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Abstract

Mouse zona pellucida (ZP) proteins are synthesized in developing oocytes and assembled into ZP
after their secretion. This study has investigated whether anti-ZP3 antibodies affect ZP assembly.
Peptides CP2 and CP3 were used to elicit antibodies to two ZP3 B cell epitopes, ZP3(335-342) and
ZP3(171-180). Ovulated eggs from mice immunized with a mixture of CP2/CP3 showed an abnormal
ZP; importantly, the ZP completely dissolved both in vitro and in vivo 12 hours after ovulation.
Although CP3 immunization resulted also in abnormal ZP, the ZP did not dissociate. Binding of
antibodies to the ZP prior to oocyte maturation was requisite, as in vitro incubation of ovulated eggs
in combination with the two antibodies failed to induce ZP dissolution. Electron microscopic
observation further demonstrated a significant abnormality in ZP structure in CP2/CP3-immunized
mice, especially in mature follicles, suggesting that B cell epitopes may be involved in ZP assembly.
Though antibody elicited by CP2 has been shown to inhibit fertilization, we show now that antibody
induced by CP3 had no effect on fertility. However, immunization with CP3/CP2 resulted in a
significantly lower fertility rate than CP2 alone. This suggests that infertility in these mice may be
due to an unstable ZP structure. Our model provides a useful tool to study ZP assembly and its
structure beyond molecular biology method.
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1. Introduction

The zona pellucida (ZP) is the extracellular coat that surrounds the mammalian oocytes
(Litscher and Wassarman, 2007). The ZP plays important roles in oocyte development,
fertilization and early embryo development (Rankin et al., 2001). The ZP consists of long
filaments. In mice, the ZP filaments are composed of ZP2 and ZP3 proteins, which are cross-
linked by ZP1 (Wassarman, 1987). However, the presence of ZP2 and ZP3 is sufficient to form
a biologically functional structure (Hoodbhoy et al., 2006). ZP proteins are synthesized in the
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developing oocytes and secreted through independent traffic pathways (Epifano et al., 1995;
Hoodbhoy et al., 2006). The ZP assembly mechanism has been studied in detail (Qi et al.,
2002; Jovine et al., 2004). A conserved duplicated motif [EHP (external hydrophobic patch)/
IHP (internal hydrophobic patch)], which regulates their assembly, has been identified in ZP
proteins. In mouse ZP3, the IHP is located between positions 165-174; mutation of the
phenylalanine at position 171 (F171) abrogates ZP assembly (Jovine et al., 2004).

ZP proteins are highly immunogenic; immunization with ZP proteins or epitopes derived from
these proteins induced autoantibodies or autoimmune ovarian disease in numerous animal
models (Wood et al., 1981; Sacco, 1987; Naz et al., 2005; Rhim et al., 1992). In humans,
autoantibodies to ZP proteins have been detected in infertile women (Shiver and Dunbar,
1977). Using various antibodies, several unique B cell epitopes of ZP proteins have been
discovered. For example, B cell epitope ZP3(335-342) overlaps the sperm binding site (Millar
et al., 1989). Thus, antibody to ZP3(335-342) is highly effective in blocking fertilization. In
an autoimmune ovarian disease model, a pathogenic T cell epitope of ZP3 triggers B cell
epitope spreading. As a result, autoantibodies are elicited to multiple B cell epitopes of ZP
proteins, including ZP3(171-180), which happens to overlap with the IHP (Lou et al., 1996).

We have designed two immunogenic peptides, CP2 and CP3, which link a universal helper T
cell epitope with ZP3 B cell epitopes ZP3(335-342) and ZP3(171-180), respectively (Lou et
al., 1996). We have shown that both peptides elicit high titer antibodies to native ZP without
causing any ovarian pathology. As CP2 contains the B cell epitope overlapping the sperm
binding site, immunization with this peptide resulted in significantly reduced fertility (Lou et
al., 1995). In the present study, we demonstrate further that induction of antibodies to both ZP3
B cell epitopes results in rapid disassociation of the ZP after ovulation, suggesting that the two
B cell epitopes may be involved in ZP assembly.

