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a b s t r a c t

SpayVac® is an immunocontraceptive vaccine based on porcine zona pellucida (pZP) antigens and uses a
patented liposome formulation (VacciMax™ or DepoVax®). It has delivered single-dose, long-lasting (4
e10 years) immunocontraception in several species. Previous studies have demonstrated a positive
correlation between levels of pZP antibodies produced and contraceptive effect; however, individual
mares that were consistently infertile did not necessarily have the highest antibody titers. The objective
of this study was to identify potential differences in specific immunoglobulin G (IgG) isotype responses
among mares treated with SpayVac (VacciMax formulation) to improve our understanding of vaccine
efficacy and potential management applications. We analyzed serum samples collected 1, 2 and 4 years
post-vaccination from mares in another study that were continuously infertile or had foaled at least once
during the 4-year period (n¼ 14 each). Additional samples from the continuously infertile mares were
collected 5 years post-vaccination. A fluorescent bead-based assay was used to distinguish IgG isotype
responses against pZP. IgG1 antibodies were generally higher in the infertile compared to the fertile
mares, but only IgG4/7 antibodies were significantly higher in infertile mares during years 1 and 2 post-
vaccination (p < 0.05). Interestingly, IgG4/7 isotype levels were significantly higher during year 5
compared to year 4 in the continuously infertile mares (p < 0.02). SpayVac's ability to preferentially
stimulate IgG4/7 antibodies may contribute to its long-term immunocontraceptive efficacy, and
measuring IgG4/7 isotypes may help differentiate effectively contracepted mares from those that may
need additional vaccination.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

The Bureau of Land Management (BLM) is responsible for man-
aging feral horse (Equus caballus) and burro (E. asinus) populations
on public lands, and horse numbers are currently estimated to be
around 75,000 [pers. comm. Dean Bolstad, 7/17/17]). This far exceeds
the appropriate management level of 26,715 [1]; and maintaining
horses in off-range facilities costs the BLM millions of dollars
annually [2]. Immunocontraceptive vaccines have the greatest po-
tential to help BLM maintain horse populations at appropriate
management levels; however, vaccines must have multi-year effi-
cacy to be both technically feasible and cost-effective.
Bechert), jlr397@cornell.edu
ll.edu (B. Wagner).
Two main classes of contraceptive vaccines have been devel-
oped based on gonadotropin-releasing hormone (GnRH) and
porcine zona pellucida (pZP) antigens. It is presumed that pZP
immunocontraception has fewer side effects compared to GnRH
vaccines (like GonaCon™), because GnRH receptors are located in a
variety of tissues in addition to reproductive organs, including the
nervous system [3], bladder [4], and heart [5]. Antibody occupation
of ZP receptors is thought to disrupt sperm binding [6e8], which
normally initiates the acrosome reaction and subsequent fertiliza-
tion [9]. ZonaStat-H is a pZP vaccine currently used in horses;
however, it requires a booster 3e4 weeks after the initial inocula-
tion and subsequent annual boosters to maintain contraceptive
efficacy [10]. PZP-22 uses time-release pellets to obviate the need
for boosters; however, it has a reported efficacy of up to 22 months
[11], which is still not ideal for BLM [12].

SpayVac® is a pZP vaccine that uses a unique liposome tech-
nology and has delivered single-dose, long-lasting (4e10 years)
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immunocontraception in a variety of species including fallow deer
(Dama dama) [13], grey seals (Halichoerus grypus) [14], and horses
[15]. SpayVac comes in two formulations: VacciMax™ is a water-in-
oil emulsion, and DepoVax® is first lyophilized and then compo-
nents are resuspended in oil prior to injection. A study by Killian
et al. [15] demonstrated pregnancy rates of 0%, 17%, 17% and 17%,
respectively, 1e4 years after treatment of mares with a single
SpayVac VacciMax dose (400 mg pZP; n¼ 12) administered in the
neck compared to 75%, 75%, 88% and 100% for untreated mares.
Bechert et al. [16] demonstrated that 3e4 months post-vaccination
with SpayVac VacciMax or DepoVax (200 mg pZP) administered in
the neck, 93% of treated mares (n¼ 14) ceased cycling as evidenced
by significantly lower serum concentrations of progesterone
(p< 0.025) and smaller ovaries with fewer follicles (p< 0.001),
while other organ systems were unaffected. The U.S. Geological
Survey (USGS), and the U.S. Department of Agriculture, Animal and
Plant Health Inspection Service initiated field trials with SpayVac in
mares (200 mg pZP in DepoVax [n¼ 30] and VacciMax [n¼ 30]
SpayVac formulations administered in the rump) and found that
pregnancy rates for the VacciMax treatment group were signifi-
cantly lower (p< 0.001) compared to controls for 3 years following
the single injection [12].

