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Simple Summary: Male cattle (bulls) are often castrated as part of routine herd management. The
benefits of this practice include the reduction of aggression and the elimination of unwanted preg-
nancies. However, castration represents an animal welfare concern as bulls are subjected to pain
during and after the procedure. Surgical castration, in particular, places animals at increased risk
of hemorrhage and infection. Immunocastration, a method involving vaccination against the hor-
mones that regulate reproduction, offers a reduced-pain alternative to traditional castration, but
the current products require multiple doses to effectively reduce fertility for extended periods. In
an effort to improve upon current multi-dose immunocastration strategies, we evaluated the effi-
cacy of a single-dose implantable immunocastration vaccine. This implant was designed to reduce
fertility without the need for multiple doses, thus improving welfare for the animals as well as
safety for producers and clinicians. The results presented here are promising and suggest that fur-
ther refinement of the immunocastration implant could provide a convenient alternative to current
immunocastration strategies.

Abstract: Immunocastration relies on the vaccine-mediated stimulation of an immune response to
gonadotropin-releasing hormone (GnRH) in order to interrupt spermatogenesis. This approach offers
a less painful alternative to traditional castration approaches but the current, commercially available
options require multiple doses of vaccine to maintain sterility. Thus, a series of pilot studies were
conducted to determine the feasibility of a single-dose immunocastration vaccine implant. These five
studies utilized a total of 44 Holstein bulls to determine the optimal vaccine composition and validate
the ability of a stainless-steel subcutaneous implant to deliver a vaccine. Outcome measures included
the duration of implant retention, scrotal dimensions and temperature, implant site temperature,
anti-GnRH antibodies, and serum testosterone concentration. Over the course of several studies, anti-
GnRH antibodies were successfully stimulated by vaccine implants. No significant treatment effects
on scrotal dimensions or testosterone were detected over time, but changes in spermatogenesis were
detected across treatment groups. Results indicate that a single-dose implantable immunocastration
vaccine elicits a humoral immune response and could impact spermatogenesis in bulls. These
findings provide opportunities for the refinement of this technology to improve implant retention
over longer periods of time. Taken together, this approach will offer producers and veterinarians
an alternative to physical castration methods, to improve animal welfare during routine livestock
management procedures.
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1. Introduction

Approximately 88% of male beef cattle are castrated in the United States [1]. This
translates to around 17 million procedures per year, making it one of the most common
livestock management practices currently employed by the beef cattle industry [2]. Cattle
are castrated for a variety of reasons that generally pertain to increased ease of manage-
ment and improved carcass traits. Castrates exhibit reduced aggressiveness [3], reduced
mounting behavior and mounting-related injuries [4], and improved meat quality and
market premium [5,6]. Importantly, the sterilization that results from castration prevents
unwanted breeding [7].

Methods of castration are varied, but all have side effects and cause the animal
pain [7]. The American Veterinary Medical Association’s Animal Welfare Division divides
the forms of castration between physical, chemical, and immunological methods (i.e.,
immunocastration [8]). Physical castration involves the surgical removal of testicles, the
application of a constricting elastic band at the base of the scrotum, and/or external
clamping such as a Burdizzo clamp [9]. Physical castration predominates in production
settings and is commonly performed in combination with other painful husbandry practices,
such as dehorning and branding [10–12]. Chemical castration includes the injection of
sclerosing or toxic agents into the testicular parenchyma to cause irreparable damage and
loss of function [8], but this may preserve androgenesis and the associated behavior [13].

A less painful alternative to current physical castration approaches relies on immu-
nization against reproductive hormones to control function (immunocastration). One target
for vaccine development has been the gonadotropin-releasing hormone (GnRH) for its
upstream role in the relevant endocrine signaling cascades. Vaccination against GnRH
conjugated to carrier proteins (i.e., hapten-carrier complexes) such as human serum al-
bumin [14] and ovalbumin (OVA) [15,16], has been shown to provoke humoral immune
responses in bulls and heifers. Early work with rams and bull calves relied on 4 doses of
vaccine to immunize against GnRH and resulted in diminished testis size and weight, as
well as reduced plasma testosterone concentrations [17]. Since 2007, one vaccine (Bopriva®,
Zoetis, Parsippany, NJ, USA) marketed specifically for use with cattle has been available
in several markets outside the USA. Janett et al. [18] reported a significant reduction in
testosterone levels, testicular development, and physical activity in pubertal bulls treated
with Bopriva®. However, studies examining Bopriva® and other immunocastration vaccine
formulations have relied on multiple doses of vaccine in order to impair reproductive func-
tion in cattle [18–20]. A GnRH vaccine that replicates the benefits of surgical castration with
a single dose would be safer and more convenient for producers and clinicians interested
in reducing pain during routine management. Specifically, a single-dose solution would
require fewer animal-handling events and an implantable device would eliminate the risk
of needlestick injuries to handlers. To this end, a series of proof-of-concept studies were
conducted in order to test the retention of an implantable vaccine and determine its ability
to stimulate humoral immunity, limit testicular development, and reduce testosterone
production in bulls.

