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The KISS1 gene product, kisspeptin, stimulates gonadotrophic steroid hormone (GNRH) neuronal
signaling through the G-protein coupled receptor, kissIr. Disturbance of this signaling pathway causes
hypogonadotropic hypogonadism in mammals. As part of this cutting-edge research project, we analyzed
the efficacy of an oral kisspeptin recombinant vaccine on the reproductive physiology and behavior of
ram lambs. Ten 56-day old ram lambs were randomly divided into treatment and control groups to
receive the experimental recombinant vaccines, C500/pKS-asd or C500/pVAX-asd (aspartate-B
semialdehyde dehydrogenase), respectively. The vaccines were orally administered at day 0, 28 and 56
and blood samples were taken and scrotal circumference data recorded at 14-day intervals (days 0, 14,
28, 42, 56, 70, and 84). At the end of the experimental period, day 98, sexual behaviors were assessed,
scrotal circumferences were measured, and blood samples were collected. Testicular samples were also
collected after the animals were sacrificed. Anti-kisspeptin antibody and testosterone serum levels were
measured by indirect ELISA. Results demonstrated that the levels of anti-kisspeptin antibodies were
significantly higher in the treatment group compared to controls (P<0.05, P<0.01 and P<0.001).
However, serum testosterone levels were lower in the treatment group (P < 0.01). Interestingly, vaccine
administration contributed to a significant reduction (P<0.01) in sexual behavior propensity. These
results suggest that the kisspeptin recombinant oral vaccine regulates and inhibits the reproductive
physiology and behavior of ram lambs.
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1. Introduction Immunocastration is a process whereby the immune system is
stimulated to produce specific antibodies against endogenous

Plasmid recombinant DNA vaccines were established more than gonadotropin releasing hormone (GNRH). In previous studies, the

two decades ago [1]. The first of these vaccines was found to
induce an active host humoral immune response that neutralized
the fecundity of mammals [2,3] and suppressed fertility [4].
Recombinant vaccines consist of a specific DNA sequence encoding
an immunogenic protein that can be expressed in bacterial or
mammalian cells. This gene-specific sequence is characterized,
purified, and cloned into an expression carrier. These recombinant
plasmids contain a gene-of-interest and a promoter region which is
used to initiate the transcription of the target protein within the
animal that has received the oral vaccine [5]. The host cellular
machinery allows in vivo manufacturing of the target protein,
thereby, bypassing the need to manufacture and purify the protein
in vitro.
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development of GNRH DNA-based vaccines has been investigated
in various animals. In these studies, engineered GNRH DNA
vaccines induce strong resistance responses, decreased serum
testosterone levels, and suppress fertility [6-8]. Consequently,
anti-fertility vaccines have been thought to break immune toler-
ance by selectively targeting antigens to decrease the risk of
immunological cross-reactions and interference with physiological
processes. These vaccines are thought to accomplish this through
regulating the hormonal cascade and therefore controlling
reproduction.

The KISS-1, which encodes kisspeptin, is critical for the onset of
puberty and regulates adult fertility [9]. Kisspeptin signaling is
well established in GNRH-producing neurons and plays a pivotal
role in the internal control of the hypothalamus-pituitary-
gonadal axis (HPG), linking follicular development, ovulation, sper-
matogenesis, and steroidogenesis [10,11]. In fact, mutations in the
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G-protein coupled receptor, kiss1r, the receptor for kisspeptin, are
linked to hypogonadotropic hypogonadism [12,13].

As a result, a kisspeptin recombinant vaccine was genetically
engineered and subcutaneously administered to lambs. As
expected, it led to decreased steroid hormone and testosterone
release, which affected reproduction [14]. Use of the kisspeptin
recombinant vaccine, asa novel method for immunocastration,
also resulted in alterations in gonadal characteristics and sexual
behavior in ram lambs [14]. To the best of our knowledge, the
use of a kisspeptin recombinant plasmid for an oral vaccine and
its efficacy on influencing the reproductive physiology of ram
lambs has not been previously assessed. Therefore, the current
research project aims to fill this gap and examine the feasibility
and efficacy of an orally administered kisspeptin recombinant vac-
cine on the reproductive physiology and behavior of ram lambs.

