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ABSTRACT: EPPIN (epididymal protease inhibitor) is a mammalian conserved sperm-binding protein displaying an N-terminal WFDC
(whey-acidic protein four-disulfide core) and a C-terminal Kunitz protease inhibitor domains. EPPIN plays a key role in regulating sperm
motility after ejaculation via interaction with the seminal plasma protein SEMG1 (semenogelin-1). EPPIN ligands targeting the SEMG1 bind-
ing site in the Kunitz domain are under development as male contraceptive drugs. Nevertheless, the relative contributions of EPPIN
WFDC and Kunitz domains to sperm function remain obscure. Here, we evaluated the effects of antibodies targeting specific epitopes in
EPPIN’s WFDC (Q20E antibody, Gln20-Glu39 epitope) and Kunitz (S21C and F21C antibodies, Ser103-Cys123 and Phe90-C110 epitopes,
respectively) domains on mouse sperm motility and fertilizing ability. Computer-assisted sperm analysis showed that sperm co-incubation
with S21C antibody (but not F21C antibody) lowered progressive and hyperactivated motilities and impaired kinematic parameters de-
scribing progressive (straight-line velocity; VSL, average path velocity; VAP and straightness; STR) and vigorous sperm movements (curvilin-
ear velocity; VCL, amplitude of lateral head movement; ALH, and linearity; LIN) compared with control. Conversely, Q20E antibody-
induced milder inhibition of progressive motility and kinematic parameters (VAP, VCL and ALH). Sperm co-incubation with S21C or Q20E
antibodies affected in vitro fertilization as revealed by reduced cleavage rates, albeit without changes in capacitation-induced tyrosine phos-
phorylation. In conclusion, we show that targeting specific epitopes in EPPIN Kunitz and WFDC domains inhibits sperm motility and
capacitation-associated events, which decrease their fertilizing ability; nevertheless, similar observations in vivo remain to be demonstrated.
Simultaneously targeting residues in S21C and Q20E epitopes is a promising approach for the rational design of EPPIN-based ligands with
spermostatic activity.

Key words: male contraception / spermatozoon / sperm motility / hyperactivation / capacitation / fertilization / drug target

Introduction
Despite the availability of different modern contraceptive meth-
ods, almost 40% of pregnancies are unintended worldwide (Sedgh
et al., 2014). These alarmingly high pregnancy rates put at risk the
lives and well-being of millions of women annually and are associ-
ated with negative socio-economic outcomes for them and their

families (Tsui et al., 2010). Innovations in contraception can pre-
vent up to 15% of maternal deaths due to abortion or pregnancy-
related issues (Tsui et al., 2010; Gossett et al., 2013). In this sce-
nario, novel male contraceptives are urgently needed, given that
(i) male options are limited to condoms, which have high typical
failure rates, or vasectomy, which requires a medical procedure
and is not readily reversible; and (ii) one in three couples rely on
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male contraceptive methods as their main contraceptive choice
(Amory, 2016). Moreover, the development of a ‘male pill‘
remains crucial to fostering gender equality in carrying the contra-
ceptive burden.

Sperm-binding proteins with essential roles in sperm function are
promising targets for non-hormonal, fast-onset and loss-of-function
male contraceptive drug development. Owing to its druggable proper-
ties and crucial roles in regulating sperm motility, the cysteine-rich pro-
tein epididymal protease inhibitor (EPPIN) is a compelling sperm target
for male contraception in humans (O‘Rand et al., 2016; Drevet, 2018;
Long et al., 2019). EPPIN contains two protease inhibitor-type
domains in its primary sequence: a whey-acidic protein four-disulfide
core (WFDC) domain in the N-terminal region and a Kunitz domain
in the C-terminal region.

EPPIN expression in mammals (e.g., humans and mice) is enriched
in the testis and epididymis (Richardson et al., 2001; Sivashanmugam
et al., 2003; Mariani et al., 2020; Robertson et al., 2020). EPPIN is
found in the head and flagellum of mature spermatozoa, where it acts
as a central node for protein-protein interactions that regulate sperm
function upon ejaculation (Wang et al., 2005, 2007a,b; Mariani et al.,
2020). EPPIN binds to the semen coagulum protein semenogelin-1
(SEMG1) in human spermatozoa, yielding a temporary loss of sperm
progressive motility upon ejaculation (Wang et al., 2005; Mitra et al.,
2010; Silva et al., 2013). Similarly, EPPIN is a docking site for the semi-
nal vesicle-secreted protein 2 (SVS2), a SEMG1 orthologue, in mouse
spermatozoa, supporting the hypothesis that the roles of EPPIN in
sperm function are conserved between humans and mice (Mariani
et al., 2020). Human and mouse EPPIN are highly conserved in their
primary structure, reaching �80% identity in their WFDC and Kunitz
domain sequences (Clauss et al., 2005). Moreover, human SEMG1 and
mouse SVS2 display similar roles as inhibitors of sperm capacitation-
associated events such as hyperactivation and acrosomal exocytosis
and promote sperm survival in the uterus (de Lamirande et al., 2001,
2010; de Lamirande, 2007; Kawano and Yoshida, 2007; Sakaguchi
et al., 2020). These results indicate that EPPIN binding is a crucial
event for the modulation of sperm function by SEMG1 and SVS2 alike.
Single nucleotide polymorphisms in the human EPPIN gene have been
associated with both decreased and increased risk of idiopathic infertil-
ity in men with poor semen parameters (Ding et al., 2010a,b).

Active immunization of male monkeys with recombinant human
EPPIN results in high anti-EPPIN antibody titers and leads to reversible
male infertility, which has triggered its development as a contraceptive
drug target (O‘Rand et al., 2004). Further studies showed that sper-
mostatic anti-EPPIN antibodies and SEMG1 possess overlapping bind-
ing sites in the EPPIN Kunitz domain (O’Rand et al., 2011, 2016; Silva
et al., 2012a). This knowledge facilitated the design of experimental
small organic ligands targeting the EPPIN Kunitz domain, such as the
lead compound EP055, which showed inhibitory sperm motility activity
in human and non-human primate models (O’Rand et al., 2018).
However, bioinformatic studies on full-length human EPPIN homology
models indicate that amino acid residues in the EPPIN WFDC domain
can also be involved in SEMG1 and EP055 binding and form intramo-
lecular bonds with residues in the Kunitz domain that stabilize EPPIN
structure (Shan et al., 2019). These findings are in agreement with
observations that both EPPIN WFDC and Kunitz domains play differ-
ential roles in EPPIN functions. For instance, the EPPIN Kunitz domain,
but not its WFDC domain, inhibits neutrophil elastase and serine

protease prostate-specific antigen (Wang et al., 2007a,b; McCrudden
et al., 2008), whereas both domains contribute to its antimicrobial ac-
tivity (Yenugu et al., 2004; McCrudden et al., 2008).