However, results from this last study were not as robust as ex-
pected, given earlier results from both Bechert et al. [16] and Killian
et al. [15]. For example, the fertility rate for the SpayVac VacciMax
group (n¼ 30) was 13%, 47%, and 43% compared to 100%, 98%, and
100% in controls for years 1, 2 and 3 post-vaccination, respectively.
The relationship between antibody titer, measured by a pZP ELISA,
and fertility was also not clear, because individual mares that were
consistently infertile did not necessarily have the highest antibody
titers [12]. Previous studies have demonstrated a positive correla-
tion between levels of pZP antibodies produced and contraceptive
effect [10,17], and similarly in the Roelle et al. study [12], antibody
titers within 50e60% of the positive reference serum appeared to
effectively contracept 90e95% of the mares.

Wagner [18] reviewed different horse immunoglobulin (Ig)
antibody classes (e.g., IgG, IgM, IgA, IgE) as well as IgG isotypes,
which are more numerous in horses (IgG1-IgG7) compared to other
mammalian species [19]. IgG is the predominant antibody class in
equine serum and the major component of humoral immunity.
After stimulation with specific antigens, B-cells are activated and,
with the help of T-cells, develop into antibody producing plasma
cells. After successful antigen stimulation or vaccination, long-lived
plasma cells produce large amounts of high-affinity IgG antibodies.
These antibodies, depending on their immunoglobulin subclass or
isotype, can neutralize antigens or pathogens. The latter is a key
function of many protective vaccines, and it has been suggested
that “different IgG isotypes should be considered in developing
therapeutic antibodies” [20].

The SpayVac VacciMax formulation, when administered to
rabbits, created a significantly greater antibody response compared
to that produced by alum-adjuvant vaccines, and this enhanced
response was correlated with an increased number of antigen-
specific plasma cells in the bone marrow [21]. SpayVac may simi-
larly stimulate increased production of plasma cells in mares.
Various mechanisms potentially responsible for maintenance of
pZP antibody titers in mares are discussed in Bechert et al. [16], but
the role different IgG isotypesmay playwith respect to SpayVac has
not been considered.

Lewis et al. [22] analyzed different effector functions of the
seven equine IgG isotypes, including complement activation, IgG-
receptor binding and affinity to different bacterial cell-wall pro-
teins. Their work suggested that equine IgG1, IgG4 and IgG7 iso-
types are most capable of mediating all of these effector functions
and most likely have a better neutralizing capacity compared to
IgG3 and IgG5. The remaining two equine IgG2 and IgG6 isotypes
are only weak immune mediators. Some of the objectives of the
Roelle et al. [12] study were to: 1) evaluate the contraceptive effi-
cacy of SpayVac over several breeding seasons, and 2) determine
serum pZP antibody titers. The objective of this study was to
identify potential differences in specific IgG isotype responses
among mares treated with SpayVac VacciMax in the Roelle study
and improve our understanding of vaccine efficacy and potential
management applications.

