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ABSTRACT

Extracellular vesicles are highly abundant in seminal fluids and have a known role enhancing
sperm function. Clinical pregnancy rates after IVF treatment are improved after female exposure
to seminal fluid. Seminal fluid extracellular vesicles (SF-EVs) are candidate enhancers, however,
whether SF-EVs interact with cells from the endometrium and modulate the implantation
processes is unknown. Here, we investigated whether SF-EVs interact with endometrial stromal
cells (ESCs) and enhance decidualisation, a requisite for implantation. SF-EVs, isolated from
human seminal fluid (n = 11) by ultracentrifugation, were characterised by nanoparticle tracking
analysis and Western blotting, and purified using size exclusion chromatography. Non-
decidualised and decidualised primary ESCs (n = 5) were then treated with SF-EVs. Binding of bio-
maleimide-labelled SF-EVs was detected by flow cytometry and fluorescence microscopy.
Prolactin and IGFBP-1 protein levels in culture media were also analysed after single and multiple
SF-EV exposure. SF-EVs size ranged from 50 to 300 nm, and they expressed exosomal markers
(ALIX, SYNTENIN-1, CD9 and CD81). SF-EVs bound to non-decidualised and decidualised ESCs at
similar levels. ESCs prolactin secretion was increased after single (p = 0.0044) and multiple
(p = 0.0021) SF-EV exposure. No differences were found in IGFBP-1 protein levels. In conclusion,
SF-EVs enhance in vitro ESC decidualisation and increase secretion of prolactin, an essential
hormone in implantation. This elucidates a novel role of SF-EVs on endometrial receptivity.
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Introduction cell populations and phenotypic changes to endome-
trial epithelial cells and endometrial stromal cells
(ESCs) [3] - characteristically the ESCs differentiate
from a fibroblast-like morphology to enlarged round
highly secretory cells. Prolactin and insulin-like growth
factor binding protein 1 (IGFBP-1) are secreted by
decidualised ESCs and are widely used as biochemical
markers for stromal cell differentiation [4]. Prolactin is
a polyfunctional hormone with an important role in
reproduction [5-7]. Prolactin is synthesised by the
endometrium at the beginning of decidualisation and

prolactin levels rise until 20-25 weeks of pregnancy

Embryo implantation is a key limiting factor of in vitro
fertilisation (IVF) success — only 36% of all transferred
embryos in UK (2014) implant [1] and even the trans-
fer of a day 5 embryo results in no more than a 50-60%
implantation rate [2]. The “implantation window” of
the menstrual cycle (days 20-24 of a 28-day cycle),
occurs when the endometrium is receptive having
undergone a phenotypic and functional transformation
to support embryonic life. This process of decidualisa-
tion involves remodelling of the uterine vasculature
and extracellular matrix, changes within the immune
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and then decrease towards term [5]. IGFBP-1 is also
essential in reproduction and, similar to prolactin,
IGFBP-1 levels increase after the start of ESC decidua-
lisation [8].

Several factors are known to regulate decidualisa-
tion, including seminal fluid - in vitro treatment of
human decidualised ESCs with seminal fluid has been
reported to raise prolactin and IGFBP-1 mRNA and
protein levels [9,10]. A meta-analysis of clinical trials
investigating the effect of seminal fluid exposure (either
at the time of oocyte retrieval or embryo transfer) of
the female reproductive tract on the pregnancy rate of
IVF treatment showed significantly increased implan-
tation rates (p = 0.006, risk ratio = 1.23, 95% CI) [11].
Seminal fluid contains not only sperm, but also andro-
gens, such as testosterone [10], and soluble proteins
such as transforming growth factor p (TGFpP) and
interferon-gamma (IFNy) that can interact with cells
of the female reproductive tract [12]. Seminal fluid also
contains highly abundant populations of extracellular
vesicles (EVs). EVs are membrane enclosed complexes
which facilitate cell-cell communication through their
cargos, including proteins, lipids and nucleic acids
(RNA and DNA). The main types of EVs are (i) exo-
somes — 30-100 nm vesicles formed in multivesicular
bodies (MVB) and released into the intercellular space
by fusion of the MVB with the plasma membrane, (ii)
microvesicles - 100 nm-1 pm vesicles shed from the
plasma membrane, (iii) apoptotic bodies - vesicles of
approximately 1-5 um, and (iv) large oncosomes -
vesicles secreted by cancer cells [13,14]. In addition,
there are many subtypes of EVs [15]. In the female
reproductive tract, EVs are known to be in follicular
fluid, amniotic fluid, endometrium and placenta [16].
In the male reproductive tract, EVs are produced by
the male accessory sex glands, including the seminal
vesicles and the prostate [17], and the epididymis (epi-
didymosomes) [18], and are present in seminal fluid
[17]. EVs produced by the prostate are internalised
endocytic vesicles sizing from 40 to 500 nm and are
known as prostasomes [19,20]. These EVs have been
reported to promote sperm motility [21] and protect
sperm against the female immune system [17].
Traditionally, scientists have denominated all EVs in
the seminal plasma as prostasomes, but because these
EVs are not exclusively produced by the prostate, nor
do they all originate from endosomes, we refer to them
here as seminal fluid extracellular vesicles (SF-EVs).