2. Materials and methods
2.1. Kisspeptin bacterial plasmid for oral vaccine

The kisspeptin immunocastration vaccine was prepared using
an antibiotic-free plasmid. Professor Ai-zhen Guo at Huazhong
Agricultural University kindly supplied the Escherichia coli C500
strain. The subcloned kisspeptin gene into the pVAX1 vector to cre-
ate the recombinant pVAX-KISS1 vector and the subcloned HBsAg-
S gene PCR into the pVAX-KISS1-S (pKS) plasmid were previously
constructed in our laboratory, (Fig. 1).

The recombinant plasmids pKS-asd and pVAX-asd were trans-
formed into competent E. coli 6097 cells stressed with Salmonella
enterica serovar Choleraesuis strain (C500), by electroporation, to
create the C500/pKS-asd and C500/pVAX-asd lines (Fig. 1). C500/
pKS-asd and C500/pVAX-asd are referred to as the experimental
and control vaccines, respectively. The C500/pKS-asd and C500/
pVAX-asd strains were in Luria-Bertani (LB) broth and grown over-
night to an optical density (OD) of 0.5 at 650 nm (OD 650). The
cells were then accumulated by centrifugation at 3000 rpm and
incubated at 4 °C for 10 min. Prior to their use for vaccination,
the number of bacterial cells were verified by dilution of the inocu-
lum onto LB agar. The bacterial cells were then adjusted spec-
trophotometrically to a dose of 5 x 10'°©CFU/ml for both the
treatment and control groups, diluted in phosphate-buffered saline
(PBS) for the vaccinations.

2.2. Ethical statement and management of experimental animals

A total of ten 56-day old male Hu with body weight
17.62 £ 0.48 kg were used for these experiments. The ram lambs
were randomized into the treatment and control groups (n=>5)
based on their body weight and scrotal circumference. The sheep
were ear tagged, fed three times per day, and given free access to
water and salt. All experimental animals were carefully observed
for the occurrence of any ill health condition. The granted research
animals and all experimental procedures were approved by the
Institutional, Animal Care and Use Committee of Huazhong Agri-
cultural University.

2.3. Vaccination of experimental animals

The prepared vaccines were administered orally using a straw
syringe (5ml of 5 x 10'° CFU/ml C500/pKS-asd or 5 x 10'° CFU/
ml C500/pVAX-asd). For each ram lamb, the same vaccine treat-
ments were repeated at days 28 and 56, after the initial vaccina-
tion. Fourteen days into the experiment, blood samples were
collected from all of the animals via jugular venipuncture. Blood
samples were centrifuged at 3000 rpm, 4 °C, for 10 min. The
plasma samples were collected and then stored at —20 °C for future
use.

2.4. Detection of anti-KISS1 antibody concentrations

An indirect ELISA was performed to determine the titers of anti-
kisspeptin antibody. The resulting OD values were measured using
an ELISA reader (Bio-Rad iMark Microplate Reader) at 450 nm.

2.5. Serum testosterone measurement

Total serum testosterone levels were measured using the Sheep
T ELISA kit (Cusa Biotech, Wuhan, China), per the manufacturer’s
recommended protocol.

2.6. Vaccine impacts on libido and testicle structure

The willingness of ram lambs to reproduce with females was
evaluated beginning on day 84 post-immunization through the
end of the experimental period (day 98). For seven days, the rams
were allowed to run with an estrous female for 30 min. Visual

Fig. 1. Schematic diagram of the plasmid pKS-asd. Shows antibiotic-free Kisspeptin DNA vaccine encoded with kisspeptin, HBsAg-S gene and transfection to Salmonella

enterica serovar Choleraesuis strain (C500).
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observation of the sexual behavior of the treatment and control
animals was performed daily from 7 AM to 11 AM over the entire
experimental period. The mounting frequencies, sniffing, and but-
ting were assessed.

