughout the investigation. In
addition to these wild-type (WT) mice, Pmca4-null mice on the
FVBN background were used to provide caudal sperm for the
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immunofluorescence assays. These mice were a generous gift
from Dr. Gary Shull in whose laboratory they were generated
(9). Breeding and genotyping of these mice were described pre-
viously (9). Studies were approved by the Institutional Animal
Care and Use Committee at the University of Delaware and
were in agreement with the Guide for the Care and Use of Lab-
oratory Animals published by the National Research Council of
the National Academies, 8" Ed., Washington, D.C. (publica-
tion 85-23, revised 2011). All enzymes and chemicals were pur-
chased from Fisher Scientific Co., Sigma, or Invitrogen, unless
otherwise specified.

Antibodies and Fluorescent Dyes—Rabbit polyclonal anti-
bodies against peptides specific for bovine PMCA4a have been
generated and previously validated (25, 26). Sequence analysis
suggested a high probability of cross-reactivity with mouse
PMCA4a, and studies in mice revealed the specificity of the
antibodies for this species (11). Thus these antibodies were used
in immunofluorescence microscopy. Goat polyclonal anti-
PMCA4 antibody, which detects isoforms 4a and 4b, (SC-
22080) and rat monoclonal anti-CD9 antibody (SC-18869)
were purchased from Santa Cruz Biotechnology, Dallas, TX.
Rabbit polyclonal anti-av integrin (AB1930) was from Milli-
pore, Temecula, CA. To perform a function-blocking assay, a
rat monoclonal antibody against mouse av integrin subunit
(RM47) and its isotype IgG,,. (R3—34) were obtained from BD
Bioscience (San Diego, CA). Alexa Fluor 405 donkey anti-rabbit
(AB175651) was from Abcam, Cambridge, MA. FM4-64FX
(F34653) was purchased from Life Technologies, Grand Island,
NY. DRAQ5™ (DR05500) was purchased from Biostatus Lim-
ited, Leicestershire, UK. Fluoro-Gel (17985-10) and Fluoro-
Gel II with DAPI (17985-50) were purchased from Electron
Microscope Sciences, Hatfield, PA.

Collection of Oviductal Luminal Fluids from Females after
Hormonal Induction of Estrus—Females were induced into
estrus as previously described (2, 6). Oviductal luminal fluids
(OLF) were obtained from 10 superovulated females per exper-
iment. The methodology of collecting the fluid is similar to that
described previously (2, 6).

OVS Preparation—OLF was collected from 10 superovulated
females and clarified, as described above. To fractionate the
OLF we used a methodology similar to previously described (6).
Briefly, the clarified OLF was subjected to ultracentrifugation at
120,000 X g for 2 h, at 4 °C using a Beckman Optima 2—70 k
ultracentrifuge and a Ti60 rotor. The resulting pellets (OVS),
which contain both exosomes and microvesicles, were resus-
pended in homogenization buffer and protease inhibitor, for
Western blot analysis, or in PBS to a final concentration of 1.3
mg/ml proteins to be used for co-incubation with sperm or
transmission electron microscopy (TEM).

Preparation of Capacitated and Acrosome-reacted Sperm—
Mouse spermatozoa were harvested from the caudal epididy-
mides of 2 sexually mature males per experiment, by mincing
the caudae in warm Human Tubal Fluid (HTF, Cat. 2002, In Vit-
roCare, Frederick, MD) as described earlier (27) and kept at
37 °C for 10 min to allow sperm to swim out of the tissue. After
gravity settling of the tissues, the supernatant was collected.
Next, 3.4 X 107 sperm were aliquoted into 1.5-ml tubes (final
concentration, 8.5 X 10° sperm) and 100 ul of capacitation
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medium (HTF) for 90 min at 37 °C. Calcium ionophore A23187
was added to one aliquot at a final concentration of 20 uMm for 60
min of incubation at 37 °C to induce the AR as previously
described (28).

Labeling of OVS and Co-incubation of Pre-labeled OVS and
Sperm—OVS were collected as described above and resus-
pended in PBS. The incorporation of FM4 —64FX, a lipophilic
fluorescent dye into OVS was performed as previously
described (3). FM4 - 64FX (5 mm) was used at 1:100 dilution in
the OVS suspension. The mixture was kept at 37 °C overnight.
Subsequently, OVS were recovered by ultracentrifugation
120,000 X g, 1 h, and washed in PBS. The resulting pellet was
resuspended in PBS. 50 ug of FM4 —64-FX-labeled OVS was
co-incubated with fresh caudal sperm (8.5 X 10° sperm/tube)
for 3 h at 37 °C in HTF medium or PBS. Post-coincubation,
sperm were washed (4X, 5 min) in PBS at 500 X g. The resulting
pellet with sperm was used for further analysis (FRAP, SR-SIM,
TEM) as described below. Control sperm were incubated in the
supernatant penultimate wash for 3 h at 37 °C or directly in
FM4 - 64FX.

Confocal Analysis of Indirect Immunofluorescence Sperm
Staining—Immunofluorescence staining was performed as pre-
viously described (29, 30). Briefly, capacitated sperm were fixed
with 4% paraformaldehyde (cat. 15710, Electron Microscopy
Sciences, Hatfield, PA) diluted in PBS for 30 min. After (3%, 5
min) washes in PBS, they were permeabilized with 0.1% Triton
X-100 in PBS. They were then washed (3X, 5 min) in PBS,
blocked for 30 min in 2% BSA in PBS and then incubated with
the primary antibodies (rat anti-CD9 or rabbit anti-avintegrin,
1:200, 1 h, overnight). Subsequently, they were treated with the
appropriate secondary antibodies (1:500 dilution, Alexa Fluor
488 anti-rat or Alexa Fluor 568 anti-rabbit, respectively) for 1 h
at room temperature, and washed (4X, 5 min) in PBS and sus-
pensions placed on slides. Following mounting with Fluoro-Gel
II containing DAPI, cells were imaged, using a Zeiss LSM 780
confocal microscope. Controls were prepared by replacing pri-
mary antibodies with the appropriate IgG isotype.