In this study, we have isolated and purified seminal
fluid EVs and shown for the first time that SF-EVs
bind to ESCs in vitro and enhance endometrial decid-
ualisation. These results suggest a novel role of SF-EVs
on endometrial receptivity.

Materials and methods
Isolation and culture of ESCs

Primary ESCs were isolated from endometrial biopsies
obtained from patients at Oxford Fertility (n = 3) and
the John Radcliffe Hospital, Oxford (n = 3) (ethical
approval number #08/H0606/94). All patients gave
written informed consent. Four patients had proven
fertility and two were undergoing investigations for
subfertility, patients were 38 * 5 years of age at time
of procedure.

Endometrial biopsies were mechanically digested
and incubated with 1x liberase-TM (Roche, UK) and
50,000
U/ml of DNAse (Sigma-Aldrich, USA) for 30 min at
37°C. After incubation, the digest was passed through
consecutive 70 pm and 40 um filters (BD Biosciences,
UK) to remove aggregates, and centrifuged at 300 x
g for 3 min. ESCs were cultured in Dulbecco’s modified
Eagle’s medium/Nutrient Mixture F-12 Ham (DMEM-
F12) (Sigma-Aldrich, USA), supplemented with 10%
foetal calf serum (FCS), penicillin (100 IU/ml), strep-
tomycin (100 pg/ml) and 2 mM r-glutamine (Sigma-
Aldrich, USA). Cells were cultured at 37°C, 20% O,
and 5% CO,. Culture media was changed every 2 days
and cell passages were performed at ~80% of conflu-
ence. ESC decidualisation was induced supplementing
the growth media with 0.5 mM dibutyryl cyclic-AMP
sodium salt (Sigma-Aldrich, USA) and 1 uM proges-
terone (Sigma-Aldrich, USA). Decidualisation media
was changed every 2 days and the treatment lasted
for 7 days.

Culture of Ishikawa, St-T1b, and BeWo cells

Ishikawa cells (human endometrial adenocarcinoma
cell line) [22] were obtained from Ms. Janet Carver
(NDWRH, University of Oxford) and authenticated
by the European Collection of Authenticated Cell
Cultures (ECACC) in May 2017; the short tandem
repeat (STR) DNA profile of our cells matched 100%
with the ECACC Ishikawa cell profile. St-T1b cells
(telomerase-immortalised human ESC line) [23] were
obtained from Dr. Rupsha Fraser (MRC Centre for
Reproductive Health, University of Edinburgh), and
BeWo cells (human placenta choriocarcinoma cell
line) [24] were provided by Dr. Gavin Collett
(NDWRH, University of Oxford). These cells were
cultured in DMEM-F12, supplemented with 10% FCS,
penicillin (100 IU/ml), streptomycin (100 pg/ml) and
2 mM r-glutamine, at 37°C, 20% O, and 5% CO.,.
Ishikawa cell decidualisation was performed as
described for ESCs (above).



SF-EV isolation, purification and characterisation

Human seminal fluids were collected from patients at
Oxford Fertility (n = 11). These patients were healthy
men with normal sperm concentrations, whose age
ranged from 28 to 47 years old (average age was
36 years old). Ethical approval was obtained for the
South Central research board (ethical approval number
#12/SC/0468). All patients gave written informed
consent.

After collection seminal fluid samples were centri-
fuged at 1000 x g for 10 min at room temperature (RT)
then at 10,000 x g for 10 min at RT to remove sperm.
The supernatants were then collected and stored at -
80°C before use. The supernatants were diluted into
a total volume of 11 ml with PBS (Sigma-Aldrich,
USA) and ultracentrifuged at 100,000 x g for 2 h at
4°C using Beckman Coulter L-80 ultracentrifuge with
a Sorval TH-641 swing out rotor (Beckman Coulter,
UK). The pellets were resuspended in 500-1000 ul of
PBS, equivalent to and determined by the starting
volume of seminal fluid, and the SF-EV preparations
were stored at —80°C until analysed by nanoparticle
tracking analysis (NTA), electron microscopy or
Western blotting or further purified to remove soluble
proteins.

