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Abstract

Fertility is a complex process and infertility can have many causes. Sperm protein reactive with antisperm antibody (SPRASA)/
sperm lysozyme-like protein | is a protein discovered as the target of autoantibodies in infertile men and previously thought to
be expressed only in sperm. Using a bovine in vitro fertilization model, we have shown that SPRASA antiserum reduced sperm
binding to zona-free oocytes and the development of embryos to morulae but did not affect the postfertilization cleavage rate
to 2 cells or sperm motility. We demonstrated that SPRASA was expressed in ovarian follicles, corpora lutea, and oocytes by a
combination of reverse transcription-polymerase chain reaction and immunohistochemistry. Female mice immunized with
SPRASA had profound infertility following timed matings and those mice that did become pregnant had reduced fetal viability.
The levels of antibodies reactive with SPRASA in 204 fertile and 202 infertile couples were elevated in 3 infertile but no fertile

women. Together, these results indicate that SPRASA has a role in female fertility.
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Introduction

Infertility affects 1 in 6 couples' and for many of those couples,
despite extensive investigations, the cause of their infertility
remains undetermined. Although infertility is a major public
health issue, conversely, a large number of fertile couples
choose to inhibit their fertility by using contraception. How-
ever, existing methods of contraception have significant lim-
itations and it is estimated that approximately half of the
pregnancies in the United States are unintended.? Contracep-
tive failure is a major problem especially with short-acting
contraceptive techniques.®> Gaining a better understanding of
the molecules and processes involved in fertility is likely to
have the dual benefits of improving diagnostics and therapies
for infertile couples, while also aiding in the development of
new contraceptive strategies.

The processes involved in successful reproduction are
complex involving an array of components and interactions,
and the biology of many of these processes is poorly under-
stood. During mammalian fertilization, the sperm must pene-
trate the cumulus surrounding the oocyte and undergo the
acrosome reaction to allow fusion with the oolemma.* The
acrosome reaction exposes the inner acrosomal membrane,
externalizing components essential for gamete fusion. Current
evidence indicates that both gametes have binding proteins
that may interact with each other, although the specific proteins
and their roles in sperm—oocyte binding are not well under-
stood.* Following gamete fusion, mitosis begins and the early
embryo is formed. During early development, oocyte-derived
genes and proteins are essential for embryo survival, before the

switching on of the embryonic genome and transition to genes
generated by the embryo itself.’

A wide variety of proteins may participate in sperm—oocyte
membrane interactions. Sperm protein reactive with anti-
sperm antibody (SPRASA) also known as sperm lysozyme-
like protein 1° is a little studied protein encoded by the
SPACA3 gene’ that appears to have testis-specific expression
restricted to the acrosome.®®? SPRASA shows similar exon—
intron organization and sequence conservation to c-type lyso-
zymes, suggesting that SPRASA belongs to the c-type lyso-
zyme superfamily®® but without bacteriolytic activity.® The
SPRASA protein has at least 2 isoforms containing either a
predicted transmembrane region or a signal peptide with
a cytoplasmic N-terminus.®’ The function of SPRASA is
unknown, but preliminary data suggest that SPRASA may
be important in fertilization. We have previously identified
SPRASA as the antigenic target of antisperm antibodies from
infertile couples.® Others have shown that an antiserum reac-
tive with SPRASA inhibits the binding of acrosome-reacted
human sperm to hamster oocytes,® and that the treatment of
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mouse oocytes with either an antiserum reactive with SPRASA
or a recombinant SPRASA resulted in inhibition of sperm—
oolemma binding.” Recently, a potential oolemma binding
partner to SPRASA, sperm acrosomal SLLP1 binding (SAS1B),
has been identified in mice.'® Inhibition of SASIB in vitro by
antibodies or in vivo in knockout mice was shown to reduce fer-
tilization and fertility, respectively.'® It has been proposed that
SPRASA may have similar binding specificities to c-type lyso-
zymes and bind hyaluronan of oocytes to facilitate sperm—oocyte
fusion.” Interestingly, yeast-2-hybrid systems have also shown
that SPRASA is able to directly interact with zona pellucida
3 (ZP3)."! SPRASA remains localized to the equatorial region
of the sperm after its binding to the oolemma, supporting its
role in oocyte binding and fusion.”

In this study, we have used a bovine in vitro fertilization
(IVF) model to further investigate the role of SPRASA in
sperm—oocyte binding, fertilization, and embryonic develop-
ment and have determined novel expression patterns of
SPRASA in oocytes, ovarian follicles, and corpora lutea in
3 model species. We have also examined the effect of inhibit-
ing ovarian SPRASA in vivo by immunizing female mice.
Finally, to investigate the possibility that antibodies reactive
with SPRASA could be a potential marker of human inferti-
lity, we have compared the level of SPRASA-reactive antibo-
dies in infertile and fertile couples.

Materials and Methods
Ethical Approval

All animal work was conducted in accordance with the New
Zealand Animal Welfare Act 1999. All animal care and pro-
cedures were approved by The University of Auckland Ani-
mal Ethics Committee (approval numbers R562 and R911).
The investigation of women from infertile and fertile cou-
ples was approved by the Northern Regional Ethics Com-
mittee (Auckland, New Zealand; approval number AKY/
03/12/317).

