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Development of nanocarrier-mediated delivery of apoptosis-inducing gene for non-

surgical sterilization in male animals: a model for stray dog and cat population control
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Abstract

The main overall goal of this study is to investigate the application of modified chitosan as a potential
vector for apoptotic gene delivery to gonadotropin-releasing hormone receptor (GnRHR)-expressing cells
(i.e. testicular cells). Such design of gene carrier could be useful in particular for male animal nonsurgical
sterilization. This study reported Gonadotropin Releasing Hormone-modified Chitosan (GnRH-CS)
nanoparticle as a promising vector for targeted gene delivery, and a GnRH peptide was used for active
targeting of a transgene in GnRHR expressing cells. In in vitro study, this alternative gene transfer
strategy could specifically deliver the reporter genes (Green Fluorescent Protein; GFP and Luciferase;
LUC) to a transiently transfected Human Embryonic, Kidney cell line model system expressing GnRHR
and mouse-derived spermatogonia cells (GC-1-cell line). From in vitro to in vivo study, Tumor Necrosis
Factor alpha (TNF-alpha) was exploited as a therapeutic gene delivered by GnRH-CS in order to induce
testicular cell death in male rat via intra-testicular injection. Testicular cell death (by histopathological
examination and ultrasonography), significant reductions of testis size and weight, no adverse reactions
and unchanged testosterone levels (by chemiluminescent microparticle immunoassay; CMIA) were
observed. It was possible that our study could be applied for non-surgical sterilization. As for non-surgical
sterilization in male animals, this strategy can minimize the chemical sterilant side effect of intratesticular

injection.
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Introduction

The direct use of nucleic acid as a therapeutic agent to treat gene-associated diseases (so-called
gene therapy) by transferring exogenous nucleic acids into the appropriate cells has attracted great interest
over the past few decades (Badiga, Chetty et al. 2011). To achieve successful gene delivery, development
of appropriate gene carriers is an important factor. A large number of gene delivery strategies have been
investigated to improve both the stability and uptake of these therapeutic genes. Viral-based methods are
typically the most efficient and intensively used delivery systems due to their highly evolved natural
infection. However, their use as vectors for gene delivery immunogenicity (Muruve, Barnes et al. 1999,
Wolins, Lozier et al. 2003), and the potential for insertional mutagenesis can be oncogenic (Buckley 2002,
Marshall 2002). These limitations have led to the development of non-viral delivery systems which are
less immunogenic and can incorporate larger genetic units. Non-viral methods rely on the use of lipids,
polymers and organic nanoparticles. However, the effectiveness of this system is hindered by its low
transfection efficacy and low cell specificity (Prabaharan ‘and Mano 2005). To overcome this limitation,
ligands with high affinity and specificity have been integrated into gene delivery vector for receptor-
mediated endocytosis (Jiang, Kwon et al. 2007).

In this study we used Gonadotropin Releasing Hormene (GnRH) as a targeting ligand to increase
cell specificity of chitosan polymer. GnRH binds to GnRH receptor (GnRHR) that was found to be
expressed in normal reproductive tissues (e.g. mammary, endometrium, ovary, and prostate) (Cheung and
Wong 2008). Therefore, it is possible that targeted gene delivery to GnRHR-expressing cells could be a
valuable tool for 1) the treatment of certain gene disorders affecting sexual development and reproductive
function (Ono and Harley 2013), 2) contraception and fertility control (Dissen, Lomniczi et al. 2012), and
3) gene therapy of cancer associated with reproductive system (Limonta, Montagnani Marelli et al. 2012).

In this study, we proposed the induction of apoptosis in testicular tissue (as a male nonsurgical
sterilization) instead of using commercial chemical agents to induce necrotic cell death. To generate the
efficient method in order to address the pet overpopulation that is the big obstacle in the world (Coleman,
Veleanu et al. 2010) and to reduce the severe adverse reactions of commercial non-surgical sterilants for
male animals such as massive necrosis and severe irritation of testicular tissue following intratesticular

injection (Forzan, Garde et al. 2014).



