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Abstract
Overpopulation of free-roaming and wildlife animals negatively affects economy and public health in many parts of the 
world. Contraceptive vaccines are viewed as a valuable option for reducing numbers of unwanted animals. This study devel-
ops vaccines for potential use in animal contraception exploiting a DNA platform. Objectives of the study were to generate 
DNA constructs directed against gonadotropin-releasing hormone receptor (GnRHR), a crucial molecular player in animal 
reproduction, and characterize them for ability to promote immune responses and suppression of reproductive parameters 
in vivo. DNA constructs were created to encode for a recombinant protein composed of two domains: GnRHR, the target 
antigen, and ubiquitin (Ub), a support protein. Ub-GnRHR constructs administered intramuscularly or intradermally or 
containing different promoters were compared. CMV and EF1α promoters were shown to be superior to CAG. In fertility 
trials, mice immunized intradermally with Ub-GnRHR construct driven by EF1α had a significantly lower number of fetuses. 
Importantly, the impaired fertility was achieved with a single DNA immunization and without the use of adjuvants. The 
study demonstrated for the first time that targeting the GnRH receptor with DNA-based vaccines could be a viable option 
for animal contraception.
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Introduction

Expanding populations of free-ranging and wildlife animals, 
including cats, dogs, deer, wild pigs, and others, affect the 
economy and public health in many parts of the world. 
The World Health Organization, for example, estimated 
that there are 200 million stray dogs worldwide [1]. These 
dogs often carry infections (e.g., deadly rabies virus) and 
parasites transmissible to humans and domestic animals 
[2]. They also are capable of attacking people, poultry, live-
stock, and pets [3]. Feral cats also are reservoirs for various 

zoonotic diseases and parasites [4, 5] and, in addition, play 
a significant role in negative changes to the environment and 
native wildlife habitats killing a large number of birds, small 
mammals, and reptiles [6]. On the other hand, feral cats and 
free-roaming dogs suffer serious diseases, car accidents, cru-
elty, and starvation. Fertility management using contracep-
tive vaccines for cats and dogs as well as for some wildlife 
species (e.g., deer, horses, elephants) has been recognized 
to be among the most promising and humane approaches in 
reducing their numbers [7–11].

DNA vaccines are composed of a bacterial plasmid that 
is engineered to encode an antigen of interest under control 
of a strong promoter for high-level and long-lasting pro-
tein expression in mammalian cells. One of the greatest 
advantages of DNA-based vaccines is their ability to acti-
vate both humoral and cell-mediated arms of the immune 
system, making them attractive vaccine vehicles [12]. DNA 
vaccines are cost-effective since recombinant plasmids can 
be produced at large scale in bacteria and purified by sim-
ple methods. They are more temperature stable compared 
to protein vaccines, allowing for storage, transport, and use 
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in variable field conditions. Importantly, DNA vaccines are 
molecularly defined and may provide long-term persistent 
immune responses specific to the antigen of interest. DNA 
plasmids themselves intrinsically include CpG immunostim-
ulatory sequences that may act as potent adjuvants. Numer-
ous studies in animals as well as dozens of human clinical 
trials have provided firm evidence that DNA vaccines are 
safe [12–14]. Several DNA vaccines for veterinary appli-
cations have been licensed, including West Nile virus vac-
cine for horses (West Nile-Innovator®, Fort Dodge Animal 
Health, Fort Dodge, IA, USA) and anti-melanoma vaccine 
for dogs (Oncept™, Merial, Lyon, France).

The DNA platform has been utilized for development of 
anti-fertility vaccines against several reproductive targets, 
including zona pellucida [15–18], fertilin ß subunit [19], 
YLP12 [20], fertilization antigen FA-1 [21], GnRH peptide 
[22, 23], testis-specific sodium-hydrogen exchanger protein 
[24], and cation channel sperm-associated protein 1 [25]. 
Gonadotropin-releasing hormone receptor (GnRHR) is an 
unexplored target in this respect. This is a receptor for a 
hypothalamic decapeptide GnRH that specifically binds 
and activates GnRHR on gonadotrope cells in the pituitary 
gland. The receptor regulates synthesis and secretion of 
pituitary gonadotropins that are essential for reproductive 
functions, including gametogenesis and synthesis of gonadal 
steroids [26]. The GnRH receptor is an attractive target for 
animal contraception for several reasons. First, GnRHR is 
a vital link in hypothalamus-pituitary-gonadal cascade of 
reproductive events disruption of which leads to infertility. 
Second, the location of the pituitary gland outside of the 
brain facilitates systemic access to GnRHR without crossing 
the blood brain barrier, unlike delivery to the hypothalamic 
contraceptive targets. Third, disruption of GnRH–GnRHR 
interaction stops reproduction and sexual behavior in both 
male and female animals.

