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Abstract

Immunocastration is a humane alternative to surgical castration for controlling population and estrous behaviors in ani-
mals. Gonadotropin-releasing hormone (GnRH), the pivotal initiating hormone of the hormonal cascade in mammals, is
the optimal target for immunocastration vaccine development. Cognate antigen-mediated cross-linking of B cell receptors
(BCRys) is a strong activation signal for B cells and is facilitated by repetitive surface organizations of antigens. In this study,
we describe the structure-guided design of highly immunogenic chimeric proteins with variant numbers of GnRH peptide
insertion by epitope grafting. Linear B-cell epitopes of cross-reacting material 197 (CRM197) were replaced with multiple
copies of GnRH peptide, and the inserts were displayed on the surface of the designs while maintaining the overall folding
of CRM197. Among the seven designs, TCG13, which carries 13 copies of GnRH peptide, was the most immunogenic, and
its immunocastration efficacy was evaluated in male mice. Vaccination with the BFA03-adjuvanted TCG13 induced potent
humoral immunity and reduced the serum testosterone concentration in mice. It could significantly decrease sperm quality
and severely impair gonadal function and fertility. These results demonstrate that CRM197 holds great value as a scaffold
for epitope presentation in peptide-based vaccine development and supports TCG13 as a promising vaccine candidate for
animal immunocastration.

Key points

e Provide a feasible way to design chimeric immunogen targeting GnRH by epitope grafting.

e CRM 197 can accommodate the insertion of multiple copies of heterologous epitope peptides.

e Administration with the most immunogenic design led to effective immunocastration in male mice.
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Introduction
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to atrophy of the gonads and infertility in both genders (Ein-
arsson et al. 2011; Millar 2005; Whitlock et al. 2019).

Traditionally, for the production of a GnRH vaccine, the
non-immunogenic GnRH decapeptide requires chemical
conjugation to a potent immunogenic carrier protein due to
the lack of CD4" response (Dalum et al. 1997). Up to now,
all licensed GnRH vaccines on the market are conjugate vac-
cines (Naz and Saver 2016; Khumsap et al. 2024; Ochoa
et al. 2023). However, conjugate vaccines are often associ-
ated with poor homogeneity and complicated preparation
methodologies due to chemical conjugation reactions. To
overcome the inherent disadvantages of GnRH conjugate
vaccines, a variety of approaches have been applied to pre-
pare well-defined GnRH subunit vaccines with enhanced
immunogenicity. These efforts shed light on the develop-
ment of the next-generation GnRH vaccine. A tandem
repeated GnRH-I hexamer fused to maltose-binding protein
(MBP) expressed in Escherichia coli showed high immu-
nogenicity with improved homogeneity (Fang et al. 2010;
Jiang et al. 2015). A tandem repeat of the GnRH primary
sequence fused with the non-pathogen-associated linker
sequence was designed, and a long-lasting specific immune
response against GnRH and high anti-GnRH antibody titers
was detected in both male and female BALB/c mice immu-
nized upon immunization (Siel et al. 2016, 2024). In a more
recent study, a recombinant fusion protein containing eight
repeats of GnRH-I plus four T-helper epitopes was demon-
strated to be effective in terms of reducing fertility in mice
and dogs (Chang et al. 2021, 2023).

B-cell activation is pivotal for the subsequent immune
responses, and it is initiated by the binding of cognate anti-
gen to the B cell receptor (BCR) (Liu and Chen 2005). Sev-
eral variables such as size, density or valency, and surface
properties of an antigen are critical for the efficient activa-
tion of B-cells and secretion of antibodies (Pone et al. 2022;
Wen et al. 2019; Zeigler et al. 2019). Owing to the advances
in structural biology, in particular, computational biology,
these parameters can be tailored to guide the design of anti-
gens with improved immunogenicity.

Here, we presented a feasible way to design a novel
GnRH vaccine immunogen by grafting GnRH peptide into
Cross-reactive material 197 (CRM197) aided by computa-
tional design. CRM197 is the diphtheria toxin (DT) non-
toxic mutant successfully used in many polysaccharide
conjugate vaccines (Conde et al. 2021; Giannini et al. 1984,
Malito et al. 2012; Pichichero 2013), and its immune-stim-
ulant properties as a carrier protein has been employed in
subunit vaccine development (Bellone et al. 2021; Wang
et al. 2019). Recently, a synthetic tandem-repeated GnRH
hexamer (GnRH6) fused to CRM197 was prepared, and its
efficacy was proved in male rats (Gong et al. 2024). Car-
rier-induced epitope suppression (CIES) was a phenom-
enon wherein antibodies produced in response to peptide
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conjugate vaccines and polysaccharide vaccines may hinder
the subsequent immune response elicited by the same vac-
cine (Dalum et al. 1997). Although the precise mechanisms
underlying CIES remains unclear to date, employing com-
binations of multiple vaccines utilizing different carriers has
been shown to effectively mitigate certain instances of CIES
(Pollabauer et al. 2009; Xu et al. 2019). Instead of simply
transplanting the GnRH peptide into CRM 197, we replaced
several linear B-cell epitopes of CRM197 with multiple
copies of the GnRH peptide, thus increasing the density of
GnRH on the chimeric molecule while reducing the pos-
sible CIES effect. To enhance the size and solubility of the
designed antigen, E. coli trigger factor (TF) was fused to the
N terminus of each design (Ferbitz et al. 2004; Hoffmann
et al. 2010; Wu et al. 2022).