2. Materials and Methods

All experimental procedures were reviewed and approved by the Institution Animal
Care and Use Committee (protocol #4394) at Kansas State University. The study animals
were all healthy male dairy cattle and ranged from 3 to 14 months of age at the time
of enrollment.
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2.1. Vaccine Design

The primer doses (used in pilot studies 1–4) were soluble injections, whereas the
boost and VPEAR were solid components that were designed to be released from the
implant. Stainless-steel cylindrical implants measured approximately 5 mm × 41 mm
and were delivered through a standard Compudose® (Elanco Animal Health, Greenfield,
IN, USA) needle, using a proprietary applicator. Cylinders were packed with vaccine
components and sealed at one end with a 0.65-micron porous hydrophilic polyvinylidene
fluoride (PVDF) membrane (Durapore®, Millipore Sigma, Burlington, MA, USA). Dry
mixtures of all vaccine components were pressed in a custom-made mold at 0.5 tons-
on-ram for 5 s, using a hydraulic press (International Crystal Laboratories Inc., Garfield,
NJ, USA). The implant was designed and formulated in a way similar to that previously
described [21]. Depending on iteration, GnRH was complexed as a hapten, with either OVA
or keyhole limpet hemocyanin (KLH) carrier proteins. Vaccine ingredients were arranged
sequentially for the controlled delivery of both antigens, as well as between 0.5 and 100 mg
of the adjuvants diethylaminoethyl-dextran (DEAE-D, Sigma-Aldrich, St. Louis, MO,
USA) and/or Quil-A (InvivoGen, San Diego, CA, USA). Implant design was such that a
priming component (primer) was presented first (Pilot 1), then a boost component, then
the vaccine platform for extended antigen release (VPEAR), adapted from the work of
Boggiatto et al. [22]. All implants contained between 0.375 and 3.9 mg trehalose, as well as
between 140 and 200 mg polyanhydride.

2.2. Implantation

Prior to implantation, hair was removed from the caudal aspects of the ears using
livestock clippers (Powerpro® Ultra, Oster, Milwaukee, WI, USA) and skin was cleaned
using chlorhexidine surgical scrub (Chlorhexidine 4%, VetOne, Boise, ID, USA) and gauze
soaked in 70% isopropyl alcohol (Vedco, St. Joseph, MO, USA). A local nerve block was
provided using injections of lidocaine hydrochloride (without epinephrine; Lidocaine
2%, VetOne, Boise, ID, USA) approximately 5 min before implantation. Implants were
placed in the subcutaneous space of the caudal aspect of the ear pinna. The incisions were
approximately 0.5 cm long and were sealed using a single suture (000 PDS, Ethicon, Raritan,
NJ, USA) and cyanoacrylate (Loctite® Super Glue, Henkel North American Consumer
Goods, Hartford, CT, USA).

2.3. Blood Sampling and Analysis

During the pilot studies that relied on blood draws, the sampling regimen was per-
formed every 14 days. Beginning at day 0, immediately before vaccination, baseline blood
was collected from the jugular vein into evacuated tubes (Vacutainer®, Becton Dickin-
son, Franklin Lakes, NJ, USA) containing ethylenediaminetetraacetic acid (1.8 mg/mL
whole blood) or no anticoagulant. Approximately 10 mL of whole blood was drawn each
time. Blood was centrifuged (IEC Centra® CL2, Thermo Electron Corporation, Waltham,
MA, USA) at 1150× g for 10 min, the serum and plasma were drawn off, and samples
were frozen in cryotubes at −27 ◦C until further analysis. A commercially available
double-antibody radioimmunoassay (RIA) kit was used to detect the total unconjugated
testosterone (125 I RIA Kit, MP Biomedicals LLC, Solon, OH, USA) according to the man-
ufacturer’s instructions. Testosterone was then measured via RIA, using an automatic
gamma counter (2470 Wizard2®, PerkinElmer, Waltham, MA, USA). Anti-GnRH antibodies
were assessed at 1:10,000 dilution via enzyme-linked immunosorbent assays (ELISA), using
EvenCoat® streptavidin-coated plates (Cat# P004, R&D Systems, Minneapolis, MN, USA).
The optical density (OD) was measured using a SpectraMax® i3 Multi-Mode Microplate
Reader (Molecular Devices LLC, San Jose, CA, USA).
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2.4. Scrotal and Ear Surface Temperature

Infrared thermography (IRT) was used to better monitor the inflammatory responses
to vaccination during the study. The temperature of the caudal scrotal surface was assessed
via IRT, using a digital camera capable of capturing thermographic images (TiX580 Thermal
Imager, Fluke Corporation, Everett, WA, USA). The thermographic camera was perpen-
dicularly positioned approximately 45 cm away from the caudal aspect of the surface of
the scrotum; image focus and quality were verified before saving the image to memory.
Similarly, images of the implant site were captured by aiming the camera at the caudal
aspect of the ear from approximately 20 cm away. Scrotal and ear surface temperatures
were assessed via thermography every 14 days. Images were evaluated using the Fluke
Tools software (Smartview® 4.3, Fluke Corporation, Everett, WA, USA).

2.5. Scrotal and Testicular Dimensions

Scrotal dimensions were assessed using a flexible scrotal tape (Reliabull®, Lane Manu-
facturing Inc., Denver, CO, USA) and digital calipers (Tool Shop® 6” stainless steel digital
caliper, Menards, Eau Claire, WI, USA). To measure the scrotal circumference (mm), both
testicles were manipulated by hand so that they rested at the lowest and most distal aspect
of the scrotum. The scrotum was then held firmly with one hand while the scrotal tape was
applied at the level judged to have the largest circumference. The tape was then drawn
firmly against the circumference of the scrotum to provide a value, as per the manufac-
turer’s instructions. The volume of each testicle was estimated by measuring the external
length, width, and depth of individual testes through the scrotal skin, using digital calipers.
Approximate volume (cc) was then calculated from the caliper measurements, using the
prolate spheroid formula [23]. From this value, testicular mass (g) was also estimated
in vivo.