2. Materials and methods

2.1. Vaccine preparation

Immunovaccine, Inc. (IMV; Halifax, Nova Scotia, Canada) ob-
tained frozen pig ovaries from Sioux-Preme Packing Company (Sioux
Center, IA), isolated pZP, and prepared the vaccine as previously
described by Brown et al. [23]. Purified pZP was incorporated in
phosphate buffered saline (PBS; pH 7.4) at a final concentration of
200 mg per dose. Lipids containing lecithin and cholesterol at a ratio
of 10:1 (0.2 g lecithin and 0.02 g cholesterol/dose; Lipoid, Newark,
NJ) were added to the pZP solution to formmultilamellar liposomes.
Modified Freund's Adjuvant (MFA; Calbiochem, La Jolla, CA) was
added to half of the prepared pZP-liposomemixture to form awater-
in-oil (aqueous) emulsion (1:1, v/v; 1 mL/dose). The second half of
the prepared pZP-liposome mixture was lyophilized (non-aqueous)
and then reconstituted with MFA for a final deliverable dose volume
of 0.5ml. Vehicle control vaccines were produced as described above
without the addition of the pZP antigen (0.5 mL/dose). All vaccines
and control doses were shipped to USGS for the Roelle et al. study in
individual syringes kept frozen on dry ice.

2.2. Animals

The captive breeding trial was initiated in 2011 at a BLM wild
horse and burro adoption facility near Pauls Valley, OK [12]. The
study's protocol was approved by the USGS Animal Care and Use
Committee in Fort Collins, CO. Mares were maintained in 12-ha
pastures and fed bermudagrass (Cynodon sp.) ad libitum and al-
falfa hay at approximately 6.4 kg/animal/day. Protein/fat supple-
ments and trace mineralized salt blocks were also provided, and
annual prophylactic vaccines and anthelmintics were administered
by BLM personnel (see Roelle et al. [12] for details).

Ninety mares (4e7 years of age) were randomly assigned to one
of three experimental groups (SpayVac VacciMax vaccine, SpayVac
DepoVax vaccine, and control; n¼ 30 each), and mixed treatment
groups were maintained on three separate pastures. On 30 March
2011, all injections were administered by hand in the left rump
during restraint in a padded hydraulic squeeze chute. Mares had
opportunities to breed with stallions starting in June 2011
(approximately 2 months after vaccination), with a new stallion
being introduced every 2weeks on a rotation schedule that allowed
each stallion to rest at least 2 weeks between sessions.

As described by Roelle et al. [12], 10-mL blood samples were
collected from each mare at the time of vaccination (in March) as
well as several other time points. All samples were used to deter-
mine pZP antibody titers, and blood samples collected in December
2011, and January and November 2013 were also analyzed to
quantify pregnant mare's serum gonadotropin (PMSG) and estrone
sulfate. Mares were considered to be pregnant if any one of the
following three criteria were positive: 1) elevated hormone levels
(PMSG >600 mIU/mL or estrone sulfate >20 ng/mL), 2) positive
transrectal ultrasound or palpation exams, or 3) observations of
nursing foals (mares were observed in each pasture for at least 2 h
per day 3 days per week).
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2.3. Samples

The fertility rates in the control group (n¼ 30) were 100% and
96.7% for year one and two, respectively, compared to 16.7% in the
SpayVac DepoVax treated group (n¼ 30) during the first year
(p< 0.001) and 75.9% during the second year (n¼ 29) [12]. Because
the performance of this vaccine during the second year was so poor,
BLM decided to drop the DepoVax treatment group from the study.
In contrast, the fertility rate in the SpayVac VacciMax treatedmares
was 13.3%, 46.7%, and 43.3% for 2012, 2013 and 2014, respectively
(n¼ 30 each year), compared to 100%, 96.7%, and 100% for the
control group (p< 0.001 [12]). Half of the mares vaccinated with
SpayVac VacciMax in 2011were still infertile 4 years later (15 of 30).
We analyzed serum samples collected 1, 2 and 4 years post-
vaccination (7 March 2012, 6 March 2013, 3 February 2015) from
mares that were continuously infertile or had foaled at least once
during the 4-year period (14 complete sample sets from each group
were available for comparative analysis in our study). We also
analyzed serum collected on 24 February 2016 from 14 of 15
continuously infertile mares.