Based on the aforementioned strategy, seven CRM197-
GnRH chimeric antigens with variable GnRH insertions
were designed and expressed in E. coli followed by purifi-
cation. The immunogenicity of all the antigens was firstly
evaluated in female BALB/c mice, and the antigen that elic-
ited the highest anti-GnRH antibody titers was then system-
atically investigated for immunocastration efficacy in male
BALB/c mice (Fig. 1). This new GnRH vaccine antigen was
proved to be safe, highly immunogenic, and able to reduce
gonadal function, as well as fertility in the administered
mice. This method eliminates conventional conjugation
reactions and reduces the humoral response towards the
carrier protein, which might reduce vaccine efficacy (Fig. 2).

Materials and methods

Structure-guided design of the CRM197-GnRH
chimeric antigens

CRM197 is a thermally and conformationally stable nontoxic
form of DT that contains a single amino acid substitution
from glycine to glutamate in position 52 (G52E) which still
maintains the almost identical folding of DT. CRM 197 pro-
tein sequence (GenBank accession number AMV91693.1)
was acquired from NCBI and the three-dimensional struc-
ture of CRM197 (PDB ID: 4AEQ) was obtained from the
Protein Data Bank. The GnRH polypeptide (HWSYGLRPG)
omitting the N-pGlu was used for peptide insertion (Ferro
et al. 2002). Linear B-cell epitopes of DT have been recently
identified (De-Simone et al. 2021). Chimeric antigens were
designed by replacing linear B-cell epitopes located on the
surface within non-structured regions of CRM197 with vari-
ant numbers of GnRH peptide. Molecular dynamic (MD)
simulation was employed to evaluate the reliability of the
designs.

The MD simulation was performed by using AMBER18
molecular simulation package (Lee et al. 2018). The Amber
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Fig. 1 Schematic representation of the designing and evaluation of an immunocastration vaccine candidate

ff14SB force field was employed for the proteins, and the
TIP3P model was used for solvent water molecules (Alejan-
dre et al. 1995; Maier et al. 2015). The initial coordinates
and topology files were generated using the tleap program,
incorporating neutralization and solvation. Subsequent clas-
sical MD simulations were executed within a cubic model
under a periodic boundary condition. A series of routine
minimization steps was conducted to relax the solvent and
protein—ligand complex, first targeting solute atoms, then
the protein backbone, and finally without constraint. Fol-
lowing the optimization, the system was gradually heated
from 0 to 310 K over 100 ps under the NVT ensemble (N
is number of particles, V is volume, T is temperature), fol-
lowed by an additional 100 ps of MD simulations under NPT
(N is number of particles, P is pressure, T is temperature)
at 310 K and a target pressure of 1.0 atm. Subsequently,
250 ns NVT production MD simulations were performed at
310 K to obtain the trajectories. Throughout the simulations,
the SHAKE algorithm was employed to constrain the high-
frequency stretching vibration of all hydrogen-containing
bonds, while a cut-off of 12 A was established for both van
der Waals (LJ-12 potential) and electrostatic interactions
(PME strategy) (Jean-Paul Ryckaert and Berendsen 1977).
The root mean square deviation (RMSD) and 3D protein
structures extracted from the final MD trajectories were used
to evaluate the reliability of modified proteins. By choos-
ing the selected antigenic residues from the predicted 3D
structure, it can be determined whether the GnRH peptide

epitope remains on the protein surface after replacement and
whether the modified protein can still form a stable and com-
plete protein structure.