Generation of SPRASA Antiserum and Control Antiserum

Two antisera reactive with SPRASA were prepared. The immu-
nization protocol and collection of sera followed the method of
Harlow and Lane.'? For use in the bovine model, antiserum was
prepared by immunizing New Zealand white rabbits (n = 2;
AgResearch, Hamilton, New Zealand) with recombinant human
SPRASA (exons 2-5; 76% homology to bovine SPRASA;
donated by John Steemson, The University of Auckland). Serum
was also collected from preimmune rabbits prior to immuniza-
tion to act as a negative control in subsequent experiments. For
use in immunohistochemical investigation of SPRASA expres-
sion in the ovaries of cats and dogs, antiserum was prepared
by immunizing Wistar rats (n = 2; Vernon Jansen Unit, The
University of Auckland) with recombinant cat SPRASA
(GenScript, New Jersey).

Preparation of Sperm

Viable bull sperm was prepared from straws of frozen semen
(donated by Ambreed NZ Limited, Hamilton, New Zealand)
as described.?

Bovine Oocyte Collection and Maturation

Bovine ovaries were obtained from animals killed for food
production (Auckland Meat Processors, New Zealand) and
cumulus—oocyte complexes were prepared as described."
Cumulus—oocyte complexes were matured for 22 to 24 hours
at 38.5°C in 5% CO,. Cumulus cells were removed by repeated
pipetting in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid-buffered synthetic oviductal fluid (HSOF).

Bovine Oocyte—Sperm Binding Assays

In order to determine the effect of SPRASA antiserum on
sperm—ZP binding and sperm—oolemma binding, zona-intact
and zona-free oocyte binding assays were performed in the
presence of SPRASA or control antiserum. To investigate
sperm—zona binding, sperm and oocytes were coincubated with
antiserum for the duration of the assay. A total of 25 zona-intact
oocytes (5 oocytes per experiment, experiments repeated
5 times) and sperm (concentration 1 x 10° sperm/mL) were
incubated in IVF media (25 mmol/L NaHCO3, 0.33 mmol/L
pyruvate, 1.71 mmol/L CaCl,-H,0, 3.3 mmol/L Na lactate,
107.7 mmol/L NaCl, 7.15 mmol/L KClI, 1.19 mmol/L KH,PO,,
5 pg/mL heparin, 0.2 pmol/L penicilliamine, 0.1 pmol/L hypo-
taurine, 8 mg/mL bovine serum albumin [BSA], and 0.5%
penicillin/streptomycin; p/s) droplets containing antiserum at
1:50 dilution for 2 hours at 38.5°C in 5% CO,.

To investigate sperm—oolemma binding, the ZP was dis-
solved by incubating oocytes in 0.5% (w/v) pronase (Sigma,
Australia) for 2 to 5 minutes, followed by extensive washes
in HSOF. Oocytes were transferred to IVF medium and
allowed to recover for 30 minutes. Sperm were capacitated for
4 hours in IVF medium and induced to undergo the acrosome
reaction with 5 pmol/L progesterone (Sigma) in IVF medium
for 20 minutes as published.'® A total of 25 zona-free oocytes
(5 oocytes per experiment, experiments repeated 5 times) and
acrosome-reacted sperm (1 x 10° sperm/mL) were incubated
in IVF media droplets containing antiserum at 1:50 dilution
for 2 hours in a humidified incubator at 38.5°C in 5% CO,.

Fixation and Staining of Oocytes From Oocyte—Sperm
Binding Assays

For both zona-intact and zona-free binding assays, sperm—
oocyte complexes were washed twice in HSOF to remove
loosely bound sperm. Sperm—oocyte complexes were fixed in
4% paraformaldehyde (PFA; Sigma) in phosphate-buffered sal-
ine (PBS; 120 mmol/L, NaCl, 2.7 mmol/L KCI, 1.5 mmol/L
Na,HPO,4, and 8 mmol/L KH,PO,4, pH 7.4) and stained with
5 pg/mL Hoechst 33342 (Sigma) for 10 minutes. Sperm—
oocyte complexes were washed in PBS and transferred onto
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Figure |. The SPRASA antiserum significantly reduced the numbers
of sperm binding to the oolemma, the fertilization rate, and the devel-
opment to morula stage; SPRASA was localized to the zona pellucida

poly-L-lysine (Sigma) coated microscope slides (Biolab,
Auckland, New Zealand). Coverslips were mounted using
100% glycerol (BDH, Auckland). Images were captured on
the Coolpix 990 digital camera (Nikon, Japan), and the num-
ber of fluorescent sperm nuclei attached per oocyte (see Sup-
plementary Figure 1; count including both bound sperm and
sperm that had fused with the plasma membrane) was
counted.