Co-incubation Assay—Following co-incubation of FM4—
64FX-labeled OVS with sperm as described above, samples
were post-fixed with 4% paraformaldehyde for 30 min at room
temperature, washed with PBS (4X, 5 min), and suspensions
placed on slides. Slides were mounted with Fluoro-Gel II with
DAPIL

Co-localization of OVS with PMCA4 and av-Integrin
Subunit—After the co-incubation of sperm with FM4 —64FX
pre-labeled OVS for 3 h, the cells were permeabilized with 0.1%
Triton X-100 for 10 min at room temperature. After washing,
the cells with blocking buffer (2% BSA in PBS) they were incu-
bated in blocking buffer for 30 min at room temperature. Per-
meabilized cells were then incubated in rabbit anti-PMCA4a
antibody or rabbit anti-aV integrin antibody (1:200 dilution in
blocking solution, applied to cells at 4 °C, for 1 h), followed by
washing with PBS (3X for 5 min). Next, cells were incubated
with the secondary antibody Alexa Fluor 405 donkey anti-rab-
bit (1:200 dilution) and DRAQ5™ (1:2000 dilution) at room
temperature for 1 h. Washed in PBS (4X, 5 min) and suspen-
sions placed on slides, which were mounted with Fluoro-Gel.
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SR-SIM Imaging—Images were captured with a 63X Plan-
Apochromatic oil immersion objective (numerical aperture of
1.4), using SR-SIM (Zeiss Elyra PSI SIM, Carl Zeiss, Inc., Ger-
many). The FM4—64FX channel was obtained with 488 nm
laser excitation and LP 655 nm emission filter. The Alexa Fluor
405 channel was obtained with 405 nm laser excitation and a BP
420 —-480 nm emission filter; The DAPI channel with 405 nm
laser excitation of an Argon laser and band pass (BP) 420 —480
nm emission filter; and the DRAQ5 channel with 642 nm laser
excitation and a LP 655 nm emission filter. The three-dimen-
sional SR-SIM and Wide-field images were reconstructed with
ZEN 2011 (Carl Zeiss, Inc, Germany). Images were generated
from z-stacks containing 5 phase shifts and 5 rotations per
z-slice (0.091 um interval) and then processed in the Zen 2011
software. For channel alignment, a multicolored bead slide was
imaged using the same image acquisition settings and used for
an affine alignment of channels.

Negative Staining for TEM—The methodology of negative
staining is similar to previously described (6). Nickel TEM grids
(Electron Microscopy Sciences), 400 mesh with a formvar/car-
bon film, were floated on a drop of the fractions of purified OLF
pellet suspension. The grids were then washed with several
drops of water and then stained with 1% uranyl acetate, a phos-
pholipid stain, before being subjected to microscopic analysis.
Membrane vesicles were imaged using the TEM (Zeiss LIBRA
120).

Pre-embedding Immunogold Labeling for OVS-Sperm Mem-
brane Interaction—The methodology of immunogold labeling
is similar to previously described (6, 31). Briefly, after co-incu-
bation for 3 h at 37 °C, the mixture was centrifuged at 500 X g
for 10 min and resuspended in PBS, and a droplet was applied to
a22-mm round thermanox coverslip coated with poly-L-lysine.
Sperm were allowed to adsorb to the surface of the coverslip for
15 min. Samples were then fixed with 4% paraformaldehyde in
0.1 M Sorensens’ phosphate buffer, pH 7.2 for 30 min and
washed 3X for 15 min each with 0.1 M Sorensens’ phosphate
buffer, pH 7.2. To inactivate residual aldehyde groups present,
coverslips were treated with 0.1% NaBH, in 0.1 M Sorensens’
phosphate buffer (freshly prepared) for 10 min. After, washing
4X for 5 min in 0.1 M Sorensens’ phosphate buffer, pH 7.2,
sperm were permeabilized with 0.05% Triton X-100 in PBS for
10 min followed with PBS washes, 3X for 10 min. After blocking
with AURION Donkey Solution for 30 min, the coverslips con-
taining the sperm sample were incubated with goat anti-
PMCAA4 diluted 1:50 in BSA-c, overnight at 4 °C. Controls con-
sisted of replacing the primary antibody with normal goat IgG
(1:2900 dilution) and replacing the primary antibody with
BSA-c. Next day, samples were washed with BSA-c and incu-
bated with donkey anti-goat IgG ultra-small gold-conjugated
secondary antibody (800.311, Aurion Immuno Gold Reagents
& Accessories, Wageningen, The Netherlands) diluted 1:100
overnight at4 °C. After being washed with BSA-c and PBS, sam-
ples were fixed with 2% glutaraldehyde in 0.1 m Sorensens’
phosphate buffer, pH 7.2 for 30 min, washed, and post-fixed
with 1% osmium tetroxide (aq) for 15 min. Following extensive
water washes, samples were silver enhanced for 20 min using
the Aurion R-Gent S.E.-EM silver enhancement kit (500.033,
Aurion Immuno Gold Reagents & Accessories, Wageningen,
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The Netherlands). Samples were then washed, dehydrated in an
ascending acetone series, infiltrated with EMBed-812 epoxy
resin, and polymerized at 60 °C overnight. Samples were sec-
tioned on a Reichert Jung UltracutE ultramicrotome, and ultra-
thin sections were collected onto 200 mesh formvar/carbon-
coated nickel grids. Sections were post-stained with methanolic
uranyl acetate and Reynolds’ lead citrate and imaged on a Zeiss
Libra 120 TEM operated at 120kV. Images were acquired with a
Gatan Ultrascan 1000 CCD.