The objectives of this study were to generate several DNA 
constructs directed against GnRHR which are composed 
of different domains and to characterize these constructs 

for their ability to promote specific immune responses 
and suppression of reproductive parameters in vivo. Such 
DNA-based vaccines have potential applications in animal 
contraception.

Materials and Methods

Animal Samples and Generation of Ub‑fGnRHR 
Constructs

All animal samples were collected under protocols approved 
by Auburn University Institutional Animal Care and Use 
Committee (AU IACUC). For molecular cloning of feline 
GnRHR (fGnRHR), pituitary glands were obtained from 
three normal cats (6-month-old male, 11-month-old female, 
and 3-year-old female). For molecular cloning of ubiquitin, 
whole brains were collected from CD-1 male mice. RNAs 
were isolated from collected tissues using RNeasy Lipid Tis-
sue Mini Kit (Qiagen, Germantown, MD, USA) as directed 
by the manufacturer.

To generate the Ub-fGnRHR construct, two support plas-
mids were produced: (1) fGnRHR plasmid encoding for 
feline GnRHR gene and (2) Ub plasmid encoding for murine 
ubiquitin gene. To produce the fGnRHR plasmid, fGnRHR 
gene was amplified from total RNA (isolated from cat pitui-
tary) with gene-specific primers (A) and (B) (Table 1) and 
the amplified product was cloned into EcoRI and XbaI 
restriction sites of pcDNA™3.1(+) Mammalian Expression 
Vector (Invitrogen, Carlsbad, CA, USA). To produce the Ub 
plasmid, ubiquitin gene was amplified from total RNA (iso-
lated from mouse brain tissue) with gene-specific primers 
(C) and (D) (Table 1) and the amplified product was cloned 
into EcoRI and NotI restriction sites of pcDNA3.1 plasmid 
(Invitrogen). The final Ub-fGnRHR plasmid was created in 
two steps. First, fGnRHR sequence was amplified from fGn-
RHR support plasmid using primers (E) and (F) (Table 1) 
and cloned into NotI and XbaI restriction sites. Second, the 

Table 1  Primer sequences used 
for cloning and amplification 
of murine ubiquitin and feline 
GnRHR genes

Gene/construct name Primer name/nucleotide sequence (5′–3′)

fGnRHR A: ACTCgAATTCgCCA CCA TggCAAgTgCCC CTC C
B: ACT CTC TAgATT ACA gAgAgAAA TAC CCA 

Ub C: CgACTCgAATTCgCCA CCA TgCAgATC TTC gTgAAg
D: gACTATgCggCCgCCA CCT CTCAggCgAAggACC 

Ub-fGnRHR E: TCT TTA TgCggCCgCATggCAAgTgCCC CTC CTg
F: ACT CTC TAgACTAgTggTgATggTgATgATgCAgAgA-

gAAA TAC CCATA 
G: ATA CTC ggATCCgCCA CCA TgCAgATC TTC gTgAAg
H: gACTATgCggCCgCTCgCAC CTC TCAggCgAAggACCAg
I: ATA CTC ggTACCgCCA CCA TgCAgATC TTC g
J: ACT CTC TAgACC TAC AgAgAgAAA TAC CCA TAT ATAAg
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ubiquitin sequence was amplified from Ub support plasmid 
using primers (G) and (H) (Table 1) and ligated into BamHI 
and NotI restriction sites of the same plasmid yielding a 
construct encoding for recombinant Ub-fGnRHR protein.

Three additional constructs encoding Ub-fGnRHR 
recombinant protein were created using pSF-CAG-Kan (Cat 
#OG505), pSF-EF1 Alpha (Cat #OG43), and pSF-CMV-
Kan (Cat #OG10) plasmids (Oxford Genetics, Begbroke, 
UK), which are identical except for the promoters. The Ub-
fGnRHR DNA fragment was amplified using primers (I) 
and (J) and cloned in Kpn1 and Xba1 restriction sites of the 
corresponding plasmids. All primers were purchased from 
TIB MolBiol (Adelphia, NJ, USA).