Conjugate preparation, chimeric antigen
expression, and purification

All the seven sequences encoding the designed CRM197-
GnRH chimeric antigens were deposited in GenBank. These
designs were CG1 (GenBank accession number PP271664),
CG5c¢ (GenBank accession number PP271665), CG8a
(GenBank accession number PP271666), CG8b (GenBank
accession number PP271667), CG10a (GenBank accession
number PP271668), CG10c (GenBank accession num-
ber PP271669), and CG13 (GenBank accession number
PP271670). The sequences were synthesized and cloned
into the BamHI/EcoRI sites of the pCold-TFM expression
vector (GENERAL Biosystems, Chuzhou, China), which
was modified from the vector pCold-TF (Cao et al. 2016).
Recombinant plasmids were transformed into E. coli BL21
(DE3) (Novagen, Darmstadt, Germany) competent cells and
induced with 0.5 mM isopropyl-p-D-thiogalactoside (IPTG)
(Solarbio, Beijing, China) at 16 °C for 16 h. Cultures were
harvested by centrifugation and resuspended and lysed by a
high-pressure cell crusher (Union-Biotech, Shanghai, China)
in binding buffer (20 mM Na,HPO,/NaH,PO,, 500 mM
NaCl, 5 mM imidazole, pH 8.0). After removing the insolu-
ble cell portion by centrifugation at 48,000 X g for 30 min at
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Fig.2 Structure-guided design of the CRM197-GnRH chimeric anti-
gens. a Schematic diagram of CG1 and CG13 antigen constructs. b
Expression and purification of recombinant TCG13. Lane M: protein
marker. Lane 1: supernatant. Lane 2: purified TCG13. ¢ Bioinformat-
ics analysis of CRM197-GnRH chimeric proteins based on the amino
acid sequences. Three-dimensional models were obtained by mode-

4 °C, the supernatant was loaded onto the Ni Sepharose 6 FF
resin column (Cytiva, Marlborough, MA, USA) previously
equilibrated with binding buffer. The resin was washed with
5 CVs (column volumes) washing buffer (binding buffer
with 20 mM imidazole), followed by eluting with elution
buffer (binding buffer with 250 mM imidazole). The elu-
ent was changed to buffer A (20 mM NaHPO,/NaH,PO,,
20 mM NaCl, 1 mM EDTA, pH 8.0) using a Desalting FF
5 mL column (Cytiva, Marborough, USA) and then applied
to a DEAE FF ion-exchange column (Cytiva, Marborough,
USA) in the Union-250 protein purification system (Union-
Biotech, Shanghai, China). The target protein was collected
in the flow-through fraction. Expressed and purified product
of recombinant antigen was examined by 12% SDS-PAGE
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ling and refinement. The relative locations of the polymorphic amino
acid substitutions were shown on a surface plot. GnRH and CRM197-
protein were shown in red and gray color, respectively. Structure
superimposition of CRM197-GnRH chimeric antigens (red ribbon)
and the monomer of wild-type CRM197 (PDB: 4AEQ, blue ribbon).
RMSD graphs for analyzing simulations of the trajectory (250 ns)

analysis and quantified on a Nanodrop 2000 (ThermoFisher
Scientific, Waltham, MA, USA).

To prepare the GnRH-CRM197 conjugates, the N-ter-
minus of the primary GnRH sequence was modified by
the addition of a cysteine (CHWSYGLRPG, Hefei KS-V
Peptide Inc, China), which enabled conjugation with
CRM197 (Keynova, Weifang, China) using sulfo-succin-
imidyl 4-[N-maleimidomethyl] cyclohexane-1-carboxylate
(Sulfo-SMCC, Thermo Fisher Scientific, USA) according
to the instructions in a two-step reaction scheme. The puri-
fied recombinant and final product were buffer changed
into phosphate-buffered saline (PBS) and stored at- 80 °C
for vaccine preparation (final concentration of antigen was
2 mg/mL).
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Antigen immunogenicity evaluation in BALB/c mice

Seven purified antigens were selected for immunogenic-
ity evaluation; 30 pg of individual antigen was mixed
with 50 pL. BFAO3 adjuvant kindly provided by Recbio
Tech (Taizhou, China) for one dose. Healthy 7-week-old
female BALB/c mice were purchased from HFK Biosci-
ence (Beijing, China) and maintained according to the
local animal care guidelines in the Animal Care Unit of
Qingdao University (Qingdao, China). Manipulations
involving animals were approved by the Qingdao Uni-
versity Laboratory Animal Welfare Ethics Committee
(Approval No.20220507BALB/c4020220823002). Forty
8-week-old female BALB/c mice were randomly divided
into eight groups (n=35), and each group was subcutane-
ously vaccinated twice at 2-week intervals. Blood sam-
ples were collected via tail bleeding at week 6. Samples
were centrifuged at 4000 r/min for 20 min. The serum was
collected and stored at — 80 °C for future use in antibody
measurements.

To compare the immunogenicity of GnRH-CRM197
conjugates and TCG13, ten eight-week-old female BALB/c
mice were purchased and maintained as mentioned above
(Approval No. 20240808 BALB/c1020240921011). All the
mice were randomly divided into GnRH-CRM197 conju-
gates group (30 pg, n=>5) and TCG13 group (30 pg, n=35).
Immunization procedure was as described above. Blood
samples were collected at week 6 and processed for anti-
body measurements.