Nevertheless, the relative contributions of EPPIN WFDC and Kunitz
domains to the regulation of sperm function are yet to be determined.
Here, we report that anti-EPPIN antibodies mapping to epitopes in
EPPIN WFDC domain (Q20E antibody, which maps EPPIN Gln20-
Glu39 sequence) and Kunitz domain (S21C and F21C antibodies,
which map EPPIN Phe90-Cys110 and Ser103-Cys123 sequences, re-
spectively) differentially impair motility, fertilization and capacitation-
associated parameters in mouse spermatozoa. Our results demon-
strate that both the Kunitz and WFDC EPPIN domains play roles in
the fertilizing capacity of spermatozoa via disturbances in motility and
capacitation-associated events. Our study sheds new light on the roles
played by EPPIN domains in regulating sperm function, thus contribut-
ing to the concept of its development as a male contraceptive drug
target with clinical applications.

Materials and methods

Reagents and chemicals
Reagents were molecular biology grade purchased from Sigma-Aldrich
(St Louis, MO, USA) or Thermo Fisher Scientific (Waltham, MA,
USA). HTF (human tubal fluid, 90125) medium was purchased from
Irvine Scientific (Santa Ana, CA, USA). KSOMaa medium (MR106-D)
was purchased from Merck (Darmstadt, Germany). Secondary anti-
bodies were purchased from Jackson ImmunoResearch Laboratories,
Inc. (West Grove, PA, USA).

Animals
We used C57BL/6 male mice (90–120 days old), purchased from
Anilab Laboratory (Paulı́nia, SP, Brazil). For IVF, we used male Swiss
mice (90–120 days old) and hybrid F1 female breed from male Balb/c
and female C57BL/6 mice (CB6F1, 60–90 days old). Animals were
housed under controlled conditions (12 h light/dark cycle, 22–24�C),
with food and water ad libitum. We performed all animal experiments
in compliance with the Animal Research: Reporting of In Vivo
Experiments guidelines, the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health, USA) and the National Council
of Animal Experimentation (CONCEA, Brazil) guidelines for animal
care and use of laboratory animals. Animal procedures were approved
by the Research Committee in the Use of Animals from IBB/UNESP
(processes #1049 and #1138) and UNIFESP-Diadema (process
#2521131119).

Anti-EPPIN antibodies
Affinity-purified rabbit polyclonal anti-EPPIN antibodies mapping N-
and C-terminal sequences of EPPIN were used in our analyses
(Table I). Anti-EPPIN S21C and F21C antibodies to the C-terminal of
human EPPIN were kindly provided by Dr Michael G. O‘Rand, the
University of North Carolina at Chapel Hill (UNC-CH), USA. Anti-
EPPIN Q20E polyclonal antibody to the N-terminal of murine EPPIN
was produced by GenScript Inc. (Piscataway, NJ, USA). We confirmed
the specificity of all anti-EPPIN antibodies in positive control
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experiments by using recombinant GST-tagged full-length mouse
EPPIN (Supplementary Fig. S1). Moreover, all antibodies detected the
same immunoreactive bands corresponding to EPPIN in mouse epidid-
ymal spermatozoa total protein extracts (Supplementary Fig. S1).
S21C and Q20E Fab fragments were produced by incubating the
whole antibodies with papain by using standard protocols
(RheaBiotech, Campinas, SP, Brazil). We dialyzed anti-EPPIN antibod-
ies against sperm culture media before all experiments.

Isolation of mouse epididymal spermatozoa
We collected spermatozoa from mouse caput (including the initial seg-
ment), corpus and cauda epididymidis. We killed the animals by cervi-
cal dislocation and dissected their epididymides in pre-warmed sterile
saline solution (0.9% w/v NaCl). We transferred epididymal regions
to 12-well culture plates containing pre-warmed HTF or TYH
(Toyoda, Yokoyama and Hoshi; 100 mM NaCl, 4.7 mM KCl, 1.2 mM
KH2PO4, 1.2 mM MgSO4, 5.5 mM glucose, 0.8 mM pyruvic acid,
1.7 mM CaCl2 and 20 mM HEPES, pH 7.2–7.4) medium. Each epididy-
mal region was cut with scissors and incubated at 37 �C for 10 min in
a controlled atmosphere (5%/95% CO2/air) to release spermatozoa
to the medium. Next, we removed the tissues from the plate well and
then counted spermatozoa in a Neubauer chamber. For sperm capaci-
tation, we incubated cauda epididymal spermatozoa in TYH medium
supplemented with 25 mM NaHCO3 and 0.75% w/v bovine serum al-
bumin (BSA; fat-free and IgG-free) for 2 h at 37 �C and 5%/95%
CO2/air. Spermatozoa were immediately processed for western blot-
ting, immunofluorescence and functional analyses as described below.

Preparation of sperm-soluble and -insoluble
protein fractions
Triton X-100-soluble and -insoluble sperm protein fractions were
obtained as previously described (Visconti et al., 1996), with minor
modifications. Briefly, we centrifuged aliquots of sperm suspension
from each epididymal region (1.5–5.0 � 106 cells) at 800g (5 min) and
washed the cell pellet with phosphate buffer (100 mM sodium phos-
phate, 150 mM NaCl, pH 7.2). Spermatozoa were resuspended in
TET buffer (1% v/v Triton X-100, 50 mM Tris-HCl, 1 mM EDTA, pH
7.5) containing protease inhibitor cocktail (Sigma), and homogenized in
a Dounce homogenizer. After incubation on ice for 20 min, samples
were centrifuged at 10 000g, (4�C, 15 min), and the following cellular
fractions were obtained: fraction S (supernatant), and containing solu-
ble, partly soluble proteins and membranes; and fraction P (pellet),
containing nucleus, mitochondria and accessory structures of the
flagellum.

Cell fractionation
We obtained subcellular fractions of spermatozoa from the cauda epi-
didymidis as previously described (Visconti et al., 1996), with minor
modifications. Briefly, spermatozoa (10–15 � 106 cells) were homoge-
nized in TE buffer (50 mM Tris, 1 mM EDTA, pH 7.5) containing pro-
tease inhibitor cocktail. After centrifugation at 10 000g (4�C, 10 min),
the resulting supernatant (S10 fraction) was centrifuged at 100 000g
(4�C, 60 min) using a fixed-angle rotor. We obtained the following
fractions: (i) P10, the pellet of the 10 000g centrifugation containing
organelles such as nuclei, mitochondria and accessory structures of the
flagellum, (ii) P100, the pellet of the 100 000g centrifugation containing
mostly membranes and (iii) S100 the supernatant of the 100 000g cen-
trifugation containing soluble proteins.

Western blot analysis
We resuspended the pellet and supernatant fractions in sample buffer
supplemented or not with 50 mM TCEP [tris(2-carboxyethyl) phos-
phine] and size-separated by SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) as previously described (Mariani
et al., 2020). Proteins were transferred from the gel to a polyvinylidene
difluoride membrane, and protein transfer was confirmed by Amido
Black staining.

Membranes were incubated with blocking solution [5% w/v milk in
TBS-T buffer (100 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.05% v/v
Tween 20)] for 1.5 h, washed with TBS-T buffer, then sequentially
probed with anti-EPPIN Q20E antibody (1.5 lg/ml) and anti-rabbit
secondary antibody conjugated to horseradish peroxidase (0.01 lg/
ml). Protein detection was obtained by chemiluminescence with ECL
Super Signal West Femto (Thermo Fisher). Negative control
experiments were performed in the presence of anti-EPPIN antibody
pre-adsorbed with a 10-fold molar excess of recombinant EPPIN.
Anti-ACTB (actin beta) rabbit monoclonal antibody (Cell Signaling,
Danvers, MA, USA, cat. #4970S, 1:1000) was used as an endogenous
control.