2.6. Surgical Castration

In cases where animals were surgically castrated, animals were provided with sys-
temic pain management in the form of oral meloxicam. There are no US FDA-approved
formulations of meloxicam for use in cattle. Use in this case was approved by the IACUC
as part of a valid veterinary-client-patient relationship. At the time of castration, animals
were bolused with 15 mg tablets of meloxicam at a rate of 1 mg/kg bodyweight. Scro-
tums were washed using 4% chlorhexidine (VetOne) and gauze soaked in 70% isopropyl
alcohol (Vedco). Local anesthesia was induced by injecting 5 mL of 2% lidocaine hydrochlo-
ride (without epinephrine) into each spermatic cord (VetOne). Open orchidectomy was
performed approximately five minutes after applying the nerve block. Animals were moni-
tored under close surveillance for 2 h and then once daily for 14 days, as per institutional
requirements. Harvested testes were immediately placed into 10% buffered formalin for
histological evaluation.

2.7. Testes Histology

In those cases where animals were surgically castrated, the testes were histologically
evaluated to compare the differences in spermatogenesis between treatment groups. Histo-
logic slides were prepared, and the analysis used 3 parenchymal slides and 1 epididymis
from each testicle. Seminiferous tubular cross-sections were selected at random (6 or 7 per
slide) for each testicle. Scoring relied on methods that have previously been described by
Johnsen [24] and adapted by Daigle et al. [25], with higher numbers indicating greater de-
grees of spermatogenesis (Table 1). Scoring was conducted independently by the Veterinary
Diagnostic Laboratory at the Iowa State University College of Veterinary Medicine and the
scorers were blinded to treatment.
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Table 1. A scoring system, designed to quantify the degree of spermatogenesis.

Score Description

1 No cells in tubular cross-section
2 Sertoli cells only
3 Spermatogonia only
4 No spermatozoa, no spermatids, <5 spermatocytes
5 No spermatozoa, no spermatids, many spermatocytes
6 No spermatozoa, <5–10 spermatids
7 No spermatozoa, many spermatids
8 All stages present, <5–10 spermatozoa
9 Many spermatozoa, germinal epithelium disorganized

10 Complete spermatogenesis

2.8. Statistical Analysis

Statistical analyses evaluated the relationships between treatment and scrotal dimen-
sions (in mm, g, or cc), antibody production, and testosterone over time. The treatment
effect on spermatogenesis among castrates was also examined. The scrotal dimensions,
antibodies, and testosterone concentration over time were analyzed as repeated measures
using JMP® (SAS Institute, Cary, NC, USA). The treatment’s effect on spermatogenesis,
quantified as described by Daigle et al. [25], was determined using an unpaired Student’s
t-test. For all outcomes, the individual animal was considered the experimental unit, and
statistical significance was set a priori, at p < 0.05. Implant retention was confirmed by
palpation at each sampling timepoint but was not analyzed as an outcome. No direct
comparisons between pre- and post-pubertal groups were made.

2.9. Treatments

The treatments that were given are summarized in Table 2. Five pilot trials were
studied and are outlined in the following sections.

Table 2. A summary of the implanted vaccines used in this study. All values are in milligrams. The
duration is given in days.

Implant Pilot Duration Stage DEAE-D Quil-A GnRH-
KLH

GnRH-
Ova

Total
GnRH

SP-
KLH

SP-
OVA

Total
SP OTC

1 1 56
Boost 100 5 0.25 - 0.1 - - - -

VPEAR 10 0.5 - 2.6 1 - - - -

2 1 56
Boost 20 1 0.25 - 0.1 - - - -

VPEAR 10 0.5 - 2.6 1 - - - -
3

1 56
Boost 100 - 0.25 - 0.1 - - - -

VPEAR 10 - - 2.6 1 - - - -

4
1

56
Boost 20 - 0.25 - 0.1 - - - -

VPEAR 10 - - 2.6 1 - - - -
5

2 42 Empty - - - - - - - - -(2)
(2)

6 3 175
Boost - - 0.25 - 0.1 - - - 0.5

VPEAR - - - - - - - - -

7 3 175
Boost - - - - - - - - -

VPEAR 10 0.5 - 2.6 1 - - - 0.5

8 4 56
Boost - - 0.25 - 0.1 - - - 0.5

VPEAR 10 0.5 - 2.6 1 - - - 0.5

9 5 252
Boost - - 0.25 - 0.1 - - - 0.5

VPEAR 10 0.5 - 2.6 1 - - 0.5

10 5 252
Boost - - - - - 0.25 - 0.1 0.5

VPEAR 10 0.5 - - - - 2.6 1 0.5
Abbreviations DEAE-D—diethylaminoethyl-dextran GnRH—gonadotropin-releasing hormone

KLH—keyhole limpet hemocyanin OVA—ovalbumin
SP—scrambled peptide OTC—oxytetracycline

VPEAR—vaccine platform for extended antigen release
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2.9.1. Pilot 1

A total of 11 dairy bull calves (aged 6 months and with fully descended testicles) were
randomly assigned to one of four treatment groups (n = 2–3) using the RAND function in a
spreadsheet program (Excel®, Microsoft Corporation, Richmond, WA, USA). All animals
received a soluble vaccine primer containing 100 mg polyvinylpyrrolidone (PVP), 100 mg
DEAE-D, and 0.25 mg GnRH linked to KLH (GnRH-KLH) for a total of 0.1 mg GnRH.
Briefly, implantable vaccine constructs consisted of 1 out of 4 GnRH-based treatment
iterations (including a boost and VPEAR) with varying amounts and types of adjuvants.
The treatments included GnRH, complexed with OVA (GnRH-OVA) and KLH (GnRH-
KLH), in addition to the adjuvants DEAE-D and Quil-A® (Implants 1 and 2) and/or just
DEAE-D (Implants 3 and 4). All implants contained a total of 1.2 mg GnRH peptide and
100 mg of PVP. The calves were sampled every 2 weeks for a total of 56 days. At the end of
the study, the calves were surgically castrated, and the gonads were histologically evaluated.
The major outcome measures for Pilot 1 were external scrotal/testicular changes measured
over time, as well as the registration of spermatogenesis by histology following castration.

