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SUMMARY
Improvements in long-term female contraception can be achieved by vaccinating with
sperm-derived proteins. Here, recombinant proteins comprising either (i) N- (amino
acid residues 180) or C- (amino acid residues 76126) terminal fragments of
mouse sperm protein 17 (Sp17) fused to the promiscuous T non-B cell epitope of
tetanus toxoid (TT), amino acid residues 830844 followed by di-lysine linker (KK)
(TT-KK-Sp17N or TT-KK-Sp17C, respectively) or (ii) mouse equatorin (amino acid
residues 21185) fused to the T non-B cell epitope of bovine RNase (amino acid
residues 94104) were expressed in Escherichia coli. Immunization of female FVB/J
mice, using alum as an adjuvant, led to the generation of high antibody titers against
the above proteins. Antibodies against both N- and C-terminal fragments of Sp17
reacted with the entire capacitated mouse spermatozoa, whereas those against
equatorin reacted exclusively with the equatorial region. Despite the reactivity of all
immune sera, only sera from mice immunized with TT-KK-Sp17N and TT-KK-Sp17C
significantly reduced mouse in vitro fertilization. Mating studies of the immunized
females with un-immunized male mice revealed the highest infertility in the TT-KKSp17C-immunized group. In an attempt to further boost the immune response, the
C-terminal fragment of Sp17 was expressed as fusion protein with a tandem repeat of
gonadotropin-releasing hormone (GnRH) (Sp17C-GnRH2). Immunization of both
male and female mice with Sp17C-GnRH2 led to higher contraceptive efficacy
compared to mice immunized with TT-KK-Sp17C. Interestingly, mating studies
wherein partners were both immunized with Sp17C-GnRH2 showed a complete
failure of female mice to conceive. Thus, immunization of both males and females
with Sp17C-GnRH2 has the potential to increase contraceptive efficacy.
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INTRODUCTION
Wild animals may act as vectors or reservoirs for
various zoonotic diseases, which poses risks to human
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Abbreviations: bRNase, bovine RNase; EQ, equatorin; GnRH, gonadotropin-releasing hormone; Sp17, sperm protein 17; TT, tetanus toxoid

FERTILITY INHIBITION

health (Murphy, 1998). Management of wildlife populations requires the development of methods that are more
humane than culling and relocation; contraceptive vaccines may be one such option. For example, contraceptive vaccines based on native porcine zona pellucida
glycoproteins were successfully employed to manage a
population of feral horses and white-tailed deer (Kirkpatrick et al., 1990; Naugle et al., 2002), and at least four
commercial contraceptive vaccines, based on neutralization of gonadotropin releasing hormone (GnRH), had
variable contraceptive efficacy in animal models (Yoder
and Miller, 2010; Brunius et al., 2011; Levy et al., 2011).
Nevertheless, success rates are not ideal; leveraging the
list of proteins involved in reproduction may help develop
additional novel recombinant immunogens with improved
contraceptive efficacy.
Sperm proteins are promising candidate antigens for
contraceptive vaccines (Naz and Rajesh, 2005). In the
present study, the contraceptive potential of mouse
sperm protein 17 (Sp17) (Grizzi et al., 2003) and mouse
spermatozoa-associated equatorin (Toshimori et al.,
1998) were investigated. Sp17 was originally isolated
as a member of the rabbit sperm-specific auto-antigen
family, antibodies to which impeded fertilization both in
vitro and in vivo (O’Rand, 1981). Sp17 is a three-domain
protein that contains a highly conserved N-terminal domain that is 45% identical to the human type-II alpha
regulatory subunit of protein kinase A; a central sulphated
carbohydrate-binding domain; and a C-terminal Caþþ/
calmodulin-binding domain (Richardson et al., 1994;
Lea et al., 1996; Wen et al., 1999). Sp17 is thought to
bind the extracellular matrix of the oocyte, based on
observations that it can bind both heat-solubilized zona
pellucidae and sulphated complex carbohydrates
(Richardson et al., 1994). These properties led to the
proposal that Sp17 may be a viable immunocontraceptive
target antigen (Lea et al., 1998). Equatorin, on the other
hand, is a protein found at the equatorial regions of the
sperm head, and is possibly involved in sperm-egg fusion
(Toshimori et al., 1998). Equatorin is not involved in
acrosome biogenesis, but is required for the acrosome
reaction (Hao et al., 2014). Previous in vitro studies
showed that pretreatment of sperm with an anti-equatorin
antibody significantly reduced in vitro fertilization rates
(Toshimori et al., 1998).
In this study, recombinant proteins corresponding to
either (i) N- and C-terminal fragments of mouse Sp17
fused with T non-B cell epitopes of tetanus toxoid (TT) via
a di-lysine linker (TT-KK-Sp17N or TT-KK-Sp17C) or
(ii) mouse equatorin fused with T non-B cell epitope of
bovine RNase (bRNase) via a di-lysine linker (bRNaseKK-EQ) were used as immunogens. Based on the phenotypes associated with immunogenicity and contraceptive efficacy, the best candidate protein was fused to
GnRH, a contraceptive vaccine target proposed to work
for both males and females (Yoder and Miller, 2010;
Brunius et al., 2011; Levy et al., 2011) that does not carry
undesirable adverse health effects (Curtis et al., 2008;
Gionfriddo et al., 2011).
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RESULTS
Cloning, Expression, and Purification of
Recombinant Proteins
The construct designs of Escherichia coli-expressed
recombinant proteins TT-KK-Sp17N, TT-KK-Sp17C, and
bRNase-KK-EQ are shown in Figure 1. Recombinant proteins were purified using nickel-nitrilotriacetic acid affinity
chromatography, and then refolded. The total yield of the
respective recombinant proteins obtained from 1-L cultures
was: 8.16 mg of TT-KK-Sp17N; 6.84 mg of TT-KK-Sp17C;
and 10.92 mg of bRNase-KK-EQ.
Analysis of the purified recombinant proteins by 0.1%
SDS-12% PAGE revealed major bands at 13 kDa for
TT-KK-Sp17N; 17 kDa for TT-KK-Sp17C; and 25 kDa
for bRNase-KK-EQ (Fig. 2). All of the purified recombinant
proteins reacted with mouse monoclonal antibody against
His6-tag by Western blot (Fig. 2).

