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Abstract
Seminal plasma induces immune tolerance towards paternal allogenic antigens
within the female reproductive tract and during foetal development. Recent evidence
suggests a role for extracellular vesicles in seminal plasma (spEVs).We isolated spEVs
from seminal plasma that was donated by vasectomized men, thereby excluding any
contributions from the testis or epididymis. Previous analysis demonstrated that such
isolated spEVs originate mainly from the prostate. Here we observed that when iso-
lated fluorescently labelled spEVs were mixed with peripheral blood mononuclear
cells, they were endocytosed predominantly by monocytes, and to a lesser extent
also by T-cells. In a mixed lymphocyte reaction, T-cell proliferation was inhibited
by spEVs. A direct effect of spEVs on T-cells was demonstrated when isolated T
cells were activated by anti-CD3/CD28 coated beads. Again, spEVs interfered with
T cell proliferation, as well as with the expression of CD25 and the release of IFN-
γ, TNF, and IL-2. Moreover, spEVs stimulated the expression of Foxp3 and IL-10
by CD4+CD25+CD127- T cells, indicating differentiation into regulatory T-cells
(Tregs). Prior treatment of spEVs with proteinase K revoked their effects on T-cells,
indicating a requirement for surface-exposed spEV proteins. The adenosine A2A
receptor-specific antagonist CPI-444 also reduced effects of spEVs on T-cells, con-
sistent with the notion that the development of Tregs and their immune suppressive
functions are under the influence of adenosine-A2A receptor signalling. We found
that adenosine is highly enriched in spEVs and propose that spEVs are targeted to
and endocytosed by T-cells, after which they may release their adenosine content
into the lumen of endosomes, thus allowing endosome-localized A2A receptor sig-
nalling in spEVs targeted T-cells. Collectively, these data support the idea that spEVs
can prime T cells directly for differentiation into Tregs.
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 INTRODUCTION

The immune system within the female reproductive tract (FRT) is regulated by locally acting immune modulatory mechanisms.
A healthy FRT, including the vagina, cervical canal, uterus, and fallopian tubes, is constitutively populated by a continuum of
commensal microbiota that need to be tolerated (Chen et al., 2017). Immune tolerance towards commensal microorganisms, as
well as to allogeneic sperm and to a conceptus is essential for successful fertilization and maintenance of pregnancy (Wira et al
2005); (Hansen, 2011; Nederlof et al., 2017). On the other hand, an effective adaptive immune response is required for protection
against pathogenic microorganisms that may be introduced by sexual intercourse or by other means. Hereto, different tissue
layers within the FRT, including submucosal tissues of the vagina, cervix, uterus, the endometrium, lamina propria and draining
lymph nodes are all populated by professional antigen presenting cells (APCs), includingmacrophages, dendritic cells (DCs), and
also major histocompatibility complex (MHC) class II expressing epithelial cells (Robertson et al., 2018). Once APCs encounter
antigenswithinmucosal tissues, they process them internally and present fragments of these antigens on their surface usingMHC
molecules. At the same time, some of these activatedAPCsmigrate tomucosal associated lymphoid tissue or secondary lymphoid
organs, where they can activate cognate T-cells to differentiate into effector T-cells that are then instrumental for clearing the
antigen bearing pathogens (Nederlof et al., 2017).

Antigens that are derived from commensal microorganisms, sperm, and the conceptus are also presented by APCs, but pre-
sentation of these antigens rather favours the differentiation of peripheral regulatory T-cells (Tregs) that exert immune-tolerizing
functions (Robertson et al., 2018). An imbalance in effector T-cell and Treg populations can lead to infertility, pregnancy compli-
cations, or susceptibility to infections (Huang et al., 2020). Activation and differentiation of naive T cells into Tregs is thought to
involve signals from tolerogenic DCs and M2 macrophages. Epithelial cells in the cervix and uterus respond to seminal plasma
by releasing cytokines, such as GM-CSF, IL-1β, IL-6, and IL-8, which facilitate the recruitment of neutrophils, macrophages, and
DCs, from peripheral blood into the endometrial stroma and epithelium (De et al., 1991; Marlin et al 2019; Robertson et al., 1996).
Tolerogenic DCs and M2 macrophages can then be generated in the uterus in response to soluble mediators in seminal plasma,
including prostaglandin E (PGE), TLR4 ligands, transforming growth factor-β (TGF-β) and other cytokines (Schjenken et al.,
2015). These tolerogenic APCs then migrate into draining lymphoid tissues where they may help the development of antigen
specific Tregs (Robertson et al., 2018; Shima et al., 2015). Uterine tolerogenic DCs take up paternal antigens and present them to
T-cells in the draining lymph nodes, thereby inducing allogeneic paternal antigen-specific Tregs (Yasuda et al., 2020). Paternal
alloantigen specific peripheral Tregs are, however, already generated after coitus in the absence of embryo implantation (Introini
et al, 2017; Robertson et al., 2013; Samstein et al., 2012; Shima et al., 2015), and expansion of Tregs and tolerance induction to
paternal alloantigen can thus be driven solely by seminal fluid. Whether APCs in the mucosal tissues within the FRT can also
stimulate differentiation of Tregs locally, bypassing a role for lymphoid tissues, has to our knowledge not been demonstrated.
Given the successful practice of in vitro fertilization, seminal plasma may not seem to be mandatory for a successful pregnancy;
however, it has been clearly demonstrated that both implantation and foetal growth are positively influenced by exposure of the
mother to seminal plasma (Robertson, 2005), and prior contact with seminal fluid improves the outcome during in vitro fertiliza-
tion treatment (Crawford et al., 2015). In women, seminal fluid elevates cytokine expression, immune cell recruitment and T cell
activation in the cervix after coitus (Sharkey et al., 2012), and stimulates the differentiation of monocytes into tolerogenic DCs
and the recruitment of Tregs into the FRT (Remes Lenicov et al., 2012; Robertson et al., 2009; Yasuda et al., 2020). Experiments
with mice also demonstrated that tolerogenic DCs are recruited to the uterus and to the draining lymph nodes of the uterus, in
response to coitus and independently of embryo implantation (Yasuda et al., 2020). This process is resistant to vasectomy but did
not occur when the seminal glands were surgically removed (Johansson et al., 2004; Yasuda et al., 2020). These findings provide
further evidence for a role of seminal plasma in promotingmating-induced immune tolerance. Induction ofmale antigen-specific
tolerance by seminal plasma was further demonstrated in experiments where female mice failed to reject skin allografts of pater-
nal origin after mating (Hancock & Faruki, 1986; Lengerova & Vojtiskova, 1963). In addition to the soluble mediators mentioned
above, extracellular vesicles in seminal plasma (spEVs) also appear to play a role in immune modulation. The interaction of
immune cells with spEVs protects sperm cells from being phagocytosed, damaged, or killed. For example, the activity of natural
killer (NK) cells towards spermatocytes is reduced by spEVs, involving the binding of CD48 on spEVs to the NK cell activating
receptor CD244 (Tarazona et al., 2011). Complement-mediated cell lysis is also inhibited, involving CD59 and CD46 on spEVs
(Kitamura et al., 1995; Rooney et al., 1993). spEVs can also interfere with mitogen-induced lymphocyte proliferation (Kelly et al.,
1991). More recently, it was demonstrated that isolated spEVs reduced the ability of antigen-presenting cells to activate T-cells
(Vojtech et al., 2019). The term prostasomes refers to prostate-derived EVs (Ronquist & Brody, 1985), but is often erroneously
used for all spEVs. Although the majority of spEVs are derived from prostate epithelial cells (Aalberts et al. 2013a; Ronquist &
Brody, 1985; Sahlén et al., 2002), other sources have also been reported, such as epithelial cells in the epididymis (Sullivan et al.,
2005), seminal glands (Sahlén et al., 2010; Zhang et al., 2020a), and fractionated sperm cells (Höög& Lötvall, 2015). In the current
study, we isolated spEVs from the seminal plasma of vasectomized man, to exclude any contribution from testis or epididymis,
and studied their effects on the differentiation of activated T-cells, as well as elements of the underlying molecular mechanism.
We here report that naïve T cells differentiated into Tregs when activated in vitro in the presence of spEVs. Interestingly, this
also occurred when isolated naïve T cells were activated with anti-CD3/CD28 coated beads rather than with APCs, indicating a

 20013078, 2024, 7, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jev2.12457 by U

trecht U
niversity, W

iley O
nline L

ibrary on [19/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ZHANG et al.  of 

role for direct interaction of spEVs with T-cells. Collectively, our data support the idea that spEVs may help inducing immune
tolerance towards male allogens within the FRT.