Immunological castration evaluation in male BALB/c
mice

Healthy 7-week-old male BALB/c mice were purchased
and maintained as mentioned above (Approval No.
20220921BALB/c3020230311003). Thirty 8-week-old
male BALB/c mice were randomly divided into five groups
(n=06); the immunization schedule is shown in Fig. 3a. Each
group was subcutaneously vaccinated with PBS, CRM197
(30 pg, Keynova Biotech, Weifang, China), TF (30 pg,

a
Male BALB/c mice
(8 wks. old, 7, n = 6/group)
|
[ | | |
PBS CRM197 (30 pg) TF(30ug) TCG1(30pug) TCG13 (30 pg)
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Fig.3 Humoral immune response triggered by vaccination. a Vac-
cination and sampling schedule. Male mice were vaccinated with
TCGI1 or TCG13 (PBS, CRM197 or TF as controls) formulated with
BFAO3 adjuvant, respectively. b ELISA analysis of anti-GnRH IgG
levels (1:5000 serum dilution) of the vaccinated and control groups

from week O to week 16. ¢ The levels of anti-CRM197 IgG at week
8 (1:10000 serum dilution). Statistical analysis was performed
using one-way ANOVA followed by the Tukey test. All results were
expressed as mean+SD (n=6); P <0.0001 compared with the
PBS group. Samples were analyzed in triplicate
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prepared in our lab), TCG1 (30 pg), or TCG13 (30 pg), for-
mulated with 50 pL of BFAO3 adjuvant at week 0, 2, and 8,
respectively.

Sample collection

The blood samples (150 pL) were collected at 2-week inter-
vals via the jugular vein from each mouse at 7:00-8:00 am
due to the diurnal variation. All the samples were processed
as mentioned above. At study week 22, all the mice were
anesthetized with 4% isoflurane and sacrificed by cervical
dislocation. The bilateral testes/epididymides, heart, liver,
spleen, lung, and kidney were dissected and weighed from
each mouse. The testis and the left epididymis of each mouse
were fixed with Davidson’s solution for 24 h at room temper-
ature. The right epididymis was preserved in PBS for subse-
quent sperm quality assessment. Other organs were fixed in
4% paraformaldehyde. All organ samples were collected for
hematoxylin—eosin (H&E, Solarbio, Beijing, China) staining
as Jiang et al. (2015) described.

Detection of specific antibodies

GnRH-BSA conjugates (coating antigen) were prepared
following the same procedure as that of GnRH-CRM197
conjugates. Serum anti-GnRH antibodies were detected
using an enzyme-linked immunosorbent assay (ELISA),
as previously described, with slight modifications (Chang
et al. 2021). Briefly, GnRH-BSA conjugates (5.0 pg/mL,
0.05 M pH9.6 carbonate buffer) were coated onto the ELISA
plate (100 pL/well, ThermoFisher Scientific, Waltham, MA,
USA) overnight at 4 °C. After blocking using 5% (w/v) BSA
(BSA, Sigma-Aldrich, St. Louis, MO, USA) for 3—4 h at
room temperature, the diluted sera (1:5000) in PBS were
added to the plate (100 pL/well) and incubated at 37 °C for
1 h. Goat anti-Mouse IgG/HRP (1:3000) was then distrib-
uted into each well for 1 h at 37 °C. The substrate TMB
(3,3',5,5'-tetramethylbenzidine) was added and incubated at
37 °C for 10 min. The absorbance of each well was detected
by a microplate reader at 450 nm.

The specific antibody responses against CRM197 were
determined by ELISA similarly. Sera collected from the last
booster injection were diluted to a 1/10,000 ratio using PBS.

Measurement of serum testosterone, FSH, and LH
concentrations

Serum testosterone, FSH, and LH concentrations of male
mice were measured using the commercial ELISA kits
respectively (Jinma Biotech, Shanghai, China). Samples
were assayed according to the manufacturer’s instructions
with each measurement carried out in duplicate, and each
measurement was performed twice using the same ELISA
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kit. Absorbance obtained was used to calculate the per repro-
ductive hormone concentrations by interpolation with the
respective standards.

Morphological observation of the testis
and epididymis

After the execution, bilateral testes/epididymides were dis-
sected for morphological measurement. Testis weight was
recorded, and the length and width were measured using
a vernier caliper. The formula for calculating testis vol-
ume was V(mm?) = 4/3z[testis width/2]*[testis length/2].
The testis coefficient was calculated with
ratio = (testis volume/body weight).