2.4. Laboratory analyses

2.4.1. Determination of pZP antibody titers by ELISA
IMV technicians determined pZP antibody titers as a percentage

of a positive reference serum using an enzyme-linked immuno-
sorbent assay as described by Roelle et al. [12]. Briefly, pZP antigen
(1 mg/mL, prepared in-house) was used to coat 96-well polystyrene
microtiter plates (Bio-Rad, Hercules, CA) prior to incubation over-
night at 4� C. Plates were washed with a Tris wash buffer (Tris-
buffered saline/Tween-20) and blocked with 3% gelatin (Bio-Rad)
for 30min at 37� C. Following another wash, a standard horse
serum sample as well as unknown samples were added to the wells
prior to incubation at 4� C overnight. Unknown and positive
reference serum samples were diluted to 1/25,000 and each sample
was added to the plates in triplicate. Plates were washed and a
secondary antibody (Protein G [Calbiochem] conjugated to alkaline
phosphatase enzyme) was added to each well at a dilution of 1/
1000 prior to incubation for 1 h at 37� C. Plates were washed, a
substrate solution containing 4-nitrophenyl phosphate disodium
salt hexahydrate (Sigma-Aldrich Chemie GmbH, Buchs,
Switzerland) was added at a concentration of 1mg/mL, and plates
were then incubated for 1 h at 37� C. Amicrotiter plate reader (ASYS
Hitech GmbH, Eugendorf, Austria) measured the absorbance of
each well at a wavelength of 405 nm. Absorbance values from the
triplicate wells were averaged for each sample and expressed as a
percentage of the average absorbance of the positive reference
sample. The positive reference sample was considered to have a
titer of 100% and came from a female previously vaccinated with
SpayVac in a separate study and determined to have a strong, pZP-
specific antibody response.

2.4.2. Determination of pZP antibody values by a fluorescent bead
assay

Purified pZP antigen (from IMV) was coupled to fluorescent
bead 33 (Microspheres; Luminex Corporation, Austin, TX) as pre-
viously described in detail by Wagner and Freer [18]. In brief,
5� 106 activated beads were used for coupling of 300 mg pZP an-
tigen. After coupling, the beads were re-suspended in blocking
buffer (PBS with 1% [w/v] BSA and 0.05% [w/v] sodium azide) and
incubated for 30min. The beads were washed three times in PBS
with 0.1% (w/v) BSA, 0.02% (v/v) Tween 20 and 0.05% (w/v) sodium
azide (PBS-T), counted and stored in the dark at 2e8 �C.

For the assay, all serum samples were diluted at 1:100 in
blocking buffer immediately before the assay was started. Five
control serum samples from healthy mares not vaccinated with
SpayVac were included as controls in each assay run. Wells con-
taining blocking buffer were included as background controls. Us-
ing a Biotek ELx50 plate washer (Biotek Instruments Inc., Winooski,
VT), PBST (PBS with 0.02% [v/v] Tween 20) was dispensed to all
MilliporeMultiscreen HTS plate wells (Millipore, Danvers, MA), and
aspirated after soaking the plate for 2min. Then 50 ml of the diluted
serum samples, control sera, or blocking buffer were added to the
plate wells. Beads coupled with pZP were vortexed and sonicated
for 20 s, and 50 ml of bead solution containing 5� 103 pZP beads
were added to each well. The plates were covered to protect the
beads from light and were incubated at room temperature with
shaking for 30 min. Plates were then washed five times using the
Biotek ELx50 plate washer. For total Ig detection, 50 ml of a bio-
tinylated goat anti-horse IgG (H þ L) antibody (Jackson Immunor-
esearch Laboratories, West Grove, PA) was added to each plate at a
1:5000 dilution in blocking buffer. The plates were incubated and
washed again as previously described. Subsequently, 50 ml of
streptavidin-phycoerythrin (PE; Invitrogen, Carlsbad, CA) was
added to each well at a dilution of 1:100 in blocking buffer. Plates
were incubated for another 30 min as described above. Finally, the
plates were washed by adding 100 ml of blocking buffer to each
well, and then the plates were covered and placed on a shaker for
15 min to re-suspend the beads. The assay was then analyzed in a
Luminex 200 instrument (Bio-Rad Laboratories, Inc., Philadelphia,
PA) using BioPlexManager 6.1 software (Bio-Rad, Hercules, CA). The
data were reported as median fluorescent intensities (MFI).
2.4.3. Anti-pZP IgG isotype detection
For IgG isotype detection, the fluorescent bead-based assay