The main overall goal of this study is to investigate the application of modified chitosan as a potential
vector for apoptotic gene delivery to GnRHR-expressing cells which were testicular cells. Such design of
gene carrier could be useful in particular for male animal nonsurgical sterilization. Three specific

objectives of the present study were as follows.
(). To design, synthesize, characterize nanoparticles (polymer- and lipid-based nanocarriers)

(ii). In vitro study: to evaluate their biological activities for targeted gene delivery in cell lines, i.e.

cytotoxicity, specificity of transfection and transfection efficiency

(iii). In vivo study: the designed nanocarriers carrying apoptosis-inducing gene will be injected
intratesticularly in mice and the in vivo effect after injection of nanoparticles/pDNA will be observed, i.e.

testicular measurement, histological change of testicular tissue, detection of apoptotic cell death.

The advantages of the study were (i) to formulate GnRHR-targeted CS delivering gene of interest
for the potential use in contraception, fertility control and reproductive related cancer treatment, (ii) to
develop nonsurgical sterilization method based on manocarrier/pDNA complexes in animals, (iii) to
increase knowledge of DNA delivery system and gene therapy in veterinary medicine and (iv) to provide

sufficient scientific data for international publications.
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Chapter I

Chitosan-based DNA delivery vector targeted to gonadotropin-releasing hormone

(GnRH) receptor

1.1 Introduction

The direct use of nucleic acid as a therapeutic agent to treat gene-associated diseases (so-called
gene therapy) by transferring exogenous nucleic acids into the appropriate cells has attracted great interest
over the past few decades (Badiga, Chetty et al. 2011). In order to make great progress in gene therapy, it
is of paramount importance to develop effective carriers capable of delivering a gene of interest to target
cells to achieve sufficient and sustained transgene expression: Viral vectors have received considerable
attention and become powerful tools of gene transfer. Unfortunately, the clinical application of viral
vectors is limited because of unfavorable immunelogical features and mutagenic integration for some
viruses. These concerns have driven extensive attention to the development of non-viral vectors (Morille,
Passirani et al. 2008). Chitosan (CS) is a linear polysaccharide derived from the deacetylation of chitin
found in the exoskeletons of crustaceans. Among/non-viral vectors, chitosan has been exploited as gene-
delivery vectors due to its excellent biocompatibility and biodegradability (Saranya, Moorthi et al. 201 1).
However, the effectiveness of this system is hindered by its low transfection efficacy and low cell
specificity (Prabaharan and Mano 2005).  To overcome this limifation, ligands with high affinity and
specificity, such as transferrin-,folate-, manngse-, and galactose-conjugated chitosan, have been integrated
into gene delivery vector for receptor-mediated endocytosis (Jiang, Kwon et al. 2007).Gonadotropin-
releasing hormone (GnRH) is a 10 amino acid peptide produced and secreted by the hypothalamus. GnRH
binds to its receptor (GnRHR) on gonadotrope cells in the anterior pituitary, stimulating the biosynthesis
and release of the gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH),
affecting sex development and reproductive functions (Millar 2005). In addition to gonadotrope cells,
GnRHR was found to be expressed in normal reproductive tissues (e.g. breast, endometrium, ovary, and
prostate) (Cheung and Wong 2008). Interestingly, GnRHR are overexpressed in cancer tissues, either
related (i.e. prostate, breast, endometrial, and ovarian cancers) or unrelated (i.e. melanoma, glioblastoma,
lung, and pancreatic cancers) to the reproductive system. Therefore, it is possible that targeted gene
delivery to GnRHR-expressing cells could be a valuable tool for 1) the treatment of certain gene disorders

affecting sexual development and reproductive function (Ono and Harley 2012), 2) gene therapy of cancer
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associated with reproductive system (i.e. prostate, breast, endometrial, and ovarian cancers) (Limonta,
Marelli et al. 2012), and 3) contraception and fertility control (Dissen, Lomniczi et al. 2012).