Assessment of Sperm Motility

Viable sperm (concentration 1 x 10° sperm/mL) was incubated
with SPRASA or control antiserum (1:50 dilution) for 3 hours at
38.5°Cin 5% COs,. To assess motility, 10 pL of sperm suspension
was placed onto prewarmed slides after 0, 1/2, 1, 2, and 3 hours.
The number of motile sperm was counted in 5 low power micro-
scopic fields to classify 200 sperm. The count was repeated on
a second 10 pL of sperm suspension, and the percentages in
each independent count were compared. Counts were accepted

Figure |. (continued) and oolemma of bovine oocytes. Bovine
oocytes and sperm were used to access the effect of SPRASA anti-
serum on sperm binding to oocytes, sperm motility, fertilization, and
embryonic development; as well as to localize SPRASA expression.
For binding assays, sperm and oocytes were coincubated with an
SPRASA or control antiserum for 2 hours. Sperm—oocyte complexes
were stained and the number of sperm nuclei attached per oocyte was
counted. For assessment of sperm motility, viable sperm was incu-
bated with SPRASA or control antiserum for 3 hours. The number
of motile sperm were counted after 0, 1/2, I, 2, and 3 hours. For IVF,
oocytes and sperm were incubated for 18 to 22 hours. Three treat-
ment groups were investigated: (1; sperm treatment) sperm incubated
with antiserum for 30 minutes, washed, then incubated with oocytes;
(2; oocyte treatment) oocytes incubated with antiserum for 30 min-
utes, washed, and incubated with sperm; and (3; coincubation) sperm
and oocytes coincubated with antiserum for IVF culture. Presumptive
embryos were selected and allowed to develop for 8 days. To deter-
mine whether oocytes express SPRASA, oocytes were fixed and incu-
bated with antiserum, then detected visualized using fluorescent
microscopy. A, The SPRASA antiserum did not affect the number of
sperm bound to zona-intact oocytes but (B) significantly reduced the
numbers of acrosome-reacted sperm binding to the oolemma of zona-
free oocytes. C, The percentage of motile sperm was not affected by
incubation with SPRASA antiserum. D, The fertilization rate was signif-
icantly reduced when oocytes, or sperm and oocytes, were incubated
with SPRASA antiserum prior to fertilization with untreated bovine
sperm. Development to morula stage was significantly inhibited by
SPRASA antiserum when the antiserum was incubated with either
oocytes alone, or with oocytes and sperm, but not when sperm was
treated with the antiserum. Data are presented as percentage + stan-
dard deviation (SD); *P = .05; *P = .01; **P = .001. E, Immunofluor-
escent confocal photomicrographs demonstrating the localization of
SPRASA on oocytes. Zona-intact or zona-free oocytes were incu-
bated with (El and E3) SPRASA antiserum or (E2 and E4) control anti-
serum. SPRASA was localized to the zona pellucida (grey arrow) and
oolemma (white arrow) of zona-intact oocytes and to the oolemma of
zona-free oocytes. Scale bar = 50 pum and applies to all images.
SPRASA indicates sperm protein reactive with antisperm antibody. IVF
indicates in vitro fertilization; SPRASA, sperm protein reactive with
antisperm antibody.
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C Summary of SPRASA mRNA detection

Species  Pre-pubescent Post-pubescent Total
Cat 0 7 7
Dog 1 4 5

Summary of SPRASA protein detection

Species Pre-pubescent Post-pubescent Total
Cat 1 5 6
Dog 3 2 5

Figure 2. SPRASA/SPACA3 is present in ovarian follicles in cats and
dogs regardless of sexual maturity. A, Agarose gel images of SPACA3,
GAPDH, and B-actin polymerase chain reaction (PCR) amplicons from
individual cat and dog ovaries. The GAPDH and B-actin are included as
positive controls. B, Photomicrographs of (BI-B3) cat ovary, (B4-B6)
dog ovary showing the localization of SPRASA. Bl and B4, SPRASA
expression in primordial follicles, (B2 and B5) SPRASA expression
associated with an antral follicle, and (B3 and B6) SPRASA expression
in a corpus luteum. SPRASA = red; nuclei = blue. C, The ovaries of | |
cats and 8 dogs were investigated for the expression of SPACA3/
SPRASA messenger RNA (mRNA) and protein. SPRASA was present
in the ovaries of all animals regardless of the sex, species, and in both
juvenile and sexually mature animals. GAPDH indicates glyceraldehyde
3-phosphate dehydrogenase; SPRASA, sperm protein reactive with
antisperm antibody.

as accurate if they fell within the 95% confidence intervals.'® Final
percentages presented are the average of 2 independent counts.

Bovine IVF Model

A bovine IVF model was used to determine the effect of
SPRASA antiserum on fertilization, cleavage, and embryo
development. Oocytes and sperm (concentration 1 x 10°
sperm/mL) were incubated in a droplet of IVF medium for
18 to 22 hours at 38.5°C in 5% CO,. For each treatment group
(see below), either SPRASA or control antisera were included
at a 1:50 dilution.

The following 3 treatment groups were investigated: (1)
sperm incubated with antiserum for 30 minutes, washed, then
incubated with oocytes (n = 100); (2) oocytes (n = 100) incu-
bated with antiserum for 30 minutes, washed, and incubated

with sperm; and (3) sperm and oocytes (n = 100) coincubated
with antiserum for IVF culture.