setup was conducted as described above, but detection antibodies
used were different. Instead of biotinylated goat anti-horse IgG
(H þ L) antibody measuring total IgG, biotinylated monoclonal
antibodies to IgG1 (CVS45), IgG4/7 (CVS39), IgG5 (clone 416), or
IgG6 (clone 267) were added to the plates. All four IgG detection
antibodies were used at previously determined optimal dilutions of
1:500 (IgG1), 1:1000 (IgG4/7), or 1:100 (IgG5 and IgG6). Mono-
clonal antibodies against equine IgG1 and IgG4/7 were described by
Sheoran et al. [24], and antibodies to IgG5 and IgG6 were described
by Keggan et al. [25].
2.5. Statistical analysis

D'Agostino and Pearson normality tests indicated that most
antibody values were not normally distributed. All anti-pZP anti-
body measurements were thus compared by repeated-measures
ANOVAs with Sidak post tests between the fertile and infertile
groups. For comparing anti-pZP antibody values between years 4
and 5 in the infertile group, a Wilcoxon matched-pairs test was
used. P-values <0.05 were considered significant. The statistical
analyses were performed and the graphs were created using
GraphPad Prism 6 for Mac OS X, version 6f.
3. Results

3.1. Fertility

Of the 15 SpayVac VacciMax treated mares that remained
infertile for 4 years post-vaccination in the Roelle et al. study [12],
12 were still infertile 5 years post-vaccination (February 2016) and
3 had become pregnant. The 15 other SpayVac VacciMax treated
mares that had conceived or foaled at least once during the initial 4
years post-vaccination were no longer being monitored.
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3.2. Antibodies against pZP as measured by ELISA and fluorescent
bead assay

The pZP antibody titers for the first 4 years post-vaccination
from the Roelle et al. study [12] are illustrated in Fig. 1A. Serum
pZP antibody values obtained by ELISA showed a trend towards
increased pZP antibodies in the infertile group during the first year,
which did not reach significance. The same serum samples from
years 1, 2 and 4 were measured in the newly developed pZP fluo-
rescent bead-based assay (Fig. 1B; n¼ 14 per group). Similar to the
ELISA assay, the bead-based assay was initially used to analyze all
serum antibodies against pZP independent of their isotype. By
analyzing the sera in the bead-based assay, anti-pZP antibodies
were clearly elevated in infertile mares in years 1 and 2 (both
p< 0.001), and still showed a trend towards increased antibody
values in the infertile group in year 4 post-vaccination (Fig. 1B).
3.3. IgG isotype responses against pZP

The fluorescent bead assay was then used to distinguish IgG1,
IgG4/7, IgG5, and IgG6 isotype responses against pZP (Fig. 2). IgG1
antibodies showed a trend towards higher anti-pZP IgG1 values in
the infertile compared to the fertile mares; however, the differ-
ences did not reach significance at any of the three observation
time points (Fig. 2A). IgG4/7 responses were most similar to the
total anti-pZP antibody response (Fig. 1B) and resulted in increased
anti-pZP IgG4/7 values in years 1 and 2 (p< 0.05) post-vaccination.
During year 4, anti-pZP IgG4/7 antibodies in infertile mares still had
a trend towards higher antibody values compared to the fertile
mares, but this did not reach statistical difference anymore
(Fig. 2B). Interestingly, IgG4/7 isotype levels were significantly
higher during year 5 compared to year 4 in the continuously
Fig. 1. Comparison of ELISA (A) and fluorescent bead-based assay (B) to measure
serum pZP antibodies in mares 1, 2, and 4 years post-vaccination with a single dose of
SpayVac VacciMax (n ¼ 14 each) depicted as median, 25 and 75 percentiles, and ranges
(extended bars). Asterisks indicate significant differences between antibody values in
the fertile and infertile groups (p-value *** <0.001).
infertile mares (p¼ 0.0166; n¼ 14; Fig. 3). In contrast, anti-pZP
IgG5 and IgG6 values were low overall in both groups (Fig. 2C
and D).