Recombinant Proteins Are Highly Immunogenic
in Mice
Inbred FVB/J mice were chosen to evaluate the active
immunization process due to their high fertility (see data for
the alum-injected control group in Table 1), which provided
more confidence in our measures of contraceptive potential. Immunization of female mice with E. coli-expressed
recombinant TT-KK-Sp17N, TT-KK-Sp17C, and bRNaseKK-EQ proteins led to high antibody titers against the
respective proteins (Table 1). Immunization of female
mice with a mixture of TT-KK-Sp17N and TT-KK-Sp17C
also produced antibodies against both recombinant proteins. Antibody titers observed on Day 56 were lower in the
group of females immunized with TT-KK-Sp17N plus

Fig. 1. Constructs used for expression of the recombinant proteins.
A: N-terminal fragment of mouse Sp17 (Sp17N), amino acid residues
180, linked to the T non-B cell epitope of TT (amino acid residues
830844) by a di-lysine linker (KK) at the N-terminus. B: C-terminal
fragment of mouse Sp17 (Sp17C), amino acid residues 76126, linked
to TT by KK at the N-terminus. C: Mouse equatorin (EQ), amino acid
residues 21185, linked to the T non-B cell epitope of bovine RNase
(bRNase; amino acid residues 94104) by KK at the N-terminus. The
respective restriction sites used to clone the inserts into the pET22b(þ)
expression vector are shown. pT7, T7 promoter; His6, histidine tag.
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Fig. 2. E. coli-expressed mouse Sp17 fragments and equatorin. Recombinant TT-KK-Sp17N, TT-KK-Sp17C, and bRNase-KK-EQ proteins were
expressed, purified, and renaturated. Each purified protein (3 or 5 mg/lane) was resolved by 0.1% SDS-12% PAGE, and either (A) stained with
Coomassie brilliant blue (5 mg/lane) or (B) processed for Western blot (3 mg/lane) using anti-His6-tag mouse monoclonal antibody. Arrows indicate
the monomeric form of the recombinant protein.

TT-KK-Sp17C as compared to group of mice immnunized
with only TT-KK-Sp17C (Table 1).

Antibodies Generated Against Recombinant
Proteins Recognize Mouse Spermatozoa
Antibodies generated against TT-KK-Sp17N, TT-KKSp17C, and bRNase-KK-EQ reacted specifically with
capacitated mouse sperm (Fig. 3). Antibodies against
TT-KK-Sp17N and TT-KK-Sp17C recognized capacitated
sperm at a frequency of 71.8% and 74.0%, respectively,
and reacted with patches in the head, mid-piece, and tail
(Fig. 3A and B). Antibodies against recombinant bRNaseKK-EQ also reacted with 78.7% of capacitated sperm, but
recognized proteins exclusively at the equatorial region
(Fig. 3C). Pre-immune sera from all of the above immunized groups failed to show any reactivity to mouse
spermatozoa (Fig. 3D).

Antibodies Generated Against Recombinant Sp17
Fragments Inhibit Mouse In Vitro Fertilization
The mouse polyclonal antibodies generated against
TT-KK-Sp17N, TT-KK-Sp17C, and bRNase-KK-EQ were
evaluated for their ability to inhibit mouse in vitro fertilization. Significant inhibition was observed when capacitated
sperm were pre-incubated with immune sera obtained from
mice immunized with either TT-KK-Sp17N or TT-KK-Sp17C
compared to alum-injected control sera (Table 2). Immune
sera from the female mice immunized with bRNase-KK-EQ
did not show any significant inhibition of in vitro fertilization
(Table 2).

Immunization of Female Mice With TT-KK-Sp17C
Reduced Their Fertility
Immunization of female mice with recombinant TT-KKSp17C prevented 50% of the immunized mice from

TABLE 1. Immunogenicity and Contraceptive Efficacy of Recombinant Sp17 Fragments or Equatorin in FVB/J Female Mice
3

Antibody titers, AU  10
Immunogens
Alum only (n ¼ 10)
TT-KK-Sp17N (n ¼ 10)
TT-KK-Sp17C (n ¼ 8)
bRNase-KK-EQ (n ¼ 8)
TT-KK-Sp17N and
TT-KK-Sp17C (n ¼ 9)

Antigens used
for ELISA

Day 0

TT-KK-Sp17N
TT-KK-Sp17C
bRNase-KK-EQ
TT-KK-Sp17N
TT-KK-Sp17C
bRNase-KK-EQ
TT-KK-Sp17N
TT-KK-Sp17C

<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
11.00  1.23
<0.05
38.37  8.66
<0.05 175.50  26.25
<0.05
4.44  1.04
<0.05
21.00  3.15

Day 35

Day 56
<0.05
<0.05
<0.05
40.30  10.77
138.50  29.56
214.25  17.5
11.22  1.60
121.77  20.94