The main overall aim of this study is to investigate the application of modified chitosan as
potential vectors for gene delivery to GnRHR-expressing mammalian cells. Throughout this study, the
abbreviation GnRH-CS will be used to refer to GnRH-conjugated chitosan. In this study, we prepared
GnRH-CS. The physiochemical properties of the synthesized GnRH-CS as well as the complex of GnRH-
CS and plasmid DNA (pDNA) carrying a gene of interest (GnRH-CS/pDNA complexes) were analyzed,
and their cytotoxicity and cell specificity were also characterized. Transfection efficiency was investigated
in established mammalian cell line model system expressing GnRHR. We hypothesized that GnRH-CS
polymers are capable of directing pDNA into GnRHR-expressing cells via receptor-mediated pathways
and exhibit higher transfection activity compared to unmodified CS. A schematic diagram of the GnRH-

CS/pDNA complex and its proposed mechanism of trafficking were shown in Figure 1.
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Negatively charged pDNA Cationic GnRH-CS polymers

Positively charged GnRH-CS/pDNA nanocomplexes
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Figurel. Schematic illustration showing the formation of GnRH-CS/pDNA complex and its delivery
procedure. a) pDNA condensation in the presence of cationic GnRH-CS polymer by electrostatic
interactions. b) The proposed mechanism of gene delivery process by GnRH-CS/pDNA complex. GnRH
peptides displayed GnRH/pDNA complexes facilitate active targeting of GnRHR-expressing cells via
specific interaction between the GnRH motif and the GnRH receptor. Following internalization, the

pDNA must be released and transported to the nucleus where gene expression occurs.

1.2 Materials and methods
Gonadotropin-releasing hormone (GnRH) was purchased from Sigma. Chitosan (CS) was
purchased from Oil Zac Technologies Co., Ltd. The degree of deacetylation (DDA = 98%) was

determined by '"H NMR method (Lavertu, Xia et al. 2003). The number-averaged molecular weight (Mn),
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weight average molecular weight (Mw), and polydispersity index (PDI; Mw/Mn) of CS were determined
to be 5483 g/mol, 11158 g/mol and 2.03, respectively, using gel permeation chromatography (GPC).
Succinicanhydride, acetic acid, 1-Hydroxybenzotriazole hydrate (HOBt), N-(3-Dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC), and N-Hydroxysuccinimide (NHS). All chemicals and reagents
were used without further purification. Dialysis tubing (MWCO = 3500 Da) was purchased from Cellu
Sep T1 (Membrane Filtration Products, Inc.). Syringe fillers were purchased from Sartorius Stedim
Biotech. MilliQ Plus (18.2 M, Millipore) purified water was used to make all aqueous solutions. The
Dulbecco’s modified eagle medium (DMEM), antibiotics, and fetal bovine serum (FBS) were purchased
from Gibco. MGC Mouse GnRH receptor cDNA (Clone ID: 30249439) was purchased from Dharmacon.
LIVE/DEAD® Viability/Cytotoxicity kit and Lipofectamine' " 3000 were obtained from Invitrogen. Cell
Titer-Glo® Luminescent Cell Viability assay system and Steady—Glo® Luciferase assay system were

provided by Promega.

