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in vivo. The purpose of this study was to evaluate the effect of antisera from pCMV4-rZPC -immunized
mice on sperm-oocyte interaction in vitro. The effect of antisera from DNA vaccine-immunized mice on
fertilization and early embryonic development was studied using an in vitro fertilization system. The
results showed that the antisera supplemented in fertilization medium (10%, v/v) significantly decreased

ii{gg:ﬁfn the rate of fertilization compared to that of control groups (P<0.05); whereas the antisera showed no
In vitro fertilization significant effect on the rate of fertilization when ZP-free eggs were used. Moreover, the antisera pre-
DNA vaccine neutralized with mouse soluble zona pellucida lost the capacity to inhibit fertilization when compared
Anti-fertility with that of control groups. In addition, the antisera showed no detrimental effect on early developmental

potential of mouse embryos in vitro. Taken together, our study provided herein direct evidence showing
that antisera generated by DNA vaccine can block sperm-egg recognition during fertilization via targeting
the oocyte ZP proteins.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction elusive. A better understanding on above-mentioned processes will
help in designing a safe, reversible and effective contraceptive vac-
cine for human use.

The immunological cross reactivity among ZP glycoproteins
from different species owing to their sequence homology has led to
the possibility of heterologous immunization. In this respect, our
previous studies have demonstrated that DNA vaccine targeting
rabbit ZPC can effectively prevent the fertility without interfering
with the normal follicular development in mice [16]. Furthermore,
we have also observed that the anti-fertility efficacy of DNA vac-
cines targeting the same ZP protein show substantial variations
among those targeting with different encoding sequences [17].
Although ZP DNA vaccines can significantly reduce the fertility of
immunized animals in vivo, whether the antibodies from ZP-based
DNA vaccines would inhibit the process of fertilization and/or sub-
sequent embryonic development needs further investigation. Thus,
we surmised herein that the cause of infertility by DNA vaccine
was an interrupted sperm-egg interaction resulted from anti-ZP3
antisera.

In the present study, we applied an in vitro fertilization and
embryo culture system to investigate whether anti-ZP3 antisera

The zona pellucida (ZP), an extracellular coat surrounding
the plasma membrane of mammalian eggs and pre-implantation
embryos, was composed of three or four glycoproteins designated
ZP1, ZP2, ZP3, and ZP4, respectively [1-3]. ZP glycoproteins, by
virtue of their tissue specificity and critical roles during mammalian
fertilization, have been proposed as candidate antigens for non-
steroid contraceptive [4-6]. Indeed, considerable efforts have been
expended towards developing ZP glycoprotein-based contracep-
tive vaccines for control of either human population or that of wild
life [7-11].

Moreover, previous studies demonstrated that anti-ZP antibod-
ies were strongly associated with unexplained infertility [12], and
were more likely to be detected in women who failed in in vitro
fertilization procedures [13]. There was also evidence showing
that antibody to ZP3 peptide inhibited human sperm-zona binding
in vitro [14,15]. However, the potential association and underlying
mechanisms of anti-ZP immunization-induced infertility remains
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eraon the process of zygote formation and preimplantation embryo
development.

2. Materials and methods
2.1. Animals

Kunming and BALB/c mice purchased from the Laboratory Ani-
mal Center, Academy of Military Medical Sciences were used for
superovulation experiments and preparation of antisera, respec-
tively. Mice were housed in a 12-h light/dark cycle and given food
and water ad libitum. All experiments were conducted according
to the guidelines of the Animal Care and Use Committee of the
Institute of Zoology, Chinese Academy of Sciences.

2.2. Preparation of antisera

DNA vaccines, pCMV4-ZPC’, encoding 6-8 exons of rabbit ZPC
were constructed as we previously described [16]. BALB/c mice
were immunized with saline, pCMV4 and pCMV4-ZPC', respec-
tively. The procedure of immunization was performed as described
elsewhere [18]. Pre-immune serum was also collected.

2.3. Oocyte collection and removal of ZP

The collection of oocytes of Kunming mice was performed as
previously described [19]. Also, the removal of ZP was performed
as described elsewhere with some modifications [20]. Briefly, eggs
were incubated with acidic Tyrode’s solution and monitored under
a stereo-microscope and transferred to HTF medium.

2.4. Preparation of MSZP

The collection of mouse eggs was performed as described above.
On the day of each experiment, ZP was collected by vigorously
pipetting oocytes with small-bore glass pipette and washed three
times in Dulbecco’s Phosphate-Buffered Saline (DPBS). Following
centrifugation, the ZP pellet was resuspended in DPBS and heat-
solubilized at 70 °C for 90 min. After centrifugation, the supernatant
was designated as MSZP and its concentration was determined
using the Bradford protein assay (Bio-Rad).