Percentage
of animals
that failed to
conceive

Pups per
mated
female

P-value of Ig titers
in pregnant versus
non-pregnant
mice (Day 56)

0

9.00  0.65

NA

20
50
0
44.4

4.70  0.88
2.87  1.12
6.37  0.62
3.33  1.06

0.14
0.02
NA
0.30
0.02

Data presented as mean  standard error. NA, not applicable.
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Fig. 3. Reactivity of mouse polyclonal antibodies against Sp17 fragments and equatorin with mouse capacitated spermatozoa. Sperm from 10 to
12 weeks old male FVB/J mice were isolated from the epididymis and vas deferens, capacitated, and processed for indirect immunofluorescence.
Phase-contrast images of spermatozoa (AD) for the respective immunoflouorescence images shown below (ad). Pooled (n ¼ 3) Day-56
immune sera (1:20 dilution) from mice injected with TT-KK-Sp17N (A, a), TT-KK-Sp17C (B, b), bRNase-KK-EQ (C, c), or pre-immune sera (n ¼ 3)
from TT-KK-Sp17C (D, d) were used. Scale bar, 20 mm.

conceiving, with a significant negative correlation between
antibody titer and conception probability (Table 1). Immunization of female mice with TT-KK-Sp17N also reduced
fertility, although a lower percentage of mice were affected
compared to TT-KK-Sp17C-immunized mice. Female mice
immunized with the mixture of TT-KK-Sp17N and TT-KKSp17C led to an intermediate inhibition of fertility (Table 1).
In contrast, immunization with recombinant bRNase-KKEQ did not change female fertility.

Generation and Vaccination Potential of a
Sp17C-GnRH2 Fragment
The substantial reduction in fertility associated with
recombinant TT-KK-Sp17C in female mice demonstrated
the vaccine-target potential of this fragment compared to
the other two immunogens. We pursued its contraceptionblocking potential by fusing the C-terminal Sp17 fragment

TABLE 2. Inhibition of In Vitro Fertilization by Antibodies
Against Recombinant Sp17 Fragments or Equatorin

Immunogens
Control
TT-KK-Sp17N
TT-KK-Sp17C
bRNase-KK-EQ

Number
of
mouse
eggs

Number
of
fertilized
eggs

22
21
21
21

17
10
4
14

Percentage
fertilization P-value
77.2
47.6
19.0
66.6

NA
0.008
0.009
0.35

Mouse sperm were pre-treated with immune serum (1:20 dilution) obtained from
mice immunized with adjuvant only (control) or fragments of Sp17 or equatorin.
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with a tandem repeat of GnRH (Fig. 4A), due to its potential
as a vaccine target that functions in both males and females
without adverse side effects (Curtis et al., 2008; Yoder and
Miller, 2010; Brunius et al., 2011; Gionfriddo et al., 2011;
Levy et al., 2011).
The Sp17C-GnRH2 recombinant protein was produced
in E. coli and evaluated by the same protocols as used for
the other three recombinant proteins. Total yield of Sp17CGnRH2 was 8.40 mg. This fusion protein migrated at
19 kDa, and reacted with mouse monoclonal antibodies
against His6-tag and against GnRH (MA-P81662) (Gupta
et al., 1985b) (Fig. 4B).
Female mice immunized with recombinant Sp17CGnRH2 produced antibodies against both Sp17C and
GnRH, as evident by the reactivity to recombinant TTKK-Sp17C and GnRH-BSA conjugate (Table 3). Higher
antibody titers were observed on Day 56 of immunization
for the fusion protein as compared to TT-KK-Sp17C and
GnRH-BSA in females (Table 3) and males (Table 4),
although the individual antibody titers in males were generally lower than in females.
Mating studies revealed that mice immunized with
Sp17C-GnRH2 had higher infertility (80% immunized females failed to conceive; 60% of males were infertile)
compared to the TT-KK-Sp17C immunized group (Tables
3 and 4). Males receiving TT-KK-Sp17C also possessed
normal testis morphology with no impaired spermatogenesis (Fig. 5A and B), whereas most of the seminiferous
tubules of the testes of Sp17C-GnRH2-immunized animals
lacked a defined lumen and contained few to no spermatozoa (Fig. 5C). Mean paired testis weight of these immunized males (122.80  3.51 mg) was significantly lower
(P ¼ 0.0009) than adjuvant-immunized controls. Further,
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Fig. 4. Fusion protein encompassing the C-terminal fragment of Sp17
and GnRH. A: Construct containng the T non-B cell epitope of bRNase
followed by KK, Sp17C, KK, T non-B cell epitope of TT, and two copies of
GnRH. The respective restriction sites used to clone the insert into the
pET22b(þ) expression vector are shown. pT7, T7 promoter; His6,
histidine tag. B: Recombinant Sp17C-GnRH2 was expressed, purified,
and renatured. The purified protein (3 or 5 mg/lane) was resolved by
0.1% SDS-12% PAGE, and processed for (left) staining with Coomassie
brilliant blue (5 mg/lane) or processed for Western blot (3 mg/lane) using
(middle) anti-His6-tag mouse monoclonal antibody or (right) mouse
monoclonal antibody against GnRH (MA-P81662). Arrow indicates the
monomeric form of the recombinant protein.

the diameter and circumference of seminiferous tubule
were significantly lower than controls (Fig. 5D).