SE-EVs were further purified removing remaining
soluble  proteins  using  Exo-spin™  columns
(Exo-spin'™, Cell Guidance Systems, UK) - all binding
and functional assays were performed with Exo-spin-
purified SF-EVs; a modified protocol from Welton et
al. [25] was followed. SF-EVs (n = 11) were pooled to
create a more representative sample of the population.
Briefly, 1000 pl of SF-EVs (post-centrifugation resus-
pended in PBS - from 11 patients) were added to pre-
equilibrated columns (equilibration performed with
PBS). SF-EVs were eluted with PBS under gravity col-
lecting 30 fractions of 500 ul. The protein content of
the fractions was determined by BCA protein assay and
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their SF-EV concentration was determined by NTA.
Purified fractions containing SF-EVs were pooled and
stored at —80°C. For binding assays, pooled SF-EVs
were incubated with 2 uM of the EV dye bio-
maleimide (BODIPY FL N-(2-aminoethyl)-maleimide)
(Table 1) for 30 min prior to Exo-spin™ SF-EV pur-
ification which removes excess dye. Bio-maleimide-
labelled PBS was also purified with Exo-spin™ col-
umns and used as negative control. In addition, pur-
ified pooled SF-EVs were analysed by electron
microscopy to confirm absence of protein aggregates.

SF-EV characterisation

The concentration and size of SF-EV's were analysed by
NTA using a NanoSight LM10 with a 405 nm laser
(Malvern, UK). SF-EV preparations were diluted in
PBS to reach concentrations inside the precision
range of the NTA machine (2 x 10® to 10 x 10® parti-
cles/ml). EVs were measured at camera level 12 (cam-
era shutter speed: 15 ms, camera gain: 350) using the
following script: PRIME, DELAY 5, CAPTURE 60,
REPEAT 5. Videos were analysed using NanoSight
NTA 2.3 software (Malvern, UK). Protein content of
SF-EVs was determined by BCA protein assay (Thermo
Scientific, USA). In addition, SF-EVs were probed for
exosomal markers by Western blot. Briefly, 10 or 5 pg
of protein per sample was separated by electrophoresis
using NuPAGE 4-12%  Bis-Tris Gels (Life
Technologies™, USA) under reducing conditions.
Proteins were then transferred onto Immuno-Blot®
PVDF Membranes (Bio-Rad, USA) using a BIORAD
semidry Western blot apparatus and nonspecific bind-
ing was blocked with 5% milk in PBS. Membranes were
then incubated overnight with primary antibodies
towards ALIX, SYNTENIN-1, CD9, CD81 at 4°C
(Table 1). Next, membranes were washed and incu-
bated with appropriate secondary antibodies conju-
gated to horse-radish peroxidase (HRP) (Table 1).

Table 1. Fluorescence dyes, primary and secondary antibodies used for Western blot, flow cytometry and fluorescence microscopy.

Antibody/dye Origin  Concentration/dilution Antigen Clones Source
Western blotting
Anti-ALIX 1gG Mouse  1/1,000 ALIX 3A9 Cell Signaling Technology, USA
Anti- CD9 IgG Rabbit  1/1,000 CD9 EPR2949  Abcam®, UK
Anti-SYNTENIN-1 IgG Rabbit  1/1,000 SYNTENIN-1 EPR8102 Abcam®, UK
Anti-TAPA 1 I9G Rabbit  1/1,000 CD81 Polyclonal Abcam®, UK
Anti-mouse-HRP Goat 1/1,000 Mouse immunoglobulins  Polyclonal Dako, Denmark
Anti-rabbit-HRP Goat 1/1,000 Rabbit immunoglobulins  Polyclonal Dako, Denmark
Flow cytometry/fluorescence microscopy
Bio-maleimide (BODIPY FL N-(2-aminoethyl)- 2 uM Thiol groups Molecular Probes, USA
maleimide)
Anti-B actin 1gG Mouse  1/500 B-actin AC-15 Abcam®, UK
Anti-LC3 Rabbit  1/500 LC3 Polyclonal MBL International, USA
Anti-Mouse IgG (Alexa Fluor® 594nm) Donkey 1/200 Mouse immunoglobulin  Polyclonal Molecular Probes, USA
Anti-Rabbit 1gG (Alexa Fluor® 594nm) Goat 1/200 Rabbit immunoglobulin  Polyclonal Thermo Scientific, USA

DAPI 1/1,000

Nuclei Molecular Probes, USA
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Bands were developed using Pierce ECL Western blot-
ting substrate (Thermo Scientific, USA).

