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SIGNIFICANCE OF THE STUDY

This study focuses on characterizing the receptor-ligand interactions that mediate
interactio!s ween mouse spermatozoa and the extracellular vesicles (EV) they encounter

within th ductive tract (epididymis). To facilitate these studies we describe the

N
optimizat'g of a tractable cell culture system with which to model sperm-EV interactions.
it

In tande ceptor inhibition strategies, our data demonstrate the importance of the

G

Milk Fat Glgbule-EGF Factor 8 (MFGES8) protein ligand in mediating the efficient exchange of

S

macromol aPRV cargo with mouse spermatozoa. Overall, these findings shed new light

on the mechanjStic basis of the EV interactions that underpin sperm maturation with

U

potential ons extending to the diagnosis and treatment of male factor infertility.

§
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ABSTRACT

Spermatozoa transition to functional maturity as they are conveyed through the epididymis, a

highly spii ized region of the male excurrent duct system. Owing to their transcriptionally

and transl igert state, this transformation into fertilization competent cells is driven
by com‘plgﬂecanisms of intercellular communication with the secretory epithelium that
delineates ghe agpididymal tubule. Chief among these mechanisms are the release of
extracelluucles (EV), which have been implicated in the exchange of varied
macromowrgo with spermatozoa. Here, we describe the optimization of a tractable
cell cultu to study the mechanistic basis of sperm-extracellular vesicle interactions.
In tandem with receptor inhibition strategies, our data demonstrate the importance of Milk
Fat Glob Factor 8 (MFGES) protein in mediating the efficient exchange of
macromomV cargo with mouse spermatozoa; with the MFGES integrin-binding Arg-

Gly-A ripeptide motif identified as being of particular importance. Specifically,

complementa rategies involving MFGE8 RGD domain ablation, competitive RGD-
peptide 1nhibition and antibody-masking of alpha V integrin receptors, all significantly
inhibited @he uptake and redistribution of EV-delivered proteins into immature mouse
spermatonse collective data implicate the MFGES ligand and its cognate integrin

receptor in ediation of the EV interactions that underpin sperm maturation.
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INTRODUCTION

SuccesWtion is underpinned by the union of gametes, with each cell having first
attained t ary level of functional maturity "' In the case of the spermatozoon, this
journey- to maturity 1s initiated within the testes during which time the germline undergoes
sequentialm and meiotic divisions followed by cytoplasmic and nuclear remodeling to
eventuall)@e to one of the most highly differentiated cells in the mammalian body .
Notwithstagdugggthis morphological transformation, mammalian sperm cells only acquire the
acumen tome an ovum during their carriage through the epididymal portion of the male
extragonadal d:S' system ). This conversion into fertilization competent cells is

accompang substantive modification of the sperm proteomic ' and epigenetic

landscapes | Erocesses that occur in the complete absence of nuclear gene transcription and

protein tr . Instead, mammalian sperm maturation is driven exclusively by the
interpl ophisticated forms of intercellular communication with the epididymal soma °'.
Chief these mechanisms is the secretion of extracellular vesicles (EVs), termed

epididymosomes, which have been implicated in the exchange of varied forms of

macromolhargo with spermatozoa '),

Ep@somes originate within the epithelial cells of the mammalian epididymis as

constitues of multivesicular bodies ), before being shed into the lumen of the duct
wheretheract with spermatozoa and downstream epithelial cells ' 1. The extent
to which ymosomes influence their recipient cells is highlighted by recent

compositional apalyses, which have revealed these EVs encapsulate a diverse cargo of

protein ‘@ small non-coding RNAs "' *1"and lipids * ', Moreover, the development
of tractable in vitro co-culture assays has confirmed the transfer of each of these forms of

cargo between epididymosomes and spermatozoa '), Such assays have also begun to yield

important insights into the mechanisms by which epididymosome cargo is exchanged,

This article is protected by copyright. All rights reserved.



revealing the important influences of temperature, pH and ionic concentration . Similarly, a
combination of pharmacological intervention and differential labeling strategies has provided
evidence t! use epididymosome-sperm interactions can be resolved into two sequential
phases inﬁd tethering followed by a transient membrane fusion and cargo delivery
101, De-sp't_hese advances, we remain uncertain about the full complement of cognate
receptor —dgganigyinteractions that mediate the tethering of epididymosomes to the sperm head
as well as naling pathway(s) that are engaged in response to this interaction. With the
intention 1dging this important knowledge gap, here we explore the role of Milk Fat

Globule- or 8§ (MFGES) protein in the mediation of mouse sperm-EV interactions.