2.5. Sperm

Spermatozoa were collected from Kunming mice of proven
fecundity as described elsewhere [21]. Briefly, the cauda epi-
didymides were isolated and epididymal contents were squeezed
out to allow the sperm disperse for 10 min in HTF medium. Then,
the dispersed spermatozoa were transferred to HTF medium for
capacitation for 1 h at 37.5°C in a CO, incubator.

2.6. ELISA

Enzyme-linked immunosorbent assay was performed to detect
the generation and specificity of anti-ZP3 antisera. The procedure of
detection was performed as described elsewhere with some modi-
fications [22]. Briefly, microplates were coated with 50 wl MSZP in
coating buffer at 4°C overnight.

2.7. Immunofluorescence

Indirect immunofluorescence was performed to detect the
generation and specificity of anti-ZP3 antibodies as previously
described [23]. Briefly, superovulated oocytes were fixed in 4%
paraformaldehyde solution. After blocking in 2% BSA for 3 h, oocytes
were incubated with antisera (diluted 1:50) at 4°C overnight.

After rinsing in PBS, the oocytes were incubated in fluorescein
isothiocyanate-conjugated anti-mouse IgG (1:200) for 2 h at 37°C.
Finally, nuclei were stained with 10 pg/ml propidium iodide for
10 min. The fluorescence was detected under an inverted confocal
laser scanning microscope (LSM510, Carl Zeiss, Jena, Germany).

Direct immunofluorescence was performed to detect the pres-
ence of specific serum antibodies binding to the ZP of oocytes used
for in vitro fertilization. The oocytes from Section 2.8.1 were fixed
with paraformaldehyde at 24 h post insemination at room temper-
ature for 1 h and blocked with 1% BSA. Then, anti-mouse fluorescein
isothiocyanate-conjugated antibody diluted 1:200 was used as the
secondary antibody at 37 °C for 1 h. The samples were examined by
an inverted epi-fluorescent microscope (Eclipse Ti, Nikon, Japan).
The cell nuclei were counterstained with propidium iodine.

2.8. In vitro fertilization

2.8.1. Experimental design 1

To investigate the effect of anti-ZP3 antisera on the fertilization
and subsequent preimplantation development of fertilized eggs,
in vitro fertilization experiments were performed. Antisera were
treated by heating at 56 °C for 30 min to inactivate the complement
and added to the fertilization medium at a 10% concentration. Pre-
immune serum and serum from saline-immunized mice were used
as negative controls, while anti-ZP3 antibody (Santa Cruz, SC25802)
corresponding to amino acids 23-322 mapping within an extracel-
lular domain of ZP3 of human origin was added in the fertilization
medium as a positive control (3 l/100 l). Superovulated oocytes
were randomly distributed in the positive control, pCMV4-rZPC’,
pCMV4, and negative groups, respectively. Capacitated sperm sus-
pension was gently added into fertilization droplets to give a motile
sperm concentration of 1.5-2.0 x 108/ml. The rates of fertilization,
cleavage and blastocyst were assessed.

2.8.2. Experimental design 2

To evaluate whether anti-ZP3 antisera would inhibit the fer-
tilization by interrupting the interaction between the sperm and
oocytes, ZP-free oocytes were used as a substitute for ZP-intact
oocytes, and the rate of fertilization was calculated.

2.8.3. Experimental design 3

To confirm that the bioactivity of anti-ZP3 antisera during the
course of in vitro fertilization of ZP-intact oocytes, anti-ZP3 antisera
pre-neutralized by 3 .l MSZP (200ng/w.l) for 3 h before insemina-
tion were used as a substitute for the corresponding antisera used
in Section 2.8.1.

2.9. Embryo culture

Eggs were transferred into CZB (MR-019-D, Millipore) droplets
at6 h afterinsemination and cultured to the stage of blastocyst. Suc-
cessful fertilization was examined by detecting the existence of two
pronuclei at 9-10 h after insemination. The number of cleavaged
eggs and blastocysts was recorded at 24 h and 96 h after insemina-
tion, respectively.