SDS-PAGE and Western Blot Analysis—Preparation of pro-
tein extracts from OLF and OVS was performed as described
previously (6). Proteins from uterus and epididymosomes were
used as positive controls. Total protein concentrations in the
lysates and OVS were determined using the bicinchoninic acid
protein assay kit (Pierce), according to the manufacturer’s pro-
tocol. Samples for electrophoresis were diluted in 2X Laemmli
sample buffer incubated for 5 min at 90 °C. 20 ug of proteins
from controls and OVS were loaded per lane on 10% polyacryl-
amide gels and transferred onto a nitrocellulose membrane
(Amersham Biosciences). Western blotting was performed
with the WesternBreeze Chemiluminescent Immunodetection
Kit (Life Technologies, Grand Island, NY), according to the
manufacturer’s instructions. Blots were blocked for 1 h at room
temperature and incubated in rabbit polyclonal anti-av integ-
rin primary antibody (1: 500) or in rat monoclonal anti-CD9
primary antibody (1:1000) overnight at 4 °C. Nonspecific bind-
ing of antibody was removed using 5X washes of TBST (20 mm
Tris, pH 8.0, containing 150 mmM NaCl and 0.5% Tween 20)
before incubation in the alkaline phosphatase-conjugated anti-
rabbit IgG (Invitrogen, diluted 1:2000) or AP-conjugated
anti-rat IgG (Sigma-Aldrich, diluted 1:32,000) for 1 hat 4 °C.
The membrane was again washed (6 X, 15 min) using TBST
before chemiluminescence was detected by using the ECL kit
(Bio-Rad).

Effect of the Tri-peptide Arg-Gly-Asp (RGD) on OVS-Sperm
Fusion—To test the effect of RGD peptide on OVS-sperm
membrane fusion, before the in vitro assay, either pre-labeled
OVSor WT sperm or both were separately pre-incubated for 40
min at 37 °C in HTF medium supplemented with RGD at 1 mm
or 1 mg/ml. Then, they were co-incubated in HTF medium at
37 °C for 3 h with final concentration of 8.5 X 10° sperm/tube.
After co-incubation sperm were washed (3X, collected with
centrifugation at 500 X g for 15 min) using PBS. Then they were
fixed with 4% paraformaldehyde for 30 min at room tempera-
ture, washed (5%, 5 min) with PBS and placed on slides. Slides
were mounted with Fluoro-Gel II containing DAPI. Images
were captured as described above (see SR-SIM analysis sec-
tion). A minimum of 33 sperm were analyzed for the number of
microvesicles that were unequivocally detectable.

Effect of Fibronectin (FN) or Vitronectin (VN) on OVS-Sperm
Fusion—Capacitated sperm (final concentration 8.5 X 10°
sperm/tube) were treated with 10 pug/ml FN similarly to that
used by Geho et al. for platelet adhesion (32) or 0 ug/ml FN
(control) for 40 min prior to co-incubation with pre-labeled
OVS for 3 h at 37 °C. Acrosome-reacted sperm (final concen-
tration 8.5 X 10° sperm/tube) were treated with 600 nm VN (33)
or 0 nM VN (control) for 40 min prior to co-incubation with
pre-labeled OVS for 3 h at 37 °C. After co-incubation, sperm
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were placed on slides and subjected to SR-SIM analysis as
described above.

Effect of Anti-oV Antibodies on OVS-Sperm Fusion—Acro-
some-reacted sperm and OVS were separately pre-incubated in
HTF medium supplemented with 50 wg/ml anti-av antibodies
for 40 min, as previously used to inhibit sperm-oocyte fusion
(34). Sperm were then washed and OVS diluted 1:100 in HTF
for co-incubation with untreated OVS and sperm, respectively.
In parallel, untreated OVS and sperm were co-incubated in the
presence of anti-av antibodies (50 pg/ml) while the control
received the same concentration of the IgG isotype. After 3 h
co-incubation sperm were washed, fixed, and placed on slides
as described above for analysis with SR-SIM. A total of 12 cells
were imaged in each of the four groups.

Statistical Analysis—One-way analysis of variance (ANOVA)
followed by Tukey-Kramer post hoc was performed on the
means = S.E. for 3 replicates. p values were calculated and *, p <
0.05 was considered significant.

Results

Ultrastructure of Murine OVS—Oviductal fluid was collected
from females hormonally induced into estrus. Using TEM, the
pellet isolated from the oviductal fluid by differential ultracen-
trifugation was shown to be rich in EVs or OVS (Fig. 14). The
OVS consisted of both microvesicles and exosomes (Fig. 1B).
Immunostaining revealed immunogold particles detecting
PMCAA4 in the microvesicles (Fig. 1, C and D) as well as exo-
somes, as previously shown (6).

In Vitro OVS-Sperm Interaction Was Detected using FM4—
64FX Dye and Three-dimensional SR-SIM—To gain insights
into the mechanism of delivery of transmembrane proteins to
the sperm membrane, a novel experimental approach for the
assessment of OVS-sperm interaction was executed, using
three-dimensional SR-SIM. OVS pre-labeled with a fluorescent
membrane dye, FM4—64FX, and co-incubated with caudal
sperm in a co-incubation assay were shown to accumulate on
the sperm membrane after 3 h (Fig. 2, B--F). Labeled OVS were
first detected over the acrosome, followed by other areas on the
head, the midpiece (Fig. 2, B--F), and the proximal principal
piece where they were occasionally seen (data not shown). In
addition to the detection of the punctate red signal representing
microvesicles, there was continuous decoration of the midpiece
with the FM4 - 64FX red signal. The latter is likely due to the
coalescence of exosomes attached to, or fused with, the sperm
membrane over the midpiece (Fig. 2B). This is in contrast with
the negative control sperm samples that were incubated in the
supernatant dye solution collected after removing the labeled
OVS (Fig. 2A). Not only do these control sperm lack the punc-
tate signal on the head, but they also lack the continuous stain-
ing on the midpiece, while sperm incubated directly in the dye
showed broad labeling over the entire membrane (internal pos-
itive control, data not shown).