4. Discussion

To optimize application of SpayVac to free-ranging herds of
horses, a better understanding of how the vaccine affects the im-
mune system and results in contraception would be helpful. A va-
riety of internal physiologic factors can influence an animal's ability
to mount an immune response (e.g., age, pregnancy, nutrition, and
other environmental factors) [26]. The primary mediators of
adaptive immune function are B and T lymphocytes as well as an-
tibodies; however, dendritic cells (DCs) control T-cell activation
[27], and regulate antigen-specific immunity [28]. DCs arise pri-
marily from the bone marrow and serve as an interface between
the body and its environment by patrolling the dermis and
epidermis (e.g., Langerhans cells), and mucosal membranes [29].
They can initiate T-effector cell, cytolytic, or suppressive immune
responses, as well as production of cytokines like IL-12 [30].
“Dendritic cells act as nature's adjuvants for regulating antigen-
specific immunity … and elicit T-cell memory, a critical goal of
vaccination” [28]. Immature DCs take up antigen, and after this, or
exposure to pro-inflammatory cytokines (e.g., TNFa and IL-1b), they
transform into mature DCs. Maturation involves a significant
cytoplasmic reorganization that brings MHC class II loaded with
antigenic peptides to the cell surface, chemokine receptors remodel
to facilitate movement to lymphoid organs, and membrane folds
expand as “dendritic” processes in lymph nodes to increase op-
portunities for T-cell interaction [30,31]. Key to DCs' effectiveness is
their movement into lymph nodes after maturation. The main
lymph node homing chemokine receptor (CCR7) needs to be
expressed by DCs for successful migration through peripheral
lymph vessels [32]. There are also other mediators of DC migration
to lymph nodes, including CCR8, which facilitates the migration of
monocyte- (but not skin-derived) DCs to lymph nodes [33].

Dendritic cells form clusters with antigen-specific T-cells in
lymph nodes to promote the immune response [27]. DCs present
antigenic peptides to T-cells via MHC class I and II complexes.
Activated T-cells can subsequently induce B-cells to proliferate and
mature into memory B-cells and plasma cells, which produce large
amounts of antibodies. Cytokines produced by T-cells also directly
affect B-cells to enhance Ig secretion and isotype switching [30]. T
follicular helper (TFH) CD4 cells in lymph nodes are required for
production of antibodies by plasma cells; however, circulating (TFH)
CD4 cells were recently identified, and it was proposed that these
cells might further facilitate immune memory by seeding new
germinal cell reactions in other lymphoid tissues [34].

Vaccine efficacy can be improved by enhancing antigen capture
and processing by immature DCs, DC maturation, and migration to
the lymph nodes [28]. Adjuvants can help condition the site of in-
jection by causing tissue inflammation, which enhances DC
migration to lymph nodes [32], and a failure of DCs to migrate to
lymph nodes can exacerbate local immune responses because DCs
release pro-inflammatory mediators and attract other leukocytes
[35]. The liposomes in SpayVac may themselves serve as immu-
nological adjuvants [36]. VacciMax created a significantly greater
humoral response in rabbits compared to that produced by alum-
adjuvant vaccines, and this response was correlated with an
increased number of antigen-specific plasma cells in the bone
marrow [21]. Plasma cells originate in lymph nodes, enter the
bloodstream, and travel to the bone marrow where they can form a
stable long-lived population of fully differentiated cells, especially
after reactivation of memory B-cells during a secondary immune
response [37]. Both Bechert et al. [16] and Roelle et al. [12] reported



Fig. 2. Anti-pZP IgG isotypes in serum samples collected 1e4 years post-vaccination with SpayVac VacciMax, evaluated by different fluorescent bead-based assays for IgG1 (A),
IgG4/7 (B), IgG5 (C), and IgG6 (D). P-values (* <0.05) show differences between fertile and infertile groups (n ¼ 14 each).
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vacillating reactions at the SpayVac injection site over a period of
months, and this could be initiating the secondary immune
response.