Immunofluorescence
We performed immunofluorescence assays using spermatozoa isolated
from cauda epididymidis submitted or not to capacitation.
Experiments were performed in buffers supplemented or not with
0.02% w/v saponin to obtain permeabilized and non-permeabilized
cells, respectively (Jamur and Oliver, 2010). Briefly, paraformaldehyde-
fixed air-dried sperm smears were incubated with blocking buffer (1%
w/v BSA in PBS buffer) for 90 min. Smears were then incubated with
one of the following anti-EPPIN antibodies: S21C (1.5mg/ml), F21C
(2.0mg/ml) or Q20E (5mg/ml) diluted in blocking buffer overnight at

............................................................................................................................................................................................................................

Table I Information about antibodies used in our experiments.

Anti-EPPIN antibody Epitope sequence Region/domain NCBI accession numbera

S21C 103SMFVYGGCQGNNNNFQSKANC123 C-terminal/Kunitz NP_065131

F21C 90FLHWWYDKKDNTCSMFVYGGC110 C-terminal/Kunitz NP_065131

Q20E 20QGPSLADLLFPRRCPRFREE39 N-terminal/WFDC NP_083601

a NCBI (National Center for Biotechnology Information; https://www.ncbi.nlm.nih.gov/).
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4�C. Smears were washed and incubated with Alexa Fluor 594-conju-
gated anti-rabbit secondary antibody (10mg/ml) for 60 min. DAPI
(4,6-diamidino-2-phenylindole) was used for nuclear staining. Images
were captured and documented with appropriate excitation filters
with a digital photomicroscope Axiophot II (Zeiss, Jena, Germany).
The final pictures were chosen to represent the pattern of EPPIN-
positive staining routinely observed in immunofluorescence experi-
ments and subjected to the same brightness/contrast adjustments by
Image J software version 1.52a (Rueden et al., 2017).

Analysis of sperm motility
We diluted the sperm suspension (2 � 105 cells/ml; final volume
150ml) with HTF medium containing anti-EPPIN S21C, F21C or Q20E
antibodies or their respective Fab fragments (0.4–0.6 mg/ml) in 12 �
75 mm glass tubes at 37�C and 5%/95% CO2/air. Sperm suspensions
were incubated in the absence of anti-EPPIN antibodies (HTF only),
and pre-immune serum (PIS) or normal rabbit IgG Fab fragments (0.4–
0.6 mg/ml) were used as controls.

We evaluated sperm motility by computer-assisted sperm analysis
using a CEROS II system (Hamilton-Thorne, Beverly, MA, USA), in-
cluding Animal Motility-II Software version 1.9, and an Olympus CX41
microscope equipped with a MiniTherm stage warmer and a JAI CM-
040 digital camera. We placed aliquots of diluted sperm suspension
into pre-warmed 80-lm 2XCELL slides (Hamilton-Thorne) at 37�C
using large-bore pipette tips, and evaluated sperm motility 30, 60 and
120 min after incubation. Time-point zero was considered 2 min after
incubation of spermatozoa with anti-EPPIN antibodies. Sperm tracks
(1.5 s, 90 frames) were captured with a frame rate acquisition of
60 Hz and 4� negative-phase contrast objective. We recorded at least
200 spermatozoa and 10 fields for each sample analyzed. The video
playback was used to analyze sperm tracks individually and remove
mistracked spermatozoa, which may occur owing to cell–cell or cell–
debris collisions and false-negative debris detection. We retrieved indi-
vidual ASCII files containing individual sperm track details for every
analysis made. Sperm tracks with <45 (50%) acquisition points were
removed from subsequent analyses (Goodson et al., 2011).

We evaluated the following sperm kinematic parameters: average
path velocity (VAP; mm/s), straight-line velocity (VSL; mm/s), curvilin-
ear velocity (VCL; mm/s), amplitude of lateral head (ALH; mm),
straightness (STR, %) and linearity (LIN; %). We classified tracks as
progressive if VAP> 50mm/s and STR> 50%, and as hyperactivated if
VCL� 180mm/s, ALH� 9.5mm and LIN< 23.6%; Kawano et al.,
2014; Ernesto et al., 2015). The percentage sperm motility (%motility)
and VSL were used to calculate the normalized index of relative motil-
ity inhibition (RMI, %motility*VSL of sample/%motility*VSL of control)
(Silva et al., 2013). The ALH and VCL were used to calculate the nor-
malized DANCE (VCL*ALH of sample/VCL*ALH of control;
Alquézar-Baeta et al., 2019).

In vitro fertilization
We performed IVF as previously described (Summers et al., 2000),
with minor modifications. Swiss male mice of proven fertility were
killed and their cauda epididymidis were dissected in 1.0 ml of
KSOMaa medium (95 mM NaCl, 2.5 mM KCl, 0.35 mM KH2PO4,
0.2 mM MgSO4, 0.2 mM glucose, 25 mM NaHCO3, 1.7 mM CaCl2,
0.2 mM sodium pyruvate, 10 mM sodium lactate, 0.01 mM EDTA,

1 mM L-glutamine, containing 0.6% w/v BSA, 1% v/v minimal essential
medium essential amino acids and 0.5% v/v non-essential amino acid)
to release spermatozoa into the medium. Pools of spermatozoa (2.0
� 105 cells) were diluted in 200 ll KSOMaa droplets (final concentra-
tion 1.0 � 106 cells/ml) in the absence (control) or presence of nor-
mal rabbit IgG (IgG control), Q20E or S21C antibodies (0.1 mg/ml).
Sperm suspensions were covered with pre-warmed mineral oil and in-
cubated for 60 min at 37 �C (5%/95% CO2/air) to induce sperm
capacitation.

CB6F1 females were superovulated with 5 IU PMSG (pregnant mare
serum gonadotropin) and 5 IU hCG by intraperitoneal injection 48 h
apart. Females were killed 12–15 h post-hCG injection, and their ovi-
ductal ampullae containing ovulated cumulus-oocyte complexes
(COCs) were collected in KSOMaa. Pools of 20–40 COCs were
transferred to IVF droplets containing spermatozoa capacitated in fresh
KSOMaa or containing rabbit IgG, Q20E or S21C antibodies. The IVF
dish was incubated for 6 h in 5% CO2 in a humid chamber at 37�C.
After IVF, COCs were denuded by gentle pipetting, and presumptive
zygotes were washed and cultured in KSOMaa in 5% CO2 and high
humidity at 37�C. Fertilization rates were determined at 24 h after IVF
(cleavage rates), and total embryonic development was determined at
96 h after IVF (morulae and blastocysts).