Uus

In the target selection for this study, our previous work has demonstrated that
antibody masking of epididymosome-resident MFGES effectively reduces the ability of these
vesicles tagbi ouse spermatozoa (Nixon et al., 2019b). This finding builds on evidence
that M acts as an adhesion molecule responsible for the orchestration of diverse cellular
interachch activity has been linked to the presence of an RGD integrin-binding
motif, which is capable of engaging avB3/5 integrin heterodimers to facilitate cell adhesion

and induc*n—mediated signal transduction '), In terms of the male reproductive tract,

MFGES ginally characterized as a sperm protein with binding affinity for

glycoprotei e egg coat "*1; a function that is conserved in both porcine and mice . It
follow e mice harboring an Mfge8-null mutation are sub-fertile, producing
spermato“ are unable to bind eggs in vitro ). Notably, mouse sperm first acquire
MFGES withiastite Golgi complex of spermatogenic cells, however, the majority of sperm-
associa GES8 is derived from secretions of the proximal epididymis. Here, we offer

mechanistic inst@ht into the mode of MFGES transfer to maturing spermatozoa via EVs, and
also propose a functional role for the MFGE8 RGD domain in the engagement of aV integrin

receptors on spermatozoa.
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MATEWD METHODS

 E— ) : .
All reagers were of molecular biology or research grade and unless specified, were obtained
from Merﬁington, MA, USA) or Thermo Fisher Scientific (Waltham, MA, USA). A

summary o tibodies used this study is provided in Supplementary Table S1.

Ethics Stm

U

All exper procedures involving animals were conducted with the approval of the

Universityflof Newcastle’s Animal Care and Ethics Committee (approval numbers A-2013-

N

322 and 826), in accordance with relevant national and international guidelines.
Swiss mim housed under a controlled lighting regime (12L: 12D) at 21-22°C and
supplied d and water ad libitum. Prior to dissection, animals were euthanized via
CO, in

mECap18icell culture and extracellular vesicle isolation

An immoouse caput epididymal (mECap18) cell line was utilized to harvest EVs
under no wmvitro incubation conditions % and in cells subjected to CRISPR-Cas9
genom generate mutations in the target gene, Mfge§ (see below). Cells were

grown to ~70% confluency, washed three times with sterile phosphate buffered saline (PBS)

I

and incub i rum free media for 24 h before the collection of conditioned media for EV

1solatio

Conditioned media (15 mL) was carefully aspirated and cleared of cellular debris by
two sequential centrifugation steps at 500 x g and 2000 % g for 5 min each at 4°C. The

resultant supernatant was concentrated by centrifugation using an Amicon Ultra-15
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Centrifugal Filter Unit (30 kDa cut-off; Merck) at 3000 x g at 4°C to a volume of ~200 — 400
uL prior to further centrifugation steps at increasing velocity (4000 x g, 8000 x g and 17,000
x g for 1! in at 4°C per centrifugation) to eliminate all traces of cellular debris. The
supernataaL) was gently overlaid upon a discontinuous iodixanol-based density
. — . . .
gradient (gemprising 40%, 20%, 10% and 5% suspensions) (OptiPrep; Merck) before being
centrifugedgat #0,000 x g for 18 h at 4°C as previously described ). Thereafter, twelve
equal fract 85 uL / fraction) were recovered, diluted in PBS, and subjected to a final

ultracentr tighl step at 100,000 x g for 3 h at 4°C. The resulting pellets were processed as

described belo

US

mECap1 llular vesicle characterization

n

Initial ch: @ation of fractionated samples focused on confirming the presence of

d

recognize arkers (FLOT1, CD9, CD63) by immunoblotting according to ). The

identifica V markers predominantly within fractions 9 and 10, prompted the pooling

M

of the for all subsequent experiments. EVs were characterized based on mean

particle size and heterogeneity via analysis on a Zetasizer Nano ZS (Malvern Instruments,

T

Malvern, U . EV morphology, purity and size were also assessed by conventional

[7, 21]

transmissi ron microscopy and by concentration onto aldehyde/sulfate latex

beads foll®wed by sequential labeling with anti-FLOT1 and Alexa Fluor 488-conjugated

g

(7]

secondaryg antibgdies ‘. Finally, EVs and mECapl8 cell lysates were prepared for

{

immunobl ith a suite of antibodies (CD63, CD9, PSMD7, FLOT1, HSP90BI,

[22]

APOAI1, recommended for EV validation

Proteo

AU

parison of mMECap18 extracellular vesicles and mouse caput

epididymosomes
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To examine the conservation of the physical characteristics of mECap18 EVs and that of
native epididymosomes, the latter were isolated from the caput epididymal tissue of adult

male mice ﬁviously described "' After isolation, mECap18 EVs and epididymosomes

were lyse (7 M urea, 2 M thiourea, 4% (w/v) CHAPS for 1 h on ice with regular

N — ) . .
vortexing)wand 40 pg of protein from each vesicle lysate was labeled with 320 pmol of

appropriath-dye reagents (i.e. either Cyanine3 or Cyanine5 esters) for 1 h on ice.

