C. PROJECT PROPOSAL
1. Goals / Objectives / Hypotheses:
As the population of wild horses and burros continues to increase, it is evident that reproductive
control will be the favored mechanism employed to curtail increasing numbers, while allowing for
herd maintenance on public lands. Reproduction in all mammals including horses depends on an
adequate number of healthy oocytes present in primordial follicles within ovaries and their ability
to develop into mature follicles and ovulate. The total number of oocytes contained in ovaries of
horses is established before birth. Follicular recruitment and growth is constant and irreversible.
Ovulation is key to fertility in that it is the only way an oocyte becomes available for
fertilization. Although the mechanisms that initiate these processes is metered, they have not
been completely elucidated. However, it is known that communication by the oocyte is critical in
each of these steps. Additionally, two key regulatory proteins produced exclusively by the oocyte
have been identified. These are growth and differentiation factor 9 (GDF-9) and bone
morphogenetic protein 15 (BMP-15). To date their exact function is unknown, but their
dysregulation has resulted in premature oocyte depletion and altered ovulation in other species.
Our working hypothesis is that vaccination against both of these proteins (GDF9 and
BMP15) will result in long-term sterility through premature oocyte depletion and/or
inhibition of ovulation. To test this hypothesis, we propose to vaccinate mares against GDF9
and BMP15 in a single dose and track hormonal profile and fertility.
Hypothesis: We hypothesize that immunizing mares in a single dose against a combination of
GDF9 and BMP15, two oocyte specific regulatory proteins, will result in long-term sterility.
2. Specific Aims:
Specific Aim 1: Determine whether vaccination against a combination of GDF9 and BMP15,
utilizing AdjuVac+liposome, sufficiently stimulates the equine immune system so that all
primordial and primary oocytes are exposed to anti-GDF9 and BMP15 antibodies, thus resulting
disrupted follicle maturation and sterility.
Specific Aim 2: Determine whether mares vaccinated against GDF9 and BMP15 with a single
dose are rendered infertile for at least a 3-year period.