Analysis of sperm capacitation-induced ty-
rosine phosphorylation
We diluted aliquots of sperm suspension (5.0 � 106 cells/ml) in ca-
pacitating TYH medium in the presence of normal rabbit IgG (control,
0.3 mg/ml), or anti-EPPIN S21C or Q20E antibodies (0.01, 0.1 and
0.3 mg/ml) for 120 min at 37C (5%/95% CO2/air). Sperm samples
that had been either processed immediately after isolation from the
cauda epididymidis or incubated under capacitating conditions for
120 min in TYH medium only were used as non-capacitated (NC) and
capacitated (CAP) controls, respectively. Sperm samples were washed
with PBS buffer pH 7.4, centrifuged at 800g (10 min), resuspended in
sample buffer and boiled at 85�C for 5 min. After centrifugation, we
collected the supernatant and separated total proteins by SDS-PAGE.
We performed western blotting with mouse monoclonal anti-
phosphotyrosine antibody, clone 4G10 (MerckMillipore, Burlington,
MA, USA, cat. #05-321, 1mg/ml), diluted in blocking solution contain-
ing 3% fat-free milk (w/v) in TBS-T buffer, as previously described
(Alvau et al., 2016). Western blot images were subjected to bright-
ness/contrast adjustments and analyzed for pixel quantification of tar-
get phosphoprotein bands (�75 kDa) by using ImageJ software
(Rueden et al., 2017). The immunoreactive band corresponding to
phosphohexokinase (�116 kDa) was used as endogenous control.
Densitometric data were expressed as arbitrary units.

Statistical analysis
Results were expressed as mean 6 SEM. We checked the normal dis-
tribution and homoscedasticity of the data with the Kolmogorov–
Smirnov test and the F-test, respectively. Data that failed normality
and homoscedasticity tests were transformed to Log values before
parametric statistics. Percentage data were transformed to arcsine
square-root transformation before statistical analysis (Zar, 2010).
Student’s t-test was performed to determine statistical differences
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between two groups. ANOVA followed by Tukey test was used to
determine statistical differences when more than two groups were
compared. P< 0.05 was considered statistically significant. We per-
formed statistical analyses with GraphPad PrismVR 6.0 software
(GraphPad Software Inc., San Diego, CA, USA).

Results

EPPIN is associated with sperm surface
and cytoskeleton structures during post-
testicular maturation
Using rodent models (i.e. rats and mice), we previously demonstrated
that EPPIN distribution dynamically changes in sperm head and flagel-
lum during epididymal transit (Silva et al., 2012a,b; Mariani et al.,
2020). Here, we took a step further by investigating EPPIN compart-
mentalization in spermatozoa during two different stages of post-
testicular maturation, namely epididymal maturation and capacitation.

Our western blot results showed a differential EPPIN expression
pattern in Triton X-100-soluble (S) and -insoluble (P) fractions from
spermatozoa isolated from different epididymal regions (Fig. 1A).
Using anti-EPPIN Q20E antibody, we observed two EPPIN-positive im-
munoreactive bands with apparent molecular masses of �14 and
�28 kDa in the S fraction of spermatozoa isolated from the caput,
corpus and cauda epididymidis (Fig. 1A). We observed a different
band of �19 kDa and higher bands in the range of �47–65 kDa in the
P fraction of spermatozoa isolated from the corpus and cauda epididy-
midis, but not from the caput region (Fig. 1A). Similar results were
obtained when samples were processed for SDS-PAGE in non-
reducing conditions (Supplementary Fig. S1). Moreover, capacitation
in vitro of spermatozoa isolated from the cauda epididymidis did not af-
fect the pattern of EPPIN-positive immunoreactive bands in compari-
son with non-capacitated spermatozoa (Supplementary Fig. S1). We
detected no immunoreactive bands when experiments were per-
formed using anti-EPPIN Q20E antibody pre-adsorbed with recombi-
nant EPPIN (Fig. 1A and Supplementary Fig. S1).

To define the presence of EPPIN in sperm cellular compartments
better, we obtained subcellular fractions of mature spermatozoa by
cell fractionation. Western blot analysis using TE buffer-soluble fraction
(S10) revealed two major EPPIN-positive immunoreactive bands with
apparent molecular masses of �14 and �28 kDa, and an additional
faint band of �47 kDa (Fig. 1B). We further observed four bands
with apparent molecular masses of �14, �19, �47 and �65 kDa in
the TE buffer-insoluble fraction (P10; Fig. 1B). After ultracentrifugation
of the S10 fraction, we observed that both �14 and �28 kDa bands
remained in the S100 fraction, while the �47 kDa band was found in
S100 and P100 fractions (Fig. 1B).

We next evaluated the relative stability of EPPIN distribution in sper-
matozoa during capacitation. Immunofluorescence assays showed a simi-
lar pattern of EPPIN-positive immunostaining in both saponin-
permeabilized and non-permeabilized spermatozoa, thus confirming the
presence of EPPIN on the sperm surface (Fig. 1C). Most non-
capacitated spermatozoa displayed EPPIN-positive immunostaining in the
anterior acrosome and equatorial segment of the head (Fig. 1C). We
further observed EPPIN-positive staining in the midpiece (greater inten-
sity) and principal piece (lower intensity) of the flagellum of non-
capacitated spermatozoa (Fig. 1C). This pattern of EPPIN-positive

immunostaining was similar in capacitated spermatozoa regardless of cell
permeabilization with saponin (Fig. 1C). Moreover, we obtained similar
results when saponin-permeabilized and non-permeabilized spermatozoa
were stained with anti-EPPIN S21C and F21C antibodies (Supplementary
Fig. S2). These results demonstrated that Q20E, S21C and F21C epito-
pes are available for antibody binding on the mouse sperm surface and
that EPPIN remains associated with capacitated spermatozoa.

Antibodies mapping epitopes in EPPIN
WFDC and Kunitz domains differentially
inhibited mouse sperm motility
We investigated the effects of three anti-EPPIN antibodies mapping
distinct epitopes in EPPIN C-terminal (F21C and S21C antibodies) and
N-terminal (Q20E antibody) regions on mouse sperm motility. F21C
antibody (0.4 mg/ml) did not affect any motility parameter, except by
an increase in progressive motility at 60 min (>31%, P¼ 0.041) of in-
cubation (Supplementary Fig. S3).

On the other hand, S21C antibody (0.4 mg/ml) inhibited motility at
60 min (<25%, P¼ 0.005) and 120 min (<25%, P¼ 0.011) of incuba-
tion in comparison with PIS control (Fig. 2A). S21C antibody further
inhibited progressive motility, which was manifested earlier at 30 min
(<40%, P¼ 0.009) and persisted until 60 min (<40%, P¼ 0.003) of in-
cubation (Fig. 2A). These results were consistent with a readily de-
tectable reduction on the length of sperm tracks in S21C antibody-
treated samples in comparison with PIS control (Supplementary Fig. S4
and Videos S1 and S2). Moreover, S21C antibody inhibited hyperacti-
vated motility at 120 min (<85%, P¼ 0.002; Fig. 2A). To address
whether S21C-induced inhibition of sperm motility was dependent on
bivalent or monovalent interaction with its epitope, we incubated
mouse spermatozoa with S21C antibody Fab fragments [S21C(Fab)].
We observed that S21C(Fab) (0.5 mg/ml) inhibited sperm motility
(30 min: <29%, P¼ 0.0002; 60 min: <43%, P¼ 0.001; and 120 min:
<57%, P¼ 0.0001) and progressive motility (30 min: <55%, P¼ 0.004;
60 min: <58%, P¼ 0.032; and 120 min: <74%, P¼ 0.001) at all time-
points analyzed in comparison with control samples incubated with
normal rabbit IgG Fab fragments [IgG(Fab)] (Fig. 2B and
Supplementary Fig. S4). Consistently, S21C(Fab) inhibited hyperacti-
vated motility at 120 min (<71%, P¼ 0.018) of incubation (Fig. 2B).