2. Materials and Methods

2.1. Immunization and antigenic peptide

BALB/c female mice, obtained from Jackson Laboratory (Bar Harbor, ME), were studied at 6
to 8 weeks of age. Peptide antigens, dissolved in Mill-Q water at ImM and sterilized by
ultrafiltration, were emulsified in an equal volume of complete Freund’s adjuvant (CFA). Each
mouse received 0.1ml of mixture (containing 50 nmol of peptide) in one footpad and a
subcutaneous site. Blood was sampled by tail bleeding and serum antibody titers determined
by indirect immunofluorescence on normal frozen ovarian sections, and by ELISA using
antigenic peptide (Lou et al., 1996). Mice with a high titer of circulating antibody were used
for ovulation. In some cases, immunized mice were boosted with the same antigen mixed with
ICFA. Sera with a titer higher than 6,400 were stored at —80°C for in vitro use.

The sequence and structure of peptides CP2 and CP3 have been published (Lou et al., 1996)
(Fig. 1). The peptides were synthesized by an automatic peptide synthesizer (Gilson,
Middleton, IW) and purified by HPLC on a C18 reverse phase column (Waters, Millford, MA).
All peptides exceeded 95% in purity. Amino acid sequence was verified by tandem mass
spectrometry.

2.2. Superovulation induction and fertility trials

The mice were allowed to acclimate for a minimum of one week. A well established method
was used for induvction of super-ovulation in young females (Zhou et al., 2004). Briefly,
animals were injected with eCG (Sigma, St. Louis, MO) at 51U/mouse intraperitoneally (i.p.).
were injected i.p. with hCG (51U/mouse, Sigma, St. Louis, MO) after 48hrs. Oviducts were
removed for isolation of ovulated eggs. Cumulus-oocyte complexes were collected from
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oviducts of super-ovulated BALB/c females in medium-199 (M199, Gibco-BRL (Invitrogen),
Carlsbad, CA). Unless indicated, three mice were used for each group. Cumulus cells were
removed by treating eggs for 3 min with 1mg/ml hyaluronidase (Sigma, St. Louis, MO) in
M199; eggs were washed through four 50ml drops of M199 medium covered with mineral oil
using a pulled, heat-polished, Pasteur pipette (employed in all experiments). In some cases,
ovaries were collected for the electron microscope (EM) or snap-frozen for
immunofluorescence.

Fertility trials were performed following an established method (Lou et al., 1995). Immunized
female mice were mated with male mice at a 1:1 ratio for 10 days. Successful mating was
confirmed by the presence of a vaginal plug, and blood was immediately sampled from the tail
vein by puncture. Antibody titer of this blood sample, measured by indirect
immunofluorescence, was designated as ‘plug titer’. Female mice were sacrificed 18 days after
confirmed mating, and the number of fetuses was counted.

2.3. In vitro fertilization

Sperm were collected from retired male breeders. Briefly, the caudae epididymis were removed
and placed into 1ml drops of potassium simplex optimized medium (KSOM) supplemented
with 0.4% (w/v) BSA (Sigma) under mineral oil in petri dishes. Epididymal contents were
carefully squeezed out and incubated in a 6% CO, incubator for 20 min to allow the sperm to
disperse. After capacitation for 45-60 min at 37°C in the incubator, oocyte-cumulus
complexes, isolated from immunized mice or mice that had received 40ug of 1E-10 antibody
(Millar et al., 1989), were transferred to the 100l fertilization droplets (10pl sperm suspension
with 90l KSOM plus BSA). Incubation was allowed to proceed for 4h at 37°C in a 6%
CO, atmosphere. At the end of this period, the cumulus cells and attached sperm were removed
from the oocytes by drawing the oocytes in and out of a fine-drawn pipette. The fertilized eggs
(two-cell stage) were counted the next day.

2.4. Electron microscopy (EM)

3. Results

A well established method was followed for EM (Lou and Takahashi, 1989). The ovaries were
fixed in Karnovsky's fixative and treated with osmium tetroxide at 22°C. Specimens were
dehydrated through a graded series of acetone and embedded in Epon resin (Electron
Microscopy Sciences; Fort Washington, PA) according to the manufacturer's
recommendations. Serial sections 90nm thick were cut on a Sorvall microtome, stained for 20
min with 5% uranyl acetate and observed in a JEOL 100CX electron microscope.