One-Step RT-PCR Kit (Qiagen) was used for reverse 
transcription and amplification of total RNA. DNA prod-
ucts were purified using a QIAquick PCR Purification Kit 
(Qiagen). T4 DNA ligase and all restriction enzymes were 
purchased from New England BioLabs (Ipswich, MA, USA). 
Sequencing of PCR products was performed by Massachu-
setts General Hospital DNA Core Center for Computational 
and Integrative Biology (Cambridge, MA).

Evaluation of mRNA Expression

For transfection, Chinese hamster ovary (CHO-K1) cells 
(CCL-61, ATCC, Manassas, VA, USA) (aliquots of 5 × 105 
cells) were mixed with 1.5 µg plasmid DNA in a 100 µl 
volume. Electroporation was performed at 250 V, 30 msec 
pulse length. The transfected cells were cultured for 48 h and 
total RNA isolated. To confirm transcriptional expression, 
Ub-fGnRHR mRNA was amplified with standard primers 
T7 and BGH and subjected to 0.8% agarose electrophoreses.

Immunization of Mice

All animal procedures were performed according to proto-
cols approved by AU IACUC. Mice were 8-week-old CD-1 
(outbred) males purchased from Charles River Laboratories 
(Willington, MA, USA). To conduct experiments with dif-
ferent DNA administration routes, mice (eight/group) were 
randomized into three treatment groups: (1) pcDNA(CMV)-
UbfGnRHR plasmid (see Fig. 1 for design of all plasmids 
and their abbreviations) administered intramuscularly 

Fig. 1  Construction and 
expression of DNA plasmids 
with the Ub-fGnRHR insert. 
a Schematic diagram of the 
constructs and their abbreviated 
names. b RT-PCR detection of 
UbfGnRHR mRNA in CHO-K1 
cells. Lanes: (1) UbfGnRHR-
transfected cells, (2) UbfGn-
RHR-transfected cells, no RT 
control, (3) not transfected cells 
(negative control), (4) plasmid 
containing UbfGnRHR insert 
(positive control), (5) 1 Kb MW 
ladder. The expected molecu-
lar weight (1366 bp) band for 
murine ubiquitin-feline GnRHR 
PCR product is shown by arrow
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(IM), (2) pcDNA(CMV)-UbfGnRHR plasmid immobilized 
on 200 nm chitosan-coated PLGA nanoparticles (Degra-
dex™ PLGA Nanospheres, Phosphorex, Inc, Hopkinton, 
MA, USA) administered IM, and (3) pcDNA(CMV)-Ubf-
GnRHR plasmid administered intradermally (ID). In both 
IM groups, each animal was immunized with 100 µg DNA 
(50 µg DNA in 50 µl PBS per quadriceps femoris muscle). In 
the ID group, mice were first anesthetized via intraperitoneal 
injection of ketamine/dexmedetomidine, and then, 15 µg 
DNA was injected into the dermis of each ear pinna (30 µg 
DNA per animal, 30 µl volume/injection). The experiment 
on optimization of the delivery route continued 12 weeks. 
To conduct experiments testing different promoters, mice 
(eight/group) were randomized into the following groups: 
(1) treated with pSF(CMV)-UbfGnRHR plasmid, (2) treated 
with pSF(EF1α)-UbfGnRHR plasmid, and (3) treated with 
pSF(CAG)-UbfGnRHR plasmid. In this experiment, all 
mice were immunized ID as described above. The experi-
ment on promoter optimization continued 25 weeks. Mouse 
testes were harvested at necropsy, weighted, and fixed in 4% 
paraformaldehyde, 0.1M phosphate buffer. The tissues were 
embedded in paraffin. Tissue sections were stained using 
Hematoxylin and Eosin standard protocol.

ELISAs: Detection of GnRHR Antibodies 
and Testosterone

GnRHR antibodies were detected by ELISA using a syn-
thetic 29 amino acid peptide (AnaSpec, Fremont, CA, USA) 
representing N-terminal extracellular domain of the feline 
GnRH receptor protein (MASAPPEQNQNHCSAINNSI-
PLMQGNLP-K-Biotin) to serve as the fGnRHR antibody 
detector molecule. The step-by-step protocol was described 
previously [27]. To measure serum testosterone, a Mouse 
and Rat Testosterone ELISA kit (ALPCO, Salem, NH, USA) 
was used as directed by the manufacturer. The absorbance 
was measured at 490 nm using Synergy HT reader (BioTek, 
Winooski, VT, USA).