2.9.2. Pilot 2

In total, 12 male Holstein calves (aged 8 months) were implanted with empty stainless-
steel implants (Implant 5) in order to determine the viability of stainless steel as a biocom-
patible delivery system. Calves were monitored for 42 days, and implant-site reactions
were monitored, along with attrition. The primary outcome measure for Pilot 2 was implant
rejection over time. Rejection was defined as a total loss of the device and its contents from
the subcutaneous space.

2.9.3. Pilot 3

A total of 12 male Holstein calves (aged 10 months) were randomly allocated to 1 of
2 treatment groups. Group 1 (n = 6) received Implant 6 (boost only) and Group 2 (n = 6)
received Implant 7 (VPEAR only). Animals were monitored for 175 days and sampled
every 14 days. Implant 6 contained GnRH-KLH with no adjuvant, whereas Implant 7
contained GnRH-OVA with DEAE-D and Quil-A®. Outcome measures included implant
attrition and anti-GnRH antibody production, as assessed by ELISA.

2.9.4. Pilot 4

A total of 8 male Holstein calves (aged 14 months) were administered Implant 8 (boost
and VPEAR). Implant 8 contained GnRH-OVA and GnRH-KLH with both Quil-A® and
DEAE-D. Animals were monitored for 56 days and sampled every 14 days. Outcome
measures included implant attrition and anti-GnRH antibody production, as assessed
by ELISA.

2.9.5. Pilot 5

A total of 12 male Holsteins (aged 3 months, with fully descended testicles) were
enrolled in a study to examine two implantable vaccines (Implant 9 and Implant 10, boost
and VPEAR). Implant 9 (n = 6) contained 1.1 mg of GnRH antigen, whereas Implant 10
(n = 6) served as a negative control and contained only scrambled peptide (SP), linked
to KLH (SP-KLH) and OVA (SP-OVA). The SP implants delivered a total of 1.1 mg of the
constituent amino acids of GnRH in a randomized sequence. Animals were monitored
for 252 days and sampled every 14 days. Outcome measures included rectal tempera-
ture, body weight (BW), scrotal circumference, estimated testicle volume, a histological
evaluation of spermatogenesis, temperature changes at the scrotum and implant site, and
testosterone concentrations.



Animals 2022, 12, 2698 7 of 13

3. Results
3.1. Pilot 1

During the course of the study, five out of eleven implants were rejected before day 28.
Within 6 weeks, all implants had been rejected. At the study’s conclusion, animals were sur-
gically castrated, and the testes were examined. Post-castration histology scoring revealed
significant differences (p < 0.05) in the extent of spermatogenesis among treatment groups
(Figures 1 and 2). Animals provided with Implant 3 exhibited significantly (p < 0.0001)
less spermatogenesis than animals treated with Implants 1, 2, and 4. Animals treated
with Implant 2 exhibited significantly (p < 0.0001) less spermatogenesis than those treated
with 1 and 4, but significantly (p < 0.0001) more than those with Implant 3. There was
no significant difference (p = 0.5186) in spermatogenesis noted between animals treated
with Implants 1 and 4. Scrotal measurements were also compared across treatment groups.
There was no significant treatment by time effect on total estimated testicular volume
(p = 0.9387), total estimated testicular mass (p = 0.9387), scrotal circumference (p = 0.9934),
or percentage change in circumference over the baseline measurements (p = 0.0809).
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3.2. Pilot 2

During the course of the study, empty stainless-steel implants were monitored for
rejection. Of the twelve calves that received Implant 5, only two lost their implants over
the course of 42 days. One implant was rejected between days 7 and 14, while the other
was rejected between days 35 and 42.
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3.3. Pilot 3

Anti-GnRH antibody responses were measured using an ELISA. A total of five of the
twelve implants were rejected over the first 105 days. Over the course of the study, the
antibody response was significantly greater (p < 0.0001) for animals administered Implant 7
than for those administered Implant 6. Additionally, there was a significant (p < 0.0001)
treatment by time interaction. Antibody levels among animals administered Implant 7
were significantly higher than in animals administered Implant 6 at day 14 (p = 0.0001), 28
(p = 0.0001), and 91 (p = 0.0140). Interestingly, at day 161, antibody levels were significantly
higher (p = 0.0461) among those animals administered Implant 6 than in those animals
administered Implant 7 (Figure 3).
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3.4. Pilot 4

The anti-GnRH antibody responses were measured using an ELISA. Over the course
of the study, half of the animals administered Implant 8 rejected the implant. Animals
administered Implant 7 had significantly higher antibody levels when compared to animals
administered Implant 8 (p = 0.0134). Animals administered Implant 8 also had significantly
(p < 0.0001) higher antibody levels than animals administered Implant 6. In terms of
antibodies, there was a significant (p = 0.0044) treatment by time interaction. Antibody
levels among animals administered Implant 8 were significantly higher than animals
administered Implant 6 at days 14 (p < 0.0001) and 28 (p = 0.0015). On day 28, animals
administered Implant 7 displayed significantly elevated (p = 0.0294) antibody responses
when compared to animals administered Implant 8 (Figure 4).