Complete Block of Fertility Achieved When Both
Mating Partners Were Immunized With Sp17CGnRH2
Mating studies involving male and female mice both
immunized with TT-KK-Sp17C revealed higher infertility in
female mice (Table 5). The percentage of infertile females
improved for matings of TT-KK-Sp17C-immunized females
with immunized males (Table 5) compared to unimmunized
males (Table 1). Complete infertility (100%) was observed
when female and male mice both immunized with recombinant Sp17C-GnRH2 were mated (Table 5).

Reports of auto- or iso-antibodies against sperm proteins in men and women with idiopathic infertility (Ingerslev, 1981; Francavilla et al., 2007) suggest that sperm
components are ideal contraceptive vaccine candidates.
Indeed, the contraceptive potential of several sperm proteinssuch as Lactate dehydrogenase-C4, PH20, Fertilin
(PH30), Sp10, Sp17, Sp56, Fertilization Antigen-1,
Izumo, YLP12 dodecamer peptide, CatSper1, Eppin,
80-kDa Human sperm antigen, Proacrosin, and Cystein-rich secretory protein-1 (CRISP1)were previously
shown to provide variable efficacy in different animal
models (reviewed by Gupta et al., 2014). In contrast to
zona pellucida- or GnRH-based contraceptive vaccines,
however, no sperm protein-based contraceptive vaccine
has reached field application.
We revisited the in vivo contraceptive potential of Sp17,
a 149-amino acid polypeptide, and also evaluated the
potential to inhibit fertility by immunization with equatorin.
Mouse Sp17 was expressed either as N- or C-terminal
fragments, fused to the ‘‘promiscuous’’ T non-B cell epitope
of tetanus toxoid, which may help elicit an antibody response in an outbred population of mice with different major
histocompatibility (MHC) backgrounds (Lairmore et al.,
1995; Lea et al., 1998). Inclusion of a di-lysine linker
may foster a better immune response since KK is the target
sequence of the lysosomal protease cathepsin B, which is
involved in antigen processing in the context of MHC-II
nil et al., 2002; Yano
antigen presentation (Lennon-Dume
et al., 2005), and is reported to prolong the half-life of an
immunogen (Steinhilb et al., 2002). A similar fusion protein
incoprorating amino acid residues 21185 of equatorin
(i.e., without signal peptide and N-terminal transmembrane
domain) was also expressed with a ‘‘promiscuous’’ T non-B
cell epitope from bRNase with a di-lysine linker. This
particular fragment of equatorin was chosen because it
is recognized by monoclonal antibody MN9, which can
curtail sperm-egg fusion (Toshimori et al., 1998).
Antibodies against bRNase-KK-EQ reacted with the
equatorial region of the capacitated spermatozoa, but did
not significantly block mouse in vitro fertilization compared
to antibodies against Sp17. This observation contradicts
previous reports that the MN9 antibody, which recognizes
equatorin, can significantly reduce in vitro fertilization at
concentrations of 25 mg/mL using zona pellucida-intact
oocytes, and at 100 mg/mL using zona pellucida-free

TABLE 3. Immunogenicity and Contraceptive Efficacy of Recombinant Sp17C-GnRH2 in FVB/J Female Mice
Antibody titers, AU  10
Immunogen
Alum only (n ¼ 10)
Sp17C-GnRH2 (n ¼ 10)

Antigens used
for ELISA

Day 0

Sp17C-GnRH2
Sp17C-GnRH2
TT-KK-Sp17C
GnRH-BSA

<0.05
<0.05
<0.05 64.60 12.75
<0.05 14.00  1.04
<0.05
4.28  0.83

Day 35

3

Day 56
<0.05
169.20 35.11
59.20  4.25
15.70  1.45

Percentage of
animals that
failed to
conceive

Pups per
mated
female

0
80

7.70  0.30
1.70  1.13

P-value of Ig titers
in pregnant versus
non-pregnant mice
(Day 56)
NA
0.05
0.01
0.04

Data presented as mean  standard error. NA, not applicable.
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TABLE 4. Immunogenicity and Contraceptive Efficacy of Recombinant TT-KK-Sp17C or Sp17C-GnRH2 in FVB/J Male Mice
3

Antibody titers in AU  10
Immunogens
Alum only (n ¼ 5)
TT-KK-Sp17C (n ¼ 5)
Sp17C-GnRH2 (n ¼ 5)

Antigens used
for ELISA

Day 0

TT-KK-Sp17C
Sp17C-GnRH2
TT-KK-Sp17C
Sp17C-GnRH2
TT-KK-Sp17C
GnRH-BSA

<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05 17.80  2.78
75.00  6.12
<0.05 26.4  12.01 109.60  19.56
<0.05 10.70  2.43
21.40  2.75
<0.05 3.80  0.80
9.60  0.67

Day 35

Day 56

Percentage of
infertile males

P-value of Ig titers in fertile
versus infertile male mice
(Day 56)

0

NA

40
60

0.07
0.01
0.10
0.03

Data presented as mean  standard error. NA, not applicable.