RT qPCR

The pituitary glands were collected at necropsy and total 
RNA isolated. One-step RT qPCR was performed with iTAq 
Universal Probes One-Step Kit (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA) according to the manufacturer’s protocol 
using CFX96 Real-Time PCR Detection System (Bio-Rad). 
Two sets of primers and probes were designed. For murine 
GnRHR, forward primer was TCTgCAATgCCA AAA TCA 
TCT , reverse primer was TAgCgAATgCgACTgTCATC, and 
probe was 6FAM-AgCgTTC TCA gCCgAgCTCTTgg-BHQ1. 
For murine beta actin (housekeeping gene), forward primer 
was ATT ACT gCTCTggCTC CTA gC, reverse primer was 

gggCCggACT CAT CgTA, and probe was 6FAM-TCC ACA 
TCTgCTggAAggTggACA-BHQ1.

Fertility Trials

Fertility trials were conducted with three test and one con-
trol groups of mice (eight mice per group). In the treatment 
groups, mice were immunized with pSF(CMV)-UbfGnRHR, 
pSF(EF1α)-UbfGnRHR, or pSF(CAG)-UbfGnRHR plasmid 
using the intradermal protocol as described in the mouse 
immunization section above. Twenty-two weeks post treat-
ment, male mice were paired for mating with normal (not 
treated) female mice at 1:1 ratio and housed one pair per 
cage. In the control group, normal males were paired with 
normal females as for the treatment groups. Female mice were 
checked daily for vaginal plugs (indication of mating). Start-
ing 1 week after pairing, female mice were checked daily for 
signs of pregnancy (enlarged abdomen and presence of fetuses 
detected by palpation). Male and female mice were separated 
after 2 weeks of pairing. Pregnant female mice were eutha-
nized at the time when the pregnancy was confirmed and the 
number of fetuses was counted.

Data Entry and Analysis

GnRHR antibody responses in sera of immunized mice were 
expressed as means of OD490 ± SE for individual mouse 
groups at serum dilution of 1:1600. Testosterone data were 
entered and stored in Microsoft Excel  2013TR and analyzed 
using Statistical Analysis System software (SAS, release ver-
sion 9.4, Cary, NC). The general linear model (GLM) for 
repeated measures analysis of variance (ANOVA) was used to 
detect differences in testosterone levels within groups by using 
reference contrasts comparing each week post-immunization 
with pre-immunization data. qPCR data were analyzed using 
GLM for ANOVA and Dunnett’s test to compare each of the 
treated groups to the control. The data obtained in the fertility 
trials (number of fetuses per female mouse) were analyzed 
with GLM for ANOVA and Dunnett’s test to compare three 
test groups to the control group (normal males paired with 
normal females). For the mean testicular size, each group was 
compared to the control using the GLM for ANOVA and Dun-
nett’s test. Within group antibody values were analyzed using 
the GLM for repeated measures analysis of variance and refer-
ence contrasts comparing each week post-immunization with 
pre-immunization data.
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Results

Generation and Expression of Ub‑fGnRHR 
Constructs

To generate constructs targeting GnRHR, commercially 
available DNA vectors for mammalian expression were 
used to incorporate sequences encoding for GnRHR, the 
target antigen, and ubiquitin (Ub), a support protein. Since 
GnRHR is a self-protein, an oligonucleotide sequence 
encoding heterologous antigen (feline GnRHR) was used 
to overcome self-tolerance in mice. In addition, ubiquitin 
was utilized for induction of anti-self immunity via tar-
geting recombinant GnRHR protein to the ubiquitin–pro-
teasome system for effective degradation and antigen 
presentation.

In total, four constructs were generated (Fig. 1a). All 
of them had Ub-fGnRHR inserts. One of the constructs 
(named pcDNA(CMV)-UbfGnRHR) was generated using 
an Invitrogen pcDNA3.1 plasmid containing CMV pro-
moter. This construct was used in mouse experiments that 
tested different administration routes. Three additional 
constructs were created using Oxford Genetics pSF plas-
mids, which have identical backbones, but differ by pro-
moters (CMV, EF1α, or CAG). These constructs named 
pSF(CMV)-UbfGnRHR, pSF(EF1α)-UbfGnRHR, and 
pSF(CAG)-UbfGnRHR were used to identify the best pro-
moter for strong expression of the GnRHR antigen leading 
to suppression of testosterone in immunized mice.