Polymer characterization

All samples were characterized by usingl H nucléar magnetic resonance spectroscopy (1H NMR)
and Attenuated total reflectance Fourier transformn infrared spectroscopy (ATR-FTIR). ThelH NMR
spectra were measured on a Bruker AVANCE 500 MHz spectrometer (Bruker, Switzerland), using
D20/CD3COO0D as solvent at al0 mg/ml concentration-of polymers. The GnRH-CS with different the
degrees of amidation (DADs) value,-GaRH-CS1 and GaRH-CS2, for DAD 0.014 and 0.018, respectively
were used in this study. All measurements were performed at-300 K, using the pulse accumulation of 64
scans and LB parameter of 0.30 Hz. The degree of N-succinylation (DNS) value of NSCS was calculated
using the following equation 1, while the degree of amidation (DAD) value of GnRH-CS was calculated
using the following equation 2. All DNS and DAD were determined using1H nuclear magnetic resonance
spectroscopy (IH NMR). ATR-FTIR spectra were collected on a Nicolet 6700 spectrometer (Thermo
Company, USA) using a single-bounce ATR-FTIR Smart Orbit accessory with a diamond internal

reflection element (IRE), at ambient temperature (25°C).

Synthesis of N-succinyl chitosan

N-succinyl chitosan (NSCS) was synthesized by N-succinylation CS with succinic anhydride.
Briefly, 1.00 g of CS (6.17 x 10—3mol)was dissolved in 50 mL of 1% (v/v) aqueous acetic acid, and
then0.03 g of succinic anhydride (0.05 meq/GlcN) was added. The reaction mixture was stirred at room

temperature for 24 h and dialyzed against deionized (DI) water for three days to remove free succinic
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anhydride. The NSCS was then obtained by lyophilization. The degree of N-substitution (DS) of NSCS

units in the polymers was determined using "H-NMR spectroscopy.

Synthesis of NSCS conjugated with GnRH.

The conjugation of N-succinyl chitosan (NSCS) with gonadotropin hormone (GnRH) was carried
out by using EDC/NHS as a coupling agent in water as shown in Figure 4. Briefly, 0.30 g of NSCS (1.79
x 10—3mol) was suspended in 30 mL of DI water that containing 0.24 g of 1-hydroxybenzotriazole
hydrate (HOB) (1.0 meq/GIcN). The reaction mixture was stirred at room temper-ature for 24 h, and the
clear solution was obtained. Afterwards, 0.34 g of EDC (1.0 meq/GleN) and 0.21 g of NHS (1.0
meq/GlcN) were added and stirred at room temperature for 1 h. Then, 1.50 mg (0.72 x 10— 3meq/GlcN)
or 3.50 mg (1.65 x 10—3meq/GlcN) of gonadotropin hormone (G) was added into the solution. The
reaction mixture was stirred at room temperature for 24 h.-The clear solution was dialyzed with DI water
for 3 days to remove impurity. The N-succinyl CS conjugated with gonadotropin hormone (NSCS-G) was
then obtained by lyophilization. The degrec 0f N-substitution (DS) of NSCS-G units in the polymers was

determined using '"H-NMR spectroscopy (Figure 2.).
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Figure 2. Proposed reaction scheme for synthesis of GnRH-grafted chitosan (GnRH-CS). N-Succinyl
chitosan (NSCS) was synthesized by N-succinylation of CS with succinicanhydride followed by

conjugation with GnRH peptide by using EDC/NHS as a coupling agent.
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Construction of pPDNA carrying a cDNA encoding mouse GnRH receptor

The cDNA encoding a GnRH receptor was introduced into pSF plasmid. Briefly, the 50 L
polymerase chain reaction (PCR) reaction was performed with 10 pg DNA templates, 0.5 uM primer
pairs, 200 uM dNTP and 0.02 U Phusion Hot Start Il DNA polymerase. The reaction was initiated by pre-
heating the reaction mixture to 98°Cfor 30 s; 25 cycles of 98°C for 15 s, 61°C for 30 s and 72°C for 1mins
(30 s/500 bp). The PCR products were evaluated by agarose gel electrophoresis. The digested PCR
product was ligated to the pSF plasmid using the T4 Quick ligase. An aliquot of ligation reaction was
transformed into E. coli competent cells strain DHS and inoculated on LB agar plate containing 50 pg/ml
tetracycline. Single colonies were picked and their plasmids were isolated by using a QIAprep Spin

Miniprep kit (QIAGEN). The positive clones were selected by restriction digestions.