3.5. Pilot 5

Over the course of the study, all but three implants were rejected. However, there
was a significant (p = 0.0051) antibody difference between treatment groups, with those
animals receiving Implant 9 exhibiting a greater antibody response than animals that
received Implant 10 (Figure 5). However, there was no treatment by time interaction
(p = 0.1002). There were no significant time by treatment interactions regarding raw scrotal
circumference (p = 0.815), percentage change over baseline (p = 0.8315), or estimated
testicular volume (p = 0.3677). Likewise, there was no treatment effect over time on BW
(p = 0.9977), average scrotal temperature (p = 0.6766), or average implant site temperature
(p = 0.9137). Finally, there was no treatment by time effect on testosterone concentrations
between groups (p = 0.2574). Once the study had concluded, the animals were surgically
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castrated, and the testes were examined. Post-castration histology scoring revealed no
significant (p = 0.4917) differences in terms of the extent of spermatogenesis between
treatment groups.
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4. Discussion

The histological results from Pilot 1 support the use of the adjuvant DEAE-D in
immunocastration vaccine design. Animals treated with a vaccine containing 210 mg DEAE-
D and no Quil-A® exhibited reduced spermatogenesis when compared to animals treated
with only 130 mg of DEAE-D. Similarly, animals treated with 210 mg DEAE-D exhibited less
spermatogenesis than animals administered implants containing any amount of Quil-A®.
Previous work has also indicated variable adjuvant effects on experimental GnRH vaccines.
Studies examining oil-adjuvanted (Freund’s complete with Freund’s incomplete) GnRH-
KLH vaccines showed that they gave poor suppression of testosterone [26] but appeared
to reduce aggressive behavior [27]. Another experiment using GnRH-OVA in a water-oil
adjuvant containing Mycobacterium butyricum was unsuccessful at reducing testosterone to
castration levels but did appear to reduce testicular growth [28]. It is possible that different
outcomes could be related to differences in adjuvants or other vaccine components, and
further work is needed to fully describe these differences in the context of single-dose
GnRH vaccines. Additionally, implant rejection may also have a limited duration and
profundity in terms of the immune response.

The implant retention noted during Pilot 2 was in agreement with previous work that
has demonstrated the biocompatibility of stainless steel in animal models [29]. As such,
attrition during Pilot 1 was attributed to secondary infection. Successive pilots incorporated
0.5–1.0 mg oxytetracycline (OTC) in the implants, in an attempt to combat this.

The results from Pilot 3 suggest that the addition of at least some adjuvant is useful
in stimulating a humoral anti-GnRH response. Implant 7 contained both DEAE-D and
Quil-A®, whereas Implant 6 contained neither. This result is in agreement with previous
work, including a recent experiment [30] that demonstrated significantly increased anti-
GnRH antibodies in response to a recombinant GnRH vaccine adjuvanted with chitosan.
Despite the addition of OTC, implant attrition could again have impacted the quality of the
immune response to vaccination during Pilot 3.

Similar to those of Pilot 3, the results from Pilot 4 support the use of adjuvant(s) in
the design of immunocastration vaccines. Antibody response to GnRH was elevated in
adjuvanted implants when compared to Implant 6. It is conceivable that animal age had
an impact on the humoral immune response, but as all animals were healthy and post-
pubescent, this particular factor was not compared across studies. The use of DEAE-D is
in agreement with previous work that has examined immunocastration vaccines in pigs
(Improvac®; [31]) and cattle (Bopriva®; [32,33]). The use of the adjuvant Quil-A® has been
documented as a component of immunocastration products aimed at controlling estrus in
horses and deer (Equity®; [34]). The results suggest that adjuvants are valuable components
of an implantable immunocastration vaccine, but future work is needed to determine their
impact on long-term implant retention.

Testicular measurements did not suggest a treatment effect in Pilot 5. Previous studies
have reported inconsistent results from immunocastration in terms of the size of gonads.
One study using an experimental GnRH-KLH vaccine with Freund’s complete and incom-
plete adjuvants noted a reduction in aggressive behavior, but no change in testicular weight
in response to treatment [35]. Conversely, Cook et al. [36] found that GnRH-vaccinated
animals showed significantly reduced scrotal circumference over time when compared to
controls. In addition, BW did not appear to be affected by treatment during Pilot 5. This is
in agreement with the findings of Amatayakul-Chantler et al. [37], who found no impact on
BW in response to treatment with Bopriva®. Implant 9 appeared successful in stimulating
anti-GnRH antibodies, but testosterone production remained unchanged. This is contrary
to previous studies that showed an inverse relationship between anti-GnRH antibody
production and androgenesis [38]. Ultimately, implant attrition was likely a factor in Pilot
5, as nine of the twelve implants were rejected over the course of the trial, despite the use
of OTC. Predominant in the published literature are examples of testosterone suppression
via soluble vaccines [39–41], as opposed to implants. Soluble vaccines, despite requiring
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boost doses, are not subject to rejection from the animal. It is plausible that treatment effects
would have been more robust if implants had been retained throughout the experiment.

5. Conclusions

An immunocastration vaccine capable of delivering the benefits of surgical castration
in a single dose remains an attractive prospect for producers, clinicians, and consumers
interested in reducing pain during routine animal husbandry. The results presented here
may serve as part of the foundation on which future implantable vaccines are built. Future
work is needed to determine the optimal cocktail of ingredients required to increase implant
retention, reduce testosterone, and halt spermatogenesis. Our results so far suggest the
involvement of the humoral immune system, but future work should also examine the role
that adaptive immunity plays in responding to vaccines delivered over an extended period
of time via implants. Our use of stainless steel yielded variable lengths of retention. It is
possible that other materials offer more attractive physical properties for a subcutaneous
implant. Follow-up studies should prioritize the use of both vetted and novel biocompatible
materials for the construction of the implant itself.