2.7. Histological examination of testes

At the end of the experimental period, all animals were slaugh-
tered by cutting their jugular vein with a knife after low voltage
electrical head stunning at 250V for 3s. Testes tissue samples
were collected from every experimental animal and fixed with
10% (v/v) buffered formalin. Hematoxylin and eosin (H&E) stain
was performed for histological and morphological analyses.

2.8. Evaluation of reproductive organs

After correct straining, the ram’s testicular circumference was
measured using a caliper and tape according to [15]. The testicular
length was measured by placing the constant arm of the caliper at
the proximal groove and the sliding arm on the distal end of the
testis. Testicular data for each experimental animal were recorded
every 14 days.

2.9. Statistical analyses

Results were expressed as the mean + standard deviation
(Mean + SD). Unpaired Student’s t-test analyzed statistical analyses
of the anti-kisspeptin antibody, testosterone levels, scrotal circum-
ference, testicular breadth, length and weight, and sexual behavior.
All assessments were achieved using a statistical analysis software
program, SAS version 9.1. The threshold for statistical significance
was set at P<0.05.

3. Results
3.1. General health status of the experimental animals

The feed intakes, behaviors, and activities of all of the experi-
mental ram lambs were within the range of good health condition
throughout the experimental duration. None of the animals
showed adverse medical signs in their digestive, respiratory organs
or signs of oral inflammation. These observations implied that the
recombinant plasmid vaccines were non-toxic to the animals.

3.2. Immune response of the rams to the oral vaccine

Immunization with the recombinant vaccine resulted in a
robust immune reaction, as measured anti-kisspeptin antibody
production by indirect ELISA. The specific serum antibodies started
to be detected in the treatment group at day 28 post-
immunization, and titers steadily increased to a peak at day 84
post-vaccination (Fig. 2). Unpaired Student’s t-test results revealed
that a higher anti-kisspeptin antibody titer in the treatment rams
(P<0.05, P<0.01 and P<0.001), starting from day 28 to the end
of the experimental period. The kisspeptin recombinant oral vac-
cine, therefore, induced an effective anti-kisspeptin IgG response
in the treated rams, showing that the vaccine can play a role in
immunocastration (Fig. 2).

3.3. Immunization effect on reproductive organ tissue

Vaccination resulted in a lower scrotal circumference in the
treatment ram lambs (Supplementary Fig. 3). The scrotal circum-
ference of the control group expanded over the experimental per-
iod and increased with the increasing age of the ram lambs.
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Fig. 2. Anti-kisspeptin antibody titer ranges in ram lambs following vaccination.
Anti-kisspeptin antibody titers measured at the absorbance of 450 nm. The results
(Mean * SD) shown are one star, two stars and three stars at P<0.05, P<0.01 and
P <0.001. Black square and black triangle indicate control and treatment ram lambs,
respectively.

Comparatively, the scrotal circumferences of the treatment group
slowly increased 19.82+3.18cm than control group
22.16 £4.79 cm, (P<0.05) through experimental period. These
data show that the scrotal circumference of the treatment group
was considerably lower than the control group. Moreover, the
testes breadth, weight and length of the control group were signif-
icantly higher than the treatment group (P < 0.05) Table 1 below.

In comparison to the control group, the treatment rams shown
decreased testicular breadth and length, as illustrated in Table 1.
The analysis of this data demonstrated that immunization had a
notable effect on testicular length, weight and breadth (P < 0.05).
Alterations in testicular weight were measured and the treatment
group presented with the smallest size (Supplementary Fig. 4A).

The testicular samples collected from treated animals were
completely devoid of spermatids (Fig. 5). The microscopic assess-
ment confirmed a significant failure of spermatogenesis inside
the seminiferous tubules, which contained highly dispersed sper-
matogonium and spermatocytes in the treatment group compared
with the control ram lambs (Fig. 5B). The epithelial height of the
seminiferous tubules from the treatment ram lambs was also
reduced compared with that of the controls (Fig. 5A).