Cell culture

The human skin fibroblast (BJ) and the human embryonic kidney(HEK293T) cell lines were
maintained in complete D-MEM medium supplemented with' 10% Fetal Bovine Serum (FBS), Penicillin
(100units/ml), Streptomycin (100 g/ml) and L-glutamine (2 mM). Cells were grown at 37°C in a humid

atmosphere of 5% CO,.

Cytotoxicity

In vitro cytotoxicity of GnRH-CS was evaluated by Cell Titer-Glo® Luminescent Cell Viability
assay system. BJ cells were seeded and cultured in medium-centaining cationic polymers with different
concentrations. The cytotoxicity of GnRH-CS was examined 24 h post incubation. The cell viability was
performed according to the manufacturer’s instructions, and the results are expressed as thepercentage of
cell viability. Cells were also stained with the reagents in the LIVE/DEAD® Cell Viability/Cytotoxicity

Assay Kit according to the manufacturer’s instructions, and visualized under the fluorescence microscope.

Amplification of plasmid DNA
After transformation, plasmids were isolated and purified from the overnight Escherichia coli
(E.coli) strain DH5QL culture by using HiSpeed Plasmid Midi Kit. The concentration of plasmid DNA was

determined by measuring the absorbance at 260 nm. The plasmid was stored at —20°C until used.
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Preparation and characterization of polyplexes

GnRH-CS and unmodified CS were each dissolved in 0.2% acetic acid to obtain 1 mg/ml
polymer solutions. Plasmid DNA solutions were added drop wise into each of the polymer solutions under
high-speed vortex for 1 min. The pDNA concentration was fixed. Various ratios of the polymer/pDNA
complexes (weight/weight) were prepared depending on the experiment. The complete formation of
complexes was determined by gel retardation assay. The same amount of naked DNA was used as the
control. Gel Electrophoresis was carried out at 100 V for approximately 30 min. DNA was visualized by
illumination on a long wave UV light box and photographed. Particle size and zeta-potential charge

measurements were conducted using Nanosizer.

Generation of cells transiently expressing GnRHR

Sub-confluent monolayer cultures of HEK293T were fransfected with pDNA vectors containing a
gene encoding GnRHR under the control-of CMV promoters for constitutive expression in mammalian
cells. Transiently transfected HEK293T cells were prepared following Lipofectamine transfection
(Invitrogen) of mouse GnRHR ¢DNA in’ pSF, CMV promoter plasmid, which was constructed and
produced in our laboratory. For 3D spheroid generation, a suspension of transiently transfected HEK293T
cells after trypsinization was seeded into ultralow attachment (ULA) surface plates. After 24 h incubation,
a multicellular spheroid spontaneously formed-in each well. Parental non-transfected cells were used as

controls.

Cell transfection

GnRH-CS/pDNA or CS-pDNA preparations in 0.2% acetic acid was directly added to the cell
supernatant and incubated at 37°C. Four hours later, the medium was replaced with fresh medium.
Depending on the experiment, specificity or efficiency of transfection as determined by the expression of

reporter transgenes was assessed at indicated time points.

Examination of reporter gene expression

Plasmid green fluorescence protein (pGFP) and plasmid luciferase (pLuc) were used in this study.
GFP expression was analyzed using a Nikon Eclipse TE2000-U fluorescence microscope. Photographic
images were obtained by using 4x magnification and fluorescent setting. Bright field photographs were
also obtained. The Steady—Glo® luciferase assay kit was used to evaluate expression of the luciferase

reporter transgene in transfected cells.
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Statistical analysis

GraphPad Prism software (version 5.0) was used to perform statistical analyses. Data were
presented as mean =+ standard error of the mean (s.e.m). P values were generated by one-way or two-way
ANOVA, considered significant when <0.05 and denoted as follows:*p < 0.05, **p < 0.01 and ***p <
0.001.