 MATERIALS ANDMETHODS

. Isolation of spEVs from seminal plasma

Semen samples were donated as anonymized left-over samples by vasectomized healthy men, who underwent standard lab-
oratory confirmation following a 3-month post-vasectomy period, at the Andrology Laboratory of Meander Medical Centre
(Amersfoort, the Netherlands). Informed consent was obtained, and the investigations were approved by the Medical Ethics
Committee at Meander Medical Centre (Permission code TWO-11-62, 2 December 2011). Successful vasectomy (clearance) was
confirmed by the absence of sperm cells in semen, as determined by phase contrast microscopy (Olympus BX40, 400×). After
storage at 4◦C for a maximum of 5 days, spEVs were isolated from pooled batches of seminal plasma from at least five donors.
For the isolation scheme see Figure S1. Pooled seminal plasma was first diluted two-fold with phosphate-buffered saline (PBS,
Gibco) and then centrifuged at 4◦C for 10 min at 3000×g to remove any cells or cellular debris, if present. The supernatants were
collected and centrifuged at 4◦C for 30 min at 10,000×g to remove large microvesicles or apoptotic bodies, if present (Aalberts
et al.,2012). The resulting supernatant was collected, and filter sterilized using a 0.2 μm filter (Millipore). The filter flow through
was treated in a sterile environment from thereon, and carefully layered on top of a 1 mL 60% iohexol (Axis-Shield, 10179579)
cushion in PBS in a SW28 tube (Beckman Instruments, Inc). The tubes were topped off with PBS as required and centrifuged
for 2 h at 100,000×g at 4◦C in a SW28 rotor (Beckman Instruments, Inc). The iohexol cushion prevented damage or aggregation
of spEVs, as may occur when EVs would be pelleted directly onto the bottom of a tube. The concentrated spEVs were visible by
the naked eye as a white fluffy layer on top of the iohexol cushion. The white layer was carefully collected as a ∼1 mL sample, and
mixed with 1 mL 60% iohexol to increase the sample density. The resulting ∼2 mL sample was placed at the bottom of a SW40
tube (Beckman Instruments, Inc) and overlaid with a semi-continuous iohexol gradient. Hereto, 1 mL samples with decreasing
concentrations of iohexol (45%, 40%, 35%, 30%, 25%, 20%, 15%, 10%, 5% in PBS) were carefully layered on top of each other.
The gradient was finally topped off with PBS and centrifuged for 16 h at 200,000×g at 4◦C in a SW40 rotor (Beckman Instru-
ments, Inc). After centrifugation, 11 consecutive 1 mL fractions were collected from the top, ending with a 12th bottom fraction
of ∼1.5 mL. Fraction densities were determined by refractometry. Iohexol is a non-toxic, small, iodinated, high molecular weight
molecule, and previously we already introduced iohexol density gradients for the isolation of EVs from blood plasma and tis-
sue culture media (Zhang et al., 2020b). Total protein and spEVs-associated proteins in gradient fractions were detected by 10%
SDS polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting, as indicated below. Fractions containing spEVs were
pooled, after which iohexol was removed together with any potentially remaining soluble molecules, using size exclusion chro-
matography (SEC). Hereto, Sepharose CL-2B (GE healthcare, 17014001) was packed in Econo-Pac columns (Bio-Rad, 7321010),
and equilibrated with PBS, creating 6.2 cm long columns with a diameter of 1.5 cm. After sample loading, the columns were
eluted by gravity flow with PBS and 24 fractions of 500 μL each were collected. Total protein and spEVs-associated proteins
in the column fractions were detected by SDS-PAGE and immunoblotting, as indicated below. SEC fractions containing spEVs
were pooled, aliquoted, and stored at −80◦C until further use. When indicated, spEVs were treated for 30 min at 37◦C with
50 μg/mL proteinase K (PK, Roche, 03450376103), and then diluted with PBS containing 1 mM phenylmethylsulfonyl fluoride
(PMSF, ThermoFisher, 36978) to block PK activity. Protease treated spEVs were then mixed with SDS sample buffer and imme-
diately heated to 95◦C for analysis by SDS-PAGE and immunoblotting, or collected by ultracentrifugation for 1 h at 100,000×g
at 4◦C for subsequent testing on cells.

. Analysis of spEVs by protein quantification, SDS-PAGE, immunoblotting, transmission
electron microscopy, and nanoparticle tracking analysis

Iohexol density gradients fractions and SEC columns fractions were analysed by 10% SDS-PAGE, followed by total protein
staining with Sypro ruby (Invitrogen, S12000) according to the manufacturer’s instructions. Stained proteins were detected
using a Bio-Rad ChemiDoc imager. Pre-stained protein markers (Bio-Rad, 1610363) were used as molecular weight standards.
Immunoblotting was performed as described previously (Zhang et al., 2020a). Primary antibodies include mouse anti-human
CD9 (HI9a; 312102; Biolegend; 1:2000);mouse anti-humanPSCA (clone 7F5; sc-80654; Santa Cruz Biotechnology; 1:1000);mouse
anti-humanHSP70 (N27F3-4;ADI-SPA-820-D; Enzo; 1:1000);mouse anti-humanAnnexinA1 (clone 29; 610066; BDBiosciences;
1:1000); rat anti-human Galectin-3 (M3/38; CL8942B; CEDARLANE; 1:500) and mouse anti-human CD47 (B6H12; sc-12730;
Santa Cruz Biotechnology; 1:500). Primary antibodies were labelledwithHRP-conjugated goat anti-mouse IgG (Jackson immune
Research; 1:10,000) or goat anti-rat IgG (Dako; 1:5000). HRP labelled antibodies were detected using Super Signal West Dura
Chemiluminescent Substrate (Thermo Fisher Scientific, 34075) and imaged and quantified using a Bio-Rad Chemidoc system.
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Protein concentrations in spEVs containing fractions were determined using the Pierce BCA protein assay kit (Thermo Fisher
Scientific, 23225) according to themanufacturer’s protocol. Transmission electronmicroscopy and nanoparticle tracking analysis
(NTA) of isolated spEVs were performed as described previously (Zhang et al., 2020a).

. Labelling of spEVs with C-maleimide-Alexa

Isolated spEVs were labelled with C5-maleimide-Alexa488 (Invitrogen, A10254) as described (Roberts-Dalton et al., 2017).
Briefly, 100 μg samples of isolated spEVs were diluted with PBS and then concentrated by centrifugation for 2 h at 100,000×g
at 4◦C in a SW60 rotor (Beckman Instruments, Inc). Pelleted spEVs were resuspended in 50 μL PBS, mixed with 5 μL C5-
maleimide-Alexa488 (200 μg/mL), and incubated for 2 h at room temperature while being shielded from light. After incubation,
samples were diluted with 4 mL excess volume PBS containing 0.1% bovine serum albumin (BSA), and centrifuged for 2 h at
100,000×g 4◦C in a SW60 rotor. For this purpose, BSA was prepared as a 100 mg/mL stock solution that had been centrifuged
for 2 h at 100,000×g 4◦C in a SW60 rotor to remove any insoluble material, and was filter sterilized. To remove any remaining
free dye, pelleted Alexa488-labelled spEVs (Alexa488-spEVs) were washed with PBS/0.1% BSA using the same centrifugation
procedure, and finally resuspended in 100 μL of the same buffer. Alexa488-spEVs were aliquoted and stored at −80◦C until use.
Negative control samples were generated by mixing the same amount of C5-maleimide-Alexa488 with PBS in the absence of
spEVs, followed by identical processing as the Alexa488-spEVs containing samples.