Co-localization Analysis of OVS and PMCA4a—Immunoflu-
orescence analysis of WT and Pmca4 KO sperm after co-incu-
bation with pre-labeled OVS revealed co-localization of the
OVS with PMCA4a (Fig. 3). Interestingly, three-dimensional
SR-SIM allowed us to visualize endogenous PMCA4a mole-
cules located on the inner acrosomal membrane (IAM) (Fig. 34,
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FIGURE 1. Electron micrographs of mouse OVS. Oviductosomes, exosomes, and microvesicles, were isolated using differential ultracentrifugation. A, over-
view image of negatively stained samples with uranyl acetate was acquired by transmission electron microscopy. Bar, 100 nm. Immunogold-labeled samples
were stained with uranyl acetate, a heavy metal stain that binds to lipids and proteins, prior to imaging with transmission electron microscopy. B, microvesicles
(**) from IgG control ranged in sizes from 0.1 to 1 wm in diameter and exosomes (*) are < 100 nm, and showed no immunogold particles. C, immunogold
labeling of PMCAA4 (arrows) showed ultra-small gold particles on microvesicles (**). D, enlarged inset of C. Images were acquired with a Zeiss. LIBRA 120 TEM at

120 kV. Bar, 200 nm.

c—d), identified for the first time. PMCA4a was also detected on
the midpiece (Fig. 3, A and B, d—e) where it was delivered by
both microvesicles and exosomes, as detected by the merging of
the green and red signal to give a yellow coloration. This merg-
ing is unequivocal in Pmca4-null sperm and on the midpiece of
WT sperm where endogenous PMCA4 does not reside. We
consistently detected an accumulation of signal for endogenous
PMCA4a in the posterior head near the neck (Fig. 34, b—d), and
its delivery to Pmca4-null sperm via OVS in this region (Fig. 3B,
b—d). Prominent PMCA4a signal was detected on the midpiece
where it does not reside in mature caudal sperm, suggesting
that over time it relocates to the proximal principal piece where
lipid rafts exist (35). Importantly, we detected from the FRAP
experiment in Fig. 3C that OVS are mobile in the sperm plasma
membrane, supporting the conclusion that PMCA4a delivered
by OVS to the membrane overlying the midpiece translocates
to microdomains where it functions. Interestingly, there is evi-
dence to suggest that all OVS do not carry/deliver the identical
cargo as some with and without PMCA4a were detected on the
plasma membrane over the same sperm head (Fig. 4, A and B).

Analysis of OVS-Sperm Interaction, using TEM—High mag-
nification TEM analysis was performed to confirm the obser-
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vations detected by three-dimensional SR-SIM (Fig. 54). Fol-
lowing co-incubation of caudal sperm with unlabeled OVS for
3 h (a period in which large numbers of microvesicles on the
sperm membrane and bright continuous staining over the mid-
piece were detectable, via SR-SIM), sperm were sectioned and
immunostained for PMCA4a. Detection of immunogold parti-
cles revealed that microvesicles fuse with the sperm plasma
membrane in delivering PMCA4a (Fig. 5B). Fusion in delivery is
seen in three-dimensional SR-SIM where integrated red OVS,
on both the membrane over the head (Fig. 54) and the mid-
piece, merge with the green PMCA4a signal to give a yellow
coloration (Fig. 5C). Fig. 5D demonstrates that not only
microvesicles (100-1000 nm), but also exosomes (< 100 nm)
fuse with sperm membrane, and their alignment along the
membrane in TEM images is consistent with the continuous
red signal (Fig. 5C) seen with SR-SIM. These results (Fig. 5,
A-D) clearly indicate that OVS fuse with the sperm membrane
in the transfer of their constituents, as exemplified by PMCA4
(Fig. 5, Band C).

CD9 and av Subunit of avB3 of Integrin Are Present on OVS
and Caudal Capacitated Sperm Membrane—In an attempt to
investigate the molecular interactions underlying the fusion of
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FIGURE 2. Co-incubation assays detect the transfer of membrane constituents from FM4 - 64FX-labeled OVS to the sperm membrane. Negative control
(A) shows the absence of labeling in caudal sperm incubated in supernatant FM4 - 64FX-dye solution. Band C, labeled OVS (microvesicles) were detected over
the acrosome (red arrows) and the midpiece (blue arrows) after 3 h co-incubation with sperm in PBS. Continuous red staining on the midpiece indicates the OVS
(exosomes) fused with the sperm membrane (*). Sperm nuclei were stained blue with DAPI. D is a magnified view of the boxed inset in B. E and F are magnified
views of the boxed insets in C. Representative micrographs shown here are from a total of ~30 sperm imaged. Images were acquired with a 63X Plan-
Apochromat oil immersion objective (numerical aperture of 1.4), using SR-SIM. Scale bars, 5 um.

OVS with sperm membrane, we investigated the presence and
localization of CD9 and the av subunit of av33 integrin, which
are known to facilitate membrane fusion (34), on OVS and
sperm. Western blotting and indirect immunofluorescence
analysis were carried out with anti-CD9 and anti-av integrin
antibodies. Immunofluorescence data showed the presence and
distribution patterns of CD9 and av integrin subunit on the
sperm membrane over the head, the midpiece, and on the prin-
cipal piece. CD9 was less abundant on the plasma membrane
over the head than on the flagellum where it was confined pri-
marily to the proximal principal piece (Fig. 64, a—b). However,
the av integrin subunit extended distally beyond the proximal
region of the principal piece (Fig. 64, c—d). Control sperm sam-
ples treated with the IgG isotype gave no signal (Fig. 64, e—f),
confirming the specificity of the antibodies. Western blotting
analysis revealed the presence of CD9 (24 kDa) and av integrin
subunit (130 kDa) on OVS from both induced estrus oviductal
fluid as well as from spontaneous proestrus/estrus and diestrus/
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metestrus (Fig. 6B). SR-SIM analysis revealed in Fig. 6C, b the
yellow coloration of OVS similar to that seen for the co-local-
zation of OVS and OVS PMCA4a on the midpiece. However,
this coloration cannot unequivocally reflect the co-localization
of OVS and OVS av integrin after in vitro fusion with sperm,
due to the presence of endogenous av integrin on the midpiece.
Interestingly, endogenous av integrin subunit was seen on both
the head and the principal piece with an accumulation of the
signal at the neck (Fig. 6C, b), similar to PMCA4a (Fig. 3). This
spatial relationship of av integrin and PMCA4a suggests that
avB3 integrin might be involved in the delivery of PMCA4a to
the sperm surface.