Electron microscopy

10 pl of sample (bio-maleimide-labelled or non-labelled
Exo-Spin™ column purified SF-EVs) was applied to
glow discharged carbon formvar 300 mesh Cu grids,
and incubated for 2 mins. Grids were then quickly
blotted and stained with 2% uranyl acetate (aqueous)
for 10 s, blotted and air dried. Grids were imaged on
a 120 kV FEI Tecnail2 TEM using a Gatan OneView
digital camera.

SF-EV binding assays

All flow cytometry data in this paper were obtained using
a BD LSRII flow cytometer (BD Biosciences, UK).
100,000 events were recorded per sample. The results
were analysed using FACSDiva software version 8.0
(BD Biosciences, UK) and figures were created using
Flow]Jo version 10 (Tree Star Inc., Ashland, USA).

Flow cytometry of Ishikawa cells
Bio-maleimide-labelled SF-EVs were incubated with
Ishikawa cells at different SF-EVs quantities
(2.5 x 10", 5 x 10'° and 10 x 10'° SF-EVs/10° cells)
and incubation times (0.5, 1, 2 and 4 h) (n = 3). Cells
were also incubated with the negative control (bio-
maleimide-labelled PBS purified with Exo-spin'™ col-
umns) or PBS alone. After incubation, cells were
washed twice with PBS and lifted with accutase (Sigma-
Aldrich, USA). Cells were then centrifuged for 5 s at
13,000 x g, resuspended in 500 pl of 2% FCS/PBS and
analysed by flow cytometry.

Fluorescence microscopy and flow cytometry of ESCs,
St-T1b and BeWo cells
Bio-maleimide-labelled SF-EVs were incubated with
non-decidualised, day 3 and day 7 decidualised ESCs
for 2 h at 37°C (5 x 10'°SF-EVs/10° cells) (n = 3) and
analysed by flow cytometry. ESCs were incubated with
the negative control (bio-maleimide-labelled PBS pur-
ified with Exo-spin™ columns) or PBS alone. 2.5 x 10°
ESCs were plated per well and an extra well was also
used to quantify the number of cells at the different
decidualisation stages. After the incubation, cells were
washed twice with PBS and detached with accutase.
Cells were centrifuged for 5 s at 13,000 x g. Pellets
were resuspended in 500 pl of 2% FCS/PBS and ana-
lysed by flow cytometry.

Bio-maleimide-labelled SF-EVs were also incubated
with non-decidualised and day 7 decidualised ESCs for
2 hat 37°C (5 x 10'° SF-EVs/10° cells) and analysed by

fluorescence microscopy; PBS was used as control.
After SF-EV treatment, cells were washed thoroughly
once with PBS, and fixed with 100% methanol (Sigma-
Aldrich, USA) for 10 min at —20°C, washed, and per-
meabilised with 0.5% Triton X-100 (Sigma-Aldrich,
USA) for 15 min at RT. Afterwards, cells were washed
with PBS and incubated with murine antibodies
towards B actin for 2 h at RT (Table 1) in permeabili-
sation buffer containing FCS (Thermo Fisher, USA).
Then, cells were washed with PBS and incubated with
polyclonal antibodies towards mouse IgG (Alexa Fluor®
594 nm) for 40 min at RT and with DAPI for 5 min at
RT (Table 1). 20x and 40x fluorescence images were
captured using IN Cell 1000 analyser (GE Healthcare
Life sciences, UK).

Non-decidualised ESCs, St-T1b and BeWo cells
were also treated with bio-maleimide-labelled SF-EVs
for 2 h at 37°C (5 x 10'"°SF-EVs/10° cells) and analysed
by flow cytometry and fluorescence microscopy as
described above. Cells were incubated with rabbit anti-
bodies towards LC3 for 2 h at RT (Table 1), to define
the cellular morphology, and polyclonal antibodies
towards rabbit IgG (Alexa Fluor® 594 nm) were used
(Table 1).

SF-EV functional studies

2.5 x 10°> ESCs were plated per well. After 16 h, cells
were treated with PBS (control group) or SF-EVs
(SFEVs-1 and SFEVs-2 groups) (5 x 10'°SF-EVs/10°
cells) for 2 h at 37°C. After incubation, cells were
washed with PBS and decidualisation media was
added. On day 3, cells were treated again with PBS
(control and SFEVs-1 groups) or SF-EVs (SFEVs-2
group) (5 x 10'°SF-EVs/10° cells) for 2 h at 37°C. Non-
treated wells were used to determine the number of
cells present and calculate the amount of SF-EVs to
add. After incubation, cells were washed again with
PBS and incubated with new decidualisation media.
Cell supernatants were collected and changed after
24 h for 7 days and the concentrations of prolactin
and IGFBP-1 were determined by human prolactin
ELISA (R&D systems, UK) and human IGFBP-1
ELISA (R&D systems, UK) kits following manufac-
turer’s instructions. Prolactin and IGFBP-1 measures
were performed in triplicate and duplicate, respectively.
The results were normalised between patients.