Labeling r s were quenched by addition of excess L-lysine (10 mM, 10 min on ice)
after whi e differentially labeled samples were combined, resolved by 2D SDS-PAGE

and imaged usingya ChemiDoc MP imaging system (Bio-Rad, Hercules, CA) "4,

Us

Transfer ccellular vesicle protein and microRNA cargo to mouse spermatozoa

The interagg mECapl8 EVs with spermatozoa was assessed by biotinylation of their
proteomic €o@fits (membrane impermeable: EZ-Link sulfo-NHS-LC-Biotin; membrane
permeable? ink BMCC-Biotin; Thermo Fisher Scientific) as previously described "%
Labele subsequently co-incubated with caput epididymal sperm for 1 or 3 h at
37°C in a@phere of 5% CO, ", with visualization of the sperm domains harboring
transferred bigtinylated cargo being achieved via affinity labeling with Alexa Fluor 488
conjugate@vidin. Images were captured by confocal microscopy (Olympus FV1000;
Olymplﬂ(u, Tokyo, Japan) and transfer efficiency was assessed by counting the
percenta%' of lab:led spermatozoa. Controls to discriminate the specificity of EV mediated

protein trﬁcluded naive populations of unlabeled spermatozoa, sperm labeled directly

with biotin, and sperm incubated with unlabeled EVs.
{idenﬁcal co-incubation strategy, we also investigated the exchange of

microRNA (miRNA) cargo between EVs and recipient spermatozoa. Following incubation,

sperm cells were processed for total RNA extraction as previously described ). The
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abundance of candidate miRNAs [miR-191-5p (assay ID 002299), miR-375-3p (assay ID

000564), miR-467a-5p (assay ID 001826) and miR-467e-5p (assay ID 002568)] was

{

examined ntitative real-time PCR (RT-qPCR) with TagMan miRNA assay reagents in

accordanc manufacturer’s instructions (Thermo Fisher Scientific). RT-qPCR data

[
was normalized against the U6 small nuclear RNA (snRNA; assay ID 001973) and relative

7 =ACt [23]

abundancegwasigglculated using the method

C

Generation o ISPR-Cas9-mediated Mfge8 mutant mECap18 cells

S

All CRI O reagents were obtained from Thermo Fisher Scientific. Prior to

U

transfecti apl8 cells were seeded at 150,000 cells/well into 12-well plates without

antibioticgd Cells were then transfected with 1,250 ng TrueCut Cas9 Protein v2, 315 ng

[

TrueGuid (A35510; ID: CRISPR475261 SG), 2.5 uL lipofectamine Cas9 with PLUS

o

solution a WFLL lipofectamine 3,000 as per manufacturer’s instructions (Thermo Fisher

Scientific). internal transfection control (mCherry Red) was used to estimate transfection

M

efficie

ere allowed to recover for 24 h at 37°C in 5% CO, before being re-seeded

into 6-well plates and cultured for 72 h. Transfected cells were harvested and divided for

.

genome edity uantification using a GeneArt Genomic Cleavage Detection Kit (A24372;

O

Thermo F ientific) with Mfge8 flanking primers (5" - CTGGTCTTGGCTCCAAGT -

3" and 5' @ ATGTGGGCAAACTGATCC - 3') as per manufacturer’s instructions, and the

£

resulta lation was then replated as single cells in 96-well plates using limited

{

dilution cloning§ Resulting colonies were expanded and gDNA Sanger sequencing was

U

performed to detget deletions.

A

Mfge8 mu NA transcript validation

One wild-type and two mutant lines were selected for analysis based on their gDNA

sequences and used to characterize the specifics of CRISPR-Cas9-induced deletions. Cells
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from these lines were harvested and total cellular RNA (3.0 pg) was reverse transcribed using

500 ng Oligo(dT)15 primer, 5 x buffer, 100 mM dithiothreitol, 40 U RNasin ribonuclease,

0.5 mM and 20 Units (U) of Moloney murine leukemia virus reverse transcriptase.

Subseque tions were performed with the equivalent of 100 ng of RNA, 80 ng of
 E—

each pmmer (5 -  GCATGCTACTCTGCGCCTC - 3 and 5 -

GCTGCT GTTAATGCTC - 3"), 0.5 mM dNTPs, 1 U of GoTaq DNA Polymerase

(Promega, son, WI) and 1.5 mM MgCl,. DNA from PCR products was purified from

1.0% (w/ e gels using a Wizard SV Gel and PCR Clean-Up System (Promega) and

cloned into the §GEM-T Easy Vector as per the manufacturer’s instructions (Promega).

b

Extracted : DNA was subjected to Sanger sequencing. To ensure equivalent

expressio d-type and mutant Mfge8 transcripts RT-qPCR analysis was performed

using Goll'a CR Master Mix (Promega) in accordance with the manufacturer’s

a

instruc tions were performed on three separate biological samples with each

comprisin cal triplicates. Primers were designed across the boundary of Mfge8 exons

)Y

8 and 9, which are identical among the three mECap18 cell lines examined and were as