Expression of the encoded antigen was verified in vitro 
by transient transfection of CHO-K1 cells. Using RT-
PCR, mRNA specific to the encoded genes was detected 
in transfected cells indicating successful transcription 
of the ubiquitin and fGnRHR genes (Fig. 1b). Sequence 
analysis confirmed that the PCR products had 100% accu-
rate sequences for the encoded genes. We were not able to 
demonstrate a clear-cut identification of fGnRHR protein 
in transfected cells either by using GnRHR antibodies or 
the inositol phosphate 1 (IP-1) method (P-One Cisbio kit, 
quantifies G-protein coupled receptors), most likely, due 
to the fact that antibodies that recognize feline GnRHR 
reliably are not available, and/or because of low expression 
of the protein. Indirectly, fGnRHR protein expression was 
confirmed later in the study via detection of anti-fGnRHR 
antibodies in fGnRHR-immunized mice.

Ub‑fGnRHR Construct: Delivery Optimization in Mice

Three delivery routes/methods were tested in mice using 
the pcDNA(CMV)-UbfGnRHR construct: (1) intramus-
cular injection into quadriceps muscle of the construct 

alone, (2) intramuscular injection into quadriceps muscle 
of the construct immobilized on poly(lactic-co-glycolic 
acid) (PLGA) nanoparticles, and (3) intradermal injec-
tion into ear pinna of the construct alone. PLGA was used 
in the study since it is known to act as an adjuvant and 
for slow DNA release. The experiment continued for 12 
weeks and sera collected from the immunized animals at 
four time points were assayed for GnRHR antibodies and 
testosterone.

GnRHR antibodies were not found in sera of mice immu-
nized intramuscularly at any time points. GnRHR antibod-
ies were detected in sera of mice immunized intradermally 
at week 12 post immunization. Also, mice immunized via 
intramuscular administration (with or without PLGA par-
ticles) did not demonstrate significant suppression of tes-
tosterone (Fig. 2a, b) (p > 0.05). In contrast, the mean tes-
tosterone value for the intradermal group was significantly 
lower at week 12 post-immunization as compared to its pre-
immunization value (Fig. 2c) (p < 0.05). Based on GnRHR 
antibody responses and serum testosterone suppression, 
intradermal was found to be superior as compared to intra-
muscular delivery and, therefore, was used as the preferred 
administration route in experiments that followed.

Ub‑fGnRHR Constructs: Promoter Optimization 
in Mice

Three DNA constructs encoding Ub-fGnRHR antigen driven 
by different promoters were tested to identify a promoter that 
supports the antigen expression resulting in the most promi-
nent and prolonged immune responses and testosterone sup-
pression in mice. All constructs were created using pSF core 
plasmids with identical bacterial backbones, but with differ-
ent promoters (CMV, EF1α, or CAG). pSF(CMV)-UbfGn-
RHR, pSF(EF1α)-UbfGnRHR, or pSF(CAG)-UbfGnRHR 
constructs were administered in mice once intradermally and 
blood was collected from the immunized animals eight times 
during the experiment, which continued for 25 weeks.

GnRHR antibodies were detected in serum samples col-
lected from mice immunized with pSF(CMV)-UbfGnRHR 
or pSF(CAG)-UbfGnRHR constructs starting at week eight 
(Fig. 3) or with pSF(EF1α)-UbfGnRHR starting at week 
12. From that time point, the antibody levels were increas-
ing and persisted in the blood of all three mouse groups 
until week 22 of the experiment (p < 0.05). The antibod-
ies were detectable in the pSF(EF1α)-UbfGnRHR mouse 
group until the end of the experiment (week 25). Signifi-
cant testosterone suppression was found in mice immunized 
with pSF(CMV)-UbfGnRHR and pSF(EF1α)-UbfGnRHR 
constructs as compared to their pre-immunization group 
values (Fig. 4a, b). In pSF(EF1α)-UbfGnRHR group, a sig-
nificant decrease in testosterone was first observed at week 
12 and in the pSF(CMV)-UbfGnRHR group at week 16 post 
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immunization (p < 0.05). In both groups, testosterone sup-
pression continued for at least 6–8 weeks. No statistically 
significant (p > 0.05) decrease in testosterone was observed 
in mice immunized with the pSF(CAG)-UbfGnRHR con-
struct (Fig. 4c).