Statistical analysis

Statistical significance in the SF-EV characterisations and
the binding assays were determined using GraphPad
Prism 7.01 (GraphPad Software, USA). Shapiro-Wilk



tests were used to confirm the normality of the data.
Differences between SF-EV sizes before and after Exo-
spin™ purification and between the negative control and
the SF-EV-treated group in the binding assays were
assessed by multiple Student’s t-tests. Differences
between the decidualisation stages in the SF-EVs group
were determined using a repeated-measures one-way
ANOVA with the Greenhouse-Geisser correction and
a Tukey’s multiple comparison test. Data were repre-
sented as mean + SEM. Differences were significant if
p <0.05.

Statistical analysis of the functional studies was car-
ried out using R3.3.2 (R Core Team, R Foundation for
Statistical Computing, Austria). Prolactin and IGFBP-1
concentrations were modelled using the following
logistic function, characterised by Asym, xmid and ¢.

A
v/ Response = ymtaiz 612;2 .

1+ exp (xmid(;Duy

Asym represents the maximum asymptote of the curve,
xmid is the position of the point of inflexion and ¢ is
the scale parameter. The reference level was taken to be
Control and z1 and z2 were indicator variables identi-
fying the two treatments; thus, the parameters al and
a2 provide estimates of the contrasts in maximum
asymptote due to Treatment and can be formally tested
for significance. For the model to be valid, it was
necessary to ensure that the residuals were normally
distributed and homoscedastic; this was achieved by
taking the cube-root of the response variable for both
Prolactin and IGFBP-1. With this transformation, both
normal Q-Q plots and formal Shapiro-Wilk tests con-
firmed normality and plots of residuals against fitted
values showed no indication of heteroscedasticity.

The data were multilevel in structure in that repeated
measurements over time were recorded for each subject, so
that it was necessary to take account of within-subject
correlation in the statistical analysis. Therefore, multilevel
non-linear models were fitted using the R-library nlme [26]
with subject ID as level 1. Random effects were included
across the parameters Asym, xmid and ¢. When IGFBP1
was the response a likelihood-ratio test showed that redu-
cing the parameterisation by dropping the random effect
on ¢ had no effect on the quality of fit of the model
(p-value = 0.9714).

Results
Characterisation and purification of SF-EVs

Semen samples were centrifuged at low speed to remove
sperm, then SF-EVs were isolated by ultracentrifugation
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and their size and concentration were determined by NTA
(n = 11). SF-EV concentrations varied between individual
preparations ranging from 5 x 10'! to 6 x 10'* SE-EVs/ml
(Supplemental Figure 1). The SF-EV size distribution pro-
files of the 11 samples were similar and SF-EV's between 50
and 350 nm were detected (Figure 1(a), detailed descrip-
tion in Supplemental Figure 1). The average modal size
(defined as the most frequently occurring EV size) of SF-
EVs was 116 + 6 nm and the average SF-EV mean size was
144 + 6 nm. The phenotype of the SF-EV's was determined
by Western blotting. The exosomal protein markers ALIX,
SYNTENIN-1, CD9 and CD81 were expressed in all the
SE-EV samples (n = 11) (Figure 1(b)) - complete Western
blot membranes are shown in Supplemental Figure 2, two
gels were run and sample 1 was present on both to allow
comparison of all of the 11 SF-EV preparations.
SYNTENIN-1 was similarly expressed by the SF-EV sam-
ples, while ALIX and CD9 expression was more variable —
for example, SF-EV samples number 5 and 11 showed
higher expression of ALIX and CD9 while others were
lower, 3 and 7. CD81 was detected in all samples but at
varying levels, we noted higher CD81 expression (SF-EV
samples 2, 4, 5 7, 8, 9, 10, 11) than others
(samples 1, 3 and 6).