Synthetic oviductal fluid (SOF; 25 mmol/L NaHCOs3, 0.33
mmol/L pyruvate, 1.71 mmol/L CaCl,-H,O, 1.5 mmol/L
glucose, 3.3 mmol/L Na lactate, 0.49 mmol/L MgCl,.6H,O0,
107.7 mmol/L NaCl, 7.15 mmol/L KCl, 1.19 mmol/L KH,PO,,
1 mmol/L r-glutamine, 1% minimum essential medium nones-
sential amino acids, 1% basal medium eagle essential amino
acids, and 8 mg/mL BSA, 0.5% p/s) droplets were equilibrated
for 2 hours at 38.5°C in 5% CO,, 8% O,, and 87% N, (BOC,
Auckland, New Zealand). Presumptive embryos were selected,
washed twice in HSOF, and transferred into SOF droplets.
Embryos were allowed to develop for 8 days, and the same
embryos were followed from fertilization until the end of the
experiment. Fertilization rate (number of fertilized embryos
divided by total number of oocytes) was assessed by the extru-
sion of the second polar body 18 to 22 hours after IVF.
Cleavage rate (number of 2 cell embryos divided by total number
of oocytes) was determined by the number of 2 cell embryos on
day 1 of IVF. Embryo development rate was assessed for morula
rate (number of morula divided by total number of oocytes) and
blastocyst rate (number of blastocysts divided by total number
of oocytes) development on days 5 and 8 of IVF, respectively.

Expression of SPACA3/SPRASA in Oocytes and Ovaries

To determine whether oocytes express SPRASA, zona-intact
and zona-free bovine oocytes were fixed in 4% PFA in PBS
for an hour and washed in 3% fetal calf serum (Invitrogen,
Auckland, New Zealand) and 0.1% Tween-20 (Thermo
Fisher, Auckland, New Zealand) in PBS (blocking solution).
Oocytes were incubated in blocking solution overnight at
4°C, 50 mmol/L glycine (Sigma) in blocking solution for
15 minutes, with antiserum at 1:100 dilution in blocking solu-
tion for an hour, with biotinylated antirabbit immunoglobulin G
(IgG; Jackson Immuno Research, Australia) at 1:1000 dilution in
blocking solution for 30 minutes, and with streptavidin-
conjugated 5-(4,6-dichlorotriazinyl) aminofluorescein (Jackson
Immuno Research) at 1:500 dilution in blocking solution for 30
minutes. All incubations were carried out at room temperature
unless noted, and oocytes were washed in blocking solution
between incubations. Oocytes were mounted on microscope
slides with Citifluor (Emgrid, Australia). Staining was visualized
on a Zeiss LSM 510 Microscope (Carl Zeiss Microscopy, New
Zealand).

To investigate SPRASA expression in ovaries, the ovaries
of 11 cats and 8 dogs were collected after routine surgical ster-
ilization. To determine whether messenger RNA (mRNA)
encoding SPRASA was expressed, total RNA was extracted
from the ovaries of 7 cats and 5 dogs and converted to
complementary DNA. Polymerase chain reaction (PCR)
amplification was carried out using SPACA3, glyceraldehyde
3-phosphate dehydrogenase, or B-actin-specific PCR primers.
Details of PCR conditions and primers are given in Supple-
mentary Table 1. To determine the protein-level expression
of SPRASA, immunohistochemical investigation was carried
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Table I. Immunization With SPRASA Leads to a Reduction in Fertility in Female Mice.*®

Number of Mice Pregnant After Each Mating

Immunization First Second Third Forth Fifth Summary
SPRASA 2/10 1/8 0/8 0/8 0/5 3/10 (30%) P =.001
KLH 4/8 4/4 - - - 8/8 (100%)

Abbreviations: KLH, keyhole limpet hemocyanin; SPRASA, sperm protein reactive with antisperm antibody.
?Animals were euthanized to confirm pregnancy. Pregnancy is defined as confirmed fetuses at day |12 postcoitus.
®The P value refers to a chi-square test comparing the total number of pregnant mice over all matings in the SPRASA-immunized and control KLH-immunized

groups.

out on the ovaries of 6 cats and 5 dogs. The ovaries were fixed
in 4% PFA (Sigma) in PBS overnight at 4°C, incubated in
70% ethanol (BDH Laboratory Supplies, Global Science,
New Zealand) for 1 hour, incubated in 80% ethanol for 1 hour,
incubated in 2 changes of 95% ethanol for 1 hour each, incu-
bated in 3 changes of 100% ethanol for 1 hour each, and incu-
bated in 2 changes of xylene (Sigma Aldrich, New Zealand)
for 1 hour each. The ovaries were embedded in paraffin wax
(Sigma Aldrich), 6 umol/L sections were cut and transferred
onto poly-L-lysine (Sigma)-coated microscope slides. Sec-
tions were dewaxed by immersion in 2 changes of xylene for
5 minutes each and rehydrated by immersion in 2 changes
of 95% and 80% ethanol for 5 minutes each followed by
immersion in water for 10 minutes. Rehydrated sections were
then stained with SPRASA antiserum or nonimmune mouse
serum and counterstained with hematoxylin.

Expression of SPACA3/SPRASA in Sperm and Sperm
Precursor Cells

To investigate SPRASA expression in sperm and sperm pre-
cursor cells, the testis of 5 cats and 10 dogs were collected
after routine surgical sterilization. The expression of SPACA3
mRNA and SPRASA protein was determined for cat and dog
ovaries.