To obtain insights on possible mechanisms leading to tes-
tosterone suppression, pituitary glands were collected from 
immunized mice at necropsy and GnRHR mRNA was quan-
tified using qPCR analysis. Statistically significant decrease 
in GnRHR mRNA expression was found in all treatment 
groups, as compared to untreated control mice (Fig. 5). Also, 
the total weight of testes (left plus right) removed at nec-
ropsy was measured and the testicular weight expressed as 
a percentage of the body weight calculated for each group. 
This parameter for all test groups was lower than for the 
control group. For mice immunized with pSF(CMV)-Ubf-
GnRHR, pSF(EF1α)-UbfGnRHR, and pSF(CAG)-Ubf-
GnRHR constructs, it was equal to 0.57, 0.49, and 0.56%, 
respectively, while for the control group it was 0.63%. For 

pSF(EF1α)-UbfGnRHR group, the difference was statisti-
cally significant. Histological evaluation of mouse testes 
demonstrated mild changes in a small number of test ani-
mals, including alteration in seminiferous tubules character-
ized by occasional basally oriented retention of spermatid 
nuclei (two mice) and formation of sperm granuloma (one 
mouse) in the pcDNA(CMV)-UbfGnRHR group immunized 
intradermally.

Fertility Trials in Mice

Fertility trials in mice were conducted to evaluate whether 
their fertility was affected by immunizations with DNA Ub-
fGnRHR constructs. Twenty-two weeks post treatment, male 
mice immunized with pSF(CMV)-UbfGnRHR, pSF(EF1α)-
UbfGnRHR, or pSF(CAG)-UbfGnRHR constructs were 
paired with normal females and the number of fetuses per 
female were counted. Number of fetuses in the test group 
treated with UbfGnRHR construct driven by EF1α promoter 

Fig. 2  Serum testosterone in mouse sera prior to and post immuni-
zation with the pcDNA-UbfGnRHR construct delivered via different 
administration routes/methods (distribution by week). a Intramus-
cular administration. b Intramuscular administration combined with 
delivery by PLGA nanoparticles. c Intradermal administration into 
ear pinna. Sera were collected before immunization and at three time 

points (4, 8, and 12 weeks) after immunization and assayed for testos-
terone content. Box plots: rectangular boxes represent the interquar-
tile range (25th to 75th percentile); diamonds inside boxes are group 
mean values; lines inside boxes are group medians; vertical lines 
(whiskers) represent minimum and maximum values for each group. 
P < 0.05 is noted with an asterisk



79Molecular Biotechnology (2019) 61:73–83 

1 3

had a significantly lower number of fetuses (group mean 
9.25) as compared to untreated control group (14 fetuses), 
(p < 0.05) (Fig. 6). The number of fetuses in the remaining 
two treatment groups was lower than in the control group, 
but not significantly (p > 0.05).

Discussion

The focus of this study was on construction of DNA-based 
vaccines that target the GnRH receptor, a crucial player in 
animal reproduction. To overcome GnRH receptor toler-
ance, DNA plasmids were designed to include a heterolo-
gous (feline) GnRHR-encoding sequence for immunization 
of mice. A similar approach was shown to be successful 
by others. For example, Oncept™, an effective DNA vac-
cine for treatment of malignant melanoma in dogs, encodes 
heterologous human tyrosinase that breaks tolerance and 
generates substantial immune responses against the canine 
protein [28, 29]. In another instance, cats and dogs immu-
nized with bovine luteinizing hormone receptor (LHR) 
protein produced anti-receptor antibody causing significant 
suppression of their reproductive functions [30, 31]. Immu-
nizations with follicle stimulating hormone receptor (FSHR) 
or LHR using human- or porcine-derived proteins elucidated 
immune reactions in mice that effectively inhibited their fer-
tilization [32–34].