Anti-EPPIN Q20E antibody-induced milder effects on sperm motility
compared with S21C antibody. Q20E antibody (0.6 mg/ml) did not
change sperm motility from the PIS control, except by an inhibition of
progressive motility at 30 min (<37%, P¼ 0.008) and 60 min (<49%,
P¼ 0.014) after incubation (Fig. 2C and Supplementary Video S3). On
the other hand, Q20E Fab fragments [Q20E(Fab), 0.6 mg/ml] inhibited
both motility (60 min: <26%, P¼ 0.023; and 120 min: <35%,
P¼ 0.005) and progressive motility (60 min: <38%, P¼ 0.021; and
120 min: <41%, P¼ 0.010) at 60 and 120 min after incubation
(Fig. 2D and Supplementary Fig. S4). Neither Q20E antibody nor
Q20E(Fab) affected hyperactivated motility (Fig. 2C and D).

Antibodies mapping epitopes in EPPIN
WFDC and Kunitz domains differentially
modulated mouse sperm kinematics

We further evaluated the effects of anti-EPPIN antibodies on sperm ki-
nematics parameters driving progressive (VAP, VSL and STR) and
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..vigorous (VCL, ALH and LIN) movements (Cancel et al., 2000). F21C
antibody did not change sperm kinematic parameters, except by an in-
crease in VSL (>31%, P¼ 0.046) and STR (>37%, P¼ 0.045) at
120 min (Supplementary Fig. S3). Conversely, S21C antibody inhibited
VSL at 30 min (<40%, P¼ 0.016) and both VSL and VAP at 60 min
(VSL: <35%, P¼ 0.020, VAP: <28%, P¼ 0.036) of incubation
(Fig. 3A). S21C-induced inhibition of VAP, but not VSL, persisted at
120 min (<26%, P¼ 0.047). At this later time-point, S21C antibody
further increased STR (>78%, P¼ 0.002; Fig. 3A). Incubation of sper-
matozoa with S21C(Fab) induced similar outcomes on VAP (60 min:
<30%, P¼ 0.033; 120 min: <37%, P¼ 0.003), VSL (30 min: <35%,
P¼ 0.046; 60 min: <40%, P¼ 0.048, 120 min: <33%, P¼ 0.048), but
did not affect STR (Fig. 3B).

Kinematic parameters associated with vigorous sperm motility were
also affected by S21C antibody, as demonstrated by a decrease in
VCL and ALH at 60 min (VCL: <30%, P¼ 0.039, ALH: <32%,
P¼ 0.045) and 120 min (VCL: <26%, P¼ 0.043, ALH: <31%,
P¼ 0.045), in parallel to an increase in LIN at 120 min (>64%,
P¼ 0.001) of incubation (Fig. 3A). S21C(Fab) induced a similar de-
crease in ALH at all time-points (30 min: <18%, P¼ 0.039; 60 min:
<24%, P¼ 0.033, 120 min: <37%, P¼ 0.0002) and in VCL at 120 min
(<38%, P¼ 0.003) of incubation (Fig. 3B). However, S21C(Fab) de-
creased LIN at 30 min (<21%, P¼ 0.048) of incubation but not at
later time-points (Fig. 3B).

Consistent with the effects induced in sperm progressive motility,
Q20E antibody decreased VAP (<19%, P¼ 0.022) and increased SRT

Figure 1. Impact of post-testicular maturation on epididymal protease inhibitor (EPPIN) expression in mouse spermatozoa. (A)
EPPIN expression in Triton X-100 insoluble (P) and soluble (S) fractions of spermatozoa isolated from the caput (Cp, including the initial segment),
corpus (Co) and cauda (Ca) epididymidis by western blot. Actin beta (ACTB) was used as an endogenous control. Negative control (�) was per-
formed with primary antibody pre-adsorbed with recombinant EPPIN. (B) EPPIN expression in subcellular fractions of spermatozoa isolated from
the cauda epididymidis. P10 and S10 indicate TE buffer soluble and insoluble fractions, respectively, after centrifugation. P100 and S100 indicate S10
soluble and insoluble fractions after ultracentrifugation. Membranes were probed with Q20E antibody. Arrows indicate EPPIN-positive immunoreac-
tive bands. MW indicates a standard protein ladder (kDa). (C) EPPIN-positive immunostaining (red) in non-capacitated and capacitated mouse sper-
matozoa. Immunofluorescence experiments were performed in the presence or absence of saponin to obtain permeabilized (left panel) and non-
permeabilized (right panel) spermatozoa. EPPIN-positive-immunostaining was detected on the head (arrowhead), midpiece (white arrow) and princi-
pal piece (yellow arrow) of the flagellum. Cell nuclei were stained with DAPI (blue). PhC, Phase contrast. Scale bar: 50 lm. Results are representative
of independent experiments performed with sperm samples from five (A) and three (B, C) mice.
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(>17%, P¼ 0.044) at 30 and 120 min of incubation, respectively
(Fig. 4A). We further observed that Q20E antibody decreased VCL at
30 min (<20%, P¼ 0.022) and ALH at 30 min (<23%, P¼ 0.006), which
showed a trend toward control values at 60 min (<19%, P¼ 0.048) of
incubation (Fig. 4A). Moreover, Q20E antibody induced a later increase
in LIN at 120 min (>20%, P¼ 0.044; Fig. 4A). Q20E(Fab), however, did
not reproduce the effects of Q20E antibody on sperm kinematics
parameters; we did not observe any effect of Q20E(Fab), except a de-
crease in ALH (<17%, P¼ 0.026) at 120 min of incubation (Fig. 4B).