[

follows: ard (GTATGTGGCGTCCTACAAGQG) and reverse

(GTGAT ATGCCAG). Cyclophilin was chosen as the internal standard, as it had

Q

primer efficiencies similar to the Mfge§8 gene of interest, and relative abundance was

calcula e 272 method ¥,

uth

Inhibition of e cellular vesicle cargo transfer to mouse spermatozoa

A

Three com tary strategies were assessed for their ability to inhibit protein transport
from EVs to mouse spermatozoa. We first determined whether the EVs generated by Mfge§

mutant mECap18 cell lines were refractory to sperm interaction. For this purpose, EVs were
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isolated from each of three cell lines (one wild-type and two Mfge8 mutant lines) before

being labeled with biotinylation reagents and co-incubated with caput epididymal

spermatozo described above. Secondly, we assessed the impact of competitive RGD-

peptide "\Qibition of EV-sperm interactions, whereby caput sperm were incubated
_. W —— L L

with e1th: 200 uM RGD tripeptide, 200 uM RAD control tripeptide (SCP0157 and

SCPO156, inely; Merck) or a PBS vehicle control. Incubations were conducted for 30

min at 37° ore the spermatozoa were washed and exposed to biotin labeled EVs. Co-

incubatiowntinued for either 1 or 3 h at 37°C in 5% CO,, after which spermatozoa
were was@remove unbound or peripherally adherent EVs and then fixed in 4%
paraforma . Domains harboring transferred biotinylated proteins were detected using
Alexa Fltconjugated streptavidin and confocal microscopy, and the percentage of
labeled s@orded. The final strategy focused on the ability of antibody-mediated
maski mtegrin alpha V receptor to perturb sperm-EV interactions. For this purpose,
caput sper incubated in either anti-integrin alpha V antibodies (100 pg/mL), of the
equivalent isotype-matched IgG (100 pg/mL) or a PBS vehicle control. After 40 min

incubatiormc, spermatozoa were washed and exposed to biotin labeled EVs. Co-

incubatio @ ntinued for either 1 or 3 h at 37°C in 5% CO,, after which the sperm cells

were Wrd and assessed for biotin transfer.
Statistica.analyes

All exper@were replicated a minimum of three times, with pooled samples of
spermatozoa pididymosomes having been obtained from at least three male mice. For
the puv¢essing biotin labeling profiles, > 100 spermatozoa were counted in each
sample through blind assessment and the corresponding percentage of cells with post-

acrosomal domain or whole head labeling was determined. Graphical data are presented as
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mean values + SEM. Statistical significance was determined using either a one-way ANOV A

or two-way ANOVA with Tukey or Sidak correction for the appropriate multiple

comparisory alysis was performed on GraphPad Prism version 8.4.3 for Windows
(GraphPa San Diego, CA).

N
RESULT< ,
The mECap1 Il line secretes an abundance of extracellular vesicles in vitro
Initial exp s focused on optimization of an immortalized mouse caput epididymal

(mECap18) cell@line as a model with which to study the mechanisms of EV-sperm

Ll

interactio ity gradient centrifugation of conditioned media harvested from cultured
mECaplS'gelded enriched populations of EVs (Fig. 1A; fractions 9 and 10) with a
buoyant @quivalent to that of native epididymosomes . These fractions tested
positiv arkers (FLOT1, CD9, CD63) by immunoblotting, and sizing analysis
reveale ontained a relatively homogenous population (polydispersity indices of 0.24
and 0.25) of EVs of ~100 to 130 nm (Fig. 1B). Accordingly, fractions 9 and 10 were pooled
and subjh an additional suite of assays to confirm they contained EVs with
characteri satisfied MISEV2018 guidelines **!. Specifically, EVs were concentrated
via adhere dehyde/sulfate latex beads enabling them to be visualized via labeling with
anti-F odies (Fig. 1C). Complementary ultrastructural analysis confirmed the
sphericz# r:)hology, purity and size (~100 nm) of the EV preparations (Fig. 1D). Similarly,

immunob vealed the selective accumulation of EV markers (CD63 and CD9) relative

to that o rent mECap18 cells, the presence of additional EV markers (PSMD7, FLOT1
and GAPDH), the absence of non-EV proteins (HSP90B1 and APOA1) (Fig. 1E) 221 As
an extension of this analysis, 2D SDS-PAGE demonstrated that the protein cargo

encapsulated within mECapl8 EVs is broadly similar to that of native mouse caput
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epididymosomes (Fig. 2A-C); a result confirmed by immunoblotting detection of prominent

epididymosome proteins (Fig. 2D) !4,

T

mECap1 lar vesicles selectively interact with mouse spermatozoa in vitro

In keepﬂi@nserved physical and compositional properties among mECap18 EVs and

epididymosgmes, we next demonstrated these vesicles also share comparable functional
characteri pecifically, differential labeling of mECapl8 EVs with membrane
impermeaw permeable biotinylation reagents confirmed that they are capable of

transferrimsulated protein cargo to recipient mouse spermatozoa. Thus, EVs pre-
m

labeled w brane impermeable biotin relayed protein to the post-acrosomal domain of
~40% of Erm population (Fig. 3A,B). Equivalent patterns of protein transfer were
detected 1 tozoa co-incubated with EVs pre-labeled with membrane permeable biotin,
however, this was accompanied by additional foci of labeling extending into the anterior
portion of t rm head and distally into the flagellum (Fig. 3A,B). The specificity of
protein’ as attested by the complete absence of biotin staining in negative control

populatim! of naive sperm and in those cells incubated with non-biotinylated EVs (Fig. 3A).