Immunization and Timed Mating of Female Mice

Mice were housed under a light/dark cycle (12 hour/12 hour),
in a temperature controlled room (22°C) with standard food
(Teklad Global 18% Protein Rodent Diet, 18% protein, and
5% fat; Harlan, Harlan County, Kentucky) and water ad libi-
tum Four-week-old female CD1 mice (Vernon Jansen Unit,
The University of Auckland) were immunized subcuta-
neously with recombinant human SPRASA protein (exons
2-5; donated by John Steemson, The University of Auckland;
n = 10) or recombinant keyhole limpet hemocyanin (KLH)
protein (Sigma; n = 11). Animals were randomly allocated
to experimental or control groups. The immunization protocol
followed that described by Harlow and Lane.'* Briefly, each ani-
mal received 3 immunizations at 2 weekly intervals. Each immu-
nization contained 25 pg of protein emulsified in adjuvant (total
protein per animal = 75 pg). Freund complete adjuvant

(Invitrogen) was used in the first immunization and subsequent
immunizations used Freund incomplete adjuvant (Invitrogen).

Following immunization, SPRASA-immunized (n = 10) or
control KLH-immunized (n = 8) female mice were monitored for
entry into pro-oestrous using an EC40 Estrus Cycle Monitor (Fine
Science Tools Inc, Canada) following the manufacturer’s instruc-
tions. When in pro-oestrous, the females were housed overnight
with a single male. The following day, females were checked for
coital plugs, the females were removed from the male and their
weight was monitored daily until day 12 postcoitus to determine
whether pregnancy had occurred. If pregnancy was detected,
females were euthanized and pregnancy was confirmed by dissec-
tion. Pregnant uteri were weighed, and the number of fetuses were
counted and weighed. If pregnancy was not detected, the female
was monitored for entry into pro-oestrous and housed with a male
as described previously. Mating was repeated up to 5 times if the
females did not become pregnant. At the conclusion of the experi-
ment, all animals were euthanased, and their ovaries excised for
histologic examination of ovarian follicles.

Quantification of Ovarian Follicles in Immunized Mice

Murine ovaries were prepared for histology, and the number of
follicles determined following the method of Myers et al'” with
modifications. Briefly, ovaries were excised, and the right ovary
was fixed in PFA and embedded in paraffin wax as described for
catand dog ovaries. Every fifth section was stained with hematox-
ylin and eosin following the method of Fischer.'® The number of
primordial, primary, early antral, antral, and preovulatory folli-
cles (classified as described by Myers et al'”) with visible nuclei
was counted in each section, and total counts were multiplied by
the number of sections from each ovary.

Detection of SPRASA-Reactive Antibodies in the Blood of
Fertile and Infertile Couples

Blood samples obtained by venipuncture were collected fol-
lowing written informed consent from 102 infertile couples
(recruited through 2 fertility services; Fertility Associates,
Auckland, New Zealand, and Fertility Plus, Auckland, New
Zealand) and 104 fertile couples (recruited from the general
Auckland population through media advertisement). Couples
were defined as infertile if they were unable to conceive after
1 year of regular intercourse without the use of contraception.
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The clinically diagnosed disorders affecting the infertile
cohort recruited for this study are summarized in Supplemen-
tary Table 2. Couples were defined as fertile if they had pro-
duced live offspring within the preceding 10 years.

Blood samples were allowed to clot overnight at 4°C and cen-
trifugation at 2400g for 10 minutes in a MicroCL 21 Microcentri-
fuge (Thermo Fisher). Serum was aspirated, aliquoted, and stored
at —80°C until required. For the enzyme-linked immunosorbent
assay protocol, microplate wells were incubated overnight at
4°C with 1 pg/mL of recombinant SPRASA protein in carbonate
buffer, with blocking solution, with sera diluted 1:100 in blocking
solution, with biotinylated antihuman IgG (Jackson Immuno
Research) diluted 1:2000 in blocking solution, and with streptavi-
din-biotinylated horseradish peroxidase (sHRP) diluted 1:5000 in
blocking solution. All incubations were for 1 hour at room
temperature, and microplates were washed 3 times with
PBS-Tween between each incubation. 3,3',5,5'-Tetramethyl-
benzidine substrate was added for 30 minutes at room tem-
perature, and the color reaction was stopped by the
addition of H,SO,4. The absorbance was read at 450 nm
on a Benchmark Microplate Reader (Bio-Rad, California).

Serum samples were run in duplicate. To allow for normal-
ization, 7 randomly selected serum controls were run on each
assay. The optical density for each sample was divided by the
median of the 7 controls to give the normalized value. To iden-
tify those women with elevated levels of SPRASA-reactive
antibodies, the Tukey method'®?® for identifying outliers was
applied to the levels of antibodies in the women’s serum.