. Cell culture and flow cytometric analysis

Blood was obtained from healthy volunteers following institutional ethical approval (www.umcutrecht.nl/METC; protocol num-
ber 07–125/C). Peripheral bloodmononuclear cells (PBMCs) were isolated from lithium-heparinized whole blood samples using
Ficoll isopaque density gradient centrifugation (GE Healthcare). Cells were cultured in 96-well plates at 37◦C and 5% CO2 in
RPMI 1640 GlutaMAX (Gibco, 61870036) supplemented with 1% Penicillin/Streptomycin (Gibco) and 10% EV-free foetal calf
serum (FCS). EV-free FCS was prepared by diluting FCS to 30% with RPMI 1640 GlutaMAX, followed by ultracentrifugation in
a SW27 rotor for 16 h at 100,000×g at 4◦C, discarding the pellet together with the bottom 5 mL of the tube, and 0.2 μm filtration.
For mixed lymphocyte reaction (MLR) experiments, CD3+ cells were separated from the PBMCs using CD3+ MicroBeads

(Miltenyi Biotec, 130-050-101) and manual MACS with MS separation columns (Milteny Biotec, 130-042-201) according to the
manufacturer’s protocol. The CD3+ cell fraction was subsequently stained with 2 μMCell Trace Violet (CTV) (Fisher Scientific,
15579992) for 30 min at room temperature and then washed with FCS. PBMCs from HLA-mismatched donors were obtained
from frozen PBMC stocks. The freshly isolated CD3+ lymphocytes and thawed PBMCs were resuspended to a concentration of
1 × 106 cells/mL each in RPMI 1640 GlutaMAX (Gibco) supplemented with 1% penicillin/streptomycin, 1% L-glutamine and 10%
foetal calf serum. For direct concurrent incubationwith spEVs, 1× 105 CD3+ cellswere plated in 96-well plates followed by adding
1 × 105 thawed PBMCs. As a negative control, 100 μL of medium lacking PBMCs was added instead. Immediately thereafter,
isolated spEVs in PBS were added to a final concentration of 60 μg/mL. As a negative control, an equal amount of PBS was added
instead. Cells were cultured for 4 days at 37◦C before flow cytometry analysis. When indicated, spEVs preincubation conditions
were used. Hereto CD3+ cells and PBMCs were plated separately in a 96-wells plate, and spEVs were added at 60 μg/mL to the
CD3+ cells only. CD3+ cells were incubated for 16 h with spEVs, and then washed with excess culture medium by centrifugation
to remove non cell-associated spEVs, and subsequently cultured together with the PBMCs for four days. After culture, cells were
stained with eFluor 780 viability dye (eBioscience, 65-0865-14) for 20 min at 4◦C. Cells were washed with flow cytometry buffer
and subsequently labelled with FITC-conjugated mouse anti-human CD3 (clone OKT3; 1:25; Biolegend), PE-conjugated mouse
anti-humanCD4 (clone RPA-T4; 1:100; Biolegend) and PE-Cy7-conjugatedmouse anti-humanCD8 (clone SK1; 1:200; BD). After
15 min at 4◦C, the cells were washed again and resuspended in flow cytometry buffer for analysis using a BD LSRFortessa flow
cytometer, and the data were analysed with FlowJo software (Treestar, version 10.0).
For anti-CD3/CD28 driven T-cell activation experiments, pan T-cells were isolated from freshly isolated PBMCs by negative

selection using a pan T-cell isolation kit (Miltenyi Biotec, 130096535), according to manufacturer instructions. The purity of the
isolated pan T-cells was evaluated using flow cytometry (see below), and only isolates containing >95% CD3+ cells were used
for experiments. Pan T-cells were cultured in 96-well plates at a concentration of 5 × 105 cells/mL in RPMI 1640 GlutaMAX
supplemented with 10% heat-inactivated EV-free FCS and 1% Penicillin/Streptomycin. For pan T-cell proliferation experiments,
isolated pan T-cells were first labelled with Cell Trace Violet (CTV) (Thermo Fisher Scientific, C34557). Hereto, pan T-cells
were pelleted and resuspended in PBS containing 2.5 μMCTV, and incubated for 20 min at 37◦C. Then, 10 mL excess complete
culture media was added, and CTV-labelled pan T-cells were pelleted and resuspended in complete culture media. Pan T-cells
were stimulated using Dynabeads coated with both CD3 and CD28-directed antibodies (Gibco, 11131D), either in the absence
or presence of spEVs, as indicated. Conditioned cell culture medium was collected, and cytokines were detected by ELISA as
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described below. Cells were collected by centrifugation and analysed by flow cytometry. For pan T-cell proliferation assays, CTV
labelled cells were stainedwith FITC-conjugatedmouse anti-humanCD3 (OCT-03; 1:50; Biolegend), APC-eFluor780-conjugated
mouse anti-humanCD4 (RPA-T4; 1:50; eBioscience), andAPC-conjugatedmouse anti-humanCD8 (RPA-T8; 1:50; eBioscience).
To detect apoptotic and dead T-cells, pan T-cells were resuspended in binding buffer supplemented with APC-labelled Annexin
V (1:20; BD) and 7-AAD (1:20; BD), incubated for 15 min at room temperature, and supplemented with excess binding buffer
before analysis by flow cytometry. To detect Treg, T-cells were first stainedwith PB-conjugatedmouse anti-humanCD3 (UCHT1;
1:100; Sony Biotechnology), PE-conjugated mouse anti-human CD4 (RPA-T4; 1:50; BD), FITC-conjugated mouse anti-human
CD25 (M-A251; 1:50; BD), and PE-Cy-conjugated mouse anti-human CD127 (HCD127; 1:50; eBioscience). Subsequently, these
cells were washed with PBS, fixed for 10 min with 4% paraformaldehyde in PBS, washed with PBS, permeabilized with PBS
containing 0.1% saponin and 0.5% BSA, blocked for 15 min in PBS containing 0.1% saponin, 0.5% BSA and 5% normal mouse
serum or PBS containing 0.1% saponin, 0.5% BSA and 5% normal rat serum, and finally labelled with AF647-conjugated mouse
anti-human Foxp3 (MOPC-21; 1:25; Biolegend), PE-conjugated rat anti-human IL-10 (JES3-19F1; 1:25; BD), or PB-conjugated rat
anti human IL-2 (MQ1-17H12; 1:100; Biolegend) in blocking buffer. Labelled cells were then washed twice with permeabilization
buffer, and resuspended in flow cytometry buffer. Labelling specificity of all antibodies was controlled using isotype control-
matched antibodies. Flow cytometry was performed on a FacsCanto II (BD) flow cytometer and the data were analysed with
FlowJo software (Treestar, version 10.0).
To measure the recruitment of spEVs by flow cytometry, PBMCs or pan-isolated T-cells were incubated in the presence of

30 μg/mL Alexa488-spEVs, or an equal volume of dye control (see above). After incubation, PBMCs were washed once with
culture media, and twice with flow cytometry buffer (PBS with 0.5% BSA and 0.02% NaN3). Then, the cells were blocked in
flow cytometry buffer supplemented with 5% normal mouse serum (Fitzgerald, 88R-M002) and labelled with Pacific Blue (PB)-
conjugated mouse anti-human CD3 (clone UCHT1; 1:50; Sony Biotechnology), PB-conjugated mouse anti-human CD14 (clone
HCD14; 1:50; Sony Biotechnology), PB-conjugated mouse anti-human CD19 (clone HIB19; 1:50; Biolegend), or Allophycocyanin
(APC)-conjugated mouse anti-human CD56 (clone B159; 1:50; BD). 7-AAD (1:50; BD) was used to label dead cells. Pan T-cells
loaded with Alexa488-spEVs were labelled with FITC-conjugated mouse anti-human CD3 (OKT3; 1:50; Biolegend), PerCP-
conjugated mouse anti-human CD4 (RPA-T4; 1:25; Biolegend), V500-conjugated mouse anti-human CD8 (RPA-T8; 1:25; BD),
PE-conjugated mouse anti-human CD25 (M-A251; 1:20; BD), and APC-conjugated mouse anti human-CD69 (FN50; 1:20; BD).
Flow cytometrywas performed on a FacsCanto II (BD) flow cytometer and the data were analysedwith FlowJo software (Treestar,
version 10.0).