3.1. Induction of antibodies to both B cell epitopes ZP3(335-342) and ZP3(171-180) results
in rapid ZP dissolution in the ovulated oocytes

Mice were immunized with CP2, CP3 or a mixture of CP2/CP3. Mice immunized with CFA
alone served as a negative control. Circulating antibodies to ZP3 B cell epitopes were measured
by ELISA in the immunized mice (Fig. 2). CP2 or CP3 immunized mice produced high titers
of antibody against ZP3(335-342) and ZP3(171-180), respectively. Mice immunized with
CP2/CP3 showed circulating antibodies to both B cell epitopes. However, the titer to each
epitope was lower than those elicited by CP2 or CP3 alone.

Three immunized mice with the highest titers were selected from each group and used for
induction of superovulation. Ovulated egg-cumulus complex was isolated 8 hours after hCG
injection from the fallopian tube. There were no significant differences in ovulated egg numbers
among those groups. Binding of antibodies to the zona pellucida (ZP) of developing oocytes
and the ovulated eggs was confirmed by direct immunofluorescence (Figs. 3A&B). After a
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brief digestion with hyaluronidase, all released eggs had ZP. However, it was notable that more
than half of eggs from the CP2/CP3 or CP3 immunized groups showed a more transparent,
loose, and slightly swollen ZP compared with the other groups (Table 1) (Figs. 3C&D).
Surprisingly, the ZP completely dissolved in about 50% of the eggs from CP2/CP3 immunized
mice after 4—6 hours (Table 1) (Fig. 3E). Despite the ZP being similar in appearance to that of
the CP2/CP3 group, the ZP of the CP3 group did not dissolve until the end of the experiment
when degradation of eggs occurred (56 hours after hCG injection). CP2 and CFA control groups
showed intact normal ZP until the end of the experiment. Because of the possibility that the
hyaluronidase might have contributed to rapid dissolution of the ZP, we isolated the ovulated
eggs from fallopian tubes at 20 hours after hCG injection when cumuli had been naturally
digested. Eggs from CFA control mice had intact ZP (Fig. 3G). Again the eggs from CP2/CP3
immunized mice showed a fragile, thin and swollen ZP, or nude eggs without ZP (Figs. 3H&I)
(Table 1). These experiments were repeated two more times, and similar results were obtained.
Thus, we concluded that ZP dissolution was caused by CP2/CP3 binding.

3.2. Binding of antibodies to the ZP after ovulation does not affect ZP solubility

We tested next whether in vitro incubation of the ovulated eggs with antibodies would lead to
dissolution of the ZP. Sera were isolated from the CP2/CP3 immunized mice, which were
confirmed to have disrupted ZP, and from CFA-immunized controls. Eggs collected from
normal mice after super-ovulation induction were incubated with undiluted antisera. Binding
of the antibodies from the CP2/CP3 immunized mice to ZP of the ovulated eggs was
demonstrated by immunofluorescence after incubation. However, ZP of all 30 eggs with
antibody binding remained intact and showed no sign of dissolution until the experiment was
completed (48 hours). Undiluted sera did not interfere with ZP dissolution, as incubation of
15 eggs from CP2/C3 immunized mice with CFA serum failed to inhibit ZP dissolution. These
results suggest that binding of antibodies to ZP after ovulation has no effect on ZP’s solubility.
Thus, ‘pre-binding’ of antibodies to ZP before ovulation may be required for ZP dissolution.