SE-EVs isolated by ultracentrifugation were pooled and
further purified using Exo-spin™™ columns to remove resi-
dual seminal fluid proteins. SF-EVs from 11 specimens
were pooled together and 30 fractions of 500 pl were
collected from the Exo-spin™ column; SF-EV and protein
concentrations of each fraction were then analysed by NTA
and BCA protein assay (Figure 1(c)). The majority of SF-
EVs were present in fractions 5-9. Proteins were eluted in
two peaks; the first corresponded with SF-EVs in fractions
4-11 indicating vesicle bound proteins. The second peak
(fractions 14-18) contained minimal numbers of EVs and
was therefore likely to contain soluble seminal fluid pro-
teins (Figure 1(c)). Fractions 5-9 were pooled together for
further experiments. The average purification yield of SE-
EVs using Exo—spinTM columns was 75% (n = 4). Non-
purified pooled SF-EVs had an average mode size of
125 nm and an average mean size of 154 nm. Purified SF-
EVs had an average mode size of 126 nm and an average
mean size of 159 nm. No significant differences between
SE-EV size before and after purification were observed
(Figure 1(d)) (n = 4) and both of them expressed the
same exosomal markers (ALIX, SYNTENIN-1, CD9 and
CD81) (Figure 1(e)). Electron microscopy revealed SF-EV's
ranging in size between 20 and 300 nm size with single and
double membrane surfaces. Importantly, electron micro-
scopy images showed minimal background protein and no
widespread protein aggregation in non-labelled pooled SF-
EVs (Figure 2(a)) or bio-maleimide-labelled pooled SE-
EVs (Figure 2(b)).
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Figure 1. Characterisation and purification of SF-EVs. (a) Average size distribution of SF-EVs per sample (n = 11), analysed by
nanoparticle tracking analysis (NTA) at camera level 12. (b) Western blot (10 pg) analysis of exosomal markers ALIX, SYNTENIN-1,
CD9 and CD81 in SF-EV preparations (n = 11). (c) Purification of pooled bio-maleimide-labeled SF-EVs (n = 11) using Exo-spinwl
columns. SF-EVs were eluted with PBS and 30 fractions of 500 pl collected. Protein concentrations (dashed grey line) were
determined using a BCA assay and SF-EV concentrations (solid black line) measured by NTA. (d) Mean and mode size of SF-EVs
before and after Exo-spin™ column purification. The samples were analysed by NTA. Bars represent mean + SEM (n = 4). (e)
Western blot (5 pg) analysis of exosomal markers ALIX, SYNTENIN-1, CD9 and CD81 in pooled SF-EVs before (a) and after (b)
purification.

SF-EVs bind to primary ESCs in vitro conditions (Supplemental Figure 3). 5 x 10" bio-
maleimide/SF-EVs were incubated with 10° primary
ESCs for 2 h, then cells were washed, and analysed by
flow cytometry and fluorescence microscopy to detect
binding. To determine if SF-EVs had different binding
affinities to ESCs depending on their stage of decidualisa-
tion, non-decidualised, day 3 and day 7 decidualised ESCs

Fluorescent SF-EV's were generated by labelling with bio-
maleimide, as previously described for syncytiotrophoblast
EVs [27], this enables detection of EV's in association with
cells by microscopy and flow cytometry. Titration and time
course experiments using the endometrial cell line
Ishikawa cells determined optimal SF-EV binding
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Figure 2. Electron microscopy images of SF-EV (a) non-labelled and (b) bio-maleimide-labelled pooled SF-EVs (n = 11) were
analysed by transmission electron microscopy. SF-EVs between 20 and 300 nm in size were detected and protein aggregates were

not found. Arrows mark SF-EVs detected in the samples.

were used. First, bio-maleimide/SF-EVs binding to ESCs
was detected and quantified by flow cytometry (n = 3 ESC
preparations) (Figure 3). A significant increase in mean
FITC fluorescence intensity was detected when bio-
maleimide/SF-EVs were incubated with ESCs on day 0
(p = 0.012), 3 (p = 0.0251) and 7 of decidualisation
(p = 0.0078) compared to the PBS group (Figure 3(a—c)),
a representative example of SF-EV binding above negative
control (bio-maleimide-labelled PBS purified with Exo-
spinTM columns) is shown in Figure 3(d). No increase in
fluorescence was detected when comparing the negative
controls with the PBS group (Figure 3(a—c)) and no sig-
nificant differences in binding affinity were observed
between different days of decidualisation. Secondly, fluor-
escence images revealed bio-maleimide-labelled SF-EVs
(green) bound to non-decidualised (Figure 4(a)) and day
7 decidualised (Figure 4(b)) ESCs. No fluorescent signal
was detected in the controls. SF-EVs bind preferentially to
endometrial cells, including primary ESCs and St-T1b cells
(immortalised ESC line) [23]. On the contrary, there was
minimal binding of SF-EV to an irrelevant line of immor-
talised placenta choriocarcinoma, BeWo cells [24], shown

by flow cytometry (Supplemental Figure 4) and fluores-
cence microscopy (Supplemental Figure 5).