Converselyggdimgct biotinylation of spermatozoa yielded uniform labeling of all cells (Fig.

O

3A). We nfirmed that the macromolecular exchange mediated by mECapl8 EVs

extended Qeyond their protein cargo to encompass the miRNA sub-class of sncRNA. In this

A

context revealed a significant increase in the abundance of several target miRNAs

t

in spermatozoa pest-incubation with mECap18 extracellular vesicles (Fig. 3C). Notably, an

U

equivalent pro of miRNAs has previously been shown to be trafficked to sperm via

epidid s 1 which together with conserved patterns of protein deposition, identify

A

key functional parallels between mECap18 EVs and epididymosomes.
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Targeted mutation of the Mfge8 gene in mECap18 cells

The dew that mECap18 EVs replicate the functional properties of epididymosomes
prompted mhis model to explore the cognate receptor-ligand(s) that underpin sperm-
EV interaction. Target selection for this study was, in part, guided by our previous work
N
demonstrw antibody masking of epididymosome-resident MFGES effectively reduces
the abilit@e vesicles to bind mouse spermatozoa '“), CRISPR-Cas9 genome-editing
was therefoge to generate mutant mECap18 cells harboring deletions in key sequences in
the MfgeS§ gen€ that encode the functional domains of the MFGES protein. The ligand

depleted EVs se;ted by two such mutant cell lines were selected for further analysis.

Se@g of these mutants demonstrated they harbored genomic deletions of either
7 base-pai mutant #1) or 283 bp (mutant #2) compared to the wild-type Mfge8§ gene
(Fig. 4A)menomic deletions led to significant changes in the resultant transcripts,
indicating e deletions not only removed target sequence but also substantially altered
the ou anscript splicing. Accordingly, PCR amplification and sequencing of the
Mfge8 cDNAs from mutant cell lines revealed that mutant #1 harbored to a complete deletion

of exons 2 of the Mfge8 gene (Fig. 4B,C and Supplementary Figure S1) and resulted in
a single Q protein product of approximately 30 kDa lacking both the EGF-like
domainﬂportanﬂy, an integrin-binding RGD tripeptide motif (Fig. 4E,F,G). By
contrasm was determined to result in deletions spanning exons 3 to 7, which yielded
two alter pliced products (Fig. 4B,C and Supplementary Figure S1); the longer of
which retained the RGD domain, while both products harbored truncated coagulation factor
5/8 do;{ 4B,E). However, owing to the deletion of >90% of the target immunogen
(Supplementary Figure S1), the anti-MFGES8 antibodies used in this study failed to detect
either of the truncated protein products produced by the mutant #2 mECapl8 cell line via

immunoblotting (Fig 4F,G). Nevertheless, RT-qPCR confirmed that levels of Mfge§ gene
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expression levels were indistinguishable among wild-type and the two mutant mECap18 cell

lines (Fig. 4D).

R

Loss of FGE8 RGD binding motif compromises sperm-extracellular

vesicle interaction
N

To exami er the introduced Mfge§ mutations had any bearing on the efficacy of
sperm—E\wion, ligand depleted EVs pre-labeled with membrane impermeable biotin

were co-ificupated with caput spermatozoa. Notably, the mutations harbored by both mutant

#1 and m:g cell lines significantly (P < 0.05) compromised the efficacy of sperm-EV

interactio »SA). This result was most pronounced in EVs totally lacking an MFGES

RGD don@in (mutant #1), which transferred biotin label to ~60% fewer spermatozoa than

4

that of EVm,red from wild-type mECap18 cells. Moreover, biotinylated protein transfer

from mutan s was restricted to the sub-acrosomic ring (Fig. 5B), distinct from the post-
acrosoma ing witnessed in EVs generated by either wild-type or mutant #2 mECap18
cells. ot as pronounced, the transfer of mutant #1 EV proteins labeled with

membranrermeable biotin (i.e. comprising both encapsulated proteins and those expressed
on the Vewmbrane) was also significantly reduced compared to that of wild-type EV

proteins a and 3 h post-incubation (Fig 5C). Furthermore, when considering the fate

of these ! proteins, it was revealed that those originating from mutant #1 EVs showed
minimamtion beyond their deposition into the post-acrosomal domain of the sperm
head duri\gh co-incubation period (Fig. 5D). By contrast, those proteins trafficked to
spermatozoa Vvide wild-type or mutant #2 EVs were shown to undergo a pronounced
redistri@oughout the sperm head between 1 and 3 h post-incubation [as has
previously been shown for epididymosome proteins ['"].
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Based on these collective data we infer that, mutant #1 EVs display a reduced ability
to engage the downstream signaling/fusion machinery needed to permit efficient uptake of
their encap d cargo. Moreover, the absence of an equivalent response in mutant #2 EVs,
implicate motif as being a key mediator of this phenomenon. Accordingly, pre-
absorptlorsof sperm receptors with the RGD tripeptide proved effective in significantly
attenuatinmbsequent uptake (Fig. 5F), and the redistribution (Fig. 5G), of biotinylated
proteins fo g co-incubation with wild-type EVs. By comparison, pre-incubation of

spermatozw an equivalent amount of RAD control tripeptide had no effect on the

transfer or reilssjution of EV proteins (Fig. 5F,G).