2.10. Parallel experiments with pCMV4-rZPC’

Contraceptive DNA vaccines, pCR3.1-ZP3-T and pCR3.1-ZP3-L
encoding different sequences of rabbit ZP3 were made by our lab
as previously described [17]. The generation and specificity of anti-
ZP3 antisera was examined using Western blotting. The effects of
antisera from pCR3.1-ZP3-T and pCR3.1-ZP3-L-immunized mice on
the fertilization and subsequent preimplantation development of
fertilized eggs were also examined as described above.
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Table 1
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Effects of anti-ZP3 antisera on fertilization and early development of mouse ZP-intact eggs in vitro.

Group No. of eggs for IVF No. of fertilized egg (%) No. of cleavage embryo (%) No. of blastocyst (%)
Mock 100 89(88.7 + 2.7) 80(90.0 + 2.9) 43(48.6 + 1.7)
Saline 95 83(87.7 +£ 2.4) 73(87.5 £ 3.1) 42(50.6 + 5.1)
pCR3.1 103 89(86.6 & 4.1) 79(89.0 £ 1.6) 44(49.3 £+ 6.7)
pCMV4 97 84(86.3 £ 2.5) 73(87.1 £1.4) 40(47.8 £ 1.1)
pCR3.1-ZP3-T 105 50(47.8 £+ 3.7) 43(86.4 + 4.5) 26(51.6 + 4.7)
pCR3.1-ZP3-L 104 52(49.8 £ 2.7) 46(88.7 & 2.6) 26(50.2 £ 3.1)
pCMV4-rZPC 97 49 (50.4 + 2.8) 42(85.2 +3.4) 23(47.4 £+ 2.6)
Positive 105 60(57.4 + 2.6) 56(93.3 £ 1.7) 31(51.7 £ 3.3)

Note: values with different superscripts within a column differ significantly (P<0.05).

Each fertilization mircodrop supplemented with 10% (v/v) antisera from mice immunized with saline, pCR3.1, pCMV4, pCR3.1-ZP3-T, pCR3.1-ZP3-L, and pCMV4-rZPC’,
respectively; pre-immune serum from BALB/c mice was added in mock group as negative control. Anti-ZP3 antibody (Santa Cruz, SC25802, 3 1/100 1) was used as a positive
control. Ratio of cleavage embryo: no. of cleavage embryo/fertilized eggs. Ratio of blastocyst: no. of blastocyst/fertilized eggs. Data are presented as mean £ S.D.

2.11. Statistical analysis

The percentages were subjected to an arc-sine transformation,
and the significance of the difference was analyzed by one-way
ANOVA employing SPSS 15.0 software. Values were reported as the
mean + S.D. P values below 0.05 were considered to be statistically
significant.

3. Results
3.1. Generation and specificity of antisera

3.1.1. ELISA

The concentration of IgG specific to mouse soluble zona pel-
lucida in sera samples of the immunized mice was detected by
standard ELISA after serial dilution. As shown in Fig. 1A, the titer
of ZP3 specific antibody elicited by pCMV4-rZPC’ were significantly
higher compared with that elicited by pCMV4 (P<0.05).

3.1.2. Immunofluorescence

To identify whether antisera generated by the DNA vaccine,
pCMV4-rZPC’ could bind to the ZP in situ, immunofluorescence
analysis was performed. The representative result was shown in
Fig. 1B and C. It was demonstrated that mice immunized with
pCMV4-rZPC generated specific antisera, which could bind to
mouse ZP.

3.2. Effects of anti-ZP3 antisera on the fertilization rate and
preimplantation development of mouse eggs in vitro

As shown in Table 1 and Fig. 2A, B, the fertilization rate of
pCMV4-rZPC’ group was significantly lower when compared with
that of pCMV4 group (50.4% versus 86.3%, P<0.05), whereas no
apparent detrimental effects of antisera on the cleavage and early
development of mouse eggs were observed (Fig. 2C-F).

3.3. Effects of anti-ZP3 antisera on fertilization rate of ZP-free
eggs

As shown in Table 2 and Fig. 2G, H, when ZP-free oocytes were
used, no significant difference in the rate of fertilization between
pCMV4-rZPC’' and pCMV4 group was found (84.5% versus 85.1%)
(P>0.05). The depletion of ZP did not result in an increase of mul-
tispermic fertilization or fragmentation of eggs.

3.4. Effects of anti-ZP3 antisera neutralized by MSZP on
fertilization rate

To further investigate the effect of anti-ZP3 antisera on fertiliza-
tion of mouse eggs, antisera neutralized with mouse soluble zona

Table 2
Effect of anti-ZP3 antiserum on the rate of fertilization in vitro of mouse ZP-free eggs.