. Live cell confocal fluorescence microscopy

PBMCs or pan T-cells were incubated for 16 h with 30 μg/mL Alexa488-spEVs, or an equal volume of dye control (see above).
Cells were then harvested andwashedwith culturemedia to remove free spEVs, and plated in a CELLview 4well glass bottom cell
culture dish (Greiner) at 5 × 105 cells/mL. When indicated, the cell medium was supplemented with lysotracker RED DND-99
(1:1000; Thermo Fisher Scientific, L7528). Still images of confocal sections of live cells were made with a NIKON AIR confocal
microscope using a 60× Plan Apo oil immersion objective (N.A. 1.4) with laser and filter settings for Alexa488 and TxR fluo-
rescence detection while maintaining cell culture conditions (37◦C and 5% CO2) in a tabletop culture control unit (TOKAI Hit)
equipped with a lens heater module. For imaging of live whole cells, confocal sections with a depth of 0.3 μm were stacked and
analysed using NIS-elements imaging software (Nikon, version 5.20).

. Cytokine detection by ELISA

Human IFN-γ, TNF, and IL-2 in collected cell conditioned culture media were determined using ELISA kits for human IFN-
γ (Thermo Fisher Scientific, 88731688), TNF (Thermo Fisher Scientific, 88734688), and IL-2 (Biolegend, 431815) according to
manufacturers’ protocols.

. LC-MS

Two hundred microgram samples of isolated spEVs were diluted to 1 mL with PBS, pelleted by ultracentrifugation at 100,000×g
for 2 h at 4◦C using a TLA55 rotor and Beckman–Coulter Optima MAX-XP ultracentrifuge, and lysed in 50 μL ice cold lysis
buffer (2:2:1 methanol/acetonitrile/ultrapure LC-MS-grade water), shaken for 10 min at 4◦C, and centrifuged at 14,000×g for
15 min at 4◦C. Five microlitre samples of supernatant were subjected to LC-MS. LC-MS analysis was performed on an Exactive
mass spectrometer (Thermo Scientific) coupled to a Dionex Ultimate 3000 autosampler and pump (Thermo Scientific). The MS

 20013078, 2024, 7, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jev2.12457 by U

trecht U
niversity, W

iley O
nline L

ibrary on [19/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 of  ZHANG et al.

was operated in polarity-switching mode with spray voltages of 4.5 and −3.5 kV. Metabolites were separated using a Sequant
ZIC-pHILIC column (2.1 × 150 mm, 5 μm, guard column 2.1 × 20 mm, 5 μm; Merck) using a linear gradient of acetonitrile and
eluent A (20 mM (NH4)2CO3, 0.1% NH4OH in ultrapure LC-MS-grade water; Biosolve). The flow rate was set at 150 μL/min.
Metabolites were identified on positivemode based on exactmass within 5 ppm andwere validated by comparisonwith retention
times of standards. Metabolites were quantified and analysed with TraceFinder 5.0 software (Thermo Scientific). Represented
data were based on the peak area of identified metabolites.

. Statistical analysis

Statistical analysis was performed usingGraphPad Prism 8.0 software. Paired t tests were used to compare two groups, and paired
one-way ANOVA for >2 groups. p ≤ 0.05 was considered statistically significant. *, **, *** and **** indicate p < 0.05, p < 0.01,
p < 0.001 and p < 0.0001, respectively.

 RESULTS

. spEVs isolation and characterization

spEVs were isolated from the seminal plasma of vasectomized men to exclude contributions of EVs from the testis and epi-
didymis. Previously, we already demonstrated that spEVs isolated from seminal plasma of vasectomized men originated in
majority from the prostate, although contributions from seminal glands were also detected (Aalberts et al., 2013a; Zhang
et al., 2020a). In these studies, we separated two differently sized populations of spEVs, with average diameters of 50 and
100 nm, by making use of their distinct migration velocities during sucrose density gradient centrifugation. In some studies,
it has, however, been observed that the separation of EVs on sucrose density gradients may interfere with their biological
activities (Reiner et al., 2017). To allow analysis of the effects of spEVs on immune cells, we therefore chose to modify our
isolation procedure (See Materials and Methods section and Figure S1), by replacing sucrose density gradients with iohexol
density gradients. After ultracentrifugation, gradient fractions were collected and analysed by SDS-PAGE followed by total
protein staining and immunoblotting. spEVs floated to fractions 4–7 at their equilibrium density between 1.07 and 1.15 g/mL
(Figure 1a, b). Proteins that were not associated with spEVs were retained in bottom fractions 9–11 (Figure 1a). EV markers,
including Annexin A1, CD9, HSP70, Galectin-3, CD47, and the prostate-specific EV marker PSCA were detected in frac-
tion 4–7 (Figure 1b). To remove iohexol and any potentially remaining soluble contaminants, pooled density fractions 4–7
were loaded onto an SEC column, and eluted with PBS. All EV markers and most non-specified proteins eluted in SEC frac-
tions 9–13 (Figure 1c, d). Purified spEVs from SEC fractions 9–13 were pooled and analysed further by transmission electron
microscopy and NTA. According to transmission electron microscopic images, the majority of spEVs varied in diameter from
50 to 150 nm (Figure 1e), consistent with our previous reports (Aalberts et al., 2012; Zhang et al., 2020a). The NTA data indi-
cate a mean size of 131 nm for detectable spEVs (Figure 1f), but it should be noted that detection by NTA of small (< 100 nm)
is less efficient compared to larger (> 100 nm) EVs. The entire isolation procedure delivered highly purified spEVs, with a ∼

60% yield (Figure S1C). Taking into account a 40% loss, we calculated that seminal plasma of vasectomized men contained
0.4 ± 0.1 mg/mL spEVs associated protein, representing 6 × 1012 ± 1.2 × 1012 NTA detectable spEVs/mL. However, given that
EVs smaller than 100 nm are inefficiently detected byNTA, the true number of spEVs in seminal plasma is underestimated by this
method.

. spEVs inhibit T-cell proliferation in MLR

Potential immunomodulatory effects of spEVs were first tested using MLR, a readout for T-cell activation that occurs when T-
cells are co-cultured with antigen-presenting cells from an allogeneic donor. As a read-out for this activation, we measured the
proliferation of isolated CTV-labelled CD3+ T-cells that were co-cultured for 4 days with HLA-mismatched PBMCs (Figure 2).
T-cell proliferation was detected by flow cytometry, measuring the dilution of the CTV dye. As expected, in the absence of
PBMCs (negative control), only 15.3 ± 4.0% of the CD3+ T-cells proliferated (n = 4 independent donors; Figure 2b). In the
presence of allogeneic PBMCs, the amount of proliferating CD3+ T-cells increased to 36.1 ± 12.7%, depending on the HLA-
mismatch with the donor. Stimulation of T-cell proliferation by allogeneic PBMCs was significantly reduced in the concomitant
presence of spEVs (Figure 2b). The same inhibitory effect was observed when T-cells were first incubated for 16 h with spEVs,
then washed to remove excess spEVs, and subsequently incubated for 4 days with allogeneic PBMCs (Figure 2c). These data
indicate that spEVs intervened with PBMC-driven T-cell activation by preconditioning of the T-cells rather than by interfering
with the function of the T-cell activating allogeneic APCs present in PBMCs.
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ZHANG et al.  of 

F IGURE  Isolation and characterization of spEVs. spEVs were collected from pooled seminal plasma samples from vasectomized men by
ultracentrifugation on top of an iohexol cushion, and then loaded at the bottom of an iohexol density gradient and floated upward into the gradient by
ultracentrifugation. Gradient fractions were collected from the top and analysed by SDS-PAGE, followed by total protein staining (a), or immunoblotting for
the presence of Annexin A1, CD9, HSP70, PSCA, Galectin-3, and CD47 (b). Molecular weight markers are indicated on the left in kDa. Density gradient
fractions containing spEVs (4-7) were pooled and spEVs isolated further by SEC. SEC fractions 6-17 were analysed by SDS-PAGE followed by total protein
staining (c) or immunoblotting for the presence of Annexin A1, CD9, HSP70, PSCA, Galectin-3 and CD47 (d). Molecular weight markers are indicated on the
left in kDa. SEC fractions containing isolated spEVs (9-13) were pooled and analysed by transmission electron microscopy (e) and NTA (f).