Histological examination

Organs were fixed in 4% paraformaldehyde overnight
before paraffin embedding, except for testes and the right
epididymis, which were fixed in Davidson’s solution (Solar-
bio, Beijing, China). Following fixation, organs were embed-
ded in paraffin, serially sectioned at a thickness of 5 pm,
then stained with H&E and observed under an inverted
microscope for histopathological analysis of mice. The
images were captured using a scanning microscope (Pan-
noramic MIDI, Budapest, Hungary) and analyzed using the
SlideViewer 2.5 software (Pannoramic MIDI, Budapest,
Hungary). Five seminiferous tubule diameters and epididy-
mal tube diameters per mouse were randomly evaluated as
described previously (Ulker et al. 2009).

Analysis of sperm quality

The epididymis was minced in PBS, and sperms were dif-
fused for 20 min at 37 °C. The sperm suspension was used
for subsequent analysis. Sperm parameters, including den-
sity, abnormality, and viability, were investigated according
to the method previously described under a light microscope
(Ochoa et al. 2023).

Mating test

Four-week-long mating test was arranged. Male mice were
randomly caged with proven-breeder female mice in a 1:2
ratio from weeks 16-20. Female mice were examined for
the presence of vaginal plugs every morning as evidence of
mating since the pairing. If a plug was observed, the suc-
cessfully mated mouse was housed individually. Offspring
numbers were recorded and compared.
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Statistical analysis

Data analysis and graphing were performed with GraphPad
Prism software version 9 (GraphPad Software, San Diego,
CA, USA). Data were expressed as mean =+ standard devia-
tion (SD). Differences in results were analyzed using one-
way ANOVA followed by Tukey post-tests among multiple
groups or Student’s z-test between two groups. Statisti-
cally significant differences were declared when P <0.05
("P<0.05, “P<0.01, and "“P <0.001, ns: not significant).

Results

Structure-guided design of the CRM197-GnRH
chimeric antigens

In this study, CRM197-GnRH chimeric antigens were engi-
neered, and representative designs (CG1 or CG13 which
contains 1 or 13 copies of GnRH peptide insertion) are illus-
trated in Fig. 2a (other designs, Supplemental Fig. S1 and
Fig. S2). To visualize the overall structure of the designed
chimeric proteins, comparative models were built using the
crystal structure of CRM 197 (PDB ID: 4AEQ) as a template.
The RMSD of the main chain of the protein was calculated
along the 250 ns MD simulation to predict the structural
stability of the designs.

The RMSD value was an indispensable indicator of
whether the system was converging or not, and also reflected
whether the system had reached a steady state or not. For
250 ns simulations, trajectory analysis was performed. In
Fig. 2c, the RMSD values of CG1 and CG13 arose at the
outset and then continued to fluctuate. The relative locations
of the replaced motif were shown on the surface plot of CG1/
CG13. Interestingly, transplanted motifs were located on the
surface of the simulated protein structure. Subsequently,
the structure of the MD-simulated antigen was separately
superposed with the original CRM197. Results showed that
despite the movement of the spatial relative positions among
the structural domains, the overall structure was still well-
maintained. These designed antigens showed excellent fold-
ability and indicated that CRM197 could serve as a scaffold
for epitope grafting in vaccine development.

Expression, purification, and selection of antigen
candidate

All seven designed CRM197-GnRH chimeric antigens
expressed well in E. coli when fused to the TF tag. TF-
fused CG1 was designated as TCG1 for abbreviation
and other designs were named in the same manner. The
fusion designs were purified through a two-step proce-
dure. Analysis of the purified protein by 12% SDS-PAGE

revealed a dominant band of about 110 kDa corresponding
to the estimated molecular weight of the chimeric proteins
(theoretically ~ 59 kDa) plus the 6 x His-TF tag (theoreti-
cally ~51 kDa) (Fig. 2b). Immunogenicity of the TF-fused
designs was evaluated in female BALB/c mice by measure-
ment of anti-GnRH IgG levels. It was found that the mice
immunized with TCG13 have the highest level of anti-GnRH
IgG. Not surprisingly, anti-GnRH IgG levels elicited by
TCG1 were significantly lower than the other designs (Sup-
plemental Fig. S3a). Then, TCG1 and TCG13 were selected
for the study of immunological castration efficacy in male
mice. Furthermore, we also compared the immunogenicity
of GnRH-CRM197 conjugates and TCG13. While a high
level of anti-GnRH antibodies was detected in the mice of
GnRH-CRM197 conjugates group, the levels of anti-GnRH
antibodies of the TCG13 group were higher than that of
GnRH-CRM197 conjugates group detected at week 6 post-
immunization (Supplemental Fig. S3b).