Group No. of eggs for IVF No. of fertilized eggs (%)
Saline 70 59(84.2 £+ 3.0)
pCR3.1 103 92(89.1 £+ 3.2)
pCMV4 71 63(88 8+1.3)
pCR3.1-ZP3-T 101 86(85.1 £ 3.3)
pCR3.1-ZP3-L 75 63(84.0 + 2.3)
pCMV4-rZPC 72 60(83.4 £+ 2.2)
Positive 72 61(84.5 &+ 4.0)

Note: values without different superscripts within a column did not differ signifi-
cantly (P>0.05).

Each fertilization mircodrop supplemented with 10% (v/v) antisera from mice
immunized with saline (negative control), pCR3.1, pCMV4, pCR3.1-ZP3-T, pCR3.1-
ZP3-L, and pCMV4-rZPC’, respectively. Anti-ZP3 antibody (3 j1/100 w1, Santa Cruz,
SC25802) was used as positive control. Ratio of fertilized eggs: no. of fertilized
eggs/no. of eggs for IVF. Data are presented as mean +S.D.

Table 3
The effect of anti-ZP3 antisera neutralized by mouse soluble zona pellucida on the
rate of fertilization in vitro of mouse ZP-intact eggs.

Group No. of eggs for IVF No. of fertilized eggs (%)
Mock 83 7(80.7 + 2.1)
Saline 79 64(80.7 + 4.4)
pCR3.1 77 61(79.5 £ 1.3)
pCMV4 83 3(75.8 £ 1.1)
pCR3.1-ZP3-T 85 61(71.9 £ 2.1)
pCR3.1-ZP3-L 85 6(77.5 + 3.5)
pCMV4-rZPC 80 0(74.8 + 1.6)
Positive 77 9(76.6 £ 0.9)

Note: values without different superscripts within a column did not differ signifi-
cantly (P>0.05).

Each fertilization mircodrop supplemented with 10% (v/v) antisera from mice
immunized with saline, pCR3.1, pCMV4, pCR3.1-ZP3-T, pCR3.1-ZP3-L, and pCMV4-
rZPC’, respectively, and neutralized with mouse soluble zona pellucida (3 .l MSZP,
200ng/l) for 3 h before insemination; pre-immune serum from BALB/c mice was
added in mock group as a negative control; Anti-ZP3 antibody (Santa Cruz, SC25802)
was used as a positive control. Ratio of fertilized eggs: no. of fertilized eggs/no. of
eggs for IVF. Data are presented as mean +S.D.

pellucida was used in in vitro fertilization experiments. As shown in
Table 3, there was no significant difference in the rate of fertilization
between pCMV4 and pCMV4-rZPC’ groups after MSZP pretreatment
(74.8% versus 75.8%) (P> 0.05).

3.5. Effects of antisera generated by DNA vaccines, pCR3.1-ZP3-T
and pCR3.1-ZP3-L on fertilization in vitro

In order to investigate the relationship between the ZP encoding
sequences and the relative antifertility efficiency of the anti-
ZP3 DNA vaccines, effects of anti-ZP3 antisera from two other
DNA contraceptive vaccines, pCR3.1-ZP3-T and pCR3.1-ZP3-L were
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Fig. 1. Detection of the generation and specificity of antisera generated by DNA vaccine, pCMV4-rZPC’ by ELISA and immunofluorescence. ELISA: mouse solubilized zona
pellucida protein was chosen as coated antigen. Antisera from pCMV4 and pCMV4-rZPC'-immunized mice were serially diluted from 1:50 to 1:2000. The antibody titers were
pooled and expressed as logyo titers. Immunofluorescence: different antisera from immunized mice were used as the first antibodies. Antiserum from pCMV4 and pCMV4-
rZPC'-immunized mice was used as primary antibodies. The existence of anti-ZP3 antibody was probed with fluorescein isothiocyanate-conjugated secondary antibody
(FITC). The samples were analyzed using an inverted confocal laser scanning microscope (LSM510, Carl Zeiss, Jena, Germany). B1, C1: FITC; B2, C2: propidium iodide; B3, C3:

overlays. Magnification: 200x.