Statistical Analysis

Student # test was used to determine the significance of difference
in sperm binding to the oocytes, sperm motility, fertilization rate,
embryo development, ovarian follicle populations, fertility out-
comes, serum leptin levels in immunized mice, and levels of
SPRASA-reactive antibodies in the serum of women. Kruskal-
Wallis test was used to compare between IVF treatment groups.
Statistical analysis of body weight, fat pad weight, and organ
weight was performed with the Mann-Whitney U test. A 2-
tailed chi-square test was used to compare the total number of
pregnant mice in the SPRASA-immunized and control KLH-
immunized groups. The levels of SPRASA-reactive antibodies
in women and men from infertile and fertile couples are expressed
as a box and whisker plot using the Tukey calculation for popula-
tion outliers.'®® All analyses were carried out in the computer
program GraphPad Prism version 6 (GraphPad Software Inc,
California). P < .05 was considered statistically significant.
Results are reported as mean + standard deviation (SD).

Results
The Effect of SPRASA Antiserum on Sperm—Oocyte
Binding and Sperm Motility

We have confirmed using immunohistochemistry that SPRASA
is expressed in the acrosome of sperm®’ and in a crescent

pattern in sperm precursor cells, likely to be cap-phase sperma-
tids (Supplementary Figure 2). Further, SPACA3 was shown to
be expressed in the testes of both juvenile and adult animals by
reverse transcription PCR (RT-PCR; Supplementary Figure 2).
To determine whether SPRASA has a role in sperm—ZP bind-
ing, we examined sperm and oocytes incubated with an
SPRASA or control antiserum. There were no significant dif-
ferences in the number of sperm bound to the ZP between the
SPRASA and control antiserum groups (Figure 1A).

To determine whether SPRASA has a role in sperm—oolemma
binding, progesterone-induced acrosome-reacted sperm and
zona-free oocytes were coincubated with SPRASA or control
antiserum. There were significantly fewer sperm binding to the
oolemma when sperm and oocytes were incubated with SPRASA
compared to control antiserum (P = .001; Figure 1B).

To examine the effect of SPRASA antiserum on sperm motility,
motile sperm were counted after incubation with SPRASA or con-
trol antiserum. No significant differences were seen in the percent-
age of motile sperm, when sperm were incubated with SPRASA or
control antiserum for between 0 and 3 hours (Figure 1C).

The Effect of SPRASA Antiserum on Fertilization,
Cleavage, and Embryo Development

To examine whether SPRASA is involved in fertilization, clea-
vage, or embryonic development, gametes were treated with
SPRASA or control antiserum, and IVF culture was carried out.
Antiserum was used to treat (1) sperm and (2) oocytes separately
and (3) both sperm and oocytes together. There were no significant
differences when these treatment groups were compared within
SPRASA or control antiserum treatments (data not shown).
There was a significant reduction in the rate of fertilization when
oocytes (SPRASA: 54.13 + 25.38; control: 79.76 + 19.33; P =
.04) or sperm and oocytes (SPRASA: 72.85 + 11.83; control:
85.77 + 11.78; P = .05) but not sperm alone (SPRASA: 68.63
+ 12.47; control: 78.41 + 10.01; P = .11) were treated with
SPRASA-reactive antiserum compared to control antiserum. There
was no significant difference in the cleavage rates between
SPRASA antiserum and control antiserum treatment in any group.
Treating oocytes (SPRASA: 3.56 + 5.09; control: 14.38 +
16.25; P = .03) or sperm and oocytes (SPRASA: 5.64 + 6.16;
control: 19.43 + 16.86; P = .01) but not sperm alone (SPRASA:
6.82 + 8.79; control: 12.50 + 12.97; P = .20) with SPRASA
antiserum significantly inhibited development to the morula
stage, compared to control antiserum. There was no further
inhibition of development to the blastocyst stage between
SPRASA antiserum and control antiserum treatment (Figure 1D).

Localization of SPRASA on Oocytes

That incubating oocytes with SPRASA antiserum significantly
inhibited embryo development in the bovine IVF model
(Figure 1D), suggesting that oocytes may express SPRASA.
Immunofluorescent staining showed that SPRASA was localized
to the ZP and the oolemma of bovine oocytes (Figure 1E).
In order to confirm that SPRASA was expressed by oocytes
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Figure 3. Effect of immunization with SPRASA on embryos and ovar-
ian follicle numbers. A and B, Representative photographs of uteri
from (A) SPRASA-immunized and (B) control KLH-immunized mice
day 12 postcoitus. Embryo reabsorptions seen in SPRASA-
immunized mice are indicated by an arrow. Scale bar = | cm. C, Ovar-
ies were harvested from SPRASA-immunized (dark gray; n = 3) and
control KLH-immunized (light gray; n = 3) mice at dioestrous, pre-
pared for histology and sectioned to completion. Follicles at each stage
were quantified in every fifth section, and follicle counts were
expressed as the mean number of follicles per ovary + standard
deviation (SD), *P < .05. KLH indicates keyhole limpet hemocyanin;
SPRASA, sperm protein reactive with antisperm antibody.

and to confirm that this expression was not limited to
bovine oocytes, we examined the expression of SPACA3/
SPRASA in the ovaries of cats and dogs by RT-PCR and
immunohistochemistry. SPACA3/SPRASA mRNA and pro-
tein were present in the ovaries of both cats and dogs in
both juvenile and sexually mature animals. In the ovary,
immunohistochemistry showed that SPRASA was present
in ovarian follicles at all stages of development and was
localized to the ooplasm and granulosa cells with weak
staining in theca cells. Corpora leutea also stained strongly
for SPRASA (Figure 2).