3. Background and Significance/Preliminary Studies:
Successful reproduction in mammals depends on an adequate number of healthy oocytes present
in primordial follicles within the ovaries. The total number of oocytes contained in the ovaries is
established either before or shortly after birth (Eckery et al., 1996; Peters et al., 1976; Sawyer et
al., 2001; Tingen et al. 2009). Each primordial follicle consists of an oocyte surrounded by a few
granulosa cells. Every day a certain number of primordial follicles begins to grow. Growth is
evidenced by an increase in the size of the oocyte and proliferation of the granulosa cells. Initiation
of growth is a committed step and follicles cannot return to a non-growing state. Consequently,
nearly all follicles end up dying at some stage with <0.1% going on to ovulation. The entry of
follicles into the growth phase is tightly controlled to ensure that an adequate number of follicles
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is available throughout the reproductive life of the animal (Monniaux et al., 2014; Reddy et al.,
2010). Consequently, a continual non-renewable loss of the finite supply of oocytes occurs
throughout puberty and adult life; which in some species eventually leads to complete depletion
of the oocytes (e.g. menopause in humans) and sterility. Disruption of this finite supply of oocytes,
either through genetic mutations (Di Pasquale et al., 2004) or exposure to harmful substances
(Hoyer et al., 2014) can also cause permanent sterility.
The physiological mechanisms controlling follicular growth and the number of oocytes released
at ovulation involve a complex exchange of endocrine signals between various organs and the
ovaries, and very importantly, a local exchange of molecules between the oocyte and its
surrounding somatic cells within the ovaries (Binelli and Murphy, 2010; McNatty et al., 2007b;
Peters et al, 1976). Communication between these two cells types is crucial for the survival and
growth of the follicles (Gilchrist et al., 2004; Matzuk et al., 2002). Significant discoveries have
shown that the oocyte itself produces two key regulatory growth factors, namely growth and
differentiation factor 9 (GDF9) and bone morphogenetic factor 15 (BMP15), that are essential for
regulating follicular growth and ovulation rate (Cong et al., 1996; Galloway et al., 2000). These
discoveries also led to a paradigm shift in recognizing that the oocyte acts to control the follicle
and plays a major role in its own growth and ovulation.
Both GDF9 and BMP15 are critical for early follicular growth in several species (Eckery et al.,
2002; Juengel et al., 2002; Juengel and McNatty, 2005; Shimasaki et al., 2004). These two oocytespecific growth factors cooperate in a species-specific manner to regulate oocyte maturation and
communicate with the adjacent granulosa cells (Lin et al., 2012). In sheep, ewes that have double
copy mutations in the genes encoding either GDF9 or BMP15 are sterile, but otherwise healthy.
In these animals, follicles do not progress beyond the first, or primary, stage of growth.
Interestingly, in animals that have only a single copy mutation in either of these genes, and thus
produce essentially only half the amount of protein, ovulation rate is increased (Galloway et al.,
2000; McNatty et al., 2005). In mice, deletion of GDF9 leads to sterility, but if they don’t express
BMP15 they are only sub-fertile and often have decreased litter size (Moore and Shimasaki, 2005).
Mutations in GDF9 or BMP15 have also been found in women with premature ovarian failure (Di
Pasquale et al., 2004; Pouresmaeili and Fazeli, 2014).
Immunization against GDF9 and BMP15
In a series of experiments conducted in sheep, ewes could be made infertile after immunization
against either GDF9 or BMP15 (McNatty et al., 2007a). Moreover, specific regions of each growth
factor were identified that were important for the biological activity of the respective proteins.
This enabled the production of effective peptide vaccines that were specific to those regions. The
homologous regions were identified in cows and deer, and found to have 100% amino acid
sequence identity to the respective regions in sheep. In cows, vaccination against these peptide
regions showed variable results, wherein some animals’ reproductive cycles were suppressed and
in others there was an increase in ovulation rate (Juengel et al., 2009). In deer (Eckery et al., 2014),
animals vaccinated against BMP15 were not made infertile, rather they became more fecund. This
may have occurred because the biological activity of BMP15 was only partially blocked and
caused an increase of ovulation rate similar to the effect in sheep that have a single copy mutation.
Deer vaccinated against GDF9 were made more fecund in the first year, but were made infertile in
years 2 and 3. The effects observed in the first year could have been because of the timing of
vaccination in relation to onset of breeding. Regardless, it appears that GDF9 was only partially
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inhibited during the first breeding season. Results from all of these studies demonstrate that
vaccination against GDF9 and BMP15 has the potential to control fertility in a range of species.
Genes for both GDF9 and BMP15 have been identified in the mare (Wade et al., 2009) and shown
to be expressed in equine oocytes (Campos-Chillon et al., 2015). Therefore, it is likely that these
growth factors have similar functions in horses. Very recently we tested the hypothesis that
vaccination against either GDF9 or BMP15 would alter reproductive function in the mare. We
determined that while BMP15 immunized mares experienced a 50% decrease in ovulations, those
vaccinated against GDF9 did not differ from controls, yet both groups demonstrated altered estrous
activity and significant decrease in follicle size prior to ovulation (Davis et al., 2018).
There are two ways that can be considered to cause oocyte depletion. The first would be to use an
agent to directly kill the primordial follicles. The second would be to trigger a mass activation
(growth) of the primordial follicles. Because the initiation of primordial follicular growth is a
committed step, this would result in all follicles dying prematurely, leading to oocyte depletion.
We hypothesize that blocking follicular growth at the primary stage through vaccination against
both GDF9 and BMP15 will prevent ovulation and cause an increase in the number of follicles
that are recruited to grow. This will increase follicular turnover, and as a consequence cause
premature oocyte depletion and permanent sterility.
3. Preliminary Data
We have now passed the midway point (and summer solstice) of the final year of our BLM
sponsored study in which mares (n=10) were vaccinated against both GDF9 and BMP15. This
was based on the results (described earlier; Davis et al., 2018) for the first two years in which
mares were vaccinated against either GDF9 or BMP15, resulting in a 50% decrease in ovulations
and demonstrated disruption of estrous behavior and follicular growth. In this third year, an
additional 10 mares were vaccinated against the combination of GDF9 and BMP15. During that
year through April of the following year, no mares have ovulated or even developed a follicle
larger than 12mm in diameter (Figure 1.). In mares, follicles normally reach 40-50 mm in diameter
before ovulation.
Figure1.
A sonogram of the left and right
ovary of a mare on June 29, 2018
following vaccination against both
GDF9 and BMP15. Note no follicle
larger than 6mm (arrow pointing to
circle around largest follicle; blue
circles around smaller follicles) and
no luteal tissue.