3.3. Binding of antibodies to ZP in vivo affects ZP structure of antral follicles

It still remained unclear how antibodies to the two ZP B cell epitopes induced ZP dissolution
post-ovulation. However, it is clear that pre-binding of antibodies to ZP was necessary. Thus,
ZP structural changes before ovulation were investigated in the immunized mice. We used
electron microscopy (EM) to study the fine structure of ZP from normal, CP2 or CP2/3
immunized mice. Dissolution of ZP in the mice immunized with CP2/CP3 was first confirmed
after super-ovulation induction. The ovaries were then sampled from two mice. In parallel,
ovaries were sampled also from the other groups (2 mice/group). There were no significant
differences in ZP structure in primary or early secondary follicles. However, early stage antral
follicles from CP2/CP3-immunized mice showed a thinned ZP, and there were significant
differences observed in the large antral follicles of the CP2/CP3 group compared to the other
groups. First, trans-zona processes, which form gap junctions between oocyte and granulose
cells, were significantly fewer in the CP2/CP3 group (Figs. 4A to E); some vesicle-like
structures were also seen at the edge close to the oocyte. Second, the ZP filaments were
distributed evenly throughout the ZP in the CP2/CP3 group, especially at a low magnification,
while there were many ‘crack’-like spaces in other groups (Fig. 4A to C). Third, the edge of
ZP was blurred in the CP2/CP3 group in contrast to a sharp edge of ZP in other groups (Fig.
4F). In addition, there were numerous filament-like particles present in the spaces between ZP
and granulosa cells or between the granulosa cells. Such filaments were absent in other groups.
Although the nature of these filaments needs to be determined, it is highly possible that they
were disassociated from ZP. Our results suggest that antibodies must bind to ZP in the early
stage of antral follicles before they can disrupt the ZP structure.
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We observed next the ovulated eggs in the fallopian tube. The eggs showed much lower
densities of the ZP filaments. More importantly, an obvious gradient of filament density was
seen toward the ZP edge. Numerous protein particles, which resembled ZP filaments, were
present in the space between the ZP and oocyte. Some filaments were present in proximity of
ZP while others were still associated with the ZP structure (Fig. 4G). These observations
suggest that the ZP had undergone structural changes in the CP2/CP3-immunized mice before
ovulation. Direct immunofluorescence showed that the antibodies were not present within the
oocytes. Thus, it is unlikely that the antibodies would interfere with the ZP protein synthesis
and secretion pathway within the oocytes. Rather, the antibodies may have interfered with ZP
assembly.

3.4. Antibody to ZP3(171-180) does not inhibit fertilization

It has been shown that epitope ZP3(335-342) overlaps the sperm receptor (Millar et al,
1989). Monoclonal antibodies or serum antibody to this epitope inhibited fertilization (Millar
et al, 1989; Lou et al, 1995). We tested first whether antibody to ZP3(171-180) could inhibit
fertilization. Eggs harvested from various groups after superovulation were used for in vitro
fertilization. A control group of mice, which were pre-injected with IE-10, a monoclonal
antibody to ZP3, had a dramatically reduced fertility rate (Table 2). However, in the current
studies, the CP3 group showed a high fertility rate comparable to the CFA group (Table 2).
Thus, B cell epitope ZP3(171-180) may not be involved in the fertilization process.
Fertilization rates in the CP2/CP3 group were lower than the CP3 or CFA group, probably due
to activity of CP2 antibody, but were much higher than the 1E-10 group (Table 2). Although
most eggs from the 1E-10 injection group failed to be fertilized, a few fertilized eggs entered
the two-cell stage with intact ZP (Fig. 3J). As expected, either the fertilized or unfertilized eggs
from the CP2/CP3 group lost their ZP 6-8 hours later (Fig. 3K). Without being constrained by
the ZP, two-cell stage embryos of the CP2/CP3 group had a shape of ‘dumb bell” (Figs. 3F&K).

3.5. Antibodies to ZP3(335-342) and ZP3(171-180) have additive anti-fertility effect

We asked next whether CP3 antibody could enhance the anti-fertility effects of CP2 antibody
in vivo. We expected that, although CP3 elicited a high titer of antibody to native ZP, it would
have an insignificant effect on fertility in vivo (Fig. 5A). Unexpectedly, the CP2/CP3 group
had a much lower fertility than the CP2 group, despite much lower titers of antibody to ZP3
(345-342) in this group compared with the CP2 group (Figs. 5B&C; for antibodly titer, refer
to Fig. 2). The infertility in each mouse was correlated with anti-ZP titers in both CP2 and CP2/
CP3 groups. Reduced fertility in the CP2/CP3 group was probably not due to interrupted in
vivo fertilization. It is highly possible that premature ZP dissolution may have a negative
influence on early embryo development, which may be responsible for further reduction in
fertility compared with CP2 alone.