Immunization of Female Mice with SPRASA Reduces
Their Fertility

To assess the effect of neutralizing SPRASA in vivo, 10 female
mice were immunized with recombinant SPRASA and 8 control
female mice were immunized with the irrelevant antigen, KLLH.
The immunized mice were timed mated up to 5 times. There was

a significant reduction in the total number of pregnant mice in the
SPRASA-immunized mice (P = .001). All the control KLH-
immunized mice (100%) became pregnant after 2 matings. In con-
trast, only 3 (30%) SPRASA-immunized mice become pregnant
after 2 matings, with the remaining 7 (70%) SPRASA-
immunized mice failing to become pregnant after at least 4 matings
(Table 1).

At euthanasia (day 12 postcoitus), gross examination of the
uteri of those SPRASA-immunized mice that were pregnant
revealed that several embryos were obviously nonviable and were
reabsorbing. In contrast, there were no resorbing embryos in the
control KLH-immunized mice (Figure 3A and B). No differences
were observed between SPRASA-immunized and control KLH-
immunized mice in embryo number or embryo weight (data not
shown).

Given that we have shown SPRASA to be expressed in
ovarian follicles, we examined the ovaries of the immunized
mice to investigate whether immunization of the animals
had reduced their fertility by destroying the follicular pool.
The ovaries of all mice appeared grossly normal. There was
no significant difference in the numbers of early antral,
antral, or preovulatory follicles between the SPRASA-
immunized and control KLH-immunized mice (Figure 3C).
However, the number of primordial follicles was signifi-
cantly reduced (P = .003) in SPRASA-immunized mice
(193.33 + 11.67; n = 3) compared to control KLH-
immunized (330.00 + 28.87; n = 3) mice. Copora lutea
were also present in the SPRASA and control immunized
mice but were not quantified.

High Levels of SPRASA-Reactive Antibodies Were Present
in the Sera of Some Infertile Women

In order to determine whether SPRASA-reactive antibodies
were associated with infertility, sera from infertile (n =
102) or fertile (n = 104) couples were screened for the pres-
ence of SPRASA-reactive IgG antibodies. The levels of
SPRASA-reactive antibodies were not significantly different
between fertile (mean 1.13 + 0.37) and infertile women
(1.25 4+ 0.48; P = .05) or fertile (0.95 + 0.29) and infertile
men (1.03 + 0.28; P = .06). However, 3 infertile women,
but no fertile women nor any men, had elevated levels of
SPRASA-reactive antibodies (Figure 4). Of these 3 infertile
women, 1 had endometriosis while the other 2 women were
apparently normal, but their male partners had abnormal
semen or sperm.

Discussion
Function of SPRASA and Sperm

SPRASA was discovered as the target of antisperm antibodies
from some infertile men.® Antisperm antibodies have been
documented to disrupt a variety of steps during fertiliza-
tion.>"** In this study, we demonstrated that SPRASA anti-
serum did not affect the motility of sperm. This was not
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Figure 4. Three infertile women were found to have elevated levels
of antibodies reactive with SPRASA. Serum collected from women and
men from infertile (n = 102) and fertile (n = 104) couples was tested
by enzyme-linked immunosorbent assay for immunoreactivity against
SPRASA. Serum levels of antibodies were considered to be elevated if
they were above the threshold for outliers based on the levels of anti-
bodies in the infertile women, as determined by the Tukey method
(black line). SPRASA indicates sperm protein reactive with antisperm
antibody.

unexpected as we and others have shown that SPRASA is
located on the inner acrosomal membrane of sperm®” and thus
is not exposed to antibodies in the external environment while the
acrosome remains intact. This confirms that antibodies reactive
with SPRASA are unlikely to disrupt sperm transport and that any
effect they have on fertility would be more likely to occur at a later
stage. In vitro fertilization assays are commonly employed to
assess the function of sperm proteins with the use of experimen-
tally raised antibodies against specific proteins. In this study,
sperm—ZP binding was not affected when bovine gametes were
incubated with SPRASA antiserum, suggesting that SPRASA is
not involved in the primary recognition and binding of the ZP that
occurs between acrosome intact sperm and the oocyte. This find-
ing is consistent with the functions of other intra-acrosomal
proteins,”>2° as SPRASA epitopes localized to the inner acroso-
mal membrane would not be exposed prior to the acrosome
reaction.

In contrast, following the acrosome reaction, intra-acrosomal
proteins become surface exposed and can be involved in sec-
ondary or tight binding that occurs between acrosome-
reacted sperm and the ZP, as well as subsequent binding and
fusion with the oolemma.?” This study confirms that SPRASA
isinvolved in sperm—oolemma binding, as SPRASA antiserum
significantly reduced the number of sperm bound to the
oolemma. This is again consistent with the findings of several
reports examining intra-acrosomal proteins***¢*%*° and
agrees with previous investigations of SPRASA localization
and function by others.®’