1.3 Results and discussion
Synthesis and characterization of GnRH-CS

The scheme for the overall synthesis is shown in Figure 3. By taking advantage of the previously
developed N-succinyl chitosan(NSCS) derivative (Xiangyang, Ling et al. 2007, Xu, Bajaj et al. 2010, Toh,
Chen et al. 2011), this strategy was exploited in order'to incorporate GnRH into CS polymer. NSCS was
therefore synthesized in the first step by reacting primary amino groups of low molecular weight CS with
succinicanhydride under mild acidic condition, However, high degree of N-succinylation could interfere
the electrostatic interaction between positively charged primary amino groups of CS and negative charge
plasmid DNA. A vast majority of amino groups must be available to maintain the overall positive charge
of CS (Bravo-Anaya, Soltero et al. 2016)/ We therefore modified CS polymer with low degree of N-
substitution. The use of GnRH as a targeting ligand for different classes of nanocarrier (namely, linear
polymers, branched star-like dendrimers, liposomes, and lipid nanoparticles) has previously reported for
delivery of anticancer compound (Dharap,Wang et-al.-2005, Khandare, Chandna et al. 2006, Saad,
Garbuzenko et al. 2008, Taratula, (Kuzmov et al. 2013).~These nanocarriers include linear Tax-
polyethylene glycol (PEG)-GnRH polymers, Tax-PAMAM (polyamidoamine)-GnRH dendrimers, Tax-
DSPE-PEG (1,2-distearoyl-sn-glycero- 3-phosphoethanol amine-N-amino polyethylene glycol)- GnRH
liposomes, and nanostructured lipid nanocarrier (NLC) respectively, which have been developed for the
targeted delivery of chemotherapeutic drugs and the last one for co-delivery of siRNA and
chemotherapeutic drug. However, the specific purpose of this study was to develop GnRH-CS derivertives
as nanocarrier for targeted gene delivery. Following synthesis of NSCS with low degree of N-substitution,
conjugation between NSCS and GnRH was carried out in water by using EDC/NHS as covalent coupling
agent to yield GnRH-CS. It is also interesting to note that conjugation of succiny! chitosan with other
agents was mostly carried out in aqueous organic acid or some organic solvents. In contrast, in our work,
the reaction was performed in water (see material and methods section) under mild condition without

requiring any organic solvents or acid and heat that might affect the biological activity of GnRH peptide.
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The chemical structures of NSCS and GnRH-CS were investigated using ATR-FITR (Figure 3a.)
and 'H NMR spectroscopy (Figure 3b.) com-pared to CS and GnRH. The ATR-FTIR spectrum of GnRH
showed characteristic absorption bands at 3273, 1630, 1523, 1514, 1465, and 850-600 cm | resulting
from N—H and O—H stretching, C=0 stretching of amide bonds (Amide I band), N—H bending (Amide
II band), C=C stretching of aromatic groups, and C—H out-of-plane bending aromatic groups in the
GnRH molecule, respectively. The ATR-FTIR spectra of NSCS is similar to that of CS except for the
presence of additional absorption bands at 1554 and 1407 cm—'corresponding to N—H bending (Amide II
band) and O—H bending of succinic acid while the ATR-FTIR spectra of GnRH-CS showed characteristic
absorption band at 1638 and 750 cm™ 1is assigned to C=0 stretching of amide bonds (Amide 1 band), and
C—H out-of-plane bending aromatic groups of GnRH moiety.