The negative impact of S21C antibody on sperm motility and kine-
matic parameters caused a �2-fold decrease in the normalized index
of RMI at 30 min (P¼ 0.037) and 60 min (P¼ 0.001; Fig. 5A).
Moreover, S21C antibody induced a �2-fold decrease in the normal-
ized DANCE parameter at 60 min (P¼ 0.001) and 120 min
(P¼ 0.003) of incubation (Fig. 5A). We obtained similar results when
spermatozoa were incubated with S21C(Fab), which decreased nor-
malized RMI at all time-points (30 min: <2-fold, P¼ 0.012, 60 min:
<3-fold, P¼ 0.009, and 120 min: <5-fold, P< 0.0001) and normalized

Figure 2. Effects of anti-epididymal protease inhibitor S21C and Q20E antibodies on mouse sperm motility. (A, B) Motility of sperma-
tozoa incubated with S21C antibody (0.4 mg/ml), or its Fab fragment [S21C(Fab), 0.5 mg/ml]. (C, D) Motility of spermatozoa incubated with Q20E anti-
body (0.6 mg/ml), or its Fab fragment [Q20E(Fab), 0.6 mg/ml]. Spermatozoa incubated with pre-immune serum (PIS) or normal rabbit IgG Fab
fragments [IgG(Fab)] under the same conditions were used as controls. Sperm motility was evaluated 30, 60 and 120 min after incubation. *Indicates sta-
tistically different from control groups (P< 0.05; Student’s t-test). Percentage data were converted to arcsine square-root values before statistical analy-
sis. Results represent mean 6 SEM from independent experiments performed with sperm samples from four to five mice (shown by points).
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DANCE at 60 min (<2-fold, P¼ 0.037) and 120 min (<3-fold,
P¼ 0.003; Fig. 5B). Regarding Q20E antibody, we observed no
effects on normalized RMI, while normalized DANCE was de-
creased at 30 min (<1.6-fold, P¼ 0.011) of incubation, an effect
that did not persist at later time-points (Fig. 5C). On the other
hand, Q20E(Fab) decreased in normalized RMI (<1.7-fold,
P¼ 0.004) and normalized DANCE (<1.4-fold, P< 0.0009) at
120 min of incubation (Fig. 5D).

Antibodies mapping epitopes in EPPIN
WFDC and Kunitz domains impaired
sperm fertilizing ability but not
capacitation-induced tyrosine
phosphorylation
To evaluate whether inhibition of sperm motility parameters induced
by S21C and Q20E antibodies affects sperm fertilizing ability, we

Figure 3. Effects of anti-epididymal protease inhibitor S21C antibody on mouse sperm kinematics parameters. (A) Kinematic
parameters of spermatozoa incubated with S21C antibody (0.4 mg/ml). (B) Kinematic parameters of spermatozoa incubated with S21C Fab fragment
[S21C(Fab)] (0.5 mg/ml). Spermatozoa incubated with pre-immune serum (PIS) or normal rabbit IgG Fab fragments [IgG(Fab)] under the same condi-
tions were used as controls. Sperm kinematics was evaluated 30, 60 and 120 min after incubation. VAP, average path velocity; VSL, straight-line veloc-
ity; STR, straightness; VCL, curvilinear velocity; ALH, amplitude of lateral head displacement; LIN, linearity. *Indicates statistically different from
control groups (P< 0.05; Student’s t-test). Percentage data were converted to arcsine square-root values before statistical analysis. Results represent
mean 6 SEM from independent experiments performed with sperm samples from four to five mice (shown by points).
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..performed IVF. Our results demonstrated that incubation of sperma-
tozoa during capacitation in the presence of normal rabbit IgG
(0.1 mg/ml) did not affect their fertilizing ability compared with fresh
medium control (CTL), as revealed by similar cleavage rates on post-
IVF Day 1 (average 6 SEM—CTL: 84% 6 3% vs. IgG: 88% 6 2%;
P¼ 0.890) and total embryonic development on post-IVF Day 4 (CTL:
67% 6 2% vs. IgG: 64% 6 2%, P¼ 0.996). Under the same condi-
tions, we observed a decrease in cleavage rates when spermatozoa

were incubated with S21C (<30%, P¼ 0.008) and Q20E antibodies
(<25%, P¼ 0.021) in comparison with IgG control (Fig. 6A).

To gain further insights into the mechanisms by which S21C
and Q20E antibodies disturb sperm function, we investigated
whether they affected capacitation-induced sperm protein tyro-
sine phosphorylation. We first confirmed the time-dependent in-
crease in tyrosine phosphorylation of sperm proteins induced by
capacitation in vitro (Visconti et al., 1995a; Supplementary Fig. S5).

Figure 4. Effects of anti-epididymal protease inhibitor Q20E antibody on mouse sperm kinematics parameters. (A) Kinematic
parameters of spermatozoa incubated with Q20E antibody (0.6 mg/ml). (B) Kinematic parameters of spermatozoa incubated with Q20E Fab frag-
ment [Q20E(Fab)] (0.6 mg/ml). Spermatozoa incubated with pre-immune serum (PIS) or normal rabbit IgG Fab fragments [IgG(Fab)] under the same
conditions were used as controls. Sperm kinematics was evaluated 30, 60 and 120 min after incubation. *Indicates statistically different from control
groups (P< 0.05; Student’s t-test). Percentage data were converted arcsine square-root values before statistical analysis. Results represent mean 6

SEM from independent experiments performed with sperm samples from four to five mice (shown by points).
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The intensity of phosphotyrosine-positive bands increased over time,
reaching the highest levels between 60 and 120 min (Supplementary
Fig. S5). Spermatozoa incubated for 120 min under capacitating

conditions in the presence of S21C or Q20E (0.01, 0.1 and 0.3 mg/
ml) did not show changes in phosphotyrosine profile in comparison
with IgG control (0.3 mg/ml; Fig. 6B and C).

Figure 5. Effects of anti-epididymal protease inhibitor S21C and Q20E antibodies on motility indexes measur-
ing progressive (relative motility inhibition, RMI; %motility 3 average path velocity, VSL) and vigorous
(DANCE; curvilinear velocity, VCL 3 amplitude of lateral head, ALH) movements in mouse spermatozoa. (A,
B) Normalized RMI and normalized DANCE of spermatozoa incubated with S21C antibody (0.4 mg/ml), or its Fab fragment
[S21C(Fab), 0.5 mg/ml]. (C, D) Normalized RMI and normalized DANCE of spermatozoa incubated with Q20E antibody
(0.6 mg/ml), or its Fab fragment [Q20E(Fab), 0.6 mg/ml]. Spermatozoa incubated with pre-immune serum (PIS) or normal rabbit
IgG Fab fragments [IgG(Fab)] under the same conditions were used as controls. Normalized RMI and normalized DANCE were
calculated using sperm motility data acquired 30, 60 and 120 min after incubation. Normalized RMI was calculated as
(%motility*VSL of sample/%motility*VSL of control). Normalized DANCE was calculated as (VCL*ALH of sample/VCL*ALH of
control). A.U. indicates arbitrary units. *Indicates statistically different from PIS group (P< 0.05; Student’s t-test). Results repre-
sent mean 6 SEM from independent experiments performed with sperm samples from four to five mice (shown by points).