SPRASA Is Expressed by Ovaries/Oocytes/Ovarian Follicles

Prior to this study, SPRASA was believed to be expressed only in
the testes/sperm. We have demonstrated that SPA CA3/SPRASA is
also expressed by bovine, cat and dog ovaries/oocytes/ovarian fol-
licles at the oolemma and zona pellucida. SPRASA is also
expressed weakly in theca cells and strongly in the luteinized cells
of corpora Iutea. Furthermore, we have found mRNA expression
of SPRASA in murine ovaries.>' Other proteins originally thought
to be sperm specific such as spermadhesin and PH-20 have been
shown to be expressed in both male and female reproductive tracts
and to have potential roles in reproduction in both sexes.**~> The
function of SPRASA on the oocyte is unclear, but it seems likely
that this role is additional to sperm—oocyte interactions. Our
demonstration that antibodies reactive with SPRASA inhibit later
embryonic development may point to another, as yet unknown,
function. Furthermore, our finding that SPRASA is expressed by
oocytes, as well as sperm, suggests that antisperm/antiovarian
antibodies specific for SPRASA may be a contributing factor for
infertility in women. This is further supported by our finding of
elevated levels of SPRASA-reactive antibodies in the sera of 3
infertile women. That SPRASA-reactive antibodies were not sta-
tistically associated with infertility in general is not surprising as
there are multiple known and unknown causes of infertility.

SPRASA Has Potential Roles in Fertilization and
Embryonic Development

SPRASA appears to be a protein with multiple functions in
fertility. In vitro, inhibiting SPRASA significantly reduced
the fertilization rate, whereas subsequent development to the
2 cell embryo was not affected, suggesting that inhibiting
SPRASA may retard sperm penetration into the oocyte and/
or subsequent early phases of fertilization. That blocking
SPRASA did not completely inhibit fertilization suggests that
there is likely to be redundancy in the receptors for sperm/
oolemma binding, and that SPRASA is only one of the mole-
cules involved in this event. It is also possible that the anti-
serum we employed in this study was not entirely effective
at blocking the function of SPRASA. The mechanisms of
action of antibodies reactive with sperm antigens are not well
understood, but it has been suggested that some antibodies
may inhibit sperm—oocyte interactions and other fertility
events at multiple points during fertilization.**

In addition to inhibiting fertilization, SPRASA antiserum
disrupted early embryonic development to the morula stage,
but this effect was only apparent when oocytes or oocytes and
sperm but not sperm alone were treated with SPRASA anti-
serum. Oocyte proteins are critical for early embryonic devel-
opment.” We have shown that SPRASA is expressed by the
oocyte; the inhibition of morula stage development by
SPRASA antiserum indicates that oocyte-expressed SPRASA
may function in early embryonic development. However, acti-
vation of the embryonic genome and degradation of oocyte-
derived proteins are well advanced by the morula stage.>*
Thus, the effect of SPRASA antiserum on morula development
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suggests SPRASA may also be expressed by the embryo, and
this requires further investigation.

As our in vitro experiments suggest that antibodies reactive
with SPRASA reduce fertility in vitro, we conducted further
experiments to confirm that inhibiting SPRASA would also
reduce fertility in vivo. When SPRASA-immunized female mice
were mated to normal males, there was a 70% reduction in fer-
tility. In many cases, this was profound infertility, with 7 of the
10 SPRASA-immunized females failing to become pregnant
after 4 to 5 timed matings. This infertility was not due to a failure
to copulate since all females were confirmed to be in pro-
oestrous, and coital plugs were observed postmating, indicating
that immunization with SPRASA did not affect mating behavior.

Since immunization with ovarian antigens, such as zona pellu-
cida proteins, can lead to the destruction of ovarian follicles,>**°
we compared the ovaries of SPRASA-immunized and control
females. We found no significant differences in the numbers of
ovarian follicles at all stages of development, except for primordial
follicles. We also observed (but did not quantify) corpora lutea in
the ovaries of the SPRASA-immunized mice, suggesting normal
ovarian function was maintained. Although the reduction in the
number of primordial follicles may possibly have led to a long-
term effect on the fertility of the animals, this is unlikely to have
accounted for the profound infertility exhibited in the SPRASA-
immunized mice, since the numbers of primary, early antral,
antral, and preovulatory follicles were unaffected by immuni-
zation. In keeping with our in vitro observations, these results
suggest that the infertility in response to immunization with
SPRASA was due to defects in fertilization and/or subsequent
embryonic/fetal development, rather than due to defects in the
production of oocytes. Although some of the SPRASA-
immunized mice did become pregnant, many of the fetuses
in the pregnant SPRASA-immunized mice were nonviable,
confirming that SPRASA has a function in the embryo/fetus
in addition to its known role in fertilization.” Further work is
needed to determine the nature of the function of SPRASA
postfertilization.

Summary

Prior to this study, SPRASA was believed to be expressed only by
sperm and to function only in sperm/oocyte binding.” We have
demonstrated that SPRASA is also expressed by ovarian follicles
and corpora lutea, and that this protein has potential functions in
both fertilization and subsequent embryonic/fetal development in
several species. We have extended our previous finding that ele-
vated SPRASA-reactive antibodies are associated with infertility
in men to demonstrate that autoantibodies reactive with SPRASA
are also present in some infertile women but not in fertile women.
Further work will be needed to determine the mechanism by
which SPRASA antibodies inhibit fertility and the role that
SPRASA plays in normal embryonic/fetal development.
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