3.4. Serum testosterone concentration

The serum concentrations of testosterone were lower in the
treatment rams and higher in the control rams throughout the
experimental period. The testosterone levels of the rams in the
control group increased starting at day 28 and peaked at 70 days
post-immunization. Serum testosterone levels showed slight
increases in the treatment group with, increases after vaccination
and with increasing age of the animals (Fig. 6).

The unpaired Student’s t-test results revealed a highly signifi-
cant difference between the treatment and control groups

Table 1
The effect of oral kisspeptin recombinant vaccine on the testicles parameters of the
rams.

Experimental parameters

Experimental Testes breadth Testes weight Testes length

group (cm) (gm) (cm)
Treatment 4.641 +0.056 91.83 + 1.419 6.640 +0.109
Control 5152+0.14117  118.1x7.288" 7.400 +0.295

The results Mean + SD shown one star and two stars the significant difference
between groups at P < 0.05, P<0.01.
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Fig. 5. Light microphotograph examination of the testes. Histological H&E images from treatment (A) and control rams (B), respectively. The spermatogonium (arrowhead),

spermatocytes (arrow), and spermatid degree (square). Scale bar represents 50 pm.
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Fig. 6. The serum testosterone concentrations. The results (Mean + SD) shown are
the absorbance at 450 nm. One star and two stars show P < 0.01. Black square and
black circle indicate control animals and treatment ram lambs, respectively.

(1.18 £ 1.62 ng/ml and 4.698 * 4.835 ng/ml, respectively, P < 0.05).
The decreased testosterone concentrations in the treatment group
confirmed that the engineered DNA oral vaccine had the capability
of interrupting biological hormone expression. Reduced testos-
terone levels probably exert a major influence on the reproductive
organs and aggressive sex behaviors of the treatment group
(Table 2).

4. Discussion

In the current study, the kisspeptin vaccine was prepared as an
inoculant designed to induce an immune response against the
endogenous Kkisspeptin protein. Vaccines are developed toward

Table 2
Effects of oral vaccination on the sexual behavior of ram lambs.

Experimental trait

Experimental group Butting Sniffing Mounting
Treatment 0 2.00 +1.00 1.73+£1.43
Control 5.53+3.58" 8.80+2.98" 16.20£9.76"

The results Mean + SD shown one star and two stars at P <0.01.

self-antigens, including both hormones and proteins to which the
recipient is usually immunologically tolerant [16]. GNRH-based
immune-castration results in the suppression of gonadotropin hor-
mones, testosterone secretion, retardation of testicular improve-
ment, and sexual conduct in males. It is known that neurons
expressing kisspeptin in the hypothalamus are necessary for sexual
reproduction, through signaling events that initiate a hormonal
cascade in the HPG axis [17-19]. The kisspeptin-based vaccine is
a cutting-edge method that is believed to induce immunity against
endogenous kisspeptin proteins. Therefore, the vaccination is
believed to exert an effect on GNRH as an alternative to surgical
castration.

The best vaccine designs create an immunogen that imitates a
pathogenic bacterium. Previous findings have explored the use of
the kiss-1 as a target for the development of a DNA immune-
sterilization vaccine [14] that efficiently inhibits the release of LH
and FSH. The hepatitis B surface antigen S (HBsAg-S) which was
amplified from pCMV-S using PCR was used for vaccine synthesis
via coupling with the kisspeptin, improving the immunogenicity
of the vaccine [14,16,20]. In the current study, we electroporated
a recombinant plasmid DNA into a bacterial strain to create C500
(pVAX|/pKS-asd).

Antigen delivery systems are considered a promising approach
for immune-sterilization, inducing positive antibody responses,
reducing serum testosterone levels, preventing gametogenesis,
and producing anti-fertility in vivo. These antigens have been made
“foreign” to the host immune system by coupling them to an
endogenous protein-of-interest in the host animal and can block
the normal function of the endogenous protein. This interesting
method of vaccination triggers targeted effects on the animal
reproductive physiology. The antigen dose and assembly can influ-
ence the degree of the primary response [21].