These data, although immensely encouraging, have been generated from mares vaccinated and
boostered over the course of the trial utilizing a mild adjuvant (Petgel A, Seppic, France) which
has required frequent boosters (see Figure 2.).
The technology is now available to produce vaccines that can induce a strong immune response
for an extended period of time (> 1 year) after a single dose. However, with the antigens
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currently being used (i.e. GnRH and ZP) antibody levels need to be maintained for many years,
and thus, booster injections need to be given over the life of the animal. Thus, one of the
challenges we face is to identify antigens that can cause permanent sterility in a shorter time
period. If our hypothesis is correct, a combination of GDF9 and BMP15 will be such antigens
and with a minimally prolonged titer, the entire population of oocytes could be effected
rendering the mare permanently infertile. Our preliminary data suggest that although the titer
levels of anti-GDF-9 and BMP-15 returned to pre-treatment levels by the end of the first year,
90% of the mares remained anovulatory during the second year. These data support our
hypothesis that the initial antibody titer has successfully altered response in the entire population
of oocytes, implying the possibility for permanent sterility.

Figure 2. Timeline from previous experiments. Note need for frequent boosters (B).

4. ExperimentalApproach:
This study serves to determine whether a single vaccination against the oocyte specific proteins
GDF9 and BMP15 formulated with the appropriate adjuvant (AdjuVac+liposome) will result in
permanent sterility. Thirty-two mature mares recently removed from the BLM managed range
will be the subjects of this study. The starting target score for Henneke body condition will be at
least 4 for both mares & stallions. Mare and stallion ages at the start of the study will be between
3-10 years old.

Specific Aim 1: Determine whether vaccination against a combination of GDF9 and BMP15,
utilizing AdjuVac+liposome, sufficiently stimulates the equine immune system so that all
primordial and primary oocytes are exposed to anti-GDF9 and BMP15 antibodies, thus resulting
in disrupted follicle maturation and sterility.
Rationale: AdjuVac+liposome is expected to sufficiently stimulate the immune system to produce
antibodies, (specifically anti-GDF9 and BMP15) for the period of time required to permanently
disrupt the local signaling of these oocyte specific proteins. In doing so, there will be life-long
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disruption of folliculogenesis/oocyte development and therefore lack of subsequent
ovulation/fertility.
Methodology: All mares (n=32) will be treated with a single intramuscular injection. Treated
mares (n=16) will receive the newly prepared vaccine against GDF9 and BMP15 while control
mares (n=16) will receive adjuvant alone. The BMP15 antigen will be made using a peptide
representing the first 24 amino acids of the mature protein (GenBank: GQ183562.1). This region
is ~80% identical to the homologous regions of the protein sequence in sheep. The GDF9 antigen
will be made using a peptide representing amino acids 20-33 of the mature protein (NCBI
Reference Sequence: NC_009157.2). This peptide region is 100% identical to the homologous
regions of the protein sequence in sheep. Peptides will be synthesized and conjugated to a carrier
protein (keyhole limpet hemocyanin) to make them immunogenic. Each dose of vaccine will
consist of 2 ml of the vaccine formulation containing 500 ug of each of the peptide carrier protein
conjugates and AdjuVac + liposome. AdjuVac is a mineral oil-based adjuvant that is used in the
production of GonaCon Immunocontraceptive Vaccine, which is registered by the EPA for use in
wild female horses and burros. The liposome component will be provided by SpayVac-forWildlife, Inc. In April 2018, SpayVac-for-Wildlife, Inc. entered into an agreement with IMV Inc.
to license two proprietary vaccine delivery platforms, VacciMax® and DepoVax®, for use in
contraceptive vaccines for use in populations of overabundant, feral and invasive animals. The
combining of a mineral oil-based adjuvant with this liposome technology has previously been
shown to be effective in horses (Roelle et al., 2017; Bechert et al., 2013; Killian et al. 2008).
Blood sampling and analyses – Blood samples will be collected via jugular venipuncture
monthly starting immediately prior to vaccination and serum harvested to measure antibody
responses and progesterone concentrations. For this and all other veterinary procedures, APHIS
and CSU researchers will rely on BLM to identify an attending, on-call veterinarian who will be
available for project oversight at all times.

