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Seminal fluid provides for the carriage and nutrition of sperm, but also modulates
immunity to prevent allo-rejection of sperm by the female. Immune suppression
by seminal fluid has been associated with extracellular vesicles, originally termed
prostasomes, which contain CD52, a glycosylated glycophosphoinositol-
anchored peptide released from testicular epithelial cells. Previously, we
reported that human T cell-derived CD52, bound to the danger-associated
molecular pattern protein, high mobility group box 1 (HMGB1), suppresses T
cell function via the inhibitory sialic acid-binding immunoglobulin-like lectin-10
(Siglec-10) receptor. Here we show that human seminal fluid contains high
concentrations of CD52 complexed with HMGB1, which mediates T cell
suppression indirectly via Siglec-7 on antigen-presenting cells. Proliferation of
natural killer (NK) cells, which express Siglec-7 and play a key role in the immune
defence of the uterus, was directly suppressed by seminal fluid CD52. These
findings elucidate a critical function of seminal fluid to suppress cellular immunity
and facilitate reproduction.
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Introduction

Since the first reports of suppression of lymphocyte activation (1, 2), immune
modulation by seminal fluid has been ascribed to prostaglandins, spermine, complement
inhibitors, soluble Fc receptors and transforming growth factor (TGF)-f3, and associated
with membrane-bound extracellular vesicles (EVs) originally termed prostasomes
(reviewed in 3, 4). Initially, inhibition of lymphocyte activation and NK cell function
was attributed to prostaglandins of the E series (PGEs) present in high concentration in
seminal fluid (5-7). Seminal fluid was then shown to contain TGF B (8), which elicited
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protective immune responses in the female and, in concert with
PGEs, deviated T-cell differentiation towards Th2 (IL-4-secreting)
or Th3 (IL-10-secreting) T cells (9). In addition, inhibition of
lymphocyte function was also shown to be associated with
prostasomes, but the molecular mediator was not identified (10).
Prostasomes contain several glycophosphatidylinositol (GPI)-
linked membrane proteins, including CD52 and the complement
inhibitor CD59 (11).

CD52 is a small glycoprotein attached by a GPI anchor to the
surface of lymphoid cells, originally identified as the target of the
lymphocyte-depleting rat monoclonal antibody Campath (12, 13).
CD52 is also found in the male reproductive tract, where it is
released by epithelial cells of the epididymis into the seminal fluid
and becomes incorporated into the sperm cell membrane (14) and
prostasomes (11). Prostasomes are a heterogenous population of
EVs, reflecting different cells of origin. Those derived from the
epididymal epithelium, and containing CD52 (11), have been
referred to as epididymosomes (15). The structure of the N-
linked sialoglycan of CD52 on sperm is similar, but not identical,
to that on T cells (16-18). CD52 on sperm was shown to be the
target of sperm-immobilizing antibodies in the serum of a minority
of infertile women (19).

We reported that soluble CD52 is released from activated
human CD4" T cells and suppresses T cells by binding to the
inhibitory receptor, sialic acid-binding immunoglobulin-type lectin
(Siglec)-10 (20), expression of which is increased upon T cell
activation (21). Furthermore, we found that to bind Siglec-10
soluble CD52 had to first complex with the pro-inflammatory
Box B domain of high-mobility group box 1 (HMGBI) (22), a
damage-associated molecular pattern (DAMP) protein present in
serum (23). Of interest, an early study (6) found that the effect of
human seminal fluid to suppress T cell activation required the
presence of serum in the culture medium. Soluble lymphoid CD52
also suppressed NF-kB-mediated signalling by innate immune cells
(monocytes, macrophages, dendritic cells), which required HMGB1
but did not appear to be mediated by Siglec-10 (24). In the present
study, we show that soluble CD52 bound to HMGBI largely
accounts for the capacity of human seminal fluid to suppress the
activation and proliferation of T and NK cells.

Materials and methods
Samples

Coded, anonymous donor semen samples were provided in
several batches by Monash IVF, Melbourne, under approval by
Monash Health Human Research Ethics Committee (#15172 M).
Samples chosen at random were centrifuged at 10,000 x g for 10 min
to pellet sperm cells. Seminal fluid supernatants were inspected
microscopically to ensure the absence of cells, and stored at -80°C.
Heparinised blood samples were obtained with informed consent
from healthy adult donors in the Walter and Eliza Hall Institute
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(WEHI) Volunteer Blood Donor Registry and studies were
approved by the WEHI Human Research Ethics Committee.

Antibodies and other reagents

Mouse monoclonal antibody (mAb) to human CD52 (clone
CF1D12) and its IgG3 isotype control (against a Plasmodium
falciparum antigen), and Protein G-Sepharose, were supplied by
the WEHI Monoclonal Antibody Facility; rat mAb to CD3 (clone
OKT?3) and mouse mAbs to CD28 (clone 28.2), human CD4 (clone
RPA-T4) and human CD52 (IgM, cat# 338202) were from
Biolegend (San Diego, CA); mouse mAbs to human Siglec-7
(clone QA79), human Siglec-9 (clone K8) and human Siglec-10
(clone 5G6), unconjugated and phycoerythrin (PE)-conjugated, and
to CD56 (clone MEM-188) fluorescein isothiocyanate-conjugated,
were from Thermo-Fisher (Scoresby, VIC, Australia); goat affinity-
purified polyclonal antibodies to human Siglec-7 and Siglec-10 were
from R&D Systems (Minneapolis, MN). Alemtuzumab, the
humanized form of Campath-1 rat mAb to human CD52, which
binds to the junction of the CD52 peptide and its GPI anchor in
lymphoid CD52 (12), was from Bayer Healthcare (Pymble,
Australia); rabbit polyclonal HRP-labelled antibody to HMGBI1
(ab128129) was from Abcam (Cambridge, UK); mouse mAb to
human IFN-y (clone 1-D1K) was from Mabtech (Nacka Strand,
Sweden); Mini-Leak Medium matrix, divinyl sulfone-activated
agarose, was from Kem-En-Tec (Copenhagen, Denmark). Anti-
CD3/CD28 Dynabeads were from ThermoFisher. Other reagents
included: enhanced chemiluminescence (ECL) kit (GE
Healthcare, Rydalmere, NSW, Australia), anti-human CD3-FITC,
anti-human CD4-biotin, anti-FITC, anti-biotin microbeads and LS
columns (Miltenyi Biotec, North Ryde, NSW, Australia),
FlowCheck beads (Beckman Coulter, Gladesville, NSW,
Australia), carboxyfluorescein diacetate succinimidyl ester
(CFSE), bovine serum albumin (A7906) (BSA), 3,3’,5,5-
tetramethylbenzidine (TMB) and horse radish peroxidase (HRP)
substrate solution (T2885) (Sigma-Aldrich, Sydney, NSW,
Australia), 3H-thymidine (ICN, Sydney, NSW, Australia), and
tetanus toxoid (tetanus) (generously provided by CSL, Parkville,
VIC, Australia). Recombinant CD52-Fc fusion protein was
produced in Expi293 cells and purified as previously described (20).