. Recruitment and endocytosis of spEVs by PBMCs

To demonstrate the recruitment of spEVs by cells, isolated spEVs were first fluorescently labelled by covalent linkage of Alexa488
C5-maleimide to thiol groups of surface-exposed proteins. This procedure has several advantages over labelling EVs with
lipophilic dyes such as PKH. In contrast to lipophilic dyes, non-boundAlexa488 C5-maleimide does not formmicelle-like aggre-
gates in aqueous solutions, and thus can be more easily removed from labelled EVs. Moreover, covalently bound dyes cannot be
exchanged between EVs and cell membranes, while lipophilic dyes such as PKH can be exchanged, without actual EV transfer,
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 of  ZHANG et al.

F IGURE  spEVs inhibit T-cell proliferation in MLR. Proliferation of isolated and CTV labelled CD3+ T-cells in response to HLA-mismatched PBMCs
was detected by dilution of the CTV dye. (a), Representative dot plots representing the gating strategy for the detection of live single CTV labelled proliferating
CD3+ T cells after MLR. (b, c), The presence of spEVs interfered with the proliferation of CTV labelled CD3+ T-cells during MLR. CTV-labelled CD3+ T cells
were cultured either in the presence or absence of mismatched unlabelled PBMCs, and in the presence or absence of spEVs, as indicated. spEVs were either
added concomitantly with the mismatched PBMCs (b), or present only during a preincubation period of 16 h prior to the addition of mismatched PBMCs (c).
The CTV negative cells in the MLR samples represent T-cells from the mismatched unlabelled PBMCs. The dot plots are representative examples of four
independent experiments. The histograms in the right panels in B and C indicate the fraction of dividing CTV labelled T-cells at each condition from four
independent experiments (mean ± SD, n = 4).

resulting in false positive signals for EV uptake by cells (Simonsen, 2019). PBMCs were cultured for the indicated time in the
presence of Alexa488-spEVs and then analysed by flow cytometry for associated Alexa488-spEVs (Figure 3). Alexa488-spEVs
were detected on 16.3 ± 3.6% of PBMCs, reaching a plateau at 4 h (Figure 3a, b). PBMCs failed to recruit Alexa488-spEVs at
4◦C (Figure S2), indicating temperature-dependence for spEV binding or endocytosis. Next, we identified those cell types in
PBMCs that acquired Alexa488-spEVs with high efficiency (Figure 3c–e). With this approach, we found that Alexa488-spEVs
were recruited predominantly byCD14+monocytes. In comparison, CD3+T-cells, CD19+B cells, andCD56+NKcells acquired
much less if any Alexa488-spEVs, as detected by flow cytometry. To confirm these data and determine whether recruited spEVs
were endocytosed, we used confocal fluorescence microscopy (Figure 4). As measured by this approach also, Alexa488-spEVs
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ZHANG et al.  of 

F IGURE  In PBMCs, spEVs are recruited mainly by CD14+macrophages. Isolated PBMCs were cultured in the absence (control) or presence of Alexa
488-spEVs, as indicated, and thereafter analysed by flow cytometry. (a) Representative dot plot diagrams demonstrating the gating strategy used to determine
cells in PBMCs that recruited Alexa 488-spEVs after 6 h incubation. (b) Representative flow cytometry histograms of PBMCs, demonstrating increasing uptake
of Alexa 488-spEVs during 0–6 h incubation (left panel) and the quantification of Alexa 488-spEVs labelled PBMCs (right panel; mean ± SD, from four
independent experiments). (c) Representative experiment showing dot plot diagrams of Alexa 488-spEV positive CD14+, CD3+, CD19+ or CD56+ gated cells,
after 6 h incubation. (d) Quantification of data as in C (mean ± SD, n = 4).
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 of  ZHANG et al.

F IGURE  spEVs are endocytosed by both macrophages and T-cells. (a) PBMCs were cultured for 16 h in the presence of Alexa 488-spEVs, washed, and
imaged directly by live cell confocal fluorescence microscopy. Differential interference contrast (DIC), Alexa488 spEVs, and merged channels are displayed as
indicated. The second row are enlargements of the indicated area in the top row. Note the intensely labelled large cells (macrophages), and much less but
distinct labelling at discrete puncta within smaller cells. (b) Alexa 488-spEV labelled cells were imaged in pre-warmed culture media containing lysotracker and

(Continues)
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ZHANG et al.  of 

F IGURE  (Continued)
imaged by live cell confocal fluorescence microscopy. Note that the Alexa488-spEV positive spots coincide with lysotracker positive endocytic compartments.
Arrowheads in the right panel indicate smaller-sized cells in PBMCs that contain only a few and small Alexa 488-spEV positive compartments, also
colocalizing with lysotracker. These data are representative of three independent experiments. Bars, 5 μm. (c) Pan CD3+ T-cells were isolated from PBMCs, and
their purity is represented by a flow cytometry dot plot. (d) Isolated pan T-cells were cultured for 16 h in the absence (control) or presence of Alexa488-spEVs,
washed with culture media to remove non-bound Alexa 488-spEVs, supplemented with lysotracker and imaged directly at T-cell culture conditions by live cell
confocal fluorescence microscopy. DIC, Alexa 488-spEVs, lysotracker, and merged images are as indicated. Alexa 488-spEVs are contained by a limited number
of small lysotracker-positive endocytic compartments (indicated by arrowheads). These data are representative of three independent experiments. Bars, 5 μm.

were predominantly recruited by a selective population of relatively large PBMCs (Figure 4a). Lysotracker was used to label
acidic organelles in live cells, including late endosomes and lysosomes (Majzoub et al., 2016). Interestingly, the majority of the
acquired Alexa488-spEVs colocalized with lysotracker, indicating endocytic uptake (Figure 4b). Moreover, by using confocal
fluorescence microscopy, we found an additional population of relatively smaller cells in PBMCs that contained endocytosed
Alexa488-spEVs, albeit less in comparison to the larger monocytes (Figure 4b, indicated by arrowheads), and again coinciding
with lysotracker. This signal was apparently too low for (non-spatial) detection by flow cytometry. To determine whether T-cells
could endocytose Alexa488-spEVs, CD3+ T-cells were isolated from PBMCs by autoMACS and then incubated for 16 h with
Alexa488-spEVs. Analysis of the isolated T cells by flow cytometry indicate the purity of the T cell isolate (Figure 4c). In confocal
sections, most T-cells (55%, n= 200) displayed either one or two small intracellular loci that were positive for both Alexa488 and
lysotracker, indicative for spEVs containing endosomes or lysosomes (Figure 4d). In 3D profiles (Z-stacked confocal sections),
all analysed T-cells contained compartments labelled with both Alexa488 and lysotracker (Video S1).

. spEVs inhibit T-cell function and promote Treg differentiation

After having identified an interaction of spEVs with T-cells, we continued investigating direct effects of spEVs on T-cell differ-
entiation in the absence of APCs. (Figure 5). Hereto, isolated naïve pan T-cells were first labelled with CTV, and then stimulated
with anti-CD3/CD28 coated Dynabeads in the absence or presence of spEVs. After 4 days of culturing, T-cell proliferation was
detected by flow cytometry, measuring CTV dilution. (Figure 5a, b; for gating strategy of CD3+ total, CD4+, and CD8+ T cells
see Figure S3). spEVs inhibited CD4+ T-cell proliferation down to 48 ± 8%, and CD8+ T-cell proliferation down to 47 ± 6%,
in a dose-dependent manner. To control for cell death and apoptosis, treated T-cells were labelled with Annexin V and 7-AAD,
and analysed by flow cytometry (Figure 5c). spEVs did not induce T-cell death or apoptosis.
As determined by surface expression of the T-cell activation marker CD25, ∼35% of both CD4+ and CD8+ T-cells were acti-