also examined. The generation and specificity of anti-ZP3 antis-
era from pCR3.1-ZP3-T and pCR3.1-ZP3-L-immunized mice were
detected by Western blotting (Fig. 3). Antisera generated by the
two DNA vaccines significantly decreased the rate of fertilization
when compared to that of saline and pCR3.1 vector control groups
(47.8%, 49.8%, 87.7%, and 86.6%, respectively, P<0.05). Treatments
of antisera from pCR3.1-ZP3-T and pCR3.1-ZP3-L-immunized mice
showed no detrimental effect on the ability of early embryo cleav-
age and subsequent blastocyst formation (Table 1). The rate of
fertilization of pCR3.1-ZP3-T and pCR3.1-ZP3-L groups using ZP-
free eggs showed no significant difference with those of saline
and pCR3.1 groups (85.1%, 84.0%, 84.2%, and 89.1%, respectively,
P<0.05) (Table 2). And the effect of the two antisera neutralized

with mouse soluble zona pellucida on fertilization of mouse eggs
in vitro was similar with that of antisera generated by pCMV4-rZPC'.
There was no significant difference in the rates of fertilization of
pCR3.1-ZP3-T and pCR3.1-ZP3-L groups using neutralized antisera
when compared with those of saline and pCR3.1 groups (71.9%,
77.5%, 80.7%, and 79.5%, respectively, P<0.05) (Table 3).

4. Discussion

The main scope of this study was to investigate whether the
antisera generated by DNA vaccine, pCMV4-1rZPC’ would inhibit the
fertilization and/or embryonic development in vitro. We designed
an in vitro fertilization system to elevate the effect of the antisera
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Fig. 2. Effects of anti-ZP3 antisera on fertilization and early development of mouse eggs in vitro. Different antisera (10%, v/v) from immunized mice were supplemented
into the fertilization medium. Representative pictures of fertilized eggs derived from groups supplemented with (A) antiserum from pCMV4-immunized mice at 9-10h
after insemination; (B) antiserum from pCMV4-rZPC'-immunized mice at 9-10 h after insemination; (C) antiserum from pCMV4-immunized mice at 24 h after insemination;
(D) antiserum from pCMV4-rZPC-immunized mice at 24 h after insemination; (E) antiserum from pCMV4-immunized mice at 96 h after insemination; (F) antiserum from
pCMV4-rZPC-immunized mice at 96 h after insemination; (G) antiserum from pCMV4-immunized mice at 9-10 h after insemination of ZP-free eggs; (H) antiserum from
pCMV4-rZPC'-immunized mice at 9-10 h after insemination of ZP-free eggs. Magnification in all panels: 100x.

from DNA vaccine-immunized mice on sperm-oocyte fertilization
and preimplantation embryonic development in vitro. We observed
that the supplement of the three antisera in fertilization medium
led to a significant decline in the rate of fertilization of ZP-intact
oocytes in vitro, suggesting that specific anti-ZP3 antibody gen-
erated by DNA vaccine can sufficiently inhibit the fertilization
events in mice. This finding is consistent with our previous obser-

vation that the birth rates of mice immunized by pCMV4-rZPC’,
pCR3.1-ZP3-T, and pCR3.1-ZP3-L were reduced to 40%, 50%, and
67%, respectively, in vivo [16,17]. And the results are in consis-
tent with previous studies which reported that both polyclonal
and monoclonal antibodies to ZP3f3, a homologue of human ZP3,
inhibited in vitro binding of sperm to antibody-treated oocytes
[24,25].
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Fig. 3. Detection of the generation and specificity of antisera by Western blotting.
Mouse heat-solubilized zona pellucida proteins were used as antigen. The mem-
brane was incubated with serum diluted 1:50 from unimmunized mice (a), saline-
(b), pCR3.1-(c), pCMV4- (d), pCR3.1-ZP3-T- (e), pCR3.1-ZP3-L- (f), and pCMV4-rZPC'-
immunized (g) BALB/c mice, were used as first antibodies. Anti-ZP3 antibody (h) was
used as a positive control. The membranes were scanned using the Odyssey infrared
scanner (Li-COR Biosciences, Lincoln, NE). The presence of ZP3 protein was indicated
by ponceau s staining. M: marker, 43, 55, 72, 95, and 130 (KD) in bottom-up order.

Although anti-ZP antibody supplemented in cultures was harm-
ful to the normal development of mouse preantral follicles and
oocytes in vitro [26], some oocytes could complete maturation
and developed to blastocyst after in vitro fertilization [27]. Our
results provided herein direct experimental evidence support-
ing the hypothesis that ZP3-specific antisera from DNA vaccine
immunized mice interrupt the normal sperm-oocyte recogni-
tion during fertilization without observable harmful effects on
embryonic development. The role of anti-ZP3 antibody shown in
the antiferilization process in this study was consistent with a
previous report which indicated that the onset of infertility in
immunized mouse was temporally related to the detection of
antibody [28]. However, it was notable that the efficacy of anti-
fertilization of anti-ZP antisera was much lower in our present
study, compared with that previously reported using a combined
approach with in vitro maturation and in vitro fertilization [26].
And our result cannot negate the possibility that the overall fertil-
ity may also be reduced due to abnormal oocyte maturation and
development in vivo. This could be due to the fact that oocytes
matured in vitro in cultures supplemented with anti-ZP antibody
may completely lose their fertilization capacity, since anti-ZP anti-
body would interfere the normal oocyte development by impairing
the bidirectional communication between oocytes and granulosa
cells, which is essential for fertilization and embryo development
[29].