4. Discussion

ZP protein trafficking and assembling mechanism has been studied in detail (Qi et al., 2002;
Jovine et al., 2004; Hoodbhoy et al., 2006). The ZP proteins are secreted through independent
traffic pathways (Qi et al., 2002; Hoodbhoy et al., 2006). After undergoing protease cleavage,
ZP proteins are assembled finally to form a stable ZP layer through polymerization (Jovine et
al., 2004). F171 of ZP3, which is located in the internal hydrophobic patch (IHP) region, has
been identified as critical for ZP assembly (Jovine et al., 2004). Thus, a mutation in this position
completely abrogates ZP assembly. Since F171 is part of the B cell epitope of CP3, it is likely
that antibodies to CP3 may directly disrupt ZP assembly by blocking F171. This may explain
also why binding of antibodies to ovulated eggs failed to induce ZP dissolution, as ZP assembly
had completed.
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Our experiments showed that the CP3 antibody alone was not enough to induce complete ZP
disassociation, although it did cause ZP abnormality. On the other hand, the CP2 B cell epitope
has been identified as a potential sperm receptor, and antibodies to it inhibited fertilization both
in vitro and in vivo (Millar et al., 1989; Lou et al., 1995). Unlike CP3, CP2 B cell epitope ZP3
(335-342) is not located within the hydrophobic patch and thus the antibody may not affect
ZP assembly. Our observation that CP2 antibody is required to induce ZP dissolution raises
interesting mechanistic questions, and we offer several possible explanations. First, B cell
epitope ZP3(335-342) may be a special domain for ZP assembly beyond the identified EHP
and IHP (since EHP and IHP are universal for extracellular structure assembly, ZP3(335-342)
may be unique to ZP). Second, as ZP is composed of ZP proteins of filamentous structure, it
is possible that ZP3(335-342) participates in connection of these macro-filaments instead of
between the ZP proteins. Third, as antibody is a relatively large molecule, it’s binding to ZP3
(335-342) may also shield EHP region. We believe this is unlikely because antibody binding
did not show any ZP abnormality. Fourth, antibody binding to ZP may cause a minor structural
change in ZP3; the change itself may not affect ZP assembly. However, it may greatly enhance
antibody binding to ZP3(171-180) and/or its effect, which eventually leads to complete
disassociation of ZP structure.

Another significant change in CP2/CP3-immunized mice was reduced trans-ZP processes in
the pre-ovulatory follicles. Since those ovaries were sampled just after ovulation, it is unlikely
that those follicles in CP2/CP3-immunized mice were preovulatory. ZP2 or ZP3 knockout mice
display defects in early antral and preovulatory follicle development, cumulus-oocyte complex
formation and ovulation (Matzuk et al., 2002), suggesting that ZP is important in mediating
granulosa cell signals and connections to oocytes that optimize their later developmental
potential (Zhao and Dean, 2002). Reduction in trans-ZP processes suggests that antibody
binding to ZP may interfere with formation of the processes. However, the anti-ZP3 antibody
was obviously not able to completely block such communication, as follicle development and
ovulation were normal in the immunized mice.

The reasons that premature dissolution of ZP leads to infertility remain uncertain. There are a
few possibilities. Clinically, premature dissolution of ZP and delayed hatching of the embryo,
both associated with ZP abnormality, may lead to infertility (Lopata and Hay, 1989). A recent
study showed that the blastocyst axis aligns with the ZP shape during embryo development,
suggesting a critical role of an intact stable ZP structure during embryo development (Kurotaki
etal., 2007). An earlier study demonstrated that an intact zona pellucida is essential for normal
oviductal embryo transport in mice (Bronson & McLaren, 1970). Thus, the antibody-mediated
premature ZP dissolution in vivo observed in our study might lead to the impaired transport of
preimplantation embryos and points to another opportunity to investigate infertility caused by
anti-ZP antibody.