Antibody measurements – Antibody responses will be measured using a standard ELISA
routinely used in our laboratory (Davis et al., 2018).
Progesterone – Concentrations of the steroid hormone will provide evidence of ovulation and
luteal function. Progesterone will be measured using radioimmunoassay at the Colorado State
University Reproductive Endocrinology Laboratory.
Specific Aim 2. Determine whether mares vaccinated against GDF9 and BMP15 are rendered
infertile for at least a 3-year period.
Rationale: In the previous and on-going studies, mares were exposed to a stallion 3 times/week
and had their ovarian activity evaluated at least once weekly or more frequently, specifically
whenever the mares showed significant signs of estrus. Those studies were designed to serve as
proof-of-concept so that we could demonstrate the effects of vaccination, specifically on behavior
and ovarian activity. This study is designed to be the next-step toward practical application by
specifically demonstrating infertility, whilst being exposed to fertile stallions.
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Methodology: Thirty-two mares will be treated (as described above) on December 1. Mares will
then be housed in four pens (n=8 mares/pen; 4 treated + 4 controls). Pregnancy status and
ovarian activity will be evaluated monthly by transrectal ultrasonography by one of the co-PIs
(CSU; see Biographical Sketch). On February 15, prior to the first expected ovulation of the year, a
stallion will be introduced into each pen. Multiple stallions will be used and rotated on a regular
basis (e.g. every 2 months), where a single stallion be housed with each group of mares for the
duration of the study. Stallions will be between 3 and 12 years of age. In cases where a mare
does become pregnant the mare will remain on study for the duration of the study; BLM will
take appropriate measures for the care and handling of pregnant mares and their foals.
Regardless, the same number of control animals will be present at the start of each year of the
study.
.

5. Timeline

The study will be conducted over a three year period starting December 1. All 32 mares will be
vaccinated and initial blood samples will be acquired on that date. Stallions will be identified over
the next two months. Selected stallions will be housed with the mares starting Feb 15. Serum
samples will be collected from mares monthly over the three-year period. Antibody responses will
be determined bi-monthly while hormone concentrations will be evaluated at the end of each year
to minimize intra-assay variation.
5. Statistical Methods:
A power analysis was conducted, to determine sample size requirements, based on the
assumption that non-treated mares may foal at a rate of 80%, treated mares may foal at a rate as
high as 40%, using a type I error rate (α) of 0.05 and a type II error rate (β) of 0.1. Based on
expected P-values and confidence intervals for a 2-tailed z-test, a sample size of 12 treated mares
and 12 control mares is adequate to discern the differences noted in the assumptions stated
above. However, allowing for the possibility that a small number of mares may drop out of the
study for unrelated reasons, we propose a sample size of 16 treated mares and 16 untreated
control mares.

Differences in pregnancy rate will be calculated by chi-square.

6. Anticipated effects:

We expect that specific antibodies against both GDF9 and BMP15 will be produced by the
vaccinated mares within two weeks of vaccination and stay elevated for at least a year. The titers
may decline over the next two years, but the protein signaling should be sufficiently disrupted to
alter oocyte maturation and follicular development and ovulation. This should result in
prolonged (permanent) anovulatory period in the mares. The prolonged anovulatory period will
result in sterility. In the event that more than 60% of treated mares are fertile in year 1 or year 2,
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