Effect of Adhesion Peptide, Arg-Gly-Asp (RGD), for Integrins
on OVS-Sperm Fusion—Having demonstrated the presence of
avintegrin subunit on mouse sperm and OVS, we next investi-
gated its involvement in their fusion. We elected to study
microvesicles on the sperm membrane instead of exosomes, as
the latter were not individually detectable with SR-SIM due to
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FIGURE 3. Co-localization of FM4 - 64FX-labeled OVS and PMCA4a on WT
and Pmca4 KO sperm membrane following co-incubation, as detected by
SR-SIM. A and B, representative images showing WT (A) and Pmca4 KO (B)
sperm were incubated with FM4-64FX-labeled OVS. Transferred PMCA4a
protein (green, b, ¢, d, e) from FM4-64FX-labeled OVS (red, a, ¢, d, e) was
identified as a co-localized signal (yellow) over the acrosome (yellow arrows),
and on the midpiece (white arrows) after the images were merged (yellow
arrows, d and e). Endogenous PMCA4a protein was identified for the first time
on the inneracrosomal membrane (A, b-d, green arrows) and on the posterior
head (blue arrows). The neck (red arrows) and midpiece (white arrows) show
PMCA4a staining on the plasma membrane overlying these regions. *, distal
midpiece shows intense staining of FM4-64FX-labeled OVS (aqua bar).
Sperm nuclei were stained with DRAQ5 (blue). n = ~18 sperm in each group.
Images were acquired with a 63X Plan-Apochromat oil immersion objective
(numerical aperture of 1.4). Scale bars, 5 um. C, fluorescence recovery after
photobleaching (FRAP) of FM4 -64FX is displayed. FM4 - 64FX-labeled OVS
were incubated with sperm for ~3 h and live sperm were immobilized on
poly-L-lysine coated coverglass and imaged with confocal microscopy, which
revealed strong staining in the head and midpiece. A representative confocal
phase contrast micrograph of a sperm is seen in a with the midpiece showing
FM4-64FX staining originating from OVS (b), before bleaching a specific area
(red box, arrowed) with the 514 nm laser. An image of the bleached area was
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the coalescence of the dye from adjacent vesicles. The average
number of microvesicles that fused with sperm in the presence
or absence of RGD peptide, the recognition sequence for av
integrin ligand, was determined in four groups. Fig. 7A shows
that in Groupl, the control group, the average number of
microvesicles binding to sperm was 18.6. This is significantly
different from the 4.7 and 2.8 in Groups 2 and 3, respectively
where OVS or sperm was pre-incubated with 1 mm RGD (Fig. 7,
B and C). In Group 4 where both OVS and sperm were sepa-
rately pre-incubated with 1 mm RGD, the greatest reduction in
OVS binding/fusion was seen with a mean of 2 (Fig. 7D).
ANOVA revealed that Groups (2—4) individually showed sig-
nificantly reduced OVS-sperm fusion (p < 0.001) compared
with the control (group 1) (Fig. 7E).

Effect of Integrin Ligands, Vitronectin (VN), and Fibronectin
(EN), on OVS-Sperm Fusion—To confirm the inhibitory effect
of the RGD peptide on OVS-sperm fusion, exogenous ligands
(with the RGD interaction motif) for two integrin receptors,
avP33 known to be abundantly expressed on the head in acro-
some-reacted mouse and human sperm (34, 37) and «5f31 in
capacitated human sperm (37, 38), were used to block receptor-
ligand interaction in co-incubation assays. When acrosome-
reacted and capacitated sperm were co-incubated with exoge-
nous VN and FN, respectively, there was a marked reduction in
the number of microvesicles present on the sperm membrane.
There was a mean number of 27.7 = 1.72 on control sperm
which differed significantly (p < 0.001) from the 17 = 1.59 seen
in the presence of 10 ug/ml FN in the incubation mixture (Fig.
8A). For acrosome-reacted sperm in the presence of 0 mm and
600 mM VN, the inhibitory effect was greater with the mean
numbers of microvesicles being 32.3 = 2.18 versus 1.03 * 0.32
(p <0.001) (Fig. 8B). It should be noted that microvesicles were
detected on both the flagellum and the IAM, indicating that
cargo delivery occurs on the sperm head after the AR.

Effect of av Antibody-blocking on OVS-Sperm fusion—The
mean number (2.2 £ 0.36) of microvesicles fused to sperm fol-
lowing co-incubation in the presence of the antibody was sig-
nificantly lower (p < 0.0001), than that in the IgG control (17 =
2.80) (Fig. 8C). To determine the origin of the antibody effect,
sperm and OVS were pre-incubated separately with the anti-
body and both show a similar significant (p < 0.0001) reduction
in the mean # of fused microvesicles, 2.0 = 0.51 and 1.9 = 0.31,
as compared with the control (Fig. 8C). These data strongly
support the involvement of the av integrin in the fusion of OVS
to sperm.