CD52 ELISA

Mouse IgM anti-human CD52 capture antibody at 5 pg/ml in
phosphate-buffered saline (PBS) was added (50 pl) to wells of a Nunc
Maxisorp plate (ThermoFisher) and incubated overnight at 4°C. Wells
were washed x3 with PBS-0.05% Tween-20 (PBST), then x3 with PBS.
Blocking solution, 5% BSA in PBS, was added (150 pl/well) for 1 h at
room temperature (RT), and wells washed again. Dilutions of seminal
fluid (in 50 pl) were added in triplicate wells and incubated at RT for 3
h; blanks were blocking solution only. Wells were washed again before
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addition of horse radish peroxidase (HRP)-labelled alemtuzumab anti-
CD52 antibody (2.8 pg/ml) in 5% BSA-PBS (100 pl/well). After 1.5 h at
RT, wells were washed, before addition of chromogenic TMB substrate
solution (100 pl/well). Colour development was terminated by addition
of 0.5M H,SO,4 (50 pl/well), and absorbance read at 450nm in a
Thermo Labsystems Multiskan Ascent spectrophotometer.

Immunodepletion of CD52

Protein G-Sepharose (100 mg) in 35 ul PBS was mixed with 1
mg anti-CD52 Ab (alemtuzumab) or 1 mg control IgG each in 35 pl
PBS on a rotator for 2 h at RT. After centrifugation, the pellets were
washed x3 in PBS and resuspended in 200 pl PBS. 20 ul seminal
fluid diluted 1:2 in PBS was added to each, before rotation for 2 h at
4°C. After centrifugation, the supernatant was saved and the pellet
boiled in SDS sample buffer and retained for immunoblotting.

Alternatively, alemtuzumab (3 mg) or control human
immunoglobulin was covalently coupled to Mini-Leak agarose
beads (1ml) overnight at RT, blocked and washed, according to
the manufacturer’s instructions. The beads were incubated with 160
ul seminal fluid + 640 pl PBS by gentle rotation overnight at 4°C.
After centrifugation, the supernatant was collected, analysed by
Western blotting and tested in cell assays.

Immunoblotting

Proteins were fractionated in a 4-20% NuPAGE gel
(ThermoFisher) and blotted onto PVDF membranes. Membranes
were washed in Tris-buffered saline with 0.1% Tween 20 detergent
(TBST) then blocked in TBST-5% skim milk powder for 1 h at RT,
before incubation for 1 h at RT with horseradish peroxidase (HRP)-
labelled alemtuzumab (1.5 mg/ml) diluted in blocking buffer. After
washing in TBST, proteins were detected by ECL chemiluminescence.

Ultracentrifugation

Semen was initially centrifuged at 10,000 x g for 10 min to
remove sperm cells. The seminal fluid supernatant was then
ultracentrifuged for 1 h at 100,000 x g to deplete extracellular
vesicular prostasomes (10, 11). The pellet containing prostasomes
was reconstituted to the original volume and together with the
soluble supernatant tested for suppression of tetanus-stimulated
IFN-y production.

Cells

Peripheral blood mononuclear cells (PBMCs) were isolated from
heparinised blood on Ficoll/Hypaque (Amersham Pharmacia,
Uppsala), washed in phosphate buffered saline (PBS) and
resuspended in Iscove’s modified Dulbecco’s medium (Gibco,
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Melbourne, Australia) containing 5% pooled, heat-inactivated human
AB serum, 100 mM non-essential amino acids, 2 mM glutamine and 5
x10° M 2-mercaptoethanol (IP5 medium). The Raji (human Burkitt
B-cell lymphoma) and Jurkat (CD4" human T-cell leukaemia) cell lines
were obtained from the WEHI Monoclonal Antibody Facility. CD4" T
cells were purified from PBMCs by negative immunomagnetic
selection with a DynabeadsTM Untouched Human CD4 T Cell Kit
(ThermoFisher). Following purification, flow cytometry demonstrated
that CD4" T cells were >96% pure. Untouched NK cells were purified
from freshly prepared PBMCs by immunomagnetic negative selection
(Miltenyi Biotec) and suspended in NK MACS medium (Miltenyi
Biotec) containing 5% pooled, heat-inactivated human AB serum.

Dye dilution T-cell division assay

PBMCs from healthy donors were labelled with the cell
division-tracking dye CFSE (0.1 uM) and cultured in IP5 medium
at 2x10° in 200 pl/well of round-bottom 96-well plates for 7 days, in
triplicate with different dilutions of seminal fluid and other agents
as shown. Viable (propidium iodide negative) CD4" T cells that had
divided (CFSEY™) were analysed in a FACSAria (BD Biosciences)
and the cell division index (CDI) calculated, based on the number of
CDA4" cells that had divided per 20,000 undivided CD4" cells (25).