oocyte (Toshimori et al., 1998). One likely source of these
differences is the antibody titer itself, wherein the polyclonal
antibodies generated against recombinant bRNase-KKEQ did not contain enough equatorin-specific antibodies
to equal 25 mg/mL of the MN9 monoclonal antibody. Further, the epitope recognized by MN9, which clearly is crucial
for sperm-egg fusion, may not be well-represented by the
polyclonal response to the bRNase-KK-EQ immunogen.
Together, these specific characteristics of antibodies are
consistent with the slight sub-fertility observed for this
group of immunized females compared to alum-injected
controls (Table 1).
Immunization studies in female FVB/J mice revealed
that recombinant TT-KK-Sp17C is more immunogenic than
TT-KK-Sp17N, based on antibody titers from individuals
immunized with each recombinant protein alone or as a
mixture of both (Table 1). The lower contraceptive efficacy
of the mixture compared to TT-KK-Sp17C alone was likely
due to competition within the animal for generating an
immune response to both Sp17 fragments. Nevertheless,
the antibodies generated against recombinant TT-KKSp17N and/or TT-KK-Sp17C recognized native proteins
on the sperm, as demonstrated by their recognition of
surface proteins on mouse spermatozoa, and is in agreement with previous reported reactivity of anti-Sp17 antibodies (Frayne and Hall, 2002).
Recombinant protein TT-KK-Sp17C was the most effective at eliciting an immune response that reduced fertility in
immunized female mice. Indeed, a correlation between
antibody titer and infertility was observed in this group of
mice compared to those immunized with TT-KK-Sp17N,
whose antisera was effective at blocking in vitro fertilization
but not in vivo fertility (Tables 1 and 2). A previous study
demonstrating that actively immunized female mice with
TT-KK-ZP3 also identified a correlation between antibody
titer and infertility (Shrestha et al., 2015)although the
predictive power of antibody titer versus contraception is
still unclear (Goldberg et al., 1981; O’Hern et al., 1995).
Interestingly, 80% of the Sp17C-GnRH2-immunized female
mice failed to conceive, compared to 50% of mice immunized with TT-KK-Sp17C, suggesting that incorporation of
GnRH increased the contraceptive efficacy of Sp17C. This
improvement may be due to the generation of antibodies
against both Sp17C and GnRH, which implies that antibody

Mol. Reprod. Dev. 83:1048–1059 (2016)

titer against the proper epitopes do influence contraceptive
potential.
Both recombinant TT-KK-Sp17C and Sp17C-GnRH2
substantially reduced fertility in both female and male
mice compared to the alum-injected control group (Tables
1, 3 and 4). Curiously, immunization of male mice with
Sp17C-GnRH2, but not TT-KK-Sp17C, led to testicular atrophy and a significant decrease in the diameter and circumference of seminiferous tubules (Fig. 5). These phenotypic
differences are consistent with two distinct mechanisms of
action: Active immunization of males against GnRH suppresses the release of gonadotropins and testosterone,
leading to testicular atrophy associated with suppression
of spermatogenesis (Han et al., 2015, 2016), whereas an
antibody response to Sp17 only affects mature sperm.
Given the sex-independent response to immunization,
we further explored the impact on fertility when mating male
and female mice that were both immunized in order to
determine if their combined subfertility might reach the
target efficacy for contraceptive vaccines (>90% infertility).
Interestingly, none of the female mice immunized with
Sp17C-GnRH2 conceived when mated with male mice
immunized with the same immunogen (Table 5); conversely, all the alum-injected control female mice became
pregnant. Thus, achieving 100% contraceptive efficacy is
possible when a vaccine is effective in both sexes, and
these immunized individuals mate. Further studies are
needed to confirm these observations, however, considering that small groups of immunized male mice were used
here and were not rotated during these mating studies.
GnRH-based vaccines, if used to immunize both
males and females followed by mating between the
immunized animals, may generally achieve complete
block of fertility. Indeed, four commercial GnRH-based
contraceptive vaccines
e.g., Improvac1 (Pfizer Animal
Health, Victoria, Australia), Equity1 (CSL, West Ryde,
NSW, Australia), Repro-BlocTM (Amplicon Vaccine LLC,
Pullman, WA), and GonaconTM (National Wildlife Research Center)have been available for some time,
although we failed to find any study where these vaccines
were validated for such a sex-independent paradigm.
The novelty of our approach and data lies in combining
a sperm antigen and GnRH to produce a viable candidate
contraceptive vaccine.
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Fig. 5. Testes of male mice immunized with recombinant TT-KK-Sp17C or Sp17C-GnRH2. Testes surgically removed from the groups of mice

immunized with TT-KK-Sp17C, Sp17C-GnRH2, or alum were sectioned (5 mm) and stained with eosin and hematoxylin. All the panels show the
photomicrographs of testis isolated at Day 72 after the initiation of the immunization. A, a: Normal seminiferous tubules from alum-injected control
mice. B, b: Normal plus a few degenerating seminiferous tubules from a mouse immunized with TT-KK-Sp17C. C, c: Degenerating and atrophied
seminiferous tubules of a mouse immunized with Sp17C-GnRH2. Lower panels (ac) are magnified views. Scale bars, 20 mm. D: Diameter (left) and
circumference (right) measurements of seminiferous tubules (n ¼ 5 per group). Values are expressed as mean  standard error.

Contraceptive vaccine delivery is major challenge for
population management of wildlife, requiring a balance
among the number of injections given, the time required
for generating long-lasting immunity, and enhancement of
contraceptive efficacy. Vaccines that work in both sexes will
have an advantage in the field. Here, we achieved 100%
infertility in immunized female mice when mated with an
immunized male. Overcoming the requirement for multiple
immunizations may be achieved by exploring different platforms for presenting the immunogens, such as delivery of
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antigen in polymer (poly-lactide or poly [lactic-co-glycolic
acid]) and/or polyphosphazene microsphere particles
(Kanchan et al., 2009; Garlapati et al., 2011).