SF-EVs promote prolactin but not IGFBP-1 secretion
of primary ESCs in vitro

As SF-EVs associate with primary ESCs, we hypothe-
sised SF-EVs might influence decidualisation. ESCs
were treated with SF-EVs once for 2 h (day 0) then
decidualised for 7 days. To test if multiple exposure to
SE-EVs could further enhance endometrial receptivity
cells were also treated with SF-EV on day 3 of decid-
ualisation. Cell culture supernatants were collected and
prolactin and IGFBP-1 secretion were analysed to iden-
tify variation in decidualisation between the treatments
(n = 5). ESCs were cultured in the presence of 10% FCS
and did not secrete prolactin prior to treatment. ESC
prolactin secretion throughout time was significantly
increased after single (p = 0.0044) and multiple
(p = 0.0021) SF-EV treatment (Figure 5). Higher pro-
lactin was detected from day 5 decidualisation after SF-
EV treatment. No significant differences in prolactin
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Figure 3. Flow cytometric analysis of SF-EV binding to primary ESCs (a) nondecidualised, (b) day 3 and (c) day 7 decidualised ESCs were
incubated with bio-maleimide-labelled SF-EVs (5 x 10'° SF-EVs/10° cells), PBS or the negative control for 2 h and then analysed by flow
cytometry. Bars represent mean + SEM. *p < 0.05, **p < 0.01. (d) Representative flow cytometry histogram overlay image of SF-EV binding
to primary ESCs on non-decidualised, day 3 and 7 decidualised ESC (blue line = PBS control; red line = + SF-EV).
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a Control, day 0 + SF-EVs, day 7

b Control, day 7 + SF-EVs, day 7

Figure 4. Binding of SF-EVs to primary ESCs: Fluorescence microscopy (a) Non-decidualised and (b) day 7 decidualised ESCs were
incubated with bio-maleimide-labelled SF-EVs (5 x 10'® SF-EVs/10° cells) and fluorescence images were captured at 20x and 40x
magnification; green = SF-EVs, red = B-actin, blue = nuclei. Scale bars represent 20 um.

secretion was observed between single and multiple SF-  Discussion
EV exposures (p = 0.8128) (Figure 5). Single
(p = 0.144) and multiple (p = 0.322) SF-EV exposures
did not change IGFBP-1 secretion by ESCs.

We isolated SF-EVs (n = 11) sized between 50 and
350 nm by NTA, which is consistent with the size of
prostasomes reported by Brody et al. [19]. Expression
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Figure 5. SF-EVs promote ESC decidualisation. Primary ESCs (n = 5) were treated with SF-EVs (5 x 10" SF-EVs/10° cells) once (day 0
of decidualisation, solid black line) or twice (day 0 and 3 of decidualisation, dashed black line). Cells were treated with PBS in the
control (solid grey line). (a) Prolactin concentration in cell supernatants at different SF-EVs exposures. p < 0.05 was considered
significant. Prolactin secretion increased significantly after single (**p = 0.0044) and multiple (***p = 0.0021) SF-EV treatments

throughout time.

of ALIX, SYNTENIN-1, CD9 and CD81 confirmed
that some SF-EVs were exosomes. Microvesicles
might also be present because the epididymis secretes
this type of EV [17] - microvesicles are characterised
by low expression of exosomal markers [16]. The varia-
bility in SF-EVs exosomal marker expression between
patients might reflect differences in SF-EV populations,
further analyses of these markers in a larger cohort
than described here could help us to identify the SF-
EVs biogenesis and release pathways involved [28].
Indeed, a larger study would enable correlation studies
between SF-EV counts and clinical parameters and is
merited. In addition, SF-EVs were further purified to
remove non-EV associated seminal fluid proteins,
which may have direct effect on ESCs. The purification
was successful with an average 75% recovery yield,
NTA and Western blotting confirmed SF-EV size and
phenotype remained unaltered. Electron microscopy
showed minimal background protein and no wide-
spread protein aggregation in Exo—spinTM column pur-
ified SF-EVs. The latter is important in our
experiments because protein aggregates can contain
thiol groups and that would bind bio-maleimide, as
described by Szabd-Taylor et al. [29]. Electron micro-
scopy confirmed the sizing profiles of NTA, but also
revealed the presence of vesicles smaller than 50 nm as
previously observed by electron microscopy [20,30],
which are beneath the detection limits of NTA.