aV integEﬂicipate in sperm-extracellular vesicle interaction

Whilst aVj s have been implicated as putative receptors for both the MFGE8 RGD

[25], it is not known if

motif 4, ahd tethering of oviductal derived EVs to spermatozoa
these recep so mediate the equivalent adhesion of epididymal EVs to spermatozoa.
Here, rate the presence and distribution of aV integrin in mouse spermatozoa,
revealing gat the protein localizes to the peri-acrosomal domain and mid-piece of the tail in
fixed permeabikized cells (Fig. 5J). Despite this localization profile differing from that of the
initial site@dhesion, pre-labeling of mouse spermatozoa with an aV function blocking

antibody (BMV-7) %], resulted in a significant reduction in biotinylated protein transfer from

wild—tWr 1 h (Fig. 5H). This strategy also reduced the redistribution of biotinylated

EV protei$ h of co-incubation (Fig. 5I) compared with mock assays (i.e. sperm pre-

incubated wit S). The specificity of this response was attested by the absence of an effect

in sper beled with non-immune IgG (Fig. SH,I).
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DISCUSSION

There is mounting evidence that epididymosomes play a fundamental role in modulating
sperm ﬁha the exchange of fertility modulating proteins and epigenetic cargo .
Neverthelavhanisms that facilitate the selective adhesion and subsequent uptake of
the epi&dgﬁe payload into recipient spermatozoa have yet to be fully resolved. There is
however, gene consensus that, as with other forms of EVs, the initial binding of
epididymcus mediated by cellular protein receptors, and their cognate ligand(s) on the
vesicle mw with our previous work having implicated MFGES as one such ligand !"*!.
Accordin@structural analyses demonstrated that MFGES localization extends from the
epididymosome surface into stalk-like projections associated with sites of epididymosome-
sperm intg[m]. Furthermore, antibody masking of MFGES ligands compromises the
efﬁciencyidymosome-mediated protein transfer to recipient spermatozoa '*. Here,

ical new evidence implicating MFGES8 in the efficient exchange of

macromolecu V cargo to mouse spermatozoa, with our data identifying the RGD motif as

being of particular importance in mediating this interaction.

Mb synthesized as a ~53 kDa glycoprotein possessing a cleavable signal
peptide, fmmediately by two N-terminal epidermal growth factor (EGF)-like repeats
and two mwal discoidin/F5/8C domains. The second EGF domain also contains the
RGD i:ding motif, which is known to engage avP3/5 integrin heterodimers to
facilitat#adhesion and induce integrin-mediated signal transduction ). In the mouse,
MFGES iEoduced as a ~66 kDa splice variant that includes an additional 37 amino

acid pr eonine-rich sequence, which may increase the binding efficiency to

phospholipids or increase the efficiency of secretion. Expression of the two splice

variants shows spatial and temporal specificity, with both isoforms being produced in the

epididymis and represented in epididymosomes and, to a lesser extent in mECap EVs in
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which the lower molecular weight isoform predominates. This is in contrast to the exclusive

secretion of the long isoform that has previously been described for epidermal keratinocytes

[27]

=n terms of its function within the male reproductive tract, MFGE8 was originally

[18]

characteri sperm protein with binding affinity for zona pellucida glycoproteins * ™.

However, MMFGES8 has also been implicated in the support of epididymal cell adhesion via

Cll

RGD bindiag V integrin receptors on epididymal epithelial cells; a finding that accounts

for the proftourt€ed epididymal epithelium pathologies that accompany the loss of MFGES

4, 28]

function spermatozoa, we hypothesize that the RGD-aV integrin interaction may

stimulate Qular signaling pathways that underpin the recruitment of lipid rafts, and
ciate

their asso sion machinery, to sites of EV docking. Indeed, we have previously shown

that co-inm of caput spermatozoa with epididymosomes can promote sequestration of

lipid r rkers within the post-acrosomal domain M. In addition to offering insight into
the re at putatively drive this translocation, our studies also raise the intriguing

[19]

prospect that deficits in ZP adhesion documented in Mfge8 null males may, at least in

part, be to inefficient transfer / uptake of epididymosome cargo as opposed to

resting enh a defect in MFGES. Notably, the presence of MFGES orthologues, each
possessin ed RGD domains, in other species (such as the human, rat, bovine and
porcines; ntary Figure S2) raises the prospect that this protein may fulfil equivalent

T

functional ross the mammalian lineage.