Anti-GnRH antibodies

To evaluate the humoral responses provoked by TCG1
or TCG13 in male mice, two kinds of specific antibodies
were measured. Anti-GnRH antibody titers were detected
by ELISA in male mice sera collected from weeks 0-16 at
2-week intervals. Results showed that the antibody titers
against GnRH in TCG13 group were significantly increased
from week 6 and maintained up to week 16 compared with
the PBS group (P <0.001) (Fig. 3b), suggesting TCG13
immunization induced an intense anti-GnRH immune
response. All the animals treated with TCG13 developed a
potent anti-GnRH response. TCG1 treatment elicited detect-
able levels of anti-GnRH IgG far below the TCG13 group,
indicating that a single GnRH epitope grafting failed to
induce a robust immune response. At the end of the experi-
ment (week 22), anti-GnRH IgG levels of mice immunized
with TCG13 remained at high levels (Supplemental Table.
S4). Worthy of note, the levels of specific anti-CRM197 IgG
were significantly lower than that of TCG1 group meas-
ured at week 8 post-immunization, while the TCG1 group
had comparable levels of anti-CRM197 antibodies to the
CRM197 group (Fig. 3c). These results clearly indicated that
replacement of endogenous B-cell epitopes of CRM197 with
multiple copies of GnRH peptide could substantially reduce
the humoral response against CRM197 itself.

Serum testosterone, LH, and FSH concentrations

Serum testosterone (Fig. 4a), FSH (Fig. 4b), and LH
(Fig. 4¢) concentrations of male mice were measured by
ELISA. At week 0, all the mice showed high serum tes-
tosterone, FSH, and LH levels, and no statistically sig-
nificant difference was observed among the five groups
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Fig.4 Serum hormone levels in male mice. a Serum testosterone
levels of male mice. b Serum FSH levels of male mice. ¢ Serum LH
levels of male mice. Hormone levels were monitored from week 0 to
week 16 after primary immunization as indicated in the Fig. 3a. All
results were expressed as mean +SD (n=6). "P <0.05 compared with
the PBS group. ns, not significant

(P>0.05). From week 8, serum testosterone, FSH and LH
concentrations of the TCG13 group significantly reduced
after the third immunization compared with the PBS group
(P <0.05), and the effects were maintained at week 16.
As illustrated in Supplemental Table S4, the serum con-
centrations of testosterone (4.391 +0.84 nmol/L), FSH
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(6.25+1.13 U/L), and LH (32.472+0.721 pg/mL) in mice
immunized with TCG13 were still significantly lower than
those in control groups at week 22. However, the TCG1
group had no statistical difference in serum testosterone,
FSH, or LH concentrations compared with the PBS group.
Collectively, these results clearly indicated that TCG13
immunization could substantially decrease serum testos-
terone, FSH, and LH concentrations in male mice.

Phenotypic analysis of the testis and epididymis

To further investigate the morphological changes of testis
and epididymis, all mice were sacrificed at week 22. The
results showed that, in contrast to the control groups (PBS,
TF, CRM197) and TCG1 group, severe testicular atro-
phy was observed in TCG13 group (Fig. 5a). Also, testis
weight (0.037 +0.003 vs. 0.099 +0.008 mg, P <0.0001),
volume (92.819 +25.787 vs. 187.147 +56.537 mm>,
P <0.05), and testis volume/body weight (4.150+1.157
vs. 7.872 +£2.922, P <0.0001) of TCG13-immunized mice
were significantly reduced compared with PBS-immunized
mice (Fig. 5b, ¢ and Supplemental Table S1). Strikingly,
compared with those in the PBS group, testis weight
and size in the TCG13 group reduced by about 63% and
50%, respectively. Unsurprisingly, the epididymal length
(P <0.05) and weight (P <0.0001) also showed a dramatic
reduction in the TCG13 group compared with that of the
PBS group.

Histological analysis of the testis

To evaluate histological changes of testis. H&E-stained sec-
tions of the testis were observed at 100 X and 400 X mag-
nifications (Fig. 6). In PBS, CRM197, and TF groups, the
layered and tightly arranged spermatocytes in different
developmental phases of spermatogenesis in the testicular
seminiferous tubules could be observed. On the contrary,
the vacuolation of seminiferous tubules (vs. PBS group,
P <0.0001, Supplemental Table S1) and the absence of
spermatogenesis were observed in testes of the TCG13
group. The severely damaged seminiferous tubules were
evidenced by a substantial reduction in the number of
mesenchymal stromal cells (yellow arrow). The testes of
TCG13-immunized mice showed spermatogenesis caseation
and the lumen with little or no spermatids and sperms (red
arrow). However, the shape of the seminiferous tubules in
the TCG1 group appeared normal, and there were different
developmental stages of germ cells in the tubules and mature
sperms in the lumen. Histopathological examination showed
that TCG13 immunization caused severe testicular atrophy
and impairment of spermatogenesis in mice (Fig. 6).
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Fig.6 Histological evaluation of the testis. Testis sections were (Sz) are indicated with black arrows. The yellow arrow indicated
stained by H&E from the control groups (PBS, CRM197, TF) and multifocal germinal epithelium and Sertoli cell degeneration. The red
the vaccinated groups (TCG1, TCG13). Sections were observed at arrow indicated seminiferous tubule degeneration. 400 X images were
100x and 400 x magnifications. The seminiferous tubules (ST), sper- enlarged schematic of the black boxed area in the 100 X images. Scale

matogonocytes (Sp), primary spermatocytes (PS), and spermatozoa bar: 200 pm (100 x) and 50 pm (400 X)
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Histological analysis of the epididymis