Abnormalities such as premature or delayed hatching may be treated through IVF techniques
(Blake et al., 2001). Our finding may also provide new therapeutic strategies for infertility,
especially for hatching of the embryo of fertilized eggs. Although combination of antibodies
to ZP3(335-342) and ZP3(171-180) may accelerate ZP dissolution in vivo, it seems difficult
to apply directly this method to such cases, unless the antibodies are delivered in vivo. Thus,
additional studies are required to determine the latest stage of follicular development during
which binding of antibodies would lead to disruption of the integrity of ZP. Also, the
mechanism for premature dissolution or delayed hatching has not been addressed (Gordon and
Dapunt, 1993). Our findings may provide a model to address this issue — it would seem relevant
to investigate whether infertility-associated anti-ZP antibodies in humans are involved in
premature ZP disassociation.
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Antibodies to ZP proteins have been widely explored as a potential contraceptive vaccine for
either humans or animals (Wood et al., 1981; Sacco, 1987; Millar et al., 1989; Lou et al.,
1995; Naz et al., 2005). Despite intensive studies for several decades, an effective contraceptive
vaccine has not been developed. In the past, studies have focused on blockage of fertilization
by elicitation of specific antibodies. CP2, which is one among many others, was able to reduce
fertility up to approximately 64% in the immunized mice without causing ovarian pathology
(Lou et al., 1995). Our findings may lead to a new strategy for vaccine development by
antibody-mediated ZP instability in that CP2/CP3-immunized mice had a more dramatic
reduction in fertility than mice immunized with CP2.
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CP2

CP3

Figure 1.

mZP3(335-342)
NCAYKTTQANK-QAQIHGPR

mZP3(171-180)
NCAYKTTQANK-ESLQLMEENW

Amino acid sequences for antigenic peptides CP2 and CP3. Phenylalanine at position 171

(F171), located within the internal hydrophobic patch (IHP), is underlined.
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Figure 2.

Circulating antibodies in mice immunized with different ZP3 peptides. Sera were sampled at
day 20 post-immunization, and antibody titer determined by ELISA at 1:200 dilution. Ten mice
were used in each group.
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Figure 3.

Antibodies to ZP3 B cell epitopes affect zona pellucida (ZP) structure. A and B.
Immunofluorescence shows binding of 1gG antibody to ZP of a developing oocyte (A) and
ovulated eggs (B) in a CP2/CP3-immunized mouse. C to F, comparison between normal (C)
and antibody-induced abnormal ZP (D-F); ZP is absent in an ovulated egg (E) or fertilized egg
which has entered the two-cell stage (F). G. Normal eggs collected from fallopian tube after
superovulation; H and I, eggs from fallopian tube of CP2/CP3-immunized mice show their
abnormal ZP just after their harvest (H), which completely dissolved 6 hours later (1). J. eggs
with intact ZP from mice pre-injected with 1E-10 after fertilization; note that fertilization is
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blocked in most eggs. K. Eggs from CP2/CP3-immunized mice after fertilization; note that ZP
is absent in fertilized eggs. x200
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Figure 4.

Ultrastructural changes in zona pellcuida (ZP) of CP2/CP3-immunized mice. A to C, EM
micrographs of ZP of antral follicles from a normal (A), CP2-immunized (B), or CP2/CP3-
immunized mouse (C) show more homogeneous distribution of ZP filaments in CP2/CP3-
immunized mice. D and E, EM micrographs at a higher magnification show significantly fewer
transzonal processes (arrowheads) in a CP2/CP3-immunized mouse (E) than in a normal mouse
(D). F. EM micrograph at a high magnification shows detached ZP filaments (arrowed) from
ZP layer in an antral follicle of CP2/CP3-immunized mouse. G. EM micrograph of an ovulated
egg from a CP2/CP3-immunized mouse shows detachment of ZP filaments from ZP (arrows).
gc, granulosa cells.
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Figure 5.

Correlation between fertility and anti-zona pellucida (ZP) antibody titer in mice immunized
with CP3 (A), CP2 (B) or CP2/CP3 (C). Sera were sampled immediately after a successful
mating; antibody titers were determined by indirect immunofluorescence on normal ovarian
section. Female mice were sacrificed 18 days after confirmed mating, and the number of fetuses
was counted.
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