The binding of the anti-kisspeptin antibody was assessed and
the results demonstrate that ram lambs are capable of generating
high anti-kisspeptin antibody titers. These antibodies should result
in the depletion of steroid hormones, accompanied by parallel
changes in testicular structure and function. Our research results
revealed that the serum kisspeptin antibody levels in the experi-
mental group increased from days 56 to 98 post-immunization,
and the pick antibody binding was observed at day 84 post-
vaccination. The satisfactory performance and quantity of the anti-
gen used in the oral immunization showed its immunogenicity.
Our experimental study involved the administration of two doses
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at four-week interval and the results demonstrated that these
doses were capable of producing a long-lasting immune reaction.
Furthermore, the administration of the vaccine at a dose of 3 weeks
was likely counterproductive, as the IgA stimulated from the sec-
ond dose interfered with its uptake [22]. A previous study [23]
showed that three immunizations of ram lambs at six-week inter-
vals resulted in a significant reduction in testis size from week 13
onwards, and affected sperm motility in weeks 24 to 26. Similarly,
two immunizations of young ram lambs resulted in castrate-like
testosterone levels and an 80% reduction in the testis weight at
six weeks after the second vaccination [24]. The findings of these
studies strongly agree with our study results. The specific antibody
was detected at day_42 and reached a peak at day_84, suggesting
that the first five immunizations influence the production of
antibody.

The repeated administration of plasmid DNA is necessary to
increase the lifetime and level of transgene expression [27] and
can facilitate plasmid DNA vaccines by efficaciously translating
their fusion proteins. In the small intestine, bacteria move across
the intestinal epithelial cell and reach the M cells, consequently
penetrate in the Peyer’s patches [40]. However, some bacteria
escape this barrier and reach the Peyer’s patches; formed by T lym-
phocytes and dendritic cells. Dendritic cells present the bacterial
antigens to immune cells that provoke activation of T-cell immu-
nity development and B lymphocytes [41,42]. Accordingly, the
interaction between B and T-cells is crucial for the development
of antibody response to Salmonella proteins and isotype switching
of the immune response against antigens.

Oral immunization of antigens induces humoral and cellular
responses at both antigen exposure site and other mucosal com-
partments [43,44], because of the dissemination of antigen-
sensitized precursor B and T lymphocytes from intestinal Peyer’s
patches to the effector sites. After oral immunization, bacteria pen-
etrate the Peyer’s patches via M cells and colonize the mesenteric
lymph nodes, which contain various antigen-presenting cells. This
can generate a range of immune responses, including systemic and
mucosal responses at local and distal sites. The orally administered
vaccine should have the potential to connect to mucosal surfaces,
thereby supplying the vaccine-induced proteins directly into the
immune system to synthesize antibodies. Our results indicate that
the kisspeptin recombinant oral vaccine carrier was a good vector
system for tolerating the oral and gut environment and for attach-
ing to M-cells (gastrointestinal epithelium covering patches of
lymphoid tissue), provoking the immune system to release anti-
bodies, and causing immunocastration.

Immunocastration was induced and fertility was reduced via
antibodies to natural hormones, resulting in an increase in the
antibodies and a decrease in serum testosterone. Antigens should
remain in the host for a sufficiently long period to allow the vac-
cine to stimulate specific antibodies and achieve immunocastra-
tion. In addition, active immunization against GNRH induces high
antibody responses in laboratory animals [28], resulting in a reduc-
tion of serum testosterone and the induction of effective castration.
Antibodies at sufficiently high levels help to eliminate the repro-
ductive function of ram lambs. We examined whether the kisspep-
tin recombinant oral vaccine could successfully stimulate
immunocastration via effects on serum testosterone secretory
cells. Our findings revealed that ram lambs that were orally immu-
nized with C500/pKS-asd presented reduced serum testosterone
levels compared with the control rams. A previous study [29]
demonstrated that the levels of serum testosterone are substan-
tially decreased in infertile compared with fertile animals. Simi-
larly, another previous study [14] found that a kisspeptin DNA
vaccine injected intramuscularly was lower testosterone concen-
trations and insure immunocastration. The above mentioned
results and relevant literature provide many records that the kis-