Further analysis showed that the absence of spermatogenesis
in the testis was paralleled by atrophy in the epididymis and
seminal vesicles. The mice in the TCG13 group barely had
sperms in the tubules (yellow arrow), and the epididymal
duct lumen became smaller than the control groups (blue
arrow, Fig. 7). The length of cilia on the surface of prin-
cipal cells in the epididymal epithelium became shorter
in mice immunized with TCG13. The average diameter of
five random end-on epididymal ducts in the TCG13 group
(67.236+8.591 pm) was statistically lower than PBS group
(130.376 +16.073 pm) (Supplemental Table S1). These
effects were not observed in the epididymis of TCG1 group
mice.

Sperm quality analysis

Sperm density, motility, and morphology were evalu-
ated. Consistently, mice immunized with TCG13 exhib-
ited decreased sperm quality parameters. Sperm density
(Fig. 8a, 2.88+0.134 x 10° sperm/mL, P <0.0001) and
viability (Fig. 8c, 20.03% +7.84%, P <0.0001) in TCG13
immunized mice decreased markedly compared with PBS
group. Furthermore, the sperms concentrations in the three
control groups were 3.04 +0.724 x 10%, 2.84 +0.732x 10°,
and 3.36 +0.391 x 10° sperm/mL, respectively, which were
not significantly different from those of the TCG1 group
(Fig. 8a, 3.59+0.259 x 10 sperm/mL). The proportion of
sperm abnormalities increased to 69.28% + 12.22% in the

Control groups

TCG13 group (Fig. 8b). However, the TCG1 group did not
show any significant change in sperm quality compared with
the control groups.

Mating test

To investigate the fertility of immunized mice, all the mice
cohabited with proven-fertility female mice for one month.
Except for the number of pups per litter generated, we also
recorded all mice exhibited mounting behavior during pair-
ing stages. No pairing behavior was observed in the TCG13
group. Conception was not observed among the 12 female
mice mated with the TCG13 group while all the mice
became pregnant when mated with mice of the PBS group.
The total number of pups among the five groups was 79,
70, 79, 75, and 0, respectively (Fig. 7d and Supplemental
Table S2). No difference in the number of females producing
litter or the proportion of mice that produced litter was found
among the four groups except the TCG13 group (Fig. 7).
Immunization with TCG1 did not significantly decrease the
number of pups compared with the other controls.

Safety evaluation of recombinant GnRH vaccine

There was no significant difference in body weight among
the five groups (Supplemental Fig. S4) and no deaths or
inappropriate side-effects were observed. Also, no patho-
logical changes were observed in the histological examina-
tion of major organs (Supplemental Table S3 and Fig. S5),
indicating the safety of TCG13.

Vaccinated groups

CRM197

i
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.
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Fig.7 Histological evaluation of epididymis. H&E-stained epididymis
tissue sections were observed at 100 X and 400 X magnifications. The
black arrows pointed to the epididymal epithelium (DE), smooth mus-
cle cell (SmC), and static cilia (Sa). The increased epididymal space
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(blue arrow) and absented sperms in the epididymal duct (ED, yellow
arrow) of mice treated with TCG13. 400 X images were enlarged sche-
matic of the black boxed area in the 100 X images. Scale bar: 200 pm
(100x) and 50 pm (400 x)
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Discussion engineered to display optimized immunological properties.

GnRH is the pivotal hypothalamic hormone regulating
reproduction in mammals of both sexes and is widely con-
served across all mammalian species. Thus, it makes it an
ideal target antigen for immunocastration to control fertility
and behavioral responses. As a small self-antigen, GnRH
alone is of poor immunogenicity and the CD4*% T-cell
epitope from a carrier protein is required to elicit anti-GnRH
humoral response. Carrier conjugated GnRH vaccine has
been successfully used in the controlling of boar taint which
is related to testicular hormones and sexual maturity (Dun-
shea et al. 2001). For the population management of wildlife
and domestic animals, single injection of the castration vac-
cine eliciting a long-lasting immune response and desired
castrative efficacy is ideal, which requires the development
of more potent immunogens and adjuvants as well as novel
vaccine delivery platforms. Development of novel GnRH
vaccines with improved homogeneity and immunogenicity
remains demanding and challenging and there are ongoing
efforts to improve the antigen delivery methods and ration-
ally develop better adjuvants to improve immunogenicity.
Computational design of antigen is becoming a lead-
ing force of structural vaccinology, whereby protein is