Enzyme-linked immunospot assay

PBMCs (2x10°/well) or purified CD4" T cells 1x10*/well) were
incubated in 200 ul IP5 medium in replicates of three in 96-well
ELISpot plates (MultiScreen HTS, Millipore, Bayswater, VIC,
Australia) for 18-24 h at 37°C in 5% CO, air. Wells had been
conditioned by washing with 35% ethanol before being coated with
anti-human IFN-y mAb (10 pg/ml) in PBS overnight at 4°C.
PBMCs were incubated with tetanus (10 LFU/ml) and PBMCs or
purified CD4" T cells with anti-CD3/28 Dynabeads (1 bead/cell) +/-
seminal fluid. After 24 h, cells were lysed with water and discarded.
Wells were washed with PBS between sequential incubations with
biotinylated anti-human IFN-y (1pg/ml), streptavidin-alkaline
phosphatase (Mabtech) and 5-bromo-4-chloro-3-indolyl-
phosphate/nitro blue tetrazolium substrate solution (Mabtech).
The colour reaction was stopped by addition of water and IFN-y
spots counted with an AID ELISpot Reader (Autoimmun
Diagnostika Gmbh, Strassberg, Germany).

3H-thymidine uptake assay

Jurkat leukaemia CD4™ T cells or Raji human B-cell lymphoma
cells, grown to ~4x10° cells/ml in RPMI/10% FCS medium, were
incubated with seminal fluid (1/40 dilution) in a total volume of 200
ul, at 37°C in 5% CO,-air, as described in figure legends. *H
thymidine (37 kBq) was added to wells during the last 16h of
incubation; the cells were then collected on glass fibre filters,
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washed, dried and counted in scintillant in a beta-counter to
measure proliferation.

Statistics

Except for measurement of T-cell division by CFSE dye
dilution, experiments were performed in replicates of 3 or 6 and
results expressed as mean * standard deviation (SD). Significance
between groups was determined by unpaired or paired t tests (2-
tail) using GraphPad Prism (GraphPad Software Inc., San
Diego, CA).

Results

Seminal fluid contains high concentrations
of CD52

CD52 was previously identified in seminal fluid by
immunoblotting and flow cytometry (26) but not directly
quantified. By ELISA, we detected CD52 in seminal fluid out to
1:10,000 dilution (Figure 1). Its concentration varied widely but
appeared to be remarkably high overall compared to recombinant
human CD52-Fc dimer as a ‘standard’ (Figure 1, inset). Absolute
quantitation was not possible because the glycosylation and
immunoreactivity of native compared to recombinant CD52 is
unknown; furthermore, the molecular mass of CD52 cannot be
determined accurately because it is predominantly glycan, and its
small peptide does not react with protein staining reagents.
Nevertheless, the mean absorbance + SD at 1:100 dilution (in the
linear section of the dilution curves) is 1.053 + 0.626. Read off the
CD52-Fc ‘standard curve’, this equates to an equivalent CD52-Fc
concentration of 420 ug/ml, or 42 mg/ml after correcting for
dilution. However, CD52 comprises only 3% of the CD52-Fc

20
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Eo 2
=) <00
N 0 200 400 600 800
§ CD52-Fc (ug/ml)
I
£
(e}
8
ES
0 T T r "
1:10 1:100 1:1000 1:10000
Seminal fluid dilution
FIGURE 1

Seminal fluid contains high concentrations of CD52. Individual
seminal fluid samples (n=25) were diluted as shown and assayed for
CD52 by ELISA. Inset: titration of recombinant human CD52-Fc.
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construct and when this is taken into account the CD52-Fc
equivalent concentration = 1,260 pg/ml.

Seminal fluid CD52 is bound to HMGB1

The immune suppressive activity of recombinant CD52-Fc
requires its binding to HMGB1 (22). We surmised therefore that
if CD52 contributed to the immune suppressive activity of seminal
fluid then HMGB1 may be present in seminal fluid.
Immunoprecipitation with anti-CD52 antibody, alemtuzumab,
followed by blotting with anti-HMGBI1 antibody demonstrated
that HMGBI1 is present and bound to CD52 in seminal fluid
(Supplementary Figure 1). Immunoreactive HMGBI1 was not
detected after depleting CD52 from seminal fluid, indicating that
CD52 is in relative excess and able to bind all available HMGBI.

Seminal fluid suppresses T-cell
proliferation and function

Multiple individual seminal fluid samples diluted out to 1:200
or more suppressed proliferation of CD4" T cells in response to
tetanus, determined by dilution of CFSE dye labelled PBMCs
(Figure 2A) and suppression of IFN-y production by PBMCs in
response to tetanus, determined by ELISpot assay (Figure 2B).

CD52 mediates T-cell suppression by
seminal fluid

The contribution of CD52 to T-cell suppression by seminal fluid
was examined by antibody blocking and immunodepletion.
CF1D12 is a mouse monoclonal antibody directed to the
bioactive glycan moiety of lymphoid CD52 (13). In the presence
of CF1D12, suppression by seminal fluid of CD4" T-cell
proliferation in PBMCs in response to tetanus was abolished
(Figure 3A). In the absence of seminal fluid, CF1D12 alone
increased CD4" T-cell proliferation in response to tetanus, which
we attribute to blocking by CF1D12 of soluble CD52 released upon
T-cell activation (20). The humanized anti-CD52 antibody,
alemtuzumab, coupled covalently to Mini-Leak agarose beads
depleted almost all CD52 from seminal fluid, as determined by
immunoblotting (Supplementary Figure 2). Suppression by seminal
fluid of proliferation of Jurkat human CD4" T-cell leukaemia cells
(Figure 3B) or the IFN-y response of PBMCs to tetanus (Figure 3C)
was not observed after depletion of CD52.