6. Patents

Vaccine Delivery Devices, US patent #10,130,454; Jones, Brewer, Narasimhan, Jackman.
Assigned 20 November 2018.

Author Contributions: Conceptualization, J.F.C., B.N. and D.E.J.; methodology, A.K.C., A.C., S.K.,
and S.M.; software, A.K.C.; validation, A.C., J.F.C., M.K. and D.E.J.; formal analysis, A.C.; investiga-
tion, A.C., M.K., M.W., M.M., D.R.M. and A.L.; resources, J.F.C. and D.E.J.; data curation, J.F.C. and
D.E.J.; writing—original draft preparation, A.C.; writing—review and editing, J.F.C., D.E.J. and M.K.;
visualization, J.F.C., D.E.J. and A.K.C.; supervision, J.F.C. and D.E.J.; project administration, J.F.C.;
funding acquisition, J.F.C. and D.E.J. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Agriculture and Food Research Initiative Competitive
Award, no. 2017-67015-27124, from the USDA National Institute of Food and Agriculture. Johann
Coetzee and Michael Kleinhenz are supported by the Agriculture and Food Research Initiative
Competitive Grants, nos. #2020-67015-31540, #2020-67015-31546, and #2022-67015-37081, from the
USDA National Institute of Food and Agriculture.

Institutional Review Board Statement: All animal studies were conducted under an approved
Institutional Animal Care and Use Committee (IACUC) protocol (IACUC #4394), on file at Kansas
State University, Manhattan, Kansas.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to privacy concerns relating to live
animal use.

Acknowledgments: The authors acknowledge and appreciate the assistance provided by the Com-
parative Medicine Group at Kansas State University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rault, J.-L.; Lay, D.C., Jr.; Marchant-Forde, J.N. Castration induced pain in pigs and other livestock. Appl. Anim. Behav. Sci. 2011,

135, 214–225. [CrossRef]
2. Arnold, M. Why is Early Castration of Bull Calves Important? Drovers CattleNetwork. 2011. Available online: http://www.cattlenetwork.

com/cattle-resources/preconditioning/castrationdehorning/Why-is-early-castration-of-bull-calves-important-125483643.
html (accessed on 12 August 2022).

3. Goodrich, R.; Stricklin, W. Animal welfare issues: Beef. In USDA Animal Welfare Issues Compendium; National Agricultural Library:
Beltsville, MD, USA, 1997.

4. Tarrant, P. The occurrence, causes and economic consequences of dark-cutting in beef—A survey of current information. In The
Problem of Dark-Cutting in Beef ; Springer: Berlin/Heidelberg, Germany, 1981; pp. 3–36.

5. Jones, S.M. Quality and Grading of Carcasses of Meat Animals; CRC Press: Boca Raton, FL, USA, 1995.

http://doi.org/10.1016/j.applanim.2011.10.017
http://www.cattlenetwork.com/cattle-resources/preconditioning/castrationdehorning/Why-is-early-castration-of-bull-calves-important-125483643.html
http://www.cattlenetwork.com/cattle-resources/preconditioning/castrationdehorning/Why-is-early-castration-of-bull-calves-important-125483643.html
http://www.cattlenetwork.com/cattle-resources/preconditioning/castrationdehorning/Why-is-early-castration-of-bull-calves-important-125483643.html


Animals 2022, 12, 2698 12 of 13

6. Romans, J.; Costello, W.; Carlson, C.; Greaser, M.; Jones, K. The Meat We Eat; Interstate Publishers, Inc.: Danville, IL, USA, 1994.
7. Stafford, K.J.; Mellor, D.J. The welfare significance of the castration of cattle: A review. N. Z. Vet. J. 2005, 53, 271–278. [CrossRef]
8. American Veterinary Medical Association. Literature Review, Welfare Implications of Castration of Cattle; AVMA: Schaumburg, IL,

USA, 2014.
9. Stilwell, G.; Lima, M.S.; Broom, D.M. Effects of nonsteroidal anti-inflammatory drugs on long-term pain in calves castrated by

use of an external clamping technique following epidural anesthesia. Am. J. Vet. Res. 2008, 69, 744–750. [CrossRef] [PubMed]
10. Dinniss, A.; Mellor, D.; Stafford, K.; Bruce, R.; Ward, R. Acute cortisol responses of lambs to castration using a rubber ring and/or

a castration clamp with or without local anaesthetic. N. Z. Vet. J. 1997, 45, 114–121. [CrossRef] [PubMed]
11. Mellor, D.; Stafford, K.; Todd, S.; Lowe, T.; Gregory, N.; Bruce, R.; Ward, R. A comparison of catecholamine and cortisol responses

of young lambs and calves to painful husbandry procedures. Aust. Vet. J. 2002, 80, 228–233. [CrossRef] [PubMed]
12. Becker, J.; Doherr, M.G.; Bruckmaier, R.M.; Bodmer, M.; Zanolari, P.; Steiner, A. Acute and chronic pain in calves after different

methods of rubber-ring castration. Vet. J. 2012, 194, 380–385. [CrossRef] [PubMed]
13. Fordyce, G.; Beaman, N.; Laing, A.; Hodge, P.; Campero, C.; Shepherd, R. An evaluation of calf castration by intra-testicular

injection of a lactic acid solution. Aust. Vet. J. 1989, 66, 272–276. [CrossRef]
14. Finnerty, M.; Enright, W.; Roche, J. Testosterone, LH and FSH episodic secretory patterns in GnRH-immunized bulls. Reproduction