Discussion

The use of nanoscopy or three-dimensional SR-SIM pro-
vided new insights on the localization of PMCA4 in different
subcellular compartments of murine sperm. To date, PMCA4
has been localized on the membrane over the acrosome and on
the proximal principal piece of the flagellum of murine sperm
(8-10, 39). In addition to being present over the acrosome, with

taken immediately after bleaching (c; red arrow). Fluorescence recovery pro-
ceeded for 9 min. In the bleached area recovery of FM4 - 64FX is clearly visible
(d; red arrow), suggesting the FM4—64FX is mobile in the membrane. A total
of 20 sperm were imaged for the FRAP.
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FIGURE 4. FM4 - 64FX-labeled OVS carry and deliver different cargoes to sperm following co-incubation, as detected by SR-SIM using PMCA4a as an
example. Two WT sperm (A, B) are seen (a) showing OVS (red arrow) and the PMCA4a signal seen in (b), while (c) shows the merged images. The inset in c is
magpnified in d where some FM4-64FX-labeled OVS colocalized with PMCA4a (green) to yield a yellow signal (yellow arrow) and some did not (red arrow)
indicating the absence of PMCA4a. This observation suggests that OVS carry different cargoes. Sperm nuclei were stained with DRAQ5 (blue). Representative
images from a total of n = ~18 sperm. Images were acquired with a 63 X Plan-Apochromatic oil immersion objective (numerical aperture of 1.4). Scale bars, 5

pwm.

nanoscopy PMCA4 was detected on the IAM, the posterior
head, and the neck where the staining often appeared to be
intense. Its presence on the IAM and neck may be of physiolog-
ical relevance. Additional PMCA4 on the IAM would be advan-
tageous to return Ca®" to resting levels after the markedly high
influx associated with the AR (14—16, 40), particularly after the
loss of PMCA4 molecules on the plasma membrane over the
acrosome following this reaction. While the significance of
PMCAA4 at the neck is not readily apparent, it is known that in
human sperm there is a Ca®>" store at the neck (41), where
PMCA4 immunostaining has been shown to be intense.* If such
a Ca®* store exists in the neck of the murine sperm, its close
proximity to PMCA4 would be parallel to the situation in
humans and would highlight the spatially regulated nature of
Ca®" signaling.

Evidence for the Fusion of Sperm and OVS Membranes—
Sperm analyzed by three-dimensional SR-SIM after incubation
with fluorescent-labeled OVS revealed the label predominantly
on the head and the midpiece. This distribution of the label is
similar to that previously reported on mouse sperm for epidid-
ymosomes and uterosomes, with confocal microscopy (3).
With three-dimensional SR-SIM we were able to detect distinct
punctate, as well as continuous, labeling on the sperm mem-
brane, reflecting the contributions from microvesicles and exo-
somes, respectively. High magnification TEM analysis of sperm
co-incubated with unlabeled OVS confirmed the fusion and

4 Andrews, R. and Martin-DeLeon, P.A., unpublished data.
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contribution of both types of EVs to the sperm plasma mem-
brane, as both could be seen in various stages of attachment to
the sperm membrane (Fig. 5, Band D). These stages include the
stalk formation (Fig. 9¢’), which is a major step in membrane
fusion (42).

Prior to fusion, the membrane lipid bilayers must establish
close proximity (a distance of < 0.5 nm) within a small area ~10
nm (42—44). This will increase the electrostatic repulsion
between apposed polar heads of the lipid molecules of the bilay-
ers leading to an opening of the monolayers at the interacting
area (Fig. 9). This tension leads to the rupture of the separated
monolayers, followed by formation of a stalk and a hydrophilic
pore (Fig. 9). The aqueous environment in the hydrophilic pore
will lead to the opening of the fusion pore and ultimately down-
stream fusion stages (42—44). It is known that vesicular curva-
ture enhances fusion (45). Thus it is likely that exosomes with
its smaller size and therefore greater curvature would have a
greater fusion rate than the larger microvesicles. Our observa-
tion of the continuous bright fluorescent label on the midpiece
(Figs. 3 and 4) and the close alignment of exosomes on the
sperm plasma membrane detected by TEM in this region, as
well as on the head (Fig. 5D), would be consistent with a greater
fusion rate for exosomes on the sperm surface. In general our
findings are in support of a fusogenic mechanism consistent
with that proposed by Schwarz et al. (19) for the transfer of
PMCAA4 to bovine sperm via epididymosomes.

In addressing the molecular forces that underpin the fusion
of OVS and sperm membrane we focused our attention on CD9
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A B

FIGURE 5.FM4 - 64FX-labeled OVS and immunogold labeling in OVS fused with WT sperm membrane provide evidence forinvolvement of a fusogenic
mechanism in the transfer of PMCAA4. A, fusion of a FM4 - 64FX-labeled microvesicle (green arrow) with the sperm membrane over the acrosome was seen in
SR-SIM images. Sperm nuclei were stained with DRAQ5 (blue). In C, sperm incubated in labeled OVS acquire the label and PMCAA4 (green signal) on the plasma
membrane overlying the acrosomal cap and the midpiece where the green signal for transferred PMCA4 merges with the red OVS to give yellow (yellow
arrows). Note that endogenous PMCA4 does not localize to the midpiece. The green staining on the head and the proximal principal piece (blue arrow) is the
location of endogenous PMCA4. Representative images from a total of n = ~12 and 18 sperm, respectively. Images were acquired with a 63X Plan-Apochro-
matic oil immersion objective (numerical aperture of 1.4) Band D, TEM analysis demonstrates and confirms fusion (green arrow). Inset shows transfer of gold
particles (PMCAA4, yellow arrow) from OVS to the sperm membrane over the acrosome. Control IgG shows the alignment of OVS along the sperm membrane
with the absence of immunogold labeling (D). Representative images from a total of n = ~30in each group. Images were acquired with a Zeiss. LIBRA 120 TEM
at 120kV equipped with a Gatan Ultrascan 1000 CCD camera.