Immune suppression is mainly associated
with the soluble seminal
fluid compartment

Previously, suppression of lymphocyte proliferation by seminal
fluid was shown to be associated with prostasomes (10), which were
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FIGURE 2

Tetanus

Seminal fluid suppresses T-cell proliferation and function. (A) Proliferation of CD4" T cells in response to tetanus in the absence or presence of 26
individual, serially diluted seminal fluid samples. PBMCs were labelled with CFSE dye and incubated for 7 days in the absence or presence of tetanus
toxoid (10 LFU/ml) and seminal fluid samples. After staining for CD4, divided (CFSE®™) CD4* cells were expressed as the cell division index. (B) IFN-y
ELISpots in PBMCs in response to tetanus in the absence and presence of individual seminal fluid samples. PBMCs were incubated in triplicate in an
ELISpot plate coated with anti-IFN-y antibody, for 18 h at 37°C in 5% CO, air, in the presence of tetanus (10 LFU/ml) and seminal fluid samples.
CD52-Fc (10 pg/ml) was included as a positive control. Data are mean + SD

later found to contain CD52 (11). Initially, to clarify seminal fluid we
centrifuged samples at 10,000 x g for 10 min to remove sperm cells,
but this would not have depleted prostasomes (10). To determine the
contribution of prostasomes to immune suppression attributed to
CD52, compared to the soluble compartment of seminal fluid, we
subjected seminal fluid samples to ultracentrifugation, which depletes

prostasomes (10, 11). The pellet containing prostasomes was
reconstituted to the original volume and together with the soluble
supernatant tested for suppression of tetanus-stimulated IFN-y
production. Compared to the original non-centrifuged seminal
fluid, suppressive activity was present predominantly in the
supernatant (Supplementary Figure 3). This result is like that of
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FIGURE 3

Blocking or depletion of CD52 prevents T-cell suppression by seminal fluid. (A) CD4* T-cell proliferation in PBMCs measured by CFSE dye dilution
(see Figure 2A) in response to tetanus in the presence of seminal fluid and either IgG3 isotype control or CF1D12 (10 ug/ml) anti-CD52 glycan
antibody. (B) Proliferation of Jurkat T cells incubated in triplicate for 48 h in the presence of seminal fluid (final dilution 1:40) ‘depleted’ by either
agarose-bound human control IgG or humanized anti-CD52 antibody, alemtuzumab. *H-thymidine was added for the last 16 h of incubation, and
the cells then washed and analysed by scintillation counting. Data are mean + SD. (C) IFN-y ELISpots in PBMCs in response to tetanus (see Methods)
in the presence of seminal fluid (final dilution 1:40) ‘depleted’ by either agarose-bound human control IgG or alemtuzumab anti-CD52 antibody.
Data are mean + SD. Individual seminal fluid samples are numbered.
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Rooney et al. (11), who showed that while some GPI-linked
glycoproteins were associated with prostasomes in seminal fluid the
majority of CD52 was in a soluble, prostasome-free form.

Siglec-7 mediates immune suppression by
seminal fluid CD52

Previously, we reported that lymphoid-derived soluble CD52
complexed with HMGBI suppressed T-cell function by binding the
inhibitory Siglec-10 receptor on T cells (20, 22). The N-linked
sialoglycan of seminal fluid CD52 is structurally distinct from that
of lymphoid CD52 (15-17) and therefore we sought to identify the
potential Siglec target for seminal fluid CD52. Initially, we screened
several cell lines for expression of multiple Siglecs. While primary
human B cells express Siglecs-2, -5, -6 and -10 (27) we found that
the Raji human B-cell lymphoma line also expressed Siglecs 7 and 9
(Supplementary Figure 4).

In the presence of either CD52-Fc or seminal fluid, proliferation
of Raji cells was almost totally suppressed (Figure 4A). Suppression
by CD52-Fc was prevented by antibody to Siglec-10, whereas
suppression by seminal fluid was prevented by antibody to Siglec-
7, but not by antibody to Siglec-9, which is 84% identical to Siglec-7
(28). Although the Raji cell line identified Siglec-7 as mediating
suppression by seminal fluid CD52, Siglec-7 RNA or protein
expression is insignificant in primary human B cells (27;
proteinatlas.org). Suppression by seminal fluid of the IFN- vy
response to tetanus in PBMCs was also prevented by anti-Siglec-
7, but not by anti-Siglec-9 or -10antibody (Figure 4B). This
difference in specificity of Siglec receptors is consistent with
seminal fluid and lymphoid CD52 being structurally distinct.

Suppression by seminal fluid of the Jurkat CD4" T-cell
leukaemia line (see Figure 3B) can be attributed to its expression
of Siglec-7 (Supplementary Figure 5). However, only a very small
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fraction of primary human T cells, specifically CD8" T cells, are
known to express Siglec-7 (29). We confirmed that seminal fluid
had no direct effect on purified primary CD4" T cells stimulated
though the T-cell receptor by plate-bound anti-CD3/28 antibodies
(Figure 5). An explanation is therefore needed for how Siglec-7-
mediates suppression by seminal fluid of tetanus-induced IFN- 7y
production in PBMCs (see Figure 4B). Siglec-7 is expressed
predominantly by antigen-presenting cells (APCs), namely
monocytes and dendritic cells (DCs) (27), and by NK cells (29).
NK cells have also been reported to act as APCs for T cells (30, 31).
The usual sources of IFN-y after antigen exposure are T cells
activated by APCs and NK cells activated indirectly by APC-
derived IL-12, IL-15 and IL-18 (reviewed in 32). Therefore,
suppression of IFN-y in PBMCs in response to tetanus could be
an indirect effect on T cells or NK cells via APCs or a direct effect on
NK cells. Consistent with a major contribution of NK cells to IFN-y
production, their depletion resulted in an 80% decrease in IFN-y
expression by PBMCs in response to tetanus, without changing the
T-cell response to anti-CD3/28 (Figure 6).

NK cells are the predominant immune cell in the non-pregnant
human endometrium and at the site of implantation of the
embryonic placental trophoblast (33). To confirm that NK cells
are a target of seminal fluid CD52, we incubated freshly isolated
blood NK cells in IL-15 supplemented expansion medium in the
presence of seminal fluid depleted or not of CD52 and quantified
viable NK cells after 72-96 h. Seminal fluid markedly decreased NK
cell proliferation, but seminal fluid depleted of CD52 had no
effect (Figure 7).