10 Silva et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

olehr/article/27/12/gaab066/6430990 by guest on 16 June 2023

https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaab066#supplementary-data
https://academic.oup.com/molehr/article-lookup/doi/10.1093/molehr/gaab066#supplementary-data


Figure 6. Effects of anti-epididymal protease inhibitor S21C and Q20E antibodies on sperm capacitation-associated events. (A)
Cleavage rates of mouse oocytes after in vitro insemination with spermatozoa incubated under capacitating conditions in the presence of S21C or
Q20E antibodies (0.1 mg/ml). Spermatozoa incubated under capacitating conditions in medium only or the presence of normal rabbit IgG (0.1 mg/
ml) were used as controls. Results were expressed as percentage of two-cell embryos to the total number of cumulus-oocyte complexes per fertiliza-
tion drop. Results represent mean 6 SEM from independent experiments performed with sperm samples from six mice (shown by points). (B)
Phosphotyrosine profile of mouse spermatozoa incubated under capacitating conditions in the presence of increasing concentrations of S21C or
Q20E antibodies (0.01, 0.1 and 0.3 mg/ml) 120 min. Spermatozoa immediately processed after isolation in non-capacitating conditions (NC) or incu-
bated under capacitating conditions for 120 min (CAP) in capacitating medium only or in the presence of normal rabbit IgG (0.3 mg/ml) were used as
controls. Sperm total protein extracts (1.0 � 106 cells/lane) were analyzed for tyrosine phosphorylation with anti-phosphotyrosine antibody. Results
were analyzed using ImageJ, and pixels for each lane at the double band �75 kDa (#) were quantified using phosphohexokinase (arrow) bands as en-
dogenous control. MW indicates a standard protein ladder (kDa). Results represent mean 6 SEM from independent experiments performed with
sperm samples from five to six mice (shown by points).
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Discussion
Pharmacological approaches targeting EPPIN have the potential to gen-
erate a novel class of on-demand, fast-onset, non-hormonal male con-
traceptive drugs with spermostatic activity (O’Rand et al., 2016;
Drevet, 2018). Previous studies have established that the EPPIN C-ter-
minal region, containing the Kunitz domain, provides a binding surface
for SEMG1 on human spermatozoa, resulting in transient inhibition of
motility and capacitation after ejaculation (Wang et al., 2005; Silva
et al., 2012a,b; O’Rand et al., 2016). For this reason, studies on EPPIN
ligands as sperm motility inhibitors are based on compounds that bind
to the EPPIN Kunitz domain (O’Rand et al., 2011, 2016, 2018).
Nevertheless, recent studies on full-length EPPIN homology models in-
dicated that amino acid residues in both WFDC and Kunitz domains
may play roles in EPPIN interaction with SEMG1 and its small molecu-
lar weight ligand EP055 (Shan et al., 2019). These findings suggest that
the EPPIN N- and C-terminal regions could contribute to the regula-
tion of sperm function. Using anti-EPPIN antibodies as pharmacological
tools, we showed that the EPPIN Kunitz domain plays a major role in
governing progressive and vigorous movements of mouse spermato-
zoa, but its WFDC domain may also contribute to these outcomes.
The negative effects of anti-EPPIN S21C and Q20E antibodies on mo-
tility parameters were associated with impairment in sperm fertilizing
ability, further demonstrating that antibody-mediated EPPIN blockade
on mouse spermatozoa could decrease male fertility. Our study sheds
new light on the understanding of relative contributions of EPPIN
WFDC and Kunitz domains on the regulation of sperm function, which
may contribute to the rational design of EPPIN-binding drugs with po-
tential clinical applications as male contraceptives.

Our previous studies in rats and mice showed that EPPIN localiza-
tion in spermatozoa dynamically changes during epididymal maturation,
becoming more abundant in the head and flagellum of spermatozoa
isolated from distal regions of the epididymis (corpus and cauda; Silva
et al., 2012a,b; Mariani et al., 2020). Our results herein support these
observations, as we detected EPPIN-positive bands in Triton X-100-in-
soluble and -soluble fractions from spermatozoa isolated from the cor-
pus and cauda epididymidis, but not from the caput region. Moreover,
EPPIN-positive immunoreactive bands were differentially associated
with cellular fractions of mouse spermatozoa, suggesting that EPPIN
may be involved in different events governing sperm function. The
�19 kDa band was restricted to the Triton X-100-insoluble fraction
from mature spermatozoa, indicating its association with sperm cyto-
skeleton and accessory flagellar structures (Visconti et al., 1996). In
parallel, we detected EPPIN as a monomer (�14 kDa band) and dimer
(�28 kDa band) in the Triton X-100 soluble fraction regardless of
sperm maturation stage.

Interestingly, the �14 and �28 kDa bands were also present in TE
buffer-soluble fraction (S10), suggesting they are soluble proteins asso-
ciated with the plasma membrane. To investigate this possibility, we
performed cell fractionation of the S10 fraction from mature sperma-
tozoa by ultracentrifugation. The presence of �14 and �28 kDa bands
in the S100 fraction indicated that EPPIN monomers and dimers are
either soluble or loosely bound to sperm membranes. We detected a
�47 kDa EPPIN-positive immunoreactive band, which likely represents
EPPIN oligomers, in the sperm membrane-enriched fraction (P100),
even in the presence of reducing agents. Interactions between EPPIN
and the sperm plasma membrane likely facilitate EPPIN oligomerization

via intramolecular and intermolecular bonds between residues in
WFDC and Kunitz domains (Richardson et al., 2001; Shan et al.,
2019). We consistently detected EPPIN-immunopositive staining in
non-permeabilized spermatozoa. These findings show that epididymal
maturation but not capacitation influence EPPIN association with differ-
ent cellular compartments of spermatozoa. How EPPIN is directed to
the membrane or flagellar structures; however, remains unknown. The
nature of the compartmentalized expression of EPPIN in spermatozoa
and its impact on sperm function warrants further investigation.

The acquisition of sperm motility is an essential event for mamma-
lian reproduction (Turner, 2006; Freitas et al., 2017). Poor sperm mo-
tility is a relevant cause of human male infertility and can only be
defeated by assisted reproductive techniques (Turner, 2006). On the
other hand, targeting the mechanisms governing sperm motility offers
excellent opportunities to develop male contraceptives based on loss
of sperm function. EPPIN’s pivotal role in regulating sperm motility and
druggable properties became milestones for its development as a male
contraceptive drug target (O’Rand et al., 2016, 2018). In an immuno-
contraception study, O’Rand et al. (2004) demonstrated that active
immunization with human recombinant EPPIN in monkeys resulted in
reversible infertility due to anti-EPPIN antibodies-induced inhibition of
sperm motility. Further analyses on monkey anti-EPPIN contraceptive
antibodies led to the identification of two dominant epitope sequen-
ces: Gln20-Arg32 and Thr102-Gln118, which are part of EPPIN
WFDC and Kunitz domains, respectively (O’Rand et al., 2004). Anti-
EPPIN antibodies targeting the C-terminal epitope inhibited SEMG1
binding and human sperm motility (O’Rand et al., 2009; Silva et al.,
2012a,b). Whether the EPPIN N-terminal region is involved in these
events is not known.