tetraspanin and the av subunit of av3 integrin. The latterisan  able to bind to the IAM after the AR, as well as the plasma

adhesion molecule (46, 47) known to be present on the sperm
head and to play a role in sperm-oocyte fusion (33, 36). We
report for the first time the presence of both CD9 and av sub-
unit of avB3 integrin on the murine sperm flagellum, with the
latter extending distally in the principal piece and thereby being
more broadly distributed than CD9, which is predominantly on
the midpiece (Fig. 6). Interestingly, both of these proteins were
earlier shown to be present on the IAM and to increase in abun-
dance after the AR (36, 48). Because we detected that OVS are
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membrane (Figs. 2 and 8), CD9 and av33 could be temporally
and spatially related to OVS on the sperm head. However, their
presence on the midpiece and the proximal principal piece to
which OVS preferentially bind is relevant to sperm-OVS fusion.
Thus we investigated their existence in OVS and show their
presence by Western analysis (Fig. 6B). Having previously
shown the presence of CD9 in OVS by immunoelectron
microscopy (6), we confirmed the presence of av subunit of
avPB3 integrin in OVS, using three-dimensional SR-SIM to
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FIGURE 6. Localization of CD9 and the av subunit of av3 integrin on
sperm and OVS. A, distribution of CD9 and av integrin on sperm studied by
immunofluorescence and conventional confocal microscopy. CD9 (green,
a-b) and av integrin (red, c-d) localized on the midpiece, the proximal princi-
pal piece, and the over the acrosome. Sperm nuclei were stained with DAPI
(blue) and are seen in the merged images in b and d. IgG control did not give
any signal (e-f).). Representative images from a total of n = ~10 spermin each
group. B, Western blotting analysis performed with anti-CD9 (a) and anti-av
integrin (b) antibodies on OVS recovered from oviductal fluid, proestrus, and
estrus combined and metestrus and diestrus combined, as well as hormonally
induced estrus (l.E OVS), using epididymosomes (EP/) and uterus as positive
controls. The 24-kDa CD9 and the 130-kDa av integrin are presentin OVS from
all stages. C, co-localization of FM4-64FX-labeled OVS and av integrin on
caudal sperm following co-incubation and in vitro fusion, using three-dimen-
sional SR-SIM. Immunofluorescence reveals that transferred av integrin
potentially co-localizes with OVS on the sperm membrane. The localization

SASBMB

JULY 17,2015 +VOLUME 290-NUMBER 29

No. of OVS binding to CAP sperm
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RGD + OVS (O) RGD + Sperm (S)

FIGURE 7. Effect of RGD peptide on mouse OVS-sperm in vitro fusion (via
co-incubation assays), as assessed in capacitated (CAP) sperm and visu-
alized by SR-SIM. A, control sperm (group 1) acquire pre-FM4 - 64FX-labeled
QVS following co-incubation in the presence of 0 mm RGD. B-D, effect of 1 mm
RGD peptide on OVS-sperm fusion following pre-incubation of OVS (group 2),
sperm (group 3), or both (group 4), respectively, for 40 min at 37 °Cis demon-
strated. Sperm nuclei were stained blue with DAPI. Scale bars, 1 um. E, OVS-
sperm fusion was significantly *, p < 0.001, inhibited in the presence of RGD in
each of the 3 groups (2-4) compare with control (group 1), with the effects
appearing to be additive in group 4. Data are presented as the mean (£S.E.) of
QOVS (microvesicles) per sperm in each group of 33 cells.

detect their co-localization on sperm after their co-incubation
(Fig. 6). Thus there is clear evidence that both molecules are
present on OVS and sperm at the primary regions where fusion
of OVS has been detected.

To detect a functional involvement of avB3 integrin in
sperm-OVS interaction and to support our hypothesis of a

pattern of av is similar to PMCA4a, over the acrosome, neck (blue arrow),
mid-piece, and the proximal principal piece of the sperm flagellum. The yel-
low arrows show potential overlap between the red FM4 - 64FX and the green
av integrin signal giving yellow on the head (a) and on the midpiece (b), since
the presence of endogenous av integrin cannot be ruled out at these sites.
The green signal on the head (b) and principal piece (a, b) is unequivocally
endogenous av integrin. Sperm nuclei were stained blue with DRAQ5. Images
were captured with a 63X Plan-Apochromatic oil immersion objective
(numerical aperture of 1.4). Representative images from a total of n = ~15
sperm Scale bars, 5 um.
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FIGURE 8. Effect of FN, VN, and anti-av antibodies on mouse OVS-
sperm in vitro fusion (via co-incubation assays), as assessed by SR-
SIM. Fusion rate or mean (=S.E.) numbers of OVS (microvesicles) that were
fused with capacitated (CAP, A) or acrosome-reacted (AR; B, C) sperm were
calculated following co-incubation of pre-FM4-64FX-labeled OVS and
sperm in HTF medium supplemented with B, 10 wg/ml FN or 600 nm VN,
respectively, and C, 50 ug/ml of anti-av antibodies for 3 h at 37 °Cin the
dark. Isotype IgG and anti-av antibodies were added during the co-incu-
bation (Co-Inc) for control and test, respectively, while either OVS or
sperm were pre-incubated (Pre-Inc) with the antibody prior to coincuba-
tion. Data presented as the mean (£S.E.) of OVS per sperm in each group,
consisting of 33 cellsin Aand Band in C at least 10 of the 12 cells imaged.
*, values are significantly different from control with 0 ug/ml FN (p <
0.001) or 0 nm VN (p < 0.001), or Isotype IgG (p < 0.0001).
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fusogenic mechanism, we used a receptor-ligand blocking assay
as well as an antibody-blocking assay to investigate fusion. Both
vitronectin, the ligand for av33, and its RGD tripeptide with
which it interacts with its receptor were able to significantly
block sperm-OVS fusion (Figs. 7 and 8). A significant inhibitory
effect was also seen when the anti-av subunit was used to block
the integrin receptor on either the sperm or the OVS, confirm-
ing the involvement of integrin in the fusion process. A similar
anti-av inhibitory effect has been reported for mouse sperm in
IVF with the identical antibody concentration used in the pres-
ent study (34).