Discussion

We provide evidence that soluble CD52, acting via the immune
suppressive receptor Siglec-7, accounts for T cell and NK cell

Nil

Seminal fluid 20

Seminal fluid 20 + anti-Siglec-7
Seminal fluid 20 + anti-Siglec-9
Seminal fluid 20 + anti-Siglec-10

Seminal fluid 21

Seminal fluid 21 + anti-Siglec-7
Seminal fluid 21 + anti-Siglec-9

Seminal fluid 21 + anti-Siglec-10

0 50 100 150
IFN-y spots/200,000 PBMCs

200

Siglec-7 mediates immune suppression by seminal fluid. (A) Raji human B-cell lymphoma cells (1x10° per flat bottom well) were incubated in
triplicate with CD52-Fc (10 pug/ml) or seminal fluid samples (1/40 dilution) +/- anti-Siglec 10, -9 or -7 antibodies (10 ug/ml) for 9 days. °H thymidine
was added to wells during the last 16 hours of incubation; the cells were then collected on glass fibre filters, washed, dried and counted in scintillant
in a beta-counter. (B) PBMCs were incubated in triplicate with tetanus (10 LFU/ml) and seminal fluid (1/40 dilution) +/- anti-Siglec-7, -9 or -10
antibody (10 ug/ml) in ELISpot plates pre-coated with IFN-y antibody, for 24 h at 37°C in 5% CO; air, before development of IFN-y spots. Data are

mean + SD.
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FIGURE 5

Seminal fluid does not suppress the function of purified CD4" T cells. CD4* T cells (5x10%well), >96% pure by negative immunomagnetic selection,
were incubated with anti-CD3/CD28 Dynabeads (1 bead/cell) in the presence of seminal fluid (final dilution 1:20) in ELISpot plate wells pre-coated

with antibody to IFN-y for 24 h, before development of IFN-y spots.

suppression by seminal fluid. Suppression of T-cell responses to
antigen (tetanus) by multiple different seminal fluid samples was not
observed in the presence of an antibody (CF1D12) against the
bioactive terminal glycan of CD52 (13) or after immunodepletion
of CD52 from seminal fluid with alemtuzumab, a humanized
monoclonal antibody against the C-terminus-GPI junction of
CD52 (13). In addition, CD52 in seminal fluid, evidently in relative
excess, was complexed with the danger-associated molecular pattern

(DAMP) protein, HMGBI. Previously, we found that immune

Nil

Tetanus | Seminal fluid H7
Seminal fluid H9

Nil

Tetanus | Seminal fluid H7
Seminal fluid H9

suppression by lymphoid CD52, acting via Siglec-10 on activated T
cells, required its pre-complexing with HMGBI (22). Sequestration of
HMGBI1 by CD52 may be a means to nullify the inflammatory effects
of HMGBI Box B (22). The requirement for HMGBI, which is
present in serum (23), may explain an early observation (6) that
suppression of T-cell activation by human seminal fluid required the
presence of bovine serum in the medium. Lymphoid CD52
complexed to HMGBI triggers the cytoplasmic immunoreceptor
tyrosine-based inhibitory motif (ITIM) of Siglec-10 to recruit the

PBMCs
PBMCs
depleted of
CD56" cells
I 1 1 — 1
0 20 40 60

IFN-y spots/100,000 PBMCs

FIGURE 6

Depletion of NK cells from PBMCs markedly decreases IFN-y expression in response to tetanus. NK cells in PBMCs were stained with FITC antibody
to CD56 and depleted by flow sorting. Post-sort analysis demonstrated 100% depletion. PBMCs depleted or not of CD56™ cells were then analysed
by IFN-v ELISpot in response to tetanus (10Lfu/ml) or anti-CD3/28 Dynabeads as described in Methods
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FIGURE 7

5000 10000 15000
Viable cell number

Seminal fluid CD52 inhibits expansion of primary human NK cells. Untouched NK cells were purified by negative immunomagnetic selection from
freshly prepared PBMCs and suspended in NK MACS medium containing 5% human AB serum. Cells were seeded at 15,000 cells/well in round-
bottom 96-well plates in a total volume of 100 ul in the presence of IL-15 (final 20ng/ml) and medium only, or seminal fluid at 1:10 dilution depleted
or not depleted of CD52. After 96 h, viable cells were enumerated against cell counting beads in a flow cytometer.

Src homology 2 (SH2) domain-containing protein tyrosine
phosphatase (SHP1), which dephosphorylates and inactivates the T
cell receptor (20). The same mechanism has been described for
Siglec-7 (34), which we show here interacts with seminal fluid
CD52. Notably, of a range of Siglecs expressed on human sperm,
Siglec-7 was conspicuously absent (35), which we suggest would allow
sperm-expressed CD52 to avoid interaction in cis with Siglec-7 (36),
thereby protecting sperm from inhibition by CD52 in seminal fluid.

CD52 was detected in a range of seminal fluid concentrations
out to >1:1,000 dilution. This variation may reflect donor factors,
but because samples were provided anonymously we were not able
to relate CD52 concentration or function to clinical parameters.
Nevertheless, it has been reported that CD52 expression is reduced
in spermatozoa from sub-fertile men (37). Our samples were
obtained from men attending an infertility clinic and therefore
the extent to which they are representative of seminal fluid in
general is a caveat. The CD52 sialoglycan on sperm has been shown
to be the antigenic target of circulating anti-sperm immobilizing
antibodies (19), detected in a minor proportion of infertile women
(18). Many studies, dating back 70 years (38), have shown that
anti-sperm antibodies are associated with decreased sperm
concentration and function (39, 40). We did not measure anti-
sperm antibodies or sperm concentration because our study was
focused on the role of CD52 in mediating immune suppression by
seminal fluid. It is possible that anti-sperm antibodies directed at
CD52 in some samples may have affected the measurement of CD52
in seminal fluid, but this would not invalidate our finding that
soluble CD52 mediates T and NK cell suppression by seminal fluid.