MATERIALS AND METHODS
The animal studies were conducted as per the guidelines and approval of the Institutional Animal Ethics Committee (IAEC).
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NA
<0.05 13.20  1.71
<0.05 4.87  1.65
TT-KK-Sp17C
GnRH-BSA
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Data presented at mean  standard error. NA, not applicable.

58.20  5.50
12.20  1.71

<0.05 12.40  1.35
<0.05 4.60  1.81

22.80  1.56
10.00  0.89

<0.05 54.60  26.96 164.60  22.58 <0.05 49.40  10.74 128.4  21.63
Sp17C-GnRH2

Sp17C-GnRH2 (n ¼ 5 males)
(n ¼ 10 females)

100

1.55  1.04
125.20  21.38 <0.05 17.00  1.89

71.80  5.21
<0.05 27.60  4.31
TT-KK-Sp17C
TT-KK-Sp17C (n ¼ 5 males)
(n ¼ 9 females)

77.77

7.20  0.38
0
Alum only (n ¼ 5 males)
(n ¼ 10 females)

<0.05
<0.05

<0.05
<0.05

<0.05
<0.05

<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
Sp17C-GnRH2
TT-KK-Sp17C

Percentage of females that
failed to conceive
Day 56

Day 0

Day 35

Day 56
Day 35
Day 0
Immunogens
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Cloning and Expression of Recombinant Proteins

Antigens used
for ELISA

Antibody titers, AU  103 in male
mice
Antibody titers, AU  103 in female
mice

TABLE 5. Outcome of Mating of Male and Female Mice Both Immunized With Recombinant TT-KK-Sp17C or Sp17C-GnRH2

Pups per
mated female

FERTILITY INHIBITION

cDNA encoding the promiscuous T non-B cell epitope of
TT (amino acid residues 830844) followed by a di-lysine
linker (KK) and mouse N-terminal Sp17 fragment corresponding to amino acid residues 180 (TT-KK-Sp17N) or
C-terminal fragment of Sp17 corresponding to amino acid
residues 76126 (TT-KK-Sp17C) were PCR amplified from
codon-optimized synthetic genes obtained from GenScript
Corporation in pUC57 (Piscataway, NJ) using appropriate
forward and reverse primers (Table 6) containing NdeI and
XhoI restriction sites. Similarly, the cDNA encoding T non-B
cell epitope of bRNase (amino acid residues 94104)
followed by KK and mouse equatorin (amino acid residues
21185) (bRNase-KK-EQ) was obtained using appropriate
primers (Table 6). The synthetic gene encompassing promiscuous T non-B cell epitope of bRNase followed by KK,
Sp17C, KK, T non-B cell epitope of TT, and two copies of
GnRH (Sp17C-GnRH2) with NdeI and BamHI restriction
sites at the 50 and 30 ends, respectively, was also obtained
from GenScript Corporation in pUC57 vector. PCR-amplified DNA was cloned in pET22b (þ) (EMD4 Biosciences,
Gibbstown, NJ), creating in-frame His6-tag fusions.
The nucleotide sequence of the clones encoding
bRNase-KK-EQ was confirmed at the Saflabs Labs Ltd.
(Belapur, Navi Mumbai, India); TT-KK-Sp17N, TT-KKSp17C, and Sp17C-GnRH2 sequences were confirmed at
Eurofins Genomics India Pvt. Ltd. (Bangalore, India). The
nucleotide sequences were analyzed by BLAST (http://
blast.ncbi.nlm.nih.gov/Blast.cgi), querying the nucleotide
sequence of synthetic genes obtained from GenScript. The
amino acid sequence was derived using the ‘‘Translate’’
program available at www.expasy.org. Schematic representations of the constructs are shown in Figures 1 and 4A.
Recombinant pET22b(þ) vectors were transformed into
BL21(DE3)pLysS E. coli cells (Stratagene, San Diego, CA).
Transformed bacterial cells were grown at 378C to log
phase, in the presence of appropriate antibiotics, and
then induced for 3 hr with 1.0 mM isopropyl-b-D-1-thiogalactopyranoside (SigmaAldrich, St. Louis, MO) to express
the respective His6-tagged recombinant proteins. The expressed recombinant proteins were analyzed by 0.1%
SDS-12% PAGE, followed by Western blot using mouse
monoclonal antibody against His6-tag (Cell Signaling Technology1, Danvers, MA). Expression of recombinant
Sp17C-GnRH2 was also characterized by Western blot
using mouse monoclonal antibody against GnRH, MAP81662 (Gupta et al., 1985b).

Purification of Recombinant Proteins by
NickelNitrilotriacetic Acid Affinity
Chromatography
Respective clones were grown as 500-mL cultures in 1-L
flasks until an OD600 of 0.6, followed by treatment with an
optimized concentration of 1 mM IPTG for 3 hr at 378C. The
cells were centrifuged at 6,000g for 15 min at 48C, and
stored at 708C until used. Recombinant proteins were
purified by nickelnitrilotriacetic acid affinity chromatography as described previously (Gupta et al., 2013). In brief, a
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TABLE 6. Primer List
Constructs

Primers

Tm

Sequence

TT-KK-Sp17N

Forward
Reverse
Forward
Reverse
Forward

628C

5’-GAAGGGCATATGCAGTATATCAAAGCAAACAGCAAATTC
5’-AGGCTCGAGAACTTGTTCCTGTTCTTTGAA
5’-GAAGGGCATATGCAATACATCAAAGCAAACAGC AAA
5’-AGGCTCGAGATGACCACGGAACAGAGATTG
5’-GAAGGGCATATGAACTGTGCATACAAGACAACAC
AGGCTAACAAGAAAAAACAGCCGATCGTTGCTCAA
5’-AGGCTCGAGCATCAGTTTCAGTTTAATTTCTTCC

TT-KK-Sp17C
bRNase-KK-EQ

59.48C
58.98C

Reverse
The underlined sequences are NdeI (CATATG) or XhoI (CTCGAG) restriction sites.