speptin recombinant oral vaccine is a key participant in the manip-
ulation of GNRH communications within the pituitary gland by
disturbing the normal level of steroid hormones and regulating fer-
tility. In addition, the total serum testosterone concentrations were
decreased, consistent with the treatment group results obtained in
a previous study [30,4]. Similarly, active immunization of male
mammals species with the prepared proteins can efficiently cause
testicular regression, a decline of testosterone discharge, cessation
of spermatogenesis, and regulation of fertility [25,26]. In the cur-
rent research, testosterone levels substantially increased in the
control group and reached a peak level at day 70 post-
vaccination. Additionally, the serum concentration in the treated
rams increased with the increasing days of vaccination and age
of the animals. The reduction of testosterone in the blood stream
was achieved due to abnormal function of the HPG axis, implying
that the kisspeptin recombinant oral vaccines participate in the
disruption of testosterone secretion and the overcoming of ram
sexual behaviors.

The scrotal circumference is the best and most sophisticated
tool to estimate the mass of the reproductive organs [31,32] and
the level of testicular development [33] of the animal. The testicle
circumference and histological sections were assessed to deter-
mine the efficacy of the vaccine on gonadal features. Analysis of
the sub-physiological testicular testosterone level revealed a direct
relationship between the steroid and spermatogenic output. Our
research findings show that the vaccine has a strong effect on
the scrotal circumference and densities of spermatogonium, sper-
matocytes, and spermatids of immunized ram lambs compared
with control ram lambs. This research finding agrees with the
results obtained in a previous study [34,35], which analyzed GNRH
immunization and revealed a marked reduction in spermatogene-
sis in the experimental group. The withdrawal of gonadotropin
secretion by hypophysectomy leads to an arrest of spermatogene-
sis [36], which results in disorganization of the germinal epithe-
lium and marked degenerative changes. By depriving
gonadotropins of their main stimulator, GNRH prevents gonado-
tropin release and in turn inhibits both spermatogenesis and
steroidogenesis. Our findings show that increased antibody levels
weaken reproductive features and prevent improvement and func-
tion of the testicles in males [37]. The architecture of the testis was
maintained, but the germinal epithelium showed disorganization
and marked degeneration. Disruption of the HPG axis by neutral-
ization of GNRH leads to a reduction in LH and FSH production
and secretion, thereby inhibiting the maturation of the testes in
growing animals and the synthesis of testicular steroids [38]. These
consequences show that immunization with the kisspeptin recom-
binant oral vaccine prevents an increase in the testes sizes of ram
lambs by inducing antibodies toward the GNRH receptor.

The size of the testes determines the rate of testes develop-
ment in ram lambs and their sexual performance [39,40]. The
active tissue in the testes needs time to respond to the released
steroid hormone and become substantially decreased in size after
successful immunocastration. Our study shows that the testicular
breadth, length, and weight of the treatment group was lower
than those of the control group. These findings suggest that oral
administration of the kisspeptin recombinant vaccine could inter-
fere with the biological reproductive physiology and resolve
testicular degeneration via a GNRH-mediated mechanism, pre-
senting proof of the immediate effects of kisspeptin on GNRH-
expressing cells. In short, immunocastration includes a significant
increase in antibodies against endogenous sexual hormones and
gamete proteins in the bloodstream, thereby blocking their natu-
ral purposes. Therefore, these results suggest that the kisspeptin
recombinant oral vaccine is a master gene vaccine that regulates
the reproductive physiology and behavioral activities of ram
lambs.
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5. Conclusion

Oral administration of the kisspeptin recombinant vaccine
resulted in entry into the host testicular secretory tissues and pro-
duction of the anti-kisspeptin antibody in the treatment group
throughout the experimental trial. The reduction in the size of
reproductive organs and damage of testicular histology were
observed in the immunized ram lambs. A decrease in sexual behav-
iors in the treatment group was also a result of the vaccine, demon-
strating the effect of decreased testosterone levels in the
vaccinated rams. Ultimately, we conclude that the Kkisspeptin
recombinant oral vaccine is a safe vaccine that regulates the repro-
ductive physiology and behavioral performance of ram lambs.
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