Given that CD52 appears to account for most of the suppressive
effect of seminal fluid on T and NK cells, how is this reconciled with
reports (3-9) of other suppressive factors in seminal fluid? Immune
tolerance to sperm in the female is critically important for reproduction
and it would not be surprising if several seminal fluid components were

Frontiers in Immunology

involved and acted in concert, such as those reported to condition the
female response to sperm (3, 41, 42). However, with the possible
exception of prostaglandins, there is little evidence that other seminal
fluid components directly suppress T or NK cells. Suppression of
lymphocyte and NK cell function by seminal fluid was attributed to
PGEs (3-5, 7) but the evidence was inferential, not direct, and the
relative contribution of PGEs was not clear. In addition, the original
observation that lymphocyte suppression by seminal fluid was
associated with prostasomes (10) has remained unexplained.
Prostasomes are now known to be heterogenous EVs, and those
shown to contain CD52 (11) are most likely derived from the
epididymal epithelium (15, 42). Our findings provide an explanation
for the prostasome effect, although we found that immune suppressive
activity was mainly associated with the soluble fraction of seminal fluid.
The original study (10) also found activity in the soluble fraction, but
fractionated seminal fluid initially by ammonium sulphate
precipitation, which we avoided. Our findings do not exclude the
possibility that seminal fluid components other than CD52 may
modulate immunity measured in different ways. For example, TGF-
1 and other members of the TGF-f family in seminal fluid have been
shown to have profound regulatory and tolerogenic effects on dendritic
cells, macrophages and lymphocytes, leading to the expansion of
regulatory T cells (Treg) in the female (9, 42). Similarly,
prostaglandin E (PGE) and 19-OH-PGE 1 and 2 in seminal fluid
may contribute, in concert with TGF-f3, to the induction of Treg and
may have other anti-inflammatory actions (42). The obvious limitation
of this human study is that it was performed in vitro, and could not
elucidate the role or contribution of seminal fluid CD52 to immune
tolerance to sperm in vivo. To address this question, investigation in
animal models, beyond the scope of the current study, will be required.
Nevertheless, we conclude that CD52 in seminal fluid mediates T cell
and NK cell suppression by interacting with the inhibitory receptor,
Siglec-7, on APCs and NK cells. This finding adds an important new
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dimension to our understanding of the critical role of seminal fluid in
facilitating reproduction.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Monash
Health Human Research Ethics Committee (#15172 M). The
studies were conducted in accordance with the local legislation
and institutional requirements. Written informed consent for
participation was not required from the participants or the
participants’ legal guardians/next of kin in accordance with the
national legislation and institutional requirements.

Author contributions

LH: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Software, Supervision, Validation, Visualization, Writing —
original draft, Writing — review & editing. NS: Conceptualization, Data
curation, Formal analysis, Methodology, Project administration,
Writing - review & editing. EB-S: Data curation, Formal analysis,
Investigation, Methodology, Writing — review & editing. NH: Data
curation, Formal analysis, Investigation, Supervision, Writing — review
& editing. RM: Data curation, Resources, Writing — review & editing.
JR: Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Resources, Writing - review & editing. MO’B:
Conceptualization, Methodology, Supervision, Writing - review
& editing.

References

1. Davis CP. Inhibition of PHA-induced lymphocyte transformation by human
semen. 17th Int Cong South Afr Soc Obstet Gynecol (Pretoria). (1974) 45.

2. Stites DP, Erickson RP. Suppressive effect of seminal fluid on lymphocyte
activation. Nature. (1975) 253:727-9. doi: 10.1038/253727a0

3. Kelly RW. Immunosuppressive mechanisms in semen: implications for contraception.
Hum Reprod. (1995) 10:1686-93. doi: 10.1093/oxfordjournalshumrep.al36156

4. Schjenken JE, Robertson SA. Seminal fluid signalling in the female reproductive
tract: implications for reproductive outcome and offspring health. Adv Exp Med Biol.
(2015) 868:127-58. doi: 10.1007/978-3-319-18881-2_6

5. Tarter TH, Cunningham-Rundles S, Koide SS. Suppression of natural killer cell
activity by human seminal plasma in vitro: identification of 19-0H-PGE as the
suppressor factor. J Immunol. (1986) 136:2862-7. doi: 10.4049/jimmunol.136.8.2862

6. Vallely PJ, Rees RC. Seminal plasma suppression of human lymphocyte responses in
vitro requires the presence of bovine serum factors. Clin Exp Immunol. (1986) 66:181-7.

7. Quayle AJ, Kelly RW, Hargreave TB, James K. Immunosuppression by seminal
prostaglandins. Clin Exp Immunol. (1989) 75:387-91.

Frontiers in Immunology

10.3389/fimmu.2024.1497889

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by grants from the Australian National Health and
Medical Research Council (NHMRC) to LH (Program Grant
1037321, Project Grant 1051484, Senior Principal Research
Fellowship 637301). The work was made possible through
Victorian State Government Operational Infrastructure Support
and NHMRC Research Institute Infrastructure Support Scheme.

Acknowledgments

We thank the Monash IVF Group, for provision of seminal
fluid samples.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1497889/
full#supplementary-material

8. Nocera M, Chu TM. Transforming growth factor B as an immunosuppressive
protein in human seminal plasma. Mol Hum Reprod. (1993) 30:1-8. doi: 10.1111/
j.1600-0897.1993.tb00594.x

9. Robertson SA, Ingman WV, O’Leary S, Sharkey DJ, Tremellen KP. Transforming
growth factor B-a mediator of immune deviation in seminal plasma. ] Reprod Immunol.
(2002) 57:109-28. doi: 10.1016/S0165-0378(02)00015-3

10. Kelly RW, Holland P, Skibinski G, Harrison C, McMillan L, Hargreave T, et al.
Extracellular organelles (prostasomes) are immunosuppressive components of human
semen. Clin Exp Immunol. (1991) 86:550-6. doi: 10.1111/j.1365-2249.1991.tb02968 x