1-g cell pellet was solubilized in 10 mL of binding buffer (8 M
urea, 20 mM sodium phosphate, 20 mM imidazole, 500 mM
NaCl, pH 8.0) by sonication for 810 times each for 30 sec
at a 40 W output, with 2-min pause intervals, using a
Branson Sonifier-450 (Branson Ultrasonic Corp., Danbury,
CT), followed by end-to-end mixing for 2 hr at room temperature. The suspension was subsequently centrifuged at
10,000g for 15 min at 48C. Supernatant containing the
recombinant protein was allowed to bind to a HisTrapFF
5-mL column (GE Healthcare AB, Uppsala, Sweden) preequilibrated with binding buffer using an AKTA Prime plus
protein chromatography system (GE Healthcare AB, Uppsala, Sweden). The bound protein was washed on-column
with washing buffer (8 M urea, 20 mM sodium phosphate,
500 mM NaCl, 40 mM imidazole; pH 6.3), and then eluted in
fractions with elution buffer (8 M urea, 20 mM sodium phosphate, 500 mM NaCl, 250 mM imidazole, pH 4.5). Various
fractions were analyzed by 0.1% SDS-12% PAGE, and
those showing the protein of interest were pooled.
The nickel-affinity-purified, recombinant proteins were
renatured to remove urea, as described previously (Kaul
et al., 1997). In brief, selected elutions were dialyzed
against phosphate buffer containing 1 mM EDTA, 0.1 mM
reduced glutathione, 0.01 mM oxidized glutathione, and
10% sucrose (pH 8.0) with stepped-down concentrations
of urea. The refolded protein was finally dialyzed against
20 mM phosphate-buffered saline (PBS; pH 7.4). The renatured proteins were filtered through membrane of 0.45mm pore size, and concentrated using Amicon1 Ultra-15
Centrifugal Filter Devices (Merck Millipore Ltd., Carrigtwohill, Ireland). The concentration of purified recombinant
protein was estimated by bicinchoninic acid assay (Pierce,
Rockford, IL) using bovine serum albumin standards.

Immunization Studies
Inbred FVB/J mice, 810 weeks of age, were kept under
standard containment levels at the Small Experimental
Animal Facility, National Institute of Immunology, New
Delhi, India. A three-injection schedule was followed for
all the animals: the first subcutaneous injection contained
25 mg of recombinant protein with 200 mg alum (SigmaAldrich), as an adjuvant. Then, two intraperitoneal boosters containing the same amount of recombinant protein
with alum were given on Days 21 and 42. The various
groups of mice were immunized as follows: (i) five groups of
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female mice were immunized with TT-KK-Sp17N (n ¼ 10),
TT-KK-Sp17C (n ¼ 8), bRNase-KK-EQ (n ¼ 8), a physical
mixture of 25 mg each of TT-KK-Sp17N and TT-KK-Sp17C
(n ¼ 9), or alum-injected control (n ¼ 10); (ii) female or male
mice were immunized with TT-KK-Sp17C (n ¼ 9 females;
10 males), Sp17C-GnRH2 (n ¼ 20 females; 10 males), or
alum (n ¼ 10 females, 15 males). Blood was collected from
immunized mice by retro-orbital bleeding on Days 0, 35,
and 56.

Enzyme-Linked Immunosorbant Assay (ELISA)
Antibody titers against GnRH were determined using
synthetic GnRH (SigmaAldrich) conjugated to bovine
serum albumin (BSA), in a 40:1 molar ratio, using the 1step glutaraldehyde method (Gupta et al., 1985a). The
quantity of GnRH-BSA conjugate used was calculated
based on the amount of GnRH present, assuming that
all of it bound to BSA.
Microtitration plates (Corning Incorporated, Corning,
NY) were coated with the respective recombinant proteins
(250 ng/well) in 0.2 M carbonate buffer (pH 9.5) at 378C for
1 hr followed by overnight incubation at 48C. The proteincoated plates were washed once with 50 mM PBS (pH 7.4),
followed by blocking of non-specific sites by adding 1%
BSA in PBS (200 mL/well). The respective coated plates
were then incubated with 1:2 serial dilutions of serum
samples (100 mL/mL) obtained from various groups of
immunized mice, and plates were processed as described
previously (Gupta et al., 2013). Antibody titers were calculated by regression analysis, and expressed as Antibody
Units that represent the reciprocal of the serum dilution
giving an absorbance of 1.0. The antibody response generated in a group of mice was represented as the arithmetic
mean  standard error of the antibody titers of the individual
animals.