Whether ZP3-specific antibody is solely responsible for inhibit-
ing sperm-oocyte recognition remained unknown. In this respect,
there was recent evidence showing that antibody may elicit infertil-
ity by disrupting oocyte development as well as inhibiting oocyte
fertilization in rMCMV-mZP3 infected mice [30]. However, there
was no convincing evidence for the direct cause of anti-ZP3 induced
infertility. In order to investigate whether anti-ZP3 antisera inhib-
ited the fertilization through interrupting the interaction between
the sperm and ZP, in vitro fertilization using ZP-free eggs was per-
formed. In contrast to ZP-intact eggs, ZP-free eggs did not show a
decline in the rate of fertilization when antiserum (10%, v/v) was
supplemented in fertilization medium. The results clearly demon-
strate that the anti-fertilization bioactivity of anti-ZP3 antisera
is achieved by targeting the oocyte coat, the ZP. This is further
confirmed by our subsequent investigation showing that anti-ZP3
antisera pre-neutralized with mouse soluble zona pellucida com-
pletely lose their capacity to inhibit sperm-oocyte fertilization. It
is conceivable that anti-ZP3 antibodies in the sera might combine
with the zona pellucida which consequently blocks the epitope,
essential for sperm binding. Taken together, anti-ZP3 antisera
generated by DNA vaccine, pCMV4-1rZPC’ can disrupt the normal
sperm-oocyte recognition during fertilization.

In order to identify relationship between the epitope and
antifertility, we also tested the effect of two other DNA vaccines,
pCR3.1-ZP3-T, pCR3.1-ZP3-L encoding different sequences of rab-

bit ZP3 on fertilization in vitro at the same time [17]. The generation
and specificity of antisera was identified by Western blotting.

Although these ZP DNA vaccines showed different anti-fertility
efficiency in mice in vivo [17], antisera from pCR3.1-ZP3-T, and
pCR3.1-ZP3-L-immunized mice can inhibit the fertilization in a
similar manner, showing no significant difference among the three
DNA vaccines in the efficacy of inhibiting fertilization in vitro. One
possible explanation for the inhibition of the interaction between
the sperm and the egg in this study might be due to the block of
the epitope encoded by mouse mZP3 exon-7, which was necessary
and sufficient for the binding of mouse sperm in vitro by anti-ZP3
antisera [31]. And the variance on the efficacy of anti-fertilization
between in vivo and in vitro might be due to the titer of antibody
and the generation of complement-fixing antibodies [32]. In this
study, the effect of anti-ZP3 antisera on the early developmen-
tal potential of mouse eggs was also examined. All three tested
DNA vaccines showed no detrimental effect on the ability of early
embryo cleavage and subsequent blastocyst formation.

In conclusion, the present study shows that DNA contraceptive
vaccines generate specific anti-ZP3 antibodies, which can interrupt
the interaction between the sperm and ZP-intact oocytes. How-
ever, the inhibition efficacy of fertilization in vitro of mouse eggs
by anti-ZP3 antisera was far from satisfactory. Further exploration
of the molecular mechanism of recognition and binding between
the sperm and eggs are required to make a “perfect” non-steroid
DNA vaccine for population control of wild life, even for human use.

Acknowledgements

The authors appreciate Dr. Haibin Wang (Institute of Zoology,
Chinese Academy of Sciences, Beijing, China) for his careful reading
of this manuscript. This work was supported by grants from the
National Basic Research Program of China [No. 2011CB944402] and
the Knowledge Innovation Program of Chinese Academy of Sciences
[KSCX2-EW-R-06].

Conflict of interest statement: All authors disclose that there is
no actual or potential conflict of interest including any financial,
personal or other relationships with other people or organizations
within three years of beginning the work submitted.

References

[1] Gupta SK, Srivastava N, Choudhury S, Rath A, Sivapurapu N, Gahlay GK, et al.
Update on zona pellucida glycoproteins based contraceptive vaccine. ] Reprod
Immunol 2004;62(1-2):79-89.