11. Rooney IA, Heuser JE, Atkinson JP. GPI-anchored complement regulatory
proteins in seminal plasma. An analysis of their physical condition and the
mechanisms of their binding to exogenous cells. J Clin Invest. (1996) 97:1675-86.
doi: 10.1172/JCI118594

12. Xia M-Q, Hale M, Lifely R, Ferguson MA, Campbell D, Packman L, et al.
Structure of the Campath-1H antigen, a glycosylphosphatidylinositol-anchored
glycoprotein which is an exceptionally good target for complement lysis. Biochem J.
(1993) 293:633-40. doi: 10.1042/bj2930633

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1497889/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1497889/full#supplementary-material
https://doi.org/10.1038/253727a0
https://doi.org/10.1093/oxfordjournals.humrep.a136156
https://doi.org/10.1007/978-3-319-18881-2_6
https://doi.org/10.4049/jimmunol.136.8.2862
https://doi.org/10.1111/j.1600-0897.1993.tb00594.x
https://doi.org/10.1111/j.1600-0897.1993.tb00594.x
https://doi.org/10.1016/S0165-0378(02)00015-3
https://doi.org/10.1111/j.1365-2249.1991.tb02968.x
https://doi.org/10.1172/JCI118594
https://doi.org/10.1042/bj2930633
https://doi.org/10.3389/fimmu.2024.1497889
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Harrison et al.

13. Hale G. Cd52 (Campathl). J Biol Regul Homeost Agents. (2001) 15:386-91.

14. Kirchhoft C, Hale G. Cell-to-cell transfer of glycosylphosphatidylinositol-
anchored membrane proteins during sperm maturation. Mol Hum Reprod. (1996)
2:177-84. doi: 10.1093/molehr/2.3.177

15. James ER, Carrell DT, Aston KI, Jenkins TG, Yeste M, Salas-Huetos A. The role
of the epididymis and the contribution of epididymosomes to mammalian
reproduction. Int ] Mol Sci. (2020) 21:5377. doi: 10.3390/ijms21155377

16. Isojima S, Kameda K, Tsuji Y, Shigeta M, Ikeda Y, Koyama K. Establishment and
characterization of a human hybridoma secreting monoclonal antibody with high titers
of sperm immobilizing and agglutination activities against human seminal plasma. ]
Reprod Immunol. (1987) 10:67-78. doi: 10.1016/0165-0378(87)90051-9

17. Schroter S, Derr P, Conradt HS, Nimtz M, Hale G, Kirchhoff C. Male-specific
modification of human CD52. ] Biol Chem. (1999) 274:29862-73. doi: 10.1074/
jbc.274.42.29862

18. Diekman AB, Norton EJ, Klotz KI, Westbrook VA, Shibahara H, Naaby-Hansen
S, et al. N-linked glycan of a sperm CD52 glycoform associated with human infertility.
FASEB J. (1999) 13:1303-13. doi: 10.1096/fasebj.13.11.1303

19. Hasegawa A, Koyama K. Antigenic epitope for sperm immobilizing antibody
detected in infertile women. J Reprod Immunol. (2005) 67:77-86. doi: 10.1016/
1,j11.2005.06.005

20. Bandala-Sanchez E, Zhang Y, Reinwald S, Dromey JA, Lee B-H, Qian J, et al. T
cell regulation mediated by interaction of soluble CD52 with the inhibitory receptor
Siglec-10. Nat Immunol. (2013) 14:741-8. doi: 10.1038/ni.2610

21. Bandala-Sanchez E, Bediaga NG, Naselli G, Neale AM, Harrison LC. Siglec-10
expression is upregulated in activated human CD4+ T cells. Hum Immunol. (2020)
81:101-4. doi: 10.1016/j.humimm.2020.01.009

22. Bandala-Sanchez E, Bediaga NG, Goddard-Borger ED, Ngui K, Naselli G, Stone
NL, et al. CD52 glycan binds the pro-inflammatory B box of HMGBI to engage the
Siglec-10 receptor and suppress T-cell function. Proc Natl Acad Sci USA. (2018)
115:7783-8. doi: 10.1073/pnas.1722056115

23. Wang H, Yang H, Tracey KJ. Extracellular role of HMGBI in inflammation
and sepsis. J Intern Med. (2004) 255:320-31. doi: 10.1111/j.1365-2796.2003.
01302.x

24. Rashidi M, Bandala-Sanchez E, Lawlor KE, Zhang Y, Neale AM, Vijayaraj S,
et al. CD52 inhibits Toll-like Receptor activation of NF-kB and triggers apoptosis to
suppress inflammation. Cell Death Differ. (2018) 25:392-405. doi: 10.1038/
cdd.2017.173

25. Mannering SI, Morris JS, Jensen KP, Purcell AW, Honeyman MC, van Endert
P, et al. A sensitive method for detecting proliferation of rare autoantigen-specific
human T cells. J Immunol Methods. (2003) 283:173-83. doi: 10.1016/
1.jim.2003.09.004

26. Yeung CH, Cooper TG, Schroter S, Kirchhoff C, Nieschlag E. Epididymal
secretion of CD52 as measured in human seminal plasma by a fluorescence
immunoassay. Mol Hum Reprod. (1998) 4:447-51. doi: 10.1093/molehr/4.5.447

Frontiers in Immunology

10

10.3389/fimmu.2024.1497889

27. Macauley MS, Crocker PR, Paulson JC. Siglec-mediated regulation of immune
cell function in disease. Nat Rev Immunol. (2014) 14:653-66. doi: 10.1038/nri3737

28. Zhang JQ, Nicoll G, Jones C, Crocker PR. Siglec-9, a novel sialic acid binding
member of the immunoglobulin superfamily expressed broadly on human blood
leukocytes. J Biol Chem. (2000) 275:22121-6. doi: 10.1074/jbc.M002788200

29. Nicoll G, Ni]J, Liu D, Klenerman P, Munday J, Dubock S, et al. Identification and
characterization of a novel siglec, siglec-7, expressed by human natural killer cells and
monocytes. ] Biol Chem. (1999) 274:34089-95. doi: 10.1074/jbc.274.48.34089