1998, 114, 85–94. [CrossRef] [PubMed]
15. Geary, T.; Grings, E.; MacNeil, M.; De Avila, D.; Reeves, J. Use of recombinant gonadotropin-releasing hormone antigens for

immunosterilization of beef heifers. J. Anim. Sci. 2006, 84, 343–350. [CrossRef]
16. Hoskinson, R.; Rigby, R.; Mattner, P.; Huynh, V.; D’occhio, M.; Neish, A.; Trigg, T.; Moss, B.; Lindsey, M.; Coleman, G. Vaxstrate:

An anti-reproductive vaccine for cattle. Aust. J. Biotechnol. 1990, 4, 166–170, 176.
17. Jeffcoate, I.; Lucas, J.; Crighton, D. Effects of active immunization of ram lambs and bull calves against synthetic luteinizing

hormone releasing hormone. Theriogenology 1982, 18, 65–77. [CrossRef]
18. Janett, F.; Gerig, T.; Tschuor, A.C.; Amatayakul-Chantler, S.; Walker, J.; Howard, R.; Bollwein, H.; Thun, R. Vaccination against

gonadotropin-releasing factor (GnRF) with Bopriva significantly decreases testicular development, serum testosterone levels and
physical activity in pubertal bulls. Theriogenology 2012, 78, 182–188. [CrossRef]

19. Aissat, D.; Sosa, J.; De Avila, D.; Bertrand, K.; Reeves, J. Endocrine, growth, and carcass characteristics of bulls immunized against
luteinizing hormone-releasing hormone fusion proteins. J. Anim. Sci. 2002, 80, 2209–2213. [CrossRef] [PubMed]

20. Michael, J.D.; Aspden, W.J.; Trigg, T.E. Sustained testicular atrophy in bulls actively immunized against GnRH: Potential to
control carcase characteristics. Anim. Reprod. Sci. 2001, 66, 47–58.

21. Schaut, R.G.; Brewer, M.T.; Hostetter, J.M.; Mendoza, K.; Vela-Ramirez, J.E.; Kelly, S.M.; Jackman, J.K.; Dell’Anna, G.; Howard,
J.M.; Narasimhan, B.; et al. A single dose polyanhydride-based vaccine platform promotes and maintains anti-GnRH antibody
titers. Vaccine 2018, 36, 1016–1023. [CrossRef] [PubMed]

22. Boggiatto, P.M.; Schaut, R.G.; Kanipe, C.; Kelly, S.M.; Narasimhan, B.; Jones, D.E.; Olsen, S.C. Sustained antigen release
polyanhydride-based vaccine platform for immunization against bovine brucellosis. Heliyon 2019, 5, e02370. [CrossRef] [PubMed]

23. Bailey, T.; Hudson, R.; Powe, T.; Riddell, M.; Wolfe, D.; Carson, R. Caliper and ultrasonographic measurements of bovine testicles
and a mathematical formula for determining testicular volume and weight in vivo. Theriogenology 1998, 49, 581–594. [CrossRef]

24. Johnsen, S.G. Testicular biopsy score count–A method for registration of spermatogenesis in human testes: Normal values and
results in 335 hypogonadal males. Horm. Res. Paediatr. 1970, 1, 2–25. [CrossRef]

25. Daigle, H.J.; Cole, D.N.; Carlson, J.A.; Lee, W.R.; Wilson, V.L. Ethylene dichloride disruption of fertility in male mice. Open Toxicol.
J. 2009, 3, 39–46. [CrossRef]

26. Adams, T.; Adams, B. Reproductive function and feedlot performance of beef heifers actively immunized against GnRH. J. Anim.
Sci. 1990, 68, 2793–2802. [CrossRef] [PubMed]

27. Price, E.; Adams, T.; Huxsoll, C.; Borgwardt, R. Aggressive behavior is reduced in bulls actively immunized against gonadotropin-
releasing hormone. J. Anim. Sci. 2003, 81, 411–415. [CrossRef] [PubMed]

28. Hernandez, J.; Zanella, E.; Bogden, R.; De Avila, D.; Gaskins, C.; Reeves, J. Reproductive characteristics of grass-fed, luteinizing
hormone-releasing hormone-immunocastrated Bos indicus bulls. J. Anim. Sci. 2005, 83, 2901–2907. [CrossRef] [PubMed]

29. Syrett, B.C.; Davis, E.E. In vivo evaluation of a high-strength, high-ductility stainless steel for use in surgical implants. J. Biomed.
Mater. Res. 1979, 13, 543–556. [CrossRef] [PubMed]

30. Huenchullan, P.R.; Vidal, S.; Larraín, R.; Saénz, L. Effectiveness of a New Recombinant antiGnRH Vaccine for Immunocastration
in Bulls. Animals 2021, 11, 1359. [CrossRef]

31. Mcnamara, M.K. Immunogenic LHRH Compositions and Methods Relating Thereto. U.S. Patent US20090226484A1,
10 September 2009.