[2] Wassarman PM. Zona pellucida glycoproteins. Annu Rev Biochem
1988;57:415-42.

[3] Wassarman PM, Jovine L, Litscher ES. A profile of fertilization in mammals. Nat
Cell Biol 2001;3(2):E59-64.

[4] Gupta SK, Jethanandani P, Afzalpurkar A, Kaul R, Santhanam R. Prospects of
zona pellucida glycoproteins as immunogens for contraceptive vaccine. Hum
Reprod Update 1997;3(4):311-24.

[5] Ganguly A, Bukovsky A, Sharma RK, Bansal P, Bhandari B, Gupta SK. In humans,
zona pellucida glycoprotein-I binds to spermatozoa and induces acrosomal
exocytosis. Hum Reprod 2010;25(7):1643-56.

[6] Wassarman PM, Litscher ES. The multifunctional zona pellucida and mam-
malian fertilization. ] Reprod Immunol 2009;83(1-2):45-9.

[7] Liu DY, Liu ML, Garrett C, Baker HWG. Comparison of the frequency of defec-

tive sperm-zona pellucida (ZP) binding and the ZP-induced acrosome reaction

between subfertile men with normal and abnormal semen. Hum Reprod
2007;22(7):1878-84.

Lou Y, Ang ], Thai H, McElveen F, Tung KS. A zona pellucida 3 peptide vac-

cine induces antibodies and reversible infertility without ovarian pathology. |

Immunol 1995;155(5):2715-20.

Li JY, Jin HL, Zhang AL, Li YJ, Wang B, Zhang FC. Enhanced contraceptive

response by co-immunization of DNA and protein vaccines encoding the

mouse zona pellucida 3 with minimal oophoritis in mouse ovary. ] Gene Med
2007;9(12):1095-103.

[10] Cui X, Duckworth JA, Lubitz P, Molinia FC, Haller C, Lubitz W, et al. Humoral
immune responses in brushtail possums (Trichosurus vulpecula) induced
by bacterial ghosts expressing possum zona pellucida 3 protein. Vaccine
2010;28(26):4268-74.

8

[o



M.-F. Yu et al. / Vaccine 29 (2011) 4933-4939 4939

[11] Smith LM, Lloyd ML, Harvey NL, Redwood AJ, Lawson MA, Shellam GR. Species-
specificity of a murine immunocontraceptive utilising murine cytomegalovirus
as a gene delivery vector. Vaccine 2005;23(23):2959-69.

[12] Monnier-Barbarino P, Forges T, Faure GC, Bene MC. Gonadal antibodies
interfering with female reproduction. Best Pract Res Clin Endocrinol Metab
2005;19(1):135-48.

[13] Papale ML, Grillo A, Leonardi E, Giuffrida G, Palumbo M, Palumbo G. Assess-
ment of the relevance of zona pellucida antibodies in follicular fluid of in-vitro
fertilization (IVF) patients. Hum Reprod 1994;9(10):1827-31.

[14] Zimmerman S, Yi Y], Manandhai G, Sutovsky M, Gupta SK, Sutovsky P. Evidence
for the participation of sperin proteasomes in zona pellucida degradation and
zona-induced acrosomal exocytosis during fertilization in the domestic pig.
Biol Reprod 2009:86-186.

[15] Kohn M]J, Sztein ], Yagi R, DePamphilis ML, Kaneko KJ. The acrosomal protein
Dickkopf-like 1 (DKKL1) facilitates sperm penetration of the zona pellucida.
Fertil Steril 2010;93(5):1533-7.

[16] Xiang RL, Zhou F, Yang Y, Peng JP. Construction of the plasmid pCMV4-
rZPC' DNA vaccine and analysis of its contraceptive potential. Biol Reprod
2003;68(5):1518-24.

[17] XuL,ShiS-Q, YangY, PengJ-P.Immunogenicity of four complementary deoxyri-
bonucleic acid fragments from rabbit zona pellucida 3 and their effects on
fertility. Fertil Steril 2007;87(2):381-90.

[18] Shi SQ, Peng JP, Li YC, Qin C, Liang GD, Xu L, et al. The expression of membrane
protein augments the specific responses induced by SARS-CoV nucleocapsid
DNA immunization. Mol Immunol 2006;43(11):1791-8.

[19] Zhong ZS, Zhang G, Meng XQ, Zhang YL, Chen DY, Schatten H, et al. Func-
tion of donor cell centrosome in intraspecies and interspecies nuclear transfer
embryos. Exp Cell Res 2005;306(1):35-46.