vated after 16 h incubation with anti-CD3/CD28 coated Dynabeads in the absence of spEVs (Figure 6a; for gating strategy see
Figure S3). The concomitant presence of spEVs significantly reduced the percentages of CD25+ cells in such activated CD4+ and
CD8+ T-cell populations. Moreover, the bead induced release of the cytokines IFN-γ, TNF, and IL-2, by anti-CD3/CD28 stimu-
latedT-cells was strongly inhibited by the presence of spEVs, down to 14± 17%, 24± 10%, and 30± 7%, respectively (Figure 6b–d).
The inhibitory effects on cytokine production and CD25 expression were spEVs concentration-dependent (Figures S4 and S5).
IL-2 production was equally reduced in CD3+, CD4+, and CD8+ cells, as determined by flow cytometry (Figure S4A). Interfer-
ence by spEVs of cytokine release and CD25 expression was sustained after 72 h of T-cell stimulation (Figure S6). Collectively,
these data demonstrate that spEVs have potent and sustained inhibitory effects on T-cell activation, as determined by T-cell
proliferation, expression of the activation marker CD25, and cytokine production.
Given the effects of spEVs on T-cell functions, potentially driving immune tolerance, we next investigated whether spEVs

promote the differentiation of Tregs. Tregs comprise a specialized subset of T-cells that are characterized by the expression
of the transcription factor Foxp3, which is crucial for their development and immune suppressive functions (Rudensky, 2011).
Naturally occurring Tregs in human peripheral blood have been defined as CD4+CD25+CD127low T-cells (Yu et al., 2012),
and also as CD4+CD25+Foxp3+ T-cells (Zheng & Rudensky, 2007). Therefore, we first tested the effect of spEVs on the
occurrence of Foxp3 expressing CD3+CD4+CD25+CD127- T-cells in PBMCs. Hereto, PBMCs were cultured for 3 days in
the presence or absence of spEVs (Figure S7). At these conditions, the contribution of CD3+CD4+CD25+CD127- T-cells did
not increase significantly, but the expression of Foxp3 increased 1.7 ± 0.3 fold. To investigate direct effects of spEVs on T-
cells during their activation, we then continued by studying isolated pan T-cells (Figure 7a–c). Hereto, isolated pan T-cells
were activated with anti-CD3/CD28 coated Dynabeads either in the absence or presence of spEVs. In the absence of spEVs,
43± 7% of the activated CD3+CD4+CD25+CD127- T-cells expressed Foxp3 above background. In the presence of spEVs, how-
ever, this number almost doubled to 74 ± 2%, while the average expression of Foxp3 in CD3+CD4+CD25+CD127- T-cells,
as determined by MFI, increased 4.8 ± 1.4 fold (Figure 7b–c). It should be noted that Tregs versus activated nonsuppres-
sive T-cells are defined by the concentration of Foxp3 rather than by its absolute absence or presence (Wang et al., 2007).
Another hallmark of Treg differentiation is their increase in IL-10 production. Using a flow cytometry approach, we indeed
detected an increase in intracellular IL-10 in CD3+CD4+CD25+CD127- T-cells (Figure 7d, e, and Figure S8). Collectively,
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 of  ZHANG et al.

F IGURE  spEVs interfere with proliferation of isolated anti-CD3/CD28 activated T-cells. Pan T-cells were isolated from PBMCs, labelled with CTV, and
stimulated for 4 days with anti-CD3/CD28 Dynabeads in the absence (control) or presence of different concentrations of spEVs, as indicated. The absence of

(Continues)
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ZHANG et al.  of 

F IGURE  (Continued)
anti-CD3/CD28 Dynabeads was used as a negative control. (a) Representative flow cytometry dot plots demonstrating proliferation of pan CD3+ T-cells as well
as CD4+ and CD8+ T-cells, by measuring CTV dilution. (b) Quantification of proliferated CD3+, CD4+, or CD8+ cells from 4 independent experiments as
shown in A. (c) Isolated pan T-cells were stimulated with anti-CD3/CD28 Dynabeads in the absence (control) or presence of different concentrations of spEVs,
as indicated, labelled with Annexin V and 7-AAD, and analysed by flow cytometry for the presence of apoptotic cells (Annexin V+) and dead cells (7-AAD+).
The dot plots show a representative experiment, histograms show the cumulation of quantitative data from four independent experiments (mean ± SD).

these data demonstrate that spEVs strongly primed CD4+ T-cells to differentiate into Tregs when activated, independently from
APC.

. spEVs interfere with T-cell function through AAR signalling

Next, we searched for molecular mechanisms by which spEVs can interfere with T-cell function. spEVs can be expected to rely
on proteins on their surface that specifically bind to recipient T-cells. To study the potential role of membrane proteins, spEVs
were incubated with proteinase K to strip surface-exposed proteins (Figures 8a, b). The majority of spEV proteins were resis-
tant to this treatment, consistent with protection of their cytoplasmic content by the spEVs membrane. Indeed, most proteins
became susceptible to degradation by proteinaseK only in the additional presence of themembrane-disrupting detergent TX-100.
Surface-exposed CD81 epitopes were fully eliminated by proteinase K already in the absence of TX-100, while the CD9 epitopes
were only partly degraded at these conditions. Cytosolic proteins, including GLIPR2, Flotillin-1, Annexin A1, and HSP70, were
fully protected by the membrane and therefore not affected by the protease in the absence of TX-100. Galectin-3 was partially
susceptible to proteinase K digestion in the absence of TX-100, consistent with its presence both in the cytoplasmic lumen and
at the exoplasmic surface of EV membranes (Jones et al., 2010; Popa et al., 2018). The effect of spEVs on T-cell function, as
determined here by their interference with IFN-γ production in response to T-cell activation, was fully abrogated by the pro-
teinase K treatment (Figures 8c, d). These data indicate that spEVs require surface-exposed membrane proteins to modulate
T-cell function.
Given that Foxp3 expression and Treg differentiation can be driven by adenosine A2A receptor (A2AR) signalling (Ohta

et al., 2012; Zheng & Rudensky, 2007), we hypothesized that spEVs may induce Treg development by transferring adenosine,
the endogenous activating ligand of A2AR, to T-cells. Consistent with this idea, analysis of the metabolites in spEVs, revealed
that adenosine is highly enriched relative to other purine and pyrimidine metabolites (Figure 9a). To demonstrate a direct role
of A2AR in spEV signalling, we next tested the effects of CPI-444, a selective antagonist of A2AR that has been widely used to
investigate the role of A2AR signalling in T cell differentiation and Treg development (Ohta et al., 2012; Willingham et al., 2018).
Isolated pan T-cells were activated for 16 h by CD3/CD28Dynabeads, either in the absence or presence of CPI-444 and/or spEVs.
In these experiments, expression of Foxp3 and IFN-γ was taken as a readout for interference with T cell differentiation. CPI-444
reduced the inhibitory effect of spEVs on IFN-γ production by T-cells in a concentration dependent manner (Figures 9b, c, and
S9) and also reduced the spEV induced expression of Foxp3 (Figure 9d–e), indicating that spEVs signal to T cells with the aid
of A2AR. Based on our collective data, one possible hypothesis, requiring further investigation, is that endocytosed spEVs may
release their adenosine content into the lumen of endosomes, thus allowing endosome localized A2AR receptor signalling in
spEVs targeted T-cells.

 DISCUSSION

In this study, we observed that isolated spEVs interact with and are endocytosed by both monocytes and T-cells, and explored
the effects of spEVs on the differentiation of activated T-cells. We found that spEVs have a direct, potent and sustained effect
on T-cell activation, as measured by a reduction in CD25 surface expression, interference with T-cell proliferation, and reduced
expression of IFN-γ, TNF, and IL-2. In contrast, spEVs increased the expression of IL-10 and upregulated the development
of Foxp3 expressing CD4+CD25+CD127- T cells. All these hallmarks are consistent with T-cell differentiation into Tregs. In
our study, the spEVs stimulated differentiation of CD4+ T-cells towards the Treg phenotype also occurred when the cells were
activated by anti-CD3/CD28 Dynabeads in the absence of antigen-presenting cells, indicating a role for direct interaction of
spEVs with T-cells. A direct effect was confirmed by the MLR experiment in which T-cells were first incubated with spEVs,
then washed to remove excess spEVs, and subsequently activated by APCs present in allogeneic PBMCs (Figure 2c). In this
study we did not explore whether spEVs also interfere with T-cell development in an indirect way through interactions with
monocytes or other APCs. Our study is consistent with other studies that demonstrated induction of in vitro expansion of Tregs
by unfractionated seminal plasma, in the absence of APCs (Meuleman et al., 2015; Robertson et al., 2009). The physiological
relevance of our in vitro findings for a role of spEVs inmodulating T-cells in vivo remains to be established. In order for spEVs to
contact T-cells after vaginal intercourse, spEVsmust first cross the epithelial barrier of the genital tract. The ectocervix and vagina
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 of  ZHANG et al.