Reactivity of Antibodies With Mouse Sperm by
Indirect Immunofluorescence
Ten- to twelve-week-old male FVB/J mice (n ¼ 3) were
euthanized by cervical dislocation. Sperm were obtained
from the epididymis and vas deferens in Brinster modified
oocyte culture (BMOC) medium (Gibco, Grand Island, NY),
and incubated for 15 min at 378C in a humidified atmosphere of 5% CO2 to allow the sperm to swim-up. Sperm
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(1  106/mL) were then capacitated for 1.5 hr at 378C in a
humid atmosphere of 5% CO2. Capacitated sperm (2  104
per 20 mL drop) were fixed on poly-L-lysine-coated slides
using chilled methanol, and then rinsed briefly in PBS.
Spermatozoa were incubated in 5% BSA for 1.5 hr at
room temperature, rinsed with PBS, incubated for 2 hr at
room temperature with a 1:20 dilution of pre-immune (pool
of three mice) or Day-56 immune sera (pool of three mice
from respective immunized groups) generated against the
specific recombinant proteins, washed with PBS, and subsequently incubated for 45 min at room temperature with
Alexa Fluor1 488 goat anti-mouse antibody (1:100 dilution)
(Invitrogen, Eugene, OR). After three to four washings in
PBS, slides were mounted in Prolonged1 Gold Antifade
reagent (Invitrogen), and observed using a Nikon Eclipse
80-i fluorescence microscope (Minato, Tokyo, Japan).

In Vitro Fertilization
Mouse in vitro fetilization, in the presence of immune
sera obtained from groups of mice immunized with TT-KKSp17N, TT-KK-Sp17C, or bRNase-KK-EQ was performed
as described previously (Gupta et al., 2013). Capacitated
mouse sperm (1.0  106 per droplet), obtained as described above, and were transferred to 100 mL BMOC
medium droplet under mineral oil (SigmaAldrich Inc.).
Heat-inactivated pre-immune (pool of three mice) or
Day-56 immune (pool of three mice from respective immunized groups) sera (5 mL) was added to BMOC medium
droplets containing sperm, and incubated at 378C for 1 hr.
Unfertilized oocytes were retrieved from the ampulla
region of female FVB/J mice that were superovulated by
injecting five IU pregnant mare serum gonadotropin per
mouse (Intervet, Boxmeer, Netherlands), followed after
48 hr by five IU human chorionic gonadotropin per mouse
(Intervet India Pvt. Ltd., Pune, India). Oocytes were washed
once with BMOC medium, followed by treatment with
0.1 mg/mL hyaluronidase (SigmaAldrich Inc.) for 5 min
at room temperature to obtain cumulus-free, zona-pellucida-intact oocytes.
Unfertilized oocytes (1011 per treatment group) were
transferred to the droplet containing sperm and test serum,
and further incubated for 46 hr in a humid atmosphere of
5% CO2 at 378C. After this incubation, oocytes were
washed three times with BMOC medium, transferred to
fresh medium, and incubated overnight in a humid atmosphere of 5% CO2 at 378C. The number of fertilized eggs
(identified as two-cell embryos or from the release of polar
bodies) versus unfertilized eggs were counted. This experiment was performed twice.
The effect of the pre-immune and immune serum samples on sperm viability was simultaneously evaluated by
€rndahl et al., 2003). In addition,
eosin-nigrosin staining (Bjo
the effect of pre-immune and immune serum samples used
at different dilutions (1:20, 1;100, 1:500) at different time
intervals (i.e., 5, 10, 20, 30, and 60 min) on sperm motility
was also observed using an Olympus CSK31 inverted
microscope (Shinjuku, Tokyo, Japan), as per World Health
Organization guidelines (1992).
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In Vivo Contraceptive Efficacy
In uni-directional immunization matings, female mice
immunized were mated for 15 days with healthy, unimmunized male mice at a 2:1 ratio. Matings were set up after the
female’s third bleed (Day 56), and male mice were rotated
after every 5 days, as described previously (Gupta et al.,
2013). Pups born to each female mouse were counted
regularly.
In bi-directional immunization matings, female mice
immunized with TT-KK-Sp17C (n ¼ 9) were mated with
male mice immunized with TT-KK-Sp17C (n ¼ 5); female
mice immunized with Sp17C-GnRH2 (n ¼ 10) were mated
with alum-injected male mice (n ¼ 5); female mice immunized with Sp17C-GnRH2 (n ¼ 10) were mated with male
mice immunized with Sp17C-GnRH2 (n ¼ 5); or alum-injected female mice (n ¼ 10) were mated with alum-injected
male mice (n ¼ 5). Alternatively, male mice immunized with
TT-KK-Sp17C (n ¼ 5); with Sp17C-GnRH2 (n ¼ 5); or alum
(n ¼ 5) were mated with unimmunized female mice
(n ¼ 10). Mating studies were performed for 15 days, using
two female mice (immunized or alum-injected control) per
male mice (immunized or alum-injected control). For matings involving immunized male mice, the males were kept
continuously with the respective group of females for
15 days without rotation. Only the alum-injected male
mice were rotated after 5 days, as described above (Gupta
et al., 2013). Pups born to each female mouse were
counted regularly.

Testes Histology
Male mice (n ¼ 5) were immunized with TT-KK-Sp17C,
Sp17C-GnRH2, or alum following the three-injection schedule. All the mice from each group were euthanized by
cervical dislocation 30 days after the second booster.
Testes were surgically removed from all the animals. After
recording their weights, the testes were fixed for 24 hr in
Bouin’s solution (SigmaAldrich Inc.). Tissue sectioning
(5 mm) and staining with hematoxylin and eosin was performed by the Singh Histology Processing Centre (Chhattarpur Extension, New Delhi). At least eight sections from
each testis per animal were evaluated for histopathological
changes using a Nikon Eclipse 80-i microscope. About 25
seminiferous tubules from left as well as right testis per
animal were selected randomly for measurement of their
diameter and circumference using Motic Images Plus 3.0
ML software, as described previously (Montoto et al., 2012;
 et al., 2014).
Altoe

Statistical Analysis
The statistical significance was determined by one-way
ANOVA. P <0.05 were considered statistically significant.
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