Additionally, to override GnRHR selfness, DNA plas-
mids in this study were constructed to encode ubiquitin, a 
small protein that targets intracellular proteins to protea-
some. Ubiquitin is a 76 amino acid long highly conserved 
intracellular protein that has been found in almost all tis-
sues of eukaryotic organisms [35]. Vaccination with plas-
mid DNA encoding ubiquitin-conjugated protein allows 
expression of the mono-ubiquitinated antigen in cytoplasm 
of the transfected antigen presenting cells (APCs). Mono-
ubiquitinated substrate then triggers a cascade of polyubiq-
uitination, targeting the antigen to the proteasome for effec-
tive protein degradation to antigenic peptides, which form 
complexes with MHC-I molecules. Subsequently, MHC-I/
peptide complexes are transported to the surface of APCs 
and activate antigen-specific  CD8+ T cells [36, 37]. Chou 
et al. [38], for example, constructed a DNA vaccine encod-
ing for ubiquitin fused to aquaporin, a water channel protein 
highly expressed in the vascular endothelial cells of cancers. 
Vaccination with the resulting plasmid DNA successfully 
established cytotoxic T lymphocytes (CTLs) specific to 
aquaporin, which killed aquaporin-expressing endothelial 
cells in tumor vasculature, preventing tumor growth. Moreo-
ver, there is a report showing that fusion of ubiquitin to a 
self-antigen (tyrosinase-related protein 2) facilitated forma-
tion of specific CTL epitopes, resulting in immunity against 
cells expressing self-antigen [36].

Various methods for delivery of the DNA-GnRHR con-
struct in mice were tested in the present study. Intramuscular 

Fig. 3  GnRHR antibodies in mouse sera prior to and post immuniza-
tion with the pSF-UbfGnRHR constructs driven by different promot-
ers, CMV, EF1α, or CAG. Sera were collected before immunization 
and at seven time points after immunization and assayed for GnRHR 
antibodies by ELISA. A twenty-nine amino acid synthetic peptide 
representing the N-terminal extracellular domain of the feline GnRH 

receptor protein was used as the GnRHR antibody detector molecule. 
The duration of the experiment was 25 weeks. Data are presented 
for individual mouse groups as OD490 means of two repeats ± SE 
at serum dilutions of 1:1600. Significance level of p < 0.05 is shown 
with an asterisk
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delivery of the construct alone and on PLGA particles did 
not promote immune responses leading to testosterone sup-
pression; however, intradermal administration was effective. 
Even though muscle was the first and is the most traditional 
site for DNA injections, skin was shown to be an immuno-
logically better site for DNA immunization due to abun-
dant presence of immune cells such as Langerhans (den-
dritic cells) [39]. Moreover, intra-ear pinna immunization 
is a type of administration that was demonstrated to induce 
superior immune responses to DNA vaccines compared to 
subcutaneous inoculation [40]. This might be explained by 
the special structure of the pinna, which contains two layers 
of epidermis and dermis (separated by ear cartilage) with a 
high number of dendritic cells within a restricted area con-
nected with major superficial cervical draining lymph nodes. 
Importantly, efficacy of intra-pinna DNA vaccination was 
shown in different species, including cats [41] and dogs [42]. 
For example, a single intradermal DNA immunization in ear 
pinna, given 1 year prior to infection, protected dogs against 
rabies virus [42, 43].

DNA constructs encoding GnRHR driven by different 
promoters (CMV, EF1α, or CAG) were generated in this 
study to identify those that support high antigen expression 
leading to suppression of reproductive functions in immu-
nized mice. Theoretically, EF1α and CAG promoters can 
be superior to CMV because they contain components that 
might prevent promoter methylation and, therefore, be active 
for extended periods of time [44–46]. Here, GnRHR plasmid 
driven by EF1α promoter was found to be the most effective 
in suppression of testosterone and reduction of fetuses in 
mouse fertility trials.

To obtain insights on possible mechanisms leading to tes-
tosterone suppression and reduced fertility, expression of 
GnRHR mRNA was quantified in mouse pituitary glands. 
A significant decrease in GnRHR mRNA was found in the 
treatment groups, as compared to controls. This could be due 
to lysis of GnRHR-expressing cells (gonadotropes) in the 
pituitary gland by GnRHR-specific cytotoxic T lymphocytes 
or cytotoxic cells (e.g., natural killer cells, macrophages, 
monocytes) activated by anti-GnRHR antibodies. It is also 