An inhibitory effect was also seen when fibronectin, the
ligand for a5B1 integrin, which is known to be increased on
both human and mouse capacitated sperm (37, 49), was added
to the co-incubation assay with capacitated sperm (Fig. 84).
These findings indicate that integrins, specifically avB33 and
a5B1, and their ligands play an important role in OVS-sperm
interaction and fusion, as they do in sperm head-oocyte fusion
(34). It should be noted that in bovine IVF exogenous vitronec-
tin has been shown to have a dual concentration-dependent
effect, enhancing sperm penetration at low concentrations
(10-100 nm) while having an inhibitory effect at high (500 nm-1
uM) concentrations (33) which include that used in the present
study.

Since it has been shown that mammalian sperm express
fibronectin and vitronectin and their respective receptors,
a5B1 and avB3 integrins at their surface after capacitation and
AR (33, 37, 49), our data provide support for a receptor-ligand
interaction in sperm-OVS fusion on both the sperm head and
the flagellum (midpiece). Based on the finding that the antago-
nistic effect of the RGD blocking on both the sperm and the
OVS appeared to be additive, compared with blocking each
separately (Fig. 7) as well as the analogous receptor-ligand
interaction reported for sperm-oocyte interaction (34), we pro-
pose a schematic model in Fig. 9. In this model we show the
involvement of CD9 which acts as a scaffold protein (50) to
tether adhesion molecules such as avB3 integrin (50), with
which it co-localizes on sperm, and a581. During capacitation
and the AR when OVS are released and the ligands and their
receptors are increased on sperm (37, 38), receptor-ligand
interactions are favored and facilitate fusion. However, as men-
tioned above, in the presence of exogenous ligand in high con-
centrations, fusion will be inhibited as seen in Fig. 8. This inhi-
bition is considered to be due partly to compromised
membrane integrity (33). In the case of vitronectin, the inhibi-
tory effect may involve multimerization of several molecules
(33) which in our model would lengthen the interconnecting
bridge and prevent the membranes from coming close enough
to form a fusion tube.

Delivery of Transmembrane Proteins to the Sperm Surface via
Membrane Fusion—W e have previously provided evidence that
murine epididymal sperm are able to acquire PMCA4, a ten-
pass transmembrane protein, during their maturation as they
travel from the caput to the cauda and that epididymosomes
can deliver it to caudal sperm in vitro (11). Similar findings were
obtained for bovine sperm and epididymosomes (19), and OVS
were also shown to deliver PMCA4 in vitro to murine sperm (6).
In this study, we show co-immunolocalization of PMCA4 and
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FIGURE 9. Schematic model showing molecular interactions in OVS-sperm fusion. A, CD9 generates fusion-competent sites on the membranes of both the
QOVS and the sperm. OVS (a’) and sperm membrane (a") carry adhesion proteins such as a531and av3 integrins. B, respective ligands for these integrins, FN
and VN bind to their activated receptor upon capacitation and acrosome reaction, respectively. These integrins facilitate the adhesion of the two membranes
by bringing them close together. C, close proximity of the membranes leads to electrostatic repulsion between the apposed polar heads of the lipids and the
opening of the outer leaflets of the membranes resulting in a fusion stalk formation (c’, yellow arrow). Transmission electron micrographs (a’, a”, ¢') support the
proposed model of membrane fusion. n = nucleus; ¥, exosomes (size < 100 nm); **, microvesicles (size ranging from 100 nm to 1 um). Bar represents 200 nm.

fluorescently-labeled OVS that were fused to the sperm surface,
providing evidence that OVS deliver their cargo via fusion.
TEM confirmed that microvesicles, like exosomes (6), carry and
deliver PMCAA4 to sperm. Interestingly, we detected fusion and
delivery of PMCA4 to be predominant on the midpiece, a loca-
tion where it has not been reported in caudal sperm where it is
found on the proximal principal piece in addition to being over
the acrosome (8 —10, 39). The plasma membrane over the prox-
imal principal piece and the acrosome in murine sperm are
known to be lipid rafts microdomains (35, 51), which are loca-
tions where PMCAA4 is found in somatic cells (52) and where
signal transduction occurs (53). It is likely that there is subse-
quent rearrangement of these microdomains to re-position
PMCAA4 in lipid rafts (54), or, as shown from the FRAP experi-
ment, the mobility of OVS in the sperm membrane is respon-
sible for the relocation of PMCA4 after delivery.

In addition to PMCA4, we have observed that the aov subunit
of av33 integrin, a transmembrane protein could potentially be
also delivered to sperm, as merging of the fluorescent signals for
OVS and av could be detected on sperm following co-incuba-
tion (Fig. 6). As mentioned earlier this merging of color could
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also be due to the endogenous protein. Since av33 is an impor-
tant sperm protein involved in sperm-oocyte fusion (34), it
seems clear that sperm-OVS fusion plays an important role in
delivering transmembrane and other membrane-associated
proteins to sperm during their final maturational period. It
should be noted that since PMCA4 is also delivered by epidid-
ymosomes (11, 19) and by human prostasomes,* these EVs are
likely to use the same receptor-ligand interaction to facilitate
fusion.

In conclusion we have exploited the power of three-dimen-
sional SR-SIM and high magnification TEM to show that
microvesicles and exosomes fuse with the sperm membrane in
delivering their cargo, with exosomes appearing to be more
efficient in fusing. Fusion can be inhibited by blocking receptor-
ligand binding via antibodies or exogenous ligands and their
RGD recognition peptide for interaction with sperm integrins,
known to play a role in sperm-oocyte fusion. While detecting
fusion and delivery of PMCA4 and likely av33 (via the av sub-
unit), which are transmembrane proteins, we also fine-tuned
the subcellular localization of PMCA4 in murine sperm, by
showing its presence on the posterior head, the neck, and the
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IAM where it is physiologically relevant after the AR. The
mechanism uncovered here is likely to be also involved in cargo
delivery of prostasomes, epididymosomes, and uterosomes.
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