Neverthelgss, whilst our data implicates MFGES in EV interaction, they also suggest
that th n is unlikely to be the sole ligand responsible for regulating EV adhesion.
Thus, our collective interventional data point to a suppression, as opposed to elimination, of
EV interaction by blocking of MFGES function. These data accord with independent

evidence that MFGES represents a virtually ubiquitously membrane component of exosomes
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secreted from all cell types thus far examined *’; including mammary fat globules released

into milk, as well as the epididymosomes secreted from non-rodent species °%). It is therefore

considere! i that alternative ligands are important in guiding the specificity, and perhaps
efficiency. -epididymosome interactions. In this sense, it has been shown that

 E— ) . . . .
exosomesssolated from MFGES8-deficient mice are nearly as efficient in transferring
antigen/M plexes to recipient dendritic cells as vesicles isolated from wild-type mice
B Thus, the adhesive properties of MFGES, the protein has been proposed to fulfil

ancillary werms of the formation and/or secretion of EVs. Consistent with this model,

transfection o S-7 cells with the full-length Mfge8 coding sequence increases exosome
secretion b tor of 3- to 4-fold *?!. Conversely, expression of mutant constructs with
either the inal F5/8C domain deleted, abolished both the cell-surface and exosome

localizaticme MFGES protein, whilst the C2 domain has been demonstrated essential

me secretion 2,

nding these data, our collective evidence suggests that MFGES association
with exosomes has additional functional significance in terms of supporting EV adhesion
and/or up!lie at the surface of recipient cells. Indeed, the broad conservation of MFGES
among ¢ of varied cellular origin may account for why spermatozoa are able to
interact in a icient manner with exosomes isolated from non-reproductive cell lines such
as thos@om the human embryonic kidney (i.e. HEK293T cells) **). In this sense,
HEK29M‘1€S have been shown to be internalized into boar spermatozoa within as
little as 10 mini)f co-incubation; with no significant deleterious effects on basic sperm

3] findings raise the intriguing prospect of being able to harness EVs, laden

function !
with cel ion molecules such as MFGES, as versatile research tools for studying sperm

biology and as a prescient for developing vectors capable of delivering therapeutic payloads

for the treatment of male infertility.
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Figure Legends

FigureWerization of mECap18 extracellular vesicles. mECap18 cell supernatant
was ﬁact density gradient ultracentrifugation followed by the recovery and
characterization o equal fractions. A) Immunoblot analysis was performed to detect the
H
distributithions containing the characteristic EV markers of FLOT1, CD63 and CD?9.
B) On th‘ basis’)f the analysis, EVs partitioning into fractions 9 - 10 were individually
assessed mheterogeneity via dynamic light scattering measurement of mean particle
size. Data “ate fcported as mean particle size (columns) and polydispersity index values

(numbers aboved columns), whereby the lower the value the more homogenous the

e

preparatiog were subsequently pooled from fractions 9 and 10, and either C)

immobilized onto, a solid support matrix consisting of aldehyde/sulphate latex beads before

being seq labeled with anti-FLOT1 and appropriate Alexa Fluor 488 conjugated
second 1bodies (green; scale bar = 20 pum), D) visualized by transmission electron
micros cale bar = 200 nm), or E) prepared for immunoblotting alongside complete

mECapl18 cell lysates (Cell) with the EV specific markers of CD63, CD9, PSMD7, FLOT]1,

negative * of HSP90B1 and APOAI and the loading control of GAPDH. All

experime replicated three times on independent samples and depicted are

representajguesimmages and immunoblots.

N

Aut
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Figure 2. Conservation of mECap18 extracellular vesicles and mouse epididymosome
proteomes. A-C) The proteomic profile of mECapl8 EVs (Cy5, red) and mouse caput
epididymos (Cy3, green) was assessed via labeling of protein extracts with size and
charge mane-dyes. Labeled proteins were mixed in equal proportion, resolved by
N o
2D SDS-RAGE and visualized. D) Immunoblots of mECapl8 EVs and mouse caput
epididymc@zvere probed with antibodies against abundant epididymosome proteins. All
experiment re replicated three times on independent samples and depicted are

representafi images and immunoblots.

J

Trigg et al., Figure 2
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Figure 3. mECap18 extracellular vesicle interaction with mouse spermatozoa. A) The

exchange of proteins from mECapl8 EVs to mouse spermatozoa was assessed via pre-

1

labeling th either membrane permeable or impermeable biotinylation reagents. After

co-incuba tozoa were assessed for protein uptake via affinity labeling with Alexa

]
Fluor 488gconjugated streptavidin. Controls included spermatozoa incubated without EVs,

with these gellsmgither being left in an unlabeled state to serve as negative controls or directly

G

labeled wi in to confirm the specificity of EV-mediated protein transfer. B) Protein

transfer tified by assessing the number of spermatozoa displaying fluorescent

S

labeling. rafgfer of alternate EV cargo, in the form of miRNAs, was also assessed via the

U

extraction Q sperm RNA pre- and post-incubation followed by RT-qPCR amplification