In this context, epitope grafting, which entails the trans-
plantation of an antibody recognition motif from one pro-
tein onto a different protein scaffold holds great promise
for the design of superantigens (Azoitei et al. 2012; Cor-
reia et al. 2014; Vishweshwaraiah and Dokholyan 2022).
Epitope grafting is particularly suitable for targeting linear
peptides like GnRH as chemical conjugation with a carrier
protein is avoided. Many studies have shown that the degree
of repetitiveness of an antigen correlates with its efficiency
in inducing a B-cell response and production of neutralizing
antibodies (Liu and Chen 2005; Pone et al. 2022; Wen et al.
2019). Thus, rationally designed multivalent immunogens
based on epitopes grafting approach might help to tackle the
hurdles that lie in immunocastration vaccine development.
The objective of this study was to design a multivalent
peptide-based immunogen targeting GnRH. In order to do
s0, CRM 197 was used as a receptor scaffold for the insertion
of multiple copies of GnRH peptides. CRM 197 comprises
three structurally independent domains termed catalytic (C,
residues 1-187), transmembrane (T, residues 201-384), and
receptor (R, residues 387-535) domains connected by an
unstructured loop. The safety and high immunogenicity ren-
der CRM197 popular as one of the most widely used carrier

@ Springer
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proteins for polysaccharide conjugate vaccines (Pichichero
2013). More importantly, the linear B-cell epitopes or seg-
ments of B-cell epitopes of DT have been elaborately char-
acterized recently (De-Simone et al. 2021). We hypothesized
that the structural properties and detailed B-cell epitope
information of CRM197 make it amenable to the grafting
of peptides to generate novel antigens.

In this study, the reported linear B-cell epitopes in the non-
structured regions of CRM197 were selected as candidate
sites for epitope replacement and variable numbers of GnRH
peptides were transplanted. Surface exposure of the grafted
peptides and the conformational stability of the designs were
evaluated by the MD-simulation approach. Immunogenicity
of the seven designs was preliminarily investigated in mice
and all of the variants elicited strong antibody titers against
GnRH except TCG1 which carries only one copy of GnRH
peptide insertion. The TCG1 group showed only detectable
antibody levels while the TCG13 group showed the highest
antibody titer among all the tested designs. Another find-
ing worthy of mention is that TCG13-induced anti-CRM197
humoral response was dramatically lower compared with
TCG1 or CRM197 immunized group as most of the CRM197
B-cell epitopes in TCG13 were removed.

Then, immunocastration efficacy and safety of TCG13
were investigated in male mice, and TCG1 was included for
comparison. TCG13 vaccinated mice showed potent GnRH-
specific antibody titers, leading to substantially decreased
serum testosterone, FSH, and LH concentrations; testicular
atrophy; and reduced semen quality, concentration, mor-
phology, and viability when compared with unvaccinated
or TCG1 vaccinated mice. More importantly, the breeding
capability of the TCG13 vaccinated mice was completely
lost throughout the experimental period. These results
clearly demonstrated that immunocastration efficacy upon
vaccination is closely related to GnRH-specific antibody lev-
els and TCG13 is a promising antigen for immunocastration.

The design described in this study has three obvious
advantages over the conventional chemical conjugation
approach, which usually involves the use of a heterologous
carrier system to conjugate an antigen. Firstly, recombi-
nant production of the designed antigen avoided the chem-
ical conjugation procedures and improved the homogene-
ity of the product. Secondly, the incorporation of multiple
copies of GnRH peptide increased the density of epitopes
and substantially enhanced the humoral response against
GnRH. Thirdly, replacement of the endogenous B-cell
epitopes of CRM197 with GnRH peptide dramatically
decreased the humoral immunity towards the carrier itself.
It is plausible that the risk of CIES from booster vacci-
nations could be reduced in polysaccharide conjugate or
peptide-based vaccines by substituting the carrier proteins
dominant B-cell epitopes with exogenous peptides. Addi-
tionally, this study also clearly demonstrated that CRM197
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can serve as a scaffold to accommodate the replacement of
native B-cell linear epitope peptides with multiple exog-
enous epitope peptides while maintaining the structural
integrity and immunogenicity as a carrier protein. The
flexibility of the approach described here might be appli-
cable to induce autoantibodies against other self-antigens
like beta-amyloid plaques in Alzheimer’s disease.

In conclusion, through the replacement of linear B-cell
epitopes with variant numbers of GnRH peptide guided by
a structural approach, we rationally engineered a CRM197
scaffolded multivalent immunocastration vaccine. Future
studies are required to investigate the long-term immu-
nological castration effects of TCG13 on other animals,
and the immunization schedule should also be studied to
achieve optimal efficacy.
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