Fig. 4  Testosterone in mouse sera prior to and post immuniza-
tion with pSF-UbfGnRHR constructs driven by different promot-
ers, CMV, EF1α, or CAG (distribution by week). a Mice immu-
nized with pSF(CMV)-UbfGnRHR construct. b Mice immunized 
with pSF(EF1α)-UbfGnRHR construct. c Mice immunized with 

pSF(CAG)-UbfGnRHR construct. Serum samples were collected 
before immunization and at seven time points after immunization 
and assayed for testosterone. The duration of the experiment was 25 
weeks. Box plots presented as in Fig.  2. P < 0.05 and p < 0.01 are 
noted in the figure with one or two asterisks, respectively
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possible that downregulation of GnRHR mRNA was caused 
by interference of GnRHR antibodies with GnRH–GnRHR 
binding and/or signaling. Mo et al. [47] demonstrated sig-
nificant downregulation of GnRHR mRNA in the pituitary 
after treatment of rats with various GnRH agonists and 
antagonists known to influence GnRH–GnRHR interac-
tion. In another example, the amount of GnRHR mRNA 
in the pituitary was found to be significantly lower in pigs 
treated with a GnRH-based vaccine designed for immuno-
logical castration [48]. Despite the fact that GnRHR mRNA 
expression was downregulated in all treatment groups in this 
study, significant suppression of fertility was found only in 
the group of mice immunized with pSF(EF1α)-UbfGnRHR 
construct. Additional studies as to cellular localization of the 
GnRHR protein in gonadotropes of immunized mice will be 
needed to explain these findings.

While suppression of some reproductive functions in 
GnRHR-immunized mice was demonstrated, the com-
plete loss of fertility was not achieved, most likely, because 
expression of the antigen (GnRHR) was not sufficiently high 
and its duration was not long enough to establish immu-
nological memory. One of the major reasons for transgene 

silencing and subsequent loss of expression is CpG meth-
ylation in the promoter area [49, 50]. To prevent promoter 
silencing and improve performance of the constructs, the use 
of CpG-free promoters might be advantageous. Also, DNA-
GnRHR constructs might be optimized with a dual antigen 
expression system. Others have shown that a plasmid with a 
dual antigen expression cassette increased transgene expres-
sion significantly as compared to a plasmid with a single cas-
sette [51]. Additional approaches for enhanced and extended 
GnRHR expression include linearization of the plasmid and 
minimization of the plasmid bacterial backbone. Lineari-
zation of the plasmid allows improved cell transfection. 
Minimizing bacterial backbone prevents excessive immune 
reactions against cells transfected with the antigen that might 
kill the cells [50]. Also, for enhanced antigen expression, 
delivery of DNA constructs might be combined with elec-
troporation that improves cell transfection drastically [52].

Conclusions

In this study, we generated DNA-based vaccines directed 
against a key contraceptive target, the GnRH receptor, some-
thing not previously reported. Such DNA constructs were 
shown to stimulate biologically relevant immune responses 
against the antigen resulting in suppression of testosterone 
and impaired fertility in immunized mice. Importantly, this 
was achieved with a single immunization and without the 

Fig. 5  Quantitative GnRHR mRNA expression in pituitary glands 
collected from mice immunized with different Ub-fGnRHR con-
structs. Mouse groups: (1) not treated, (2) immunized with 
pSF(CMV)-UbfGnRHR construct, (3) immunized with pSF(EF1α)-
UbfGnRHR construct, and (4) immunized with pSF(CAG)-Ubf-
GnRHR construct. The pituitary glands were collected at necropsy 
and total RNA isolated. One-step RT qPCR was performed with 
iTAq Universal Probes One-Step Kit using CFX96 Real-Time PCR 
Detection System. Two repeats for each sample were run. The CFX 
Manager Software incorporated in the equipment calculates rela-
tive expression level of the target sequence in treated samples rela-
tive to control samples. The data are shown as mean relative normal-
ized expression for each group ± SEM. The graph data are presented 
using the “relative to control” option with the y axis scaled from 0 to 
1 to quickly visualize up- or downregulation of the target. All treated 
groups were significant from the control at p < 0.001

Fig. 6  Fertility trials in mice treated with different Ub-fGnRHR 
constructs. Groups: (1) control, not treated, (2) immunized with 
pSF(CMV)-UbfGnRHR construct, (3) immunized with pSF(EF1α)-
UbfGnRHR construct, and (4) immunized with pSF(CAG)-UbfGn-
RHR construct. Number of fetuses per female mouse was counted to 
compare test groups (immunized males paired with normal females) 
to the control group (normal males paired with normal females). Sig-
nificance level of p < 0.05 is noted with an asterisk
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use of adjuvants. The forthcoming research will be focused 
on generation of improved GnRHR-encoding DNA con-
structs for induction of immunological memory and sub-
sequent long-lasting loss of fertility in immunized animals. 
The immunomodulation strategies will also be explored.
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