]

of target . All graphical data are presented as means + SEM. Expression levels of

target mi re normalized against the U6 small nuclear RNA control. * P <0.05, ** P

a

<0.01

A

Trigg et al., Figure 3

A Unlabeled B

0.0008 0.00015

038 0.0004 0.0001

0.4

Relative Expression (24-€t)

g

o
c
=]
@
@
I
a
3
w
g
K
5]
o

Relative Expression (2°)

Sperm + biotinylated EVs Biotinylated sperm sperm 70 4
c _
2 £ 60 A j
% OE, 50 * I
[ g o
8 & I
r% E 40
g 2 |
E S 304

5
£ °
bS] 2 20
o
% 10 A
©
g 0
o] Sperm + Sperm + Sperm +
o unlabeled EVs  bictinylated EVs  biotinylated EVs
(impermeable) (permeable)
1.6 - MiR-191-5p sk 012 4 MiR-375-3p 0.0008 ; MiR-467a-5p 0.0002  MIiR-467e-5p *

Relative Expression (24!
o o
S 8

0.0002 I ‘s 0.00005 {
0 [}

0
Spermonly  Sperm + EVs Spermonly  Sperm + EVs Spermonly  Sperm+EVs Spermonly  Sperm +EVs

[3

This article is protected by copyright. All rights reserved.



Figure 4. Characterization of CRISPR/Cas9 mediated Mfge8 mutations. mECap18 cells

were transfected with a 20 bp Trueguide gRNA targeting the center of exon 3 of MfgeS,

{

upstream 0 RGD motif. Individual clones were isolated and grown using a limited

dilution s subsequently sequenced to determine genotype. A) Resultant genomic

]
DNA sequencing flanking the gRNA target (red box) enabled identification of two mutant

lines withgl bpgand 283 bp genomic deletions (mutant #1 and mutant #2), respectively

G

compared d-type. B) Intron/Exon mapping generated from Sanger sequencing of

subcloned!

S

mplicons revealed complete deletion of exons 2 and 3 from mutant #1 (A

exons 2-3) and a@deletion spanning exons 3 to 7 from the alternately spliced mutant #2 (A

U

exons 3-7 nt cell lines. C) Resolution of the mutant cDNA by agarose gel

N

electrophoiiesi ealed amplicons of the expected size. D) Moreover, RT-qPCR analysis

confirmedieq| ent expression of wild-type and mutant Mfge8 transcripts. Graphical data

a

A0 method and

are pre s transformed values (mean + SEM) calculated via the 2e
are represe of three biological replicates (with each comprising three technical
replicates). E) Schematic of the predicted domain structure for MFGES8 protein products
derived fr@m CRISPR/Cas9 gene editing, illustrating the predicted loss of a 159 amino acids
from the @roduct of mutant #1 (A 159 AA) and of either of 234 or 262 amino acids
from mutan (A 234 AA and A 262 AA). F) Extracellular vesicles were harvested from
wild-t mutant mECap18 cell lines prior to being lysed in (3-[(3-cholamidopropyl]
dimethM—l—propanesulfonate (CHAPS) detergent and solubilized protein prepared
for immu@g with anti-MFGES antibodies. This analysis revealed the presence of a
single trunc rotein product of approximately 30 kDa generated from the mutant #1
mECap line. By contrast, the deletion of >90% of the target immunogen

(Supplementary Figure S1), prevented the detection of the truncated protein products

produced by the mutant #2 mECapl8 cell line. G) These was result was confirmed by
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immunoblotting of extracellular vesicles proteins prepared with a more stringent SDS-based

solubilization protocol.
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Figure 5. Characterization of the role of MFGES — integrin aV in sperm extracellular
vesicle interactions. EVs generated from wild-type and mutant Mfge§ mECap18 cells, were
pre-labele! ith either (A-B) membrane impermeable or (C-E) membrane permeable biotin
prior to ¢ i@ with caput epididymal spermatozoa to assess the efficacy of sperm-EV
1nteractlors A-E) Spermatozoa harboring biotin label were quantified, and the relative
distributiowl assessed post-incubation times of 1 and 3 h. F-G) To examine the role of
the RGD nii

sperm-EV interaction, caput epididymal spermatozoa were pre-treated with

either an w RAD control tripeptide before introduction of EVs harvested from wild-

type mECap Is. The sperm were then assessed for biotin uptake and distribution. H-I)
Alternati\:ﬁrole of aV integrin in sperm-EV adhesion was evaluated using a similar
strategy i igly sperm were pre-labeled with either an aV function blocking antibody or

non-immufie . J) Immunofluorescence was utilized to examine the presence and

d

distributi integrin in mouse spermatozoa. All graphical data are presented as means
+ SEM, stati significance was determined using either a A) one-way ANOVA or C-D,
F-I) a two-way ANOVA with Tukey or Sidik correction for the appropriate multiple

compariS(!ﬁ. A, C, F, H) Statistical differences of P < 0.05 are denoted by differing letters.

D, G, T) @5 # P<(0.0] *** P<0.001.

Auth
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