A variety of cells have been shown to support plasma cell pop-
ulations in the bone marrow, including eosinophils [38] and most
Fig. 3. Anti-pZP IgG4/7 isotypes values in serum of the infertile mares in years 4 and 5
post-vaccination (n¼ 14 each) with SpayVac VacciMax (p¼ 0.0166).
recently regulatory T cells [39]. Furthermore, regulatory T-cells
modulate the activation of DCs [40], and DCs are required for reg-
ulatory T-cell homeostasis [41]. DCs are organized into perivascular
clusters in the bone marrow, which include mature B lymphocytes
(e.g., terminally differentiated B-cells or long-lived plasma cells)
and T lymphocytes (e.g., CD4þ and CD8þ T cells); and removal of
these bone marrow stroma cells resulted in a significant loss of
mature B-cells [42]. pZP antibody titers remained consistently
elevated for 7 years in African elephants (Loxodonta africana) given
a single injection of SpayVac [43], and grey seals vaccinated with a
single-dose of SpayVac [14] maintained high titers for at least 10
years (Robert Brown, personal communication). SpayVac formula-
tions seem to support maturation and longevity of dendritic and
plasma cells in bone marrow.

Antibody occupation of ZP receptors is thought to disrupt sperm
binding [6e8], which normally initiates the acrosome reaction and
subsequent fertilization [9]. However, the ZP is also involved in
intercellular communication between the oocyte and surrounding
granulosa cells [44]. Bechert et al. [16] and subsequently Joone et al.
[45] reported significantly smaller ovaries and fewer follicles in
pZP-vaccinated mares; and absence of estrous cyclicity likely con-
tributes to infertility. This may be due to a non-specific immune
response to an ovarian cellular component in the vaccine [46], or
immune-mediated disruption of folliculogenesis [47]. Contamina-
tionwith a non-ZP ovarian protein is possible (reviewed by Bechert
and Fraker [44]) and supported by the finding that recombinant ZP
vaccines do not have the same contraceptive effect [48,49]. Species-
specific differences in response to pZP vaccination are reviewed by
Joone et al. [49], and are likely due to differences in ZP structure and
glycosylation [50]. Adverse effects on ovarian function have been
described in a number of species receiving pZP vaccinations,
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including hamsters (Mesocricetus auratus) [51], dogs (Canis lupus
familiaris) [52], rabbits (Oryctolagus cuniculus) [53], white-tailed
deer (Odocoileus virginianus) [54], sheep (Ovis aries) [46], and pri-
mates (Macaca radiate) [55]. Nonetheless, pZP antibody titers above
a certain threshold level are clearly linked to infertility in a variety
of species [10,17].

Equine IgG1, IgG4, and IgG7 isotypes are capable of mediating all
of these effector functions and most likely have a better neutral-
izing capacity compared to the remaining four equine IgGs [22].
IgG1 and IgG4/7 antibodies are typically involved in responses to
viral infection [56e59] or intracellular bacteria [3,60], while IgG3
and IgG5 isotypes are induced after nematode infection [61],
tetanus vaccination or during allergic responses of the horse
[62,63]. In this study, mares that were continuously infertile post-
vaccination had higher levels of IgG4/7 compared to mares that
foaled at least once. Although the exact mechanisms of the immune
response against pZP antigen still needs to be unraveled, it likely
induced a Th1 type immune response leading to the development
of mainly IgG1 and long-lasting IgG4/7 antibodies as previously
described for some other vaccines [64]. It is not clear why IgG4/7
antibody values increased in the infertile group during year 5
compared to year 4. It is possible that the length of time samples
were in storage or multiple thaw/freeze cycles led to an artificial
decrease in sera pZP antibody concentrations prior to year 5.

The fluorescent bead-based assay clearly enhanced the analyt-
ical sensitivity and linear detection range of pZP antibody detection
compared to the ELISA, resulting inmore pronounced differences in
IgG concentrations between fertile and infertile SpayVac-treated
mares. The advantages of fluorescent bead-based assays have also
been reported previously for other analytes [18,65e67]. The bead-
based assay also allowed for antibody isotyping, which identified
anti-pZP IgG4/7 as the primary equine isotypes mediating the long-
term contraceptive immune response. This assay could eventually
be used as a management tool to identify effectively contracepted
mares based on established cut-off values for anti-pZP IgG4/7.
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