32. Wicks, N.; Crouch, S.; Pearl, C.A. Effects of Improvac and Bopriva on the testicular function of boars ten weeks after immunization.
Anim. Reprod. Sci. 2013, 142, 149–159. [CrossRef]

33. Walker, J. Improved Saponin Adjuvant Compositions and Methods Relating Thereto. WO2000041720A1, 20 July 2000.
34. Campal-Espinosa, A.C.; Junco-Barranco, J.A.; Fuentes-Aguilar, F.; Calzada-Aguilera, L.; Campal, A.C.B. Contraception and

immunocastration vaccines. Use in veterinary medicine. Rev. Colomb. De Cienc. Anim.-RECIA 2020, 12, e760. [CrossRef]
35. Huxsoll, C.; Price, E.; Adams, T. Testis function, carcass traits, and aggressive behavior of beef bulls actively immunized against

gonadotropin-releasing hormone. J. Anim. Sci. 1998, 76, 1760–1766. [CrossRef]

http://doi.org/10.1080/00480169.2005.36560
http://doi.org/10.2460/ajvr.69.6.744
http://www.ncbi.nlm.nih.gov/pubmed/18518654
http://doi.org/10.1080/00480169.1997.36005
http://www.ncbi.nlm.nih.gov/pubmed/16031965
http://doi.org/10.1111/j.1751-0813.2002.tb10820.x
http://www.ncbi.nlm.nih.gov/pubmed/12054287
http://doi.org/10.1016/j.tvjl.2012.04.022
http://www.ncbi.nlm.nih.gov/pubmed/22647596
http://doi.org/10.1111/j.1751-0813.1989.tb13950.x
http://doi.org/10.1530/jrf.0.1140085
http://www.ncbi.nlm.nih.gov/pubmed/9875159
http://doi.org/10.2527/2006.842343x
http://doi.org/10.1016/0093-691X(82)90050-4
http://doi.org/10.1016/j.theriogenology.2012.01.035
http://doi.org/10.2527/2002.8092209x
http://www.ncbi.nlm.nih.gov/pubmed/12349996
http://doi.org/10.1016/j.vaccine.2017.12.050
http://www.ncbi.nlm.nih.gov/pubmed/29413092
http://doi.org/10.1016/j.heliyon.2019.e02370
http://www.ncbi.nlm.nih.gov/pubmed/31517098
http://doi.org/10.1016/S0093-691X(98)00009-0
http://doi.org/10.1159/000178170
http://doi.org/10.2174/1874340400903010039
http://doi.org/10.2527/1990.6892793x
http://www.ncbi.nlm.nih.gov/pubmed/2211409
http://doi.org/10.2527/2003.812411x
http://www.ncbi.nlm.nih.gov/pubmed/12643484
http://doi.org/10.2527/2005.83122901x
http://www.ncbi.nlm.nih.gov/pubmed/16282630
http://doi.org/10.1002/jbm.820130403
http://www.ncbi.nlm.nih.gov/pubmed/110810
http://doi.org/10.3390/ani11051359
http://doi.org/10.1016/j.anireprosci.2013.09.017
http://doi.org/10.24188/recia.v12.n2.2020.760
http://doi.org/10.2527/1998.7671760x


Animals 2022, 12, 2698 13 of 13

36. Cook, R.; Popp, J.; Kastelic, J.; Robbins, S.; Harland, R. The effects of active immunization against GnRH on testicular development,
feedlot performance, and carcass characteristics of beef bulls. J. Anim. Sci. 2000, 78, 2778–2783. [CrossRef]

37. Amatayakul-Chantler, S.; Hoe, F.; Jackson, J.; Roça, R.d.O.; Stegner, J.; King, V.; Howard, R.; Lopez, E.; Walker, J. Effects on
performance and carcass and meat quality attributes following immunocastration with the gonadotropin releasing factor vaccine
Bopriva or surgical castration of Bos indicus bulls raised on pasture in Brazil. Meat Sci. 2013, 95, 78–84. [CrossRef] [PubMed]

38. Finnerty, M.; Enright, W.; Prendiville, D.; Spicer, L.; Roche, J. The effect of different levels of gonadotropin-releasing hormone
antibody titres on plasma hormone concentrations, sexual and aggressive behaviour, testis size and performance of bulls. Anim.
Sci. 1996, 63, 51–63. [CrossRef]

39. Theubet, G.; Thun, R.; Hilbe, M.; Janett, F. Effect of vaccination against GnRH (Bopriva®) in the male pubertal calf. Schweiz. Arch.
Tierheilkd. 2010, 152, 459–469. [CrossRef]

40. Jago, J.; Bass, J.; Matthews, L. Evaluation of a vaccine to control bull behaviour. Proc. N. Z. Soc. Anim. Prod. 1997, 5, 91–95.
41. Robertson, I.; Wilson, J.; Fraser, H. Immunological castration in male cattle. Vet. Rec. 1979, 108, 381–382. [CrossRef]

http://doi.org/10.2527/2000.78112778x
http://doi.org/10.1016/j.meatsci.2013.04.008
http://www.ncbi.nlm.nih.gov/pubmed/23665362
http://doi.org/10.1017/S1357729800028289
http://doi.org/10.1024/0036-7281/a000106
http://doi.org/10.1136/vr.108.17.381

	Introduction 
	Materials and Methods 
	Vaccine Design 
	Implantation 
	Blood Sampling and Analysis 
	Scrotal and Ear Surface Temperature 
	Scrotal and Testicular Dimensions 
	Surgical Castration 
	Testes Histology 
	Statistical Analysis 
	Treatments 
	Pilot 1 
	Pilot 2 
	Pilot 3 
	Pilot 4 
	Pilot 5 


	Results 
	Pilot 1 
	Pilot 2 
	Pilot 3 
	Pilot 4 
	Pilot 5 

	Discussion 
	Conclusions 
	Patents 
	References