F IGURE  spEVs interfere with the induction of T-cell activation markers and cytokine production. (a) Isolated pan T-cells were either left untreated
(control) or stimulated for 16 h by anti-CD3/CD28 Dynabeads in the absence (control) or presence of 60 μg/mL spEVs. Expression of the T-cell activation
marker CD25 on CD3+ pan T-cells, CD4+ T-cells and CD8+ T-cells was then analysed by flow cytometry. A representative example is presented by the dot
plots in the left panels. Boxed areas indicate CD25-high T-cells. The histograms in the right panels show the quantification of four independent experiments
(mean ± SD, n = 4). (b–d) Cell culture media from the experiments in A were collected and analysed for the presence of IFN-γ, TNF and IL-2 by ELISA. The
concentrations of IFN-γ, TNF and IL-2 are plotted both in ng/mL and percentage relative to control (mean ± SD, n = 4 independent experiments).
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F IGURE  spEVs promote the development of functional Tregs. Isolated pan T-cells were stimulated for 4 days by anti-CD3/CD28 Dynabeads, either in
the absence (control) or presence of 60 μg/mL spEVs, after which expression of Foxp3 in CD3+CD4+CD25+CD127- cells was determined by flow cytometry.
(a) Representative dot plots demonstrating the gating strategy. (b) Representative histograms indicating Foxp3 expression in CD4+CD25+CD127- gated cells.
(c) Quantification of data as in B as a percentage of Foxp3+ cells (left panel, mean ± SD) and the ratio of Foxp3+/Foxp3- cells in population of
CD3+CD4+CD25+CD127- gated cells (right panel), for four independent experiments. (d–f) To demonstrate that spEVs promoted the generation of
functional Tregs, isolated pan T-cells were stimulated for 4 days by anti-CD3/CD28 Dynabeads, either in the absence (control) or presence of 60 μg/mL spEVs,
after which IL-10 expression in CD3+CD4+CD25+CD127- cells was analysed by flow cytometry. Representative experiments are presented by dot plots in d.
Data as in D were quantified as the percentage of cells expressing IL-10 above background € and as MFI of IL-10 in CD4+CD25+CD127- gated cells (f), from
seven independent experiments (mean ± SD).
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F IGURE  spEV surface proteins are
instrumental in modulating T-cell activation. (a, b)
Isolated spEVs were treated with proteinase K (PK)
in the presence or absence of triton X-100 (TX-100)
as indicated, and then analysed by SDS-PAGE,
followed by total protein staining (A), or by
immunoblotting for the presence of CD9, CD81,
GLIPR2, Flotillin-1, HSP70, and Galectin-3. (b).
Molecular weight markers are indicated on the left
in kDa. In the absence of TX-100, only surface
exposed proteins, but not intraluminal proteins,
can be degraded by PK. (C and D), Isolated pan
T-cells were stimulated for 16 h with
anti-CD3/CD28 Dynabeads, either in the absence
or presence of non-treated or PK treated spEVs, as
indicated. Samples marked by “control (PK
treated)” were incubated with a PK treated vehicle
that was prepared in parallel with the PK treated
spEVs but lacked spEVs. IFN-γ in cell culture
media was determined by ELISA and plotted as
ng/mL (c), or relative to control (d) (mean ± SD,
from three independent experiments).

are covered by a stratified squamous non-keratinized epithelium, withmany T-cells situated within the vaginal epithelium and in
the superficial lamina propria (Doncel et al., 2014; Miller & Shattock, 2003). Light microscopic and electronmicroscopic analysis
of the vaginal mucosa demonstrated that lymphocytes can migrate through the lamina propria and the basement membrane,
penetrating the space between epithelial cells (Roig de & Burgos, 1968; Saba et al., 2010). The question whether T cells in the
lower FRT can interact with spEVs after vaginal intercourse cannot be answered yet. However, the fact that T cells in the cervix
and in cervical explants are susceptible to infection by human immunodeficiency virus (HIV) (Doncel et al., 2014; Miller &
Shattock, 2003), suggests that they can. HIV is an enveloped virus with a diameter of ∼100 nm, comparable to that of spEVs.
One possibility for spEVs to get in direct contact with T cells is through vaginal epithelial tears. Vaginal epithelial tears have been
detected in>60% of women following consensual sexual intercourse (Norvell et al., 1984). Evidence from human ex vivo systems
suggests that whenmicroscopic ormacroscopic defects in the epithelium occur, HIV has direct access to susceptible T cells (Saba
et al., 2010). These data suggest that T cells present within in the vaginal or ectocervix epithelium may, similar to HIV, also be
accessible to spEV following sexual intercourse. The highest concentration of spEVs used in our study was 60 μg/mL, which is
nearly 7-fold less as compared to the ∼0.4 mg/mL concentration of spEVs in seminal plasma, based on our calculations on the
recovery of isolated spEVs and their originating volume of seminal plasma. Considering that semen is diluted upon deposition in
the FRT, the in vitro dose-response effects of isolated spEVs on immune cells that we report here can be expected tomatch that of
in situ conditions. CD3+ T-cells comprise a major cell population in the cervix (Poppe et al., 1998), which increases substantially
within both the epithelium and stroma after exposure to seminal plasma (Sharkey et al., 2012). Our findings are consistent with
the observation that seminal plasma stimulates the recruitment of Tregs into the FRT (Robertson et al., 2009). Our data are also
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F IGURE  spEVs carry adenosine and regulate T-cell function via A2AR. (a) spEVs were analysed for the presence of purines and pyrimidines using
mass spectrometry. Adenosine was highly enriched in palleted spEVs relative to other purines (mean ± SD, from three independent experiments). (b, c)
Isolated pan T-cells were activated for 16 h by anti-CD3/CD28 Dynabeads, either in the absence or presence of only 100 nM CPI-444, only 60 μg/mL spEVs, or
both CPI-444 and spEVs, as indicated. IFN-γ in cell culture media was then determined by ELISA and plotted as ng/mL (b, distinct symbols indicate

(Continues)
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F IGURE  (Continued)
independent experiments), or relative to control (C, mean ± SD, n = 3 independent experiments). (d, e) Isolated Pan T-cells were incubated for 2 h in the
absence or presence of 100 nM CPI-444, after which 60 μg/mL spEVs was added when indicated. Subsequentially, the pan T cells were stimulated with
CD3/CD28 Dynabeads, when indicated. After 4 days, the cells were analysed by flow cytometry for Foxp3 expression in CD3+CD4+CD25+CD127- cells. (d)
Representative histograms indicating Foxp3 labelling in CD4+CD25+CD127- gated cells. The top graph displays labelling with an isotype control antibody. (e),
MFI (mean ± SD, n = 4 independent experiments of data as in d.