30. Stary V, Pandey RV, Strobl ], Kleissl L, Starlinger P, Pereyra D, et al. A discrete
subset of epigenetically primed human NK cells mediates antigen-specific immune
responses. Sci Immunol. (2020) 5. doi: 10.1126/sciimmunol.aba6232

31. Erokhina SA, Streltsova MA, Kanevskiy LM, Grechikhina MV, Sapozhnikov
AM, Kovalenko E. HLA-DR-expressing NK cells: Effective killers suspected for antigen
presentation. J Leukoc Biol. (2021) 109:327-37. doi: 10.1002/JLB.3RU0420-668RR

32. Huntington ND, Cursons ], Rautela J. The cancer-natural killer cell immunity
cycle. Nat Rev Cancer. (2020) 20:437-54. doi: 10.1038/s41568-020-0272-z

33. Moftett-King A. Natural killer cells and pregnancy. Nat Rev Immunol. (2002)
2:656-63. doi: 10.1038/nri886

34. Ikehara Y, Ikehara SK, Paulson JC. Negative regulation of T cell receptor
signaling by Siglec-7 (p70/AIRM) and Siglec-9. J Biol Chem. (2004) 279:43117-25.
doi: 10.1074/jbc.M403538200

35. Alkhodair S, Almhanna H, McGetrick J, Gedair S, Gallagher ME, Fernandez-
Fuertes B, et al. Siglec expression on the surface of human, bull and ram sperm.
Reproduction. (2018) 155:361-71. doi: 10.1530/REP-17-0475

36. Crocker PR, Paulson JC, Varki A. Siglecs and their roles in the immune system.
Nat Rev Immunol. (2007) 7:255-66. doi: 10.1038/nri2056

37. Giuliani V, Pandolfi C, Santucci R, Pelliccione F, Macerola B, Focarelli R, et al.
Expression of gp20, a human sperm antigen of epididymal origin, is reduced in spermatozoa
from subfertile men. Mol Reprod Dev. (2004) 69:235-40. doi: 10.1002/mrd.20166

38. Rumke P. The presence of sperm antibodies in the serum of two patients with
oligospermia. Vox Sang. (1954) 4:35-40.

39. Bozhedomov VA, Nikolaeva MA, Ushakova IV, Lipatova NA, Bozhedomova
GE, Sukhikh GT. Functional deficit of sperm and fertility impairment in men with
antisperm antibodies. J Reprod Immunol. (2015) 112:95-101. doi: 10.1016/
jjri.2015.08.002

40. Cui D, Han G, Shang Y, Liu C, Xia L, Li L, et al. Antisperm antibodies in infertile
men and their effect on semen parameters: a systematic review and meta-analysis. Clin
Chim Acta. (2015) 444:29-36. doi: 10.1016/j.cca.2015.01.033

41. Clark GF, Schust DJ. Manifestations of immune tolerance in the human female
reproductive tract. Front Immunol. (2013) 4:26. doi: 10.3389/fimmu.2013.00026

42. Schjenken JE, Robertson SA. The female response to seminal fluid. Physiol Rev.
(2020) 100:1077-117. doi: 10.1152/physrev.00013.2018

frontiersin.org


https://doi.org/10.1093/molehr/2.3.177
https://doi.org/10.3390/ijms21155377
https://doi.org/10.1016/0165-0378(87)90051-9
https://doi.org/10.1074/jbc.274.42.29862
https://doi.org/10.1074/jbc.274.42.29862
https://doi.org/10.1096/fasebj.13.11.1303
https://doi.org/10.1016/j.jri.2005.06.005
https://doi.org/10.1016/j.jri.2005.06.005
https://doi.org/10.1038/ni.2610
https://doi.org/10.1016/j.humimm.2020.01.009
https://doi.org/10.1073/pnas.1722056115
https://doi.org/10.1111/j.1365-2796.2003.01302.x
https://doi.org/10.1111/j.1365-2796.2003.01302.x
https://doi.org/10.1038/cdd.2017.173
https://doi.org/10.1038/cdd.2017.173
https://doi.org/10.1016/j.jim.2003.09.004
https://doi.org/10.1016/j.jim.2003.09.004
https://doi.org/10.1093/molehr/4.5.447
https://doi.org/10.1038/nri3737
https://doi.org/10.1074/jbc.M002788200
https://doi.org/10.1074/jbc.274.48.34089
https://doi.org/10.1126/sciimmunol.aba6232
https://doi.org/10.1002/JLB.3RU0420-668RR
https://doi.org/10.1038/s41568-020-0272-z
https://doi.org/10.1038/nri886
https://doi.org/10.1074/jbc.M403538200
https://doi.org/10.1530/REP-17-0475
https://doi.org/10.1038/nri2056
https://doi.org/10.1002/mrd.20166
https://doi.org/10.1016/j.jri.2015.08.002
https://doi.org/10.1016/j.jri.2015.08.002
https://doi.org/10.1016/j.cca.2015.01.033
https://doi.org/10.3389/fimmu.2013.00026
https://doi.org/10.1152/physrev.00013.2018
https://doi.org/10.3389/fimmu.2024.1497889
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Soluble CD52 mediates immune suppression by human seminal fluid
	Introduction
	Materials and methods
	Samples
	Antibodies and other reagents
	CD52 ELISA
	Immunodepletion of CD52
	Immunoblotting
	Ultracentrifugation
	Cells
	Dye dilution T-cell division assay
	Enzyme-linked immunospot assay
	3H-thymidine uptake assay
	Statistics

	Results
	Seminal fluid contains high concentrations of CD52
	Seminal fluid CD52 is bound to HMGB1
	Seminal fluid suppresses T-cell proliferation and function
	CD52 mediates T-cell suppression by seminal fluid
	Immune suppression is mainly associated with the soluble seminal fluid compartment
	Siglec-7 mediates immune suppression by seminal fluid CD52

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