To gain new insights into the contributions of EPPIN WFDC and
Kunitz domains on the regulation of sperm motility, we investigated
the effects of three affinity-purified anti-EPPIN antibodies targeting
sequences in N-terminal (Q20E) and C-terminal (S21C and F21C)
contraceptive epitopes in mouse spermatozoa. It is worth noting that
EPPIN epitopes recognized by Q20E, S21C and F21C antibodies are
exposed on the sperm surface since our immunofluorescence experi-
ments showed intense EPPIN-positive immunostaining in the head and
flagellum of non-permeabilized spermatozoa. Our results showed that
S21C antibody, but not F21C antibody, negatively affected mouse
sperm motility and kinematics parameters, confirming the critical roles
of the Kunitz domain for the regulation of sperm motility. Given the
differential effects of S21C and F21C antibodies on sperm motility and
the partial overlap of their epitopes, we hypothesize that the sequence
Gln111–Asn122 contains the residues critical for EPPIN control of
sperm motility. This hypothesis is supported by: (i) active immunization
of male mice targeting EPPIN Asn113–Asn122 peptide sequence
resulted in inhibition of sperm motility and subfertility (Chen et al.,
2009; Sun et al., 2010), (ii) EPPIN residues Asn114 and Asn116 form
hydrogen bonds with SEMG1 and the EPPIN ligands B4 and EP055,
which possess sperm motility inhibitory activity (O’Rand et al., 2016;
Shan et al., 2019) and (iii) the EPPIN sequence Gln111–Asn122 is
highly conserved among primates and rodents (Supplementary Fig. S6).

The proper regulation of progressive motility acquisition and its
transition to hyperactivated motility is crucial for sperm fertilization po-
tential (Suarez, 2008). Our results show that the S21C antibody inhib-
its both progressive and hyperactivated motilities, indicating that it
disturbs signaling pathways governing these motility patterns. These
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.
effects were consistent with S21C-induced changes in kinematic
parameters associated with progressive (VAP, VSL and STR) and vigor-
ous (VCL, ALH and LIN) sperm movements. Interestingly, S21C Fab
fragments reproduced these outcomes, showing that monovalent bind-
ing to its epitope is sufficient to affect progressive motility and hyperac-
tivated motility. Consistent with our findings, human spermatozoa
incubated with S21C antibody (whole IgG and Fab fragment) display
reduced progressive motility, VCL and ALH (O’Rand and Widgren,
2012). The effects of the S21C antibody on progressive and vigorous
human sperm motility parameters were associated with acidification of
intracellular pH and subsequent decrease in intracellular calcium levels
(O’Rand and Widgren, 2012); both events are known to impair pro-
gressive motility and hyperactivation (Ho and Suarez, 2001; Carlson
et al., 2003). Blocking the S21C epitope likely induces a similar disrup-
tion of signaling pathways regulating intracellular calcium levels in
mouse spermatozoa. Our results further underscore the functional
conservation of EPPIN as a key sperm-binding molecule regulating
sperm motility patterns in humans and mice, making the latter a useful
model system for the preclinical evaluation of novel EPPIN ligands as
male contraceptives.

Molecular docking studies have suggested that SEMG1 and EP055
interact with EPPIN residues in the Q20E antibody epitope (Shan
et al., 2019). Moreover, full-length EPPIN homology modeling shows
that residues in the Q20E epitope (e.g., Pro30, Arg31 and Arg32)
form intramolecular interactions with residues in the S21C epitope
(e.g., Asn113, Ans114 and Asn116; Shan et al., 2019). In agreement
with these observations, we observed a mild effect of the Q20E anti-
body and its Fab fragment on progressive motility, indicating that the
sequence Gln20-Glu39 in the EPPIN WFDC domain may also be in-
volved in the inhibitory effects of endogenous and exogenous EPPIN
ligands on sperm motility. We hypothesized that blocking the Q20E
epitope disrupts the stability and folding of the EPPIN Kunitz domain,
thus indirectly affecting sperm motility. Additional experiments will be
required to determine whether the EPPIN WFDC domain acts as an
intramolecular chaperone keeping the proper conformation of the
Kunitz domain.

The reduced in vitro fertilizing ability of S21C- and Q20E-treated
spermatozoa argues that blocking EPPIN’s Kunitz and WFDC
domains jeopardizes sperm traits essential for fertility. We empha-
size that the 25–30% reduction in cleavage rates was observed us-
ing 4-fold lower antibody concentrations than those used in sperm
motility assays. Owing to intrinsic limitations of the IVF protocol,
we could not employ higher concentrations in our assay conditions.
Additional concentration-response studies are warranted to show
whether higher anti-EPPIN antibody concentrations can reduce fer-
tilization rates further. Our findings suggest that EPPIN ligands tar-
geting residues in both S21C and Q20E epitopes, such as the
prototype compound EP055 (O’Rand et al., 2018; Shan et al.,
2019), may effectively reduce fertilization, underscoring their poten-
tial clinical application as male contraceptive drugs. Indeed, our
results may be translated to humans, given that the inhibition of hu-
man sperm motility parameters by EP055 (O’Rand et al., 2018)
may diminish their fertilizing ability in vivo.

It is known that capacitation-associated events rely on signaling path-
ways that lead to post-translational modifications of several sperm pro-
teins (Visconti et al., 1995b; Fraser, 2010; Battistone et al., 2014).
Among these post-translational modifications, tyrosine phosphorylation

is an important event to trigger downstream signaling pathways that
promote sperm capacitation (Visconti et al., 1995b; Molina et al.,
2018). Activation of soluble adenylyl cyclase (ADCY10)/30,50-cyclic
adenosine monophosphate (cAMP)/protein kinase A (PKA) pathway
during sperm capacitation is crucial for capacitation-induced in tyrosine
phosphorylation of sperm proteins (Visconti et al., 1995b; Leclerc
et al., 1996). Antibodies mapping EPPIN C-terminus disturb cAMP
production in human spermatozoa (O’Rand et al., 2009), suggesting
that downstream events, such as tyrosine phosphorylation, could be
impaired. To address this hypothesis, we tested whether S21C and
Q20E antibodies modify sperm capacitation-induced tyrosine phos-
phorylation. Our results ruled out this possibility since neither S21C
nor Q20E antibodies changed the tyrosine phosphorylation profile dur-
ing sperm capacitation in vitro. Intriguingly, EPPIN-binding partners
SEMG1 and SVS2 inhibit capacitation-associated tyrosine phosphoryla-
tion in human and mouse spermatozoa, respectively (de Lamirande,
2007; Kawano and Yoshida, 2007). Thus, although their binding sites
on EPPIN overlap with endogenous binding partners, the effects of
S21C and Q20E antibodies on sperm capacitation are likely down-
stream of PKA-triggered protein phosphorylation, including disruption
of intracellular Ca2þ increase or membrane hyperpolarization.
Additional investigation will be required to test these hypotheses.

Novel pharmacological approaches for male contraception will
represent an important step toward better gender equality in family
planning. Taken together, we show that both WFDC and Kunitz
domains of EPPIN play different roles in the control of progressive
and hyperactivated mouse sperm motility, which leads to a de-
crease in their fertilizing ability. Our results underscore the rational
design of EPPIN ligands simultaneously targeting residues within
WFDC and Kunitz domains, which may provide a road for more
potent spermostatic drugs with therapeutic applications in non-
hormonal male contraception.
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2019/13661-1), Coordenaç~ao de Aperfeiçoamento de Pessoal de
Nı́vel Superior (CAPES, financial code 001) and Conselho
Nacional de Desenvolvimento Cientı́fico e Tecnológico (CNPq).
This work was also supported by Agencia Nacional de Promoción
Cientı́fica y Tecnológica (PICT 2017-3047 to M.G.B.).

Conflict of interest
The authors declare that they have no conflict of interest.

References
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