in agreement with observations that exposure of PBMCs to seminal plasma increased IL-10 mRNA expression in PBMCs and
Foxp3 mRNA expression in T-cells (Ohta et al., 2012), and inhibited T-cell functions (Selva et al., 2017). Our data indicate how
spEVs may help to prevent immune-mediated recognition and destruction of allogeneic spermatozoa within the female FRT
(Skibinski et al., 1992).
Several studies have implicated spEVs to interfere with the capacity of antigen-presenting cells to activate antigen-specific

memory CD8+ T-cells (Vojtech et al., 2019), and to stimulate the differentiation of monocytes into tolerogenic DCs (Remes
Lenicov et al., 2012; Yasuda et al., 2020). Consistent with this idea, we found that Alexa488-spEVs were recruited, apart from T-
cells, predominantly by CD14+monocytes (Figures 3 and 4). In our current study, we did not pursue the biological implications
of the recruitment spEVs by monocytes. One likely scenario is that immune regulatory cells are recruited from the cervical and
uterine mucosal immune system in response to prostaglandin E (PGE), TGF-β, and other cytokines, which in the majority are
produced and released into seminal plasma by the seminal vesicle glands (Sharkey et al., 2007; Yasuda et al., 2020), and that spEVs
from the prostate are subsequently required for immune cell tolerization. Soluble mediators from the seminal vesicle glands may
in this way prime immune tolerance of the FRT in concert with prostate-derived spEVs. Importantly though, an alternative
scenario in which seminal vesicle glands also serve an important role in the production of immune tolerizing spEVs cannot be
excluded. Indeed, the prostate is not the only source of spEVs. Because we use seminal plasma from vasectomized men, we can
exclude contributions from the testis and the epididymis, but not from seminal vesicle glands. EVs have indeed been found in
the aspirated fluid from operationally dissected seminal vesicle glands (Sahlén et al., 2010). Moreover, both 50 and 100 nm spEVs
subpopulations that we have isolated from seminal plasma contained, in addition to the many prostate-specific proteins, also
some proteins that are specifically expressed in seminal vesicle glands (Zhang et al., 2020a). A role for seminal vesicle gland-
derived spEVs may concur with the observation that while lymphocytes in the draining lymph nodes of the uterus of mice are
activated in response to mating, this was not observed after mating with male mice in which the seminal vesicle glands had been
surgically removed (Johansson et al., 2004; Yasuda et al., 2020). The latter experiments are, however, not indicative for the origin
of immune modulatory spEVs since also non-spEV associated immune-regulators, including PGE, TGF-β, and other cytokines,
are produced and released into seminal plasma by the seminal vesicle glands (Miller & Shattock, 2003; Yasuda et al., 2020).
We and others have previously reported on other activities of spEVs (Aalberts et al., 2013a; Aalberts et al 2013b; Arienti et al.,

1997; Ronquist, 2012). Isolated spEVs can also bind to sperm cells, and in vitro seem to stimulate their motility and regulate
the timing of capacitation, as well as the induction of the acrosome reaction. Further work is required to determine whether
spEVs that act on sperm cell functions are distinct from those that act on immune cells. In our previous studies, we isolated two
subpopulations of spEVs from the seminal plasma of vasectomized man, that are differing in size (50 nm vs. 100 nm), as well as
in protein and lipid compositions (Aalberts et al., 2012; Brouwers et al., 2013; Zhang et al., 2020a). Their separation was based
on velocity sucrose gradient centrifugation. However, given that sucrose density gradients are highly hypertonic and may have
detrimental osmotic effects onEV functional activities, we switched to iohexol density gradients in the current study. Iohexol has a
much lower osmolarity compared to sucrose, and previously we have successfully applied iohexol density gradient centrifugation
to isolate EVs from blood and cell culture media (Zhang et al., 2020 In our current protocol (Figures 1 and S1), we have modified
and optimized the procedure of iohexol density gradient centrifugation for spEVs isolation. While sucrose density gradients
could separate the two populations of 50 and 100 nm spEVs, iohexol density gradients could not. In both iohexol and sucrose
density gradients, 50 and 100 nm spEVs eventually migrated to a shared equilibrium density after prolonged centrifugation. In
comparison, sucrose has a much higher viscosity than iohexol, thus allowing separation of 50 nm from 100 nm spEVs during
sucrose gradient centrifugation, by making use of their distinct velocities by which they reach their shared equilibrium density
(Aalberts et al., 2012). In a previous study, we identified 1558 proteins in spEVs by using quantitative Liquid Chromatography-
Mass spectrometry (Zhang et al., 2020a). Fifty four percent of these proteins were shared by 50 nm and 100 nm spEVs, with
the remainder exclusively detected in either 50 or 100 nm spEVs, suggesting that these spEVs subpopulations may serve distinct
functions. Gene ontology (GO) enrichment analysis suggested that the majorities of both spEVs subpopulations originate from
the prostate but with distinct biogenesis pathways. UsingGO enrichment analysis we have identified 30 proteins in isolated spEVs
that could be annotated for immune regulation (Zhang et al., 2020a).
The A2AR plays a crucial role in modulating the immune system, maintaining immune homeostasis (Ohta & Sitkovsky, 2001).

For example, A2AR-deficient mice display reduced numbers and impaired suppressive function of Tregs, highlighting the essen-
tial role of A2AR in Treg homeostasis (Ohta et al., 2012). Activation of A2AR by its endogenous ligand adenosine leads to the
downstream activation of the cAMP signalling pathway (Ohta et al., 2006). In the context of Tregs, A2AR-induced cAMP sig-
nalling has been shown to positively regulate Foxp3 expression, favouring Treg development (Ma et al., 2017). Specifically, A2AR
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signalling enhances the suppressive capacity of Tregs by promoting the secretion of anti-inflammatory cytokines such as IL-10
and TGF-β, and inhibiting the production of pro-inflammatory cytokines, including IFN-γ, TNF, and IL-2 (Zarek et al., 2008).
We have demonstrated here that spEVs can induce such a cytokine fingerprint, consistent with the role of adenosine mediated
signalling. A2AR could not be detected in our isolated spEVs (Zhang et al., 2020a), and it is thus likely that spEVs function by
transferring adenosine rather than A2AR to T-cells. Others have demonstrated that EVs from cancer cells can also suppress T
cells through adenosine signalling via A2AR, but in that case, exoplasmic adenosine seems to be generated by cancer EVs from
extracellular ATP by the subsequent action of CD39, for the convesion of extracellular ATP or ADP to 5’-AMP, and CD73 (5’-
nucleotidase) for the conversion of 5’-AMP to adenosine (Morandi et al. 2018; Clayton et al. 2011; (Wang et al., 2021).We detected
CD73 but not CD39 in our isolated spEVs (Zhang et al., 2020a), and in our current in vitro experiments extracellular ATP was
not present during in vitro T-cell activation, making it unlikely that spEVs generated adenosine via this pathway. Instead, we
observed a relatively high concentration of adenosine in isolated spEVs (Figure 9a). While mechanisms responsible for spEV
effects on T cell differentiation still need to be elucidated, we demonstrate that spEVs are endocytosed by T-cells and targeted
to acidified compartments (Figure 4b–d). We propose that adenosine may leak from endocytosed spEVs into the endosomal
lumen, potentially allowing binding to endosomal A2AR. Although endocytosis of A2AR is triggered to some extend by adeno-
sine binding (Brand et al., 2008), also non-activated A2ARs can undergo ligand-independent endocytosis, and depending on
the internalization pathway, endocytosed receptors may provide a scaffold for active signalling components (DeWire et al., 2007;
Klaasse et al., 2008). Whether and how adenosine is leaked out from spEVs into the endosomal lumen is not clear but either
adenosine transporters or destabilization of the spEV membrane by the endosomal/lysosomal environment may contribute to
the process.
Tregs are beneficial by suppressing immune responses towards allogeneic sperm, but in the male may also limit antitumor

immunity in case of prostate cancer. More specifically, A2AR drives CD8+ T cell tolerance in the tumour microenvironment
(Cekic & Linden, 2014). The here reported immunomodulatory functions of spEVs thus have significant implications in various
physiological and pathological processes, Understanding the role of spEVs in A2AR signalling in T-cells may lead to innovative
therapeutic approaches with regard to infertility and to increase the success rate of embryo transplantation after in vitro fertiliza-
tion, but also in relation to prostate cancer. Further investigations are therefore warranted to fully understand the mechanisms
and functional consequences of spEV-mediated A2AR signalling and to explore potential clinical applications. In conclusion,
we here demonstrate that spEVs have immune-tolerizing capacities in vitro, and in semen may function in tandem with solu-
ble immune regulatory components to promote an immune tolerogenic environment within the FRT to paternal alloantigenic
semen and possibly to prevent allogeneic foetal rejection. Potential regulatory capacities of spEVs towards other immune cell
types remain largely unexplored, and additional studies, both in vitro and in vivo, are required to fully understand how spEVs
regulate adaptive immunity.
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