In this study, we have shown for the first time that
SE-EVs bind to primary human ESCs in vitro. SF-EV's
were observed to bind similarly to non-decidualised,
day 3 and day 7 decidualised ESCs in vitro suggesting
that they can interact with the endometrium at similar
intensity throughout the menstrual cycle. In addition,
our data show SF-EVs enhance ESC decidualisation
significantly inducing prolactin secretion. The impor-
tance of prolactin secretion for pregnancy is demon-
strated by homozygous prolactin receptor knockout
(PRLR™") female mice, that are sterile because the
maternal endometrium is refractive to embryo implan-
tation [6]. As mentioned in the introduction, prolactin
plays an important role in reproduction. In the endo-
metrium, prolactin promotes ESCs decidualisation
increasing progesterone receptors and its effects
[31,32] and reduces myometrial contractions [33]. It
also regulates endometrial epithelial cells by inducing
expression of milk fat globule EGF factor 8 [34] and
endometrial immune cells through interaction with
uterine Natural Killer (uNK) cells; absence of prolactin
limits uNK cells responsiveness to hypoxia and this
leads to inadequate placental growth [35]. Prolactin
also acts directly on placental cells and stimulates tro-
phoblast migration and invasion [36]. Of importance
here, we are aware that there are conflicting reports on
the effects of serum on prolactin secretion of ESCs
in vitro [37,38], as such we included controls and we



showed that in our model FCS had no effect on mor-
phological decidualisation nor prolactin secretion.

Our data also showed that IGFBP-1, another decid-
ualisation marker, was unchanged after SF-EV treat-
ment. IGFBP-1 regulates insulin-like growth factor
(IGF) I and II. During implantation, IGFBP-1 binds
to trophoblast IGF-II with similar affinity as IGF-II
receptor preventing excessive placental invasion, it
also inhibits IGF-1 synthesis by ESCs [8]. The signifi-
cant increase in prolactin, but not IGFBP-1, suggests
that SF-EVs might preferably stimulate implantation
processes regulated by prolactin but not IGFBP-1.
Seminal fluid is known to promote the characteristic
pro-inflammatory environment of pregnancy, reviewed
by Robertson and Sharkey [39]. In mice, seminal fluid
increases T regulatory cells in the endometrium [40],
which could later suppress maternal immune response
against paternal antigens. In humans (in vitro studies),
seminal fluid induces endometrial secretion of several
cytokines that play a role in implantation, such as
granulocyte-macrophage colony-stimulating factor,
interleukin 10 and macrophage inflammatory protein
[41]. SF-EVs could be partially responsible for this
effect through the enhancement of prolactin secretion
by ESCs. The role of prolactin in the immune system
has been extensively reviewed and it is known to
supress or stimulate the immune responses in a dose-
dependent manner [42,43]. For instance, low prolactin
concentrations promote lymphocyte proliferation while
high concentrations suppress it [44]. High levels of
prolactin also inhibit cytotoxicity of uNK cells [45],
which play an important role in cytokine secretion in
the receptive endometrium.

Similar to this study, Doyle et al. showed that
extended exposure (27 days) of decidualised ESCs to
seminal plasma enhanced prolactin mRNA and protein
levels [9]. Unlike this study, they also showed an
increase in IGFBP-1 mRNA and protein levels. This
difference may be due to the longer exposure to semi-
nal plasma in their study (27 vs. 7 days) or due to the
presence of other factors in the seminal plasma
involved in ESC decidualisation, such as TGFp-1 [46],
relaxin [47], human chorionic gonadotropin [48],
androgens such as testosterone [10], and prostaglandin
E2 [49]. The mechanism underlying SF-EVs induction
of prolactin by ESCs is unclear and future work needs
to be undertaken to determine this. SF-EVs might
transport proteins that stimulate ESC decidualisation.
For instance, a previous study detected prostaglandin
E in prostasomes although the concentration of this
protein was low in comparison with soluble prostaglan-
din E and therefore unlikely to contribute a significant
biological effect [50]. In addition, a proteomic study
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also detected TGFP-2 in prostasomes [51] but it is
unknown if TGFf-2, akin to TGFf-1 [46], can increase
prolactin levels in the endometrium.

In this study, ESCs have been directly exposed to SE-
EVs in vitro. In vivo it is likely that SF-EVs from the
seminal plasma can reach the uterus and cross the muco-
sal epithelium. It has been shown that immotile-labelled
particles deposited in the vagina are taken up into the
uterus and oviducts in humans, probably by peristaltic
movements [52]. In addition, sperm bind prostasomes at
a neutral or slightly alkaline pH [17] and could transport
them through the vagina and cervix on fertile days of the
cycle. Prostasomes fuse with sperm under acidic condi-
tions [17]. Afterwards, the SF-EVs would have to cross
the epithelial barrier. Although there is no direct evi-
dence for this in the endometrial epithelium, exosomes
have been shown to cross the human intestinal epithe-
lium [53] and the blood-brain barrier [54]. In the latter
study, exosomes were transported primarily by transcy-
tosis and, both caveolae-dependent, and clathrin-
dependent endocytosis were involved [54].

In conclusion, we have shown that SF-EVs bind to
ESCs in vitro and enhance prolactin secretion during
the implantation window, which may improve the
endometrial receptivity. It would be interesting to
assess if SF-EVs could be used as a treatment in IVF.
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