[20] Evans JP, Schultz RM, Kopf GS. Mouse sperm-egg plasma membrane interac-
tions: analysis of roles of egg integrins and the mouse sperm homologue of
PH-30 (fertilin) beta. ] Cell Sci 1995;108(Pt 10):3267-78.

[21] Borillo ], Coonrod SA, Wu ], Zhou C, Lou Y. Antibodies to two ZP3 B cell epitopes
affect zona pellucida assembly. ] Reprod Immunol 2008;78(2):149-57.

[22] Chang J], Peng JP, Yang Y, Wang JL, Xu L. Study on the antifertility effects
of the plasmid DNA vaccine expressing partial brLDH-C4’. Reproduction
2006;131(1):183-92.

[23] Liu DY, Garrett C, Baker HWG. Low proportions of sperm can bind to the zona
pellucida of human oocytes. Hum Reprod 2003;18(11):2382-9.

[24] Bagavant H, Yurewicz EC, Sacco AG, Talwar GP, Gupta SK. Block in porcine
gamete interaction by polyclonal antibodies to a pig ZP3 beta fragment
having partial sequence homology to human ZP3. ] Reprod Immunol
1993;25(3):277-83.

[25] Henderson CJ, Braude P, Aitken R]. Polyclonal antibodies to a 32-kDa deglyco-
sylated polypeptide from porcine zonae pellucidae will prevent human gamete
interaction in vitro. Gamete Res 1987;18(3):251-65.

[26] Calongos G, Hasegawa A, Komori S, Koyama K. Harmful effects of anti-zona
pellucida antibodies in folliculogenesis, oogenesis, and fertilization. ] Reprod
Immunol 2009;79(2):148-55.

[27] Adam AA, Takahashi Y, Katagiri S, Nagano M. In vitro culture of mouse preantral
follicles using membrane inserts and developmental competence of in vitro
ovulated oocytes. ] Reprod Dev 2004;50(5):579-86.

[28] Lloyd ML, Nikolovski S, Lawson MA, Shellam GR. Innate antiviral resistance
influences the efficacy of a recombinant murine cytomegalovirus immunocon-
traceptive vaccine. Vaccine 2007;25(4):679-90.

[29] LiuL, Rajareddy S, Reddy P, Du C, Jagarlamudi K, Shen Y, et al. Infertility caused
by retardation of follicular development in mice with oocyte-specific expres-
sion of Foxo3a. Development 2007;134(1):199-209.

[30] Lloyd ML, Papadimitriou JM, O’Leary S, Robertson SA, Shellam GR. Immunoglob-
ulin to zona pellucida 3 mediates ovarian damage and infertility after
contraceptive vaccination in mice. ] Autoimmun 2010;35(1):77-85.

[31] Chiasson MK, Carter JA, Bondioli KR, Godke RA, Gentry GT. Laser-assisted zona
pellucida hatching in frozen-thawed bovine embryos. Reprod Fertil Develop
2010;22(1):244-1244.

[32] Wheatcroft NJ, Rogers CA, Metcalfe RA, Lenton EA, Cooke ID, Weetman
AP. Is subclinical ovarian failure an autoimmune disease? Hum Reprod
1997;12(2):244-9.



	Evidence for the inhibition of fertilization in vitro by anti-ZP3 antisera derived from DNA vaccine
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Preparation of antisera
	2.3 Oocyte collection and removal of ZP
	2.4 Preparation of MSZP
	2.5 Sperm
	2.6 ELISA
	2.7 Immunofluorescence
	2.8 In vitro fertilization
	2.8.1 Experimental design 1
	2.8.2 Experimental design 2
	2.8.3 Experimental design 3

	2.9 Embryo culture
	2.10 Parallel experiments with pCMV4-rZPC’
	2.11 Statistical analysis

	3 Results
	3.1 Generation and specificity of antisera
	3.1.1 ELISA
	3.1.2 Immunofluorescence

	3.2 Effects of anti-ZP3 antisera on the fertilization rate and preimplantation development of mouse eggs in vitro
	3.3 Effects of anti-ZP3 antisera on fertilization rate of ZP-free eggs
	3.4 Effects of anti-ZP3 antisera neutralized by MSZP on fertilization rate
	3.5 Effects of antisera generated by DNA vaccines, pCR3.1-ZP3-T and pCR3.1-ZP3-L on fertilization in vitro

	4 Discussion
	Acknowledgements
	References