The 'H NMR spectrum of GnRH in D,0 showed a multiplet protons in the range of 0 6.5-8.0
ppm and 4.5-1.0 ppm, indicating the presence of aromatic protons and protons of pGlu-His-Trp-Ser-Tyr-
Gly-Leu-Arg-Pro-Gly. In comparison tolH NMR spectra of CS in D,0/CD,COOD, the 'H NMR spectra
of NSCS in D,0/CD,COOD showed-an additional triplet protons at 0 2.50 ppm, corresponding to the
succinyl protons, while other multiplet proton signals at 0 5.23-2.90 ppm were assigned to the HI-H6
protons of CS and singlet at 0 1.90 ppm corresponds to the CH3protons from GlcNAc. The GnRH CS
spectra exhibited multiplets protons at 0 8.0-7.0 ppm due to aromatic protons of GnRH, while other
multiplet protons in the range of 0 4.5-1.0 ppm, indicating the presence of protons of pGlu-His-Trp-Ser-
Tyr-Gly-Leu-Arg-Pro-Gly, were not observed. This could be due to very low mole ratio of GnRH used in
the reaction. These results indicate that the NSCS and GnRH-CS 'were successfully incorporated into the
CS backbone. Since the succinyl and aromatic region did not overlap the proton resonances assigned to
the GIcN groups of CS, the proton signals attributed to the succinyl and aromatic moieties were used to
determine the degree of substitution (DS) values. Based on 'H NMR spectra, the degree of N-
succinylation (DNS) value of NSCS was calculated using the following equation 1, while the degree of

amidation (DAD) value of GaRH-CS was calculated using the following equation 2.

DNS = (I /4)/(1;,_1/6) 6y
DAD = (I, /10)/(Ig/4) + (I,;,) @

I, represents the total area (integration) of N-succinyl protons, I, represents the total area (integration) of
aromatic protons, I, representing the peak area (integration) of protons C2—C6, and I, representing the

peak area (integration) of protons C2 in the CS backbone. In this study, the DNS was found to be 0.05
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based on primary amino groups of CS. The homogeneous reaction was occurred easily by ring opening of
succinic anhydride under mile acidic condition. This result revealed that succinyl groups are effectively
N-substituted onto the primary amino groups of CS backbone. As shown in Table 1, The DADs were
found to be in the ranges 0f0.014-0.018 based on succinyl moieties of NSCS. The homogeneous reaction
was carried out in water by simply mixing CS and HOBt in water, and arginine groups of GnRH were
conjugated to carbonyl groups by covalent coupling agent in the NSCS backbone. These results in
conjunction with the IR and1H NMR spectra discussed above indicate successful introduction of both
these functionalities onto the CS backbone. Our results not only confirmed that the low degree of
modification not only preserve the DNA condensation ability of chitosan, but also sufficient for receptor-

mediated gene delivery.
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Figure 3. Characterization of GnRH-grafted chitosan (GnRH-CS). a) Representative]lH NMR spectrum of

GnRH-CS compared to NSCS, CS and GnRH peptide. b) Structure characterization by FTIR spectra.
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Table 1. The degree of substitution (DS) and percentage of recovery of chitosan derivatives

Entry Sample DS Recovery (%)*
1 s - -

2 NSCS 0.054 87.42

3 GnRH-CS1 0.014° 38.43

4 GnRH-CS2 0.018" 41.90

a DNS is the degree of N-succinylation as determined by 'H NMR.
b DAD is the degree of amidation as determined by 'H NMR.
¢ Recovery (%)=[Weight of product (g)/Weight of starting material ()] x 100

Cytotoxicity of GnRH-CS

We sought to investigate whether the prepared GnRH-CS was toxic for BJ cells. This cell line is a
normal fibroblast that represents normal tissues and) has been widely used for in vitro cytotoxicity of
material of interest in order to evaluate the biocompatibility of newly synthesized materials or natural
products (Uram, Szuster et al. 2013, Saleh and Pecina 2014). In this experiment, polyethylenimine (PEID)
which has been described as one of the most widely used cationic polymer for in vitro gene delivery
(Demeneix and Behr 2005) was also tested in parallel.: The cell viability of PEI-treated cells was
drastically decreased with increasing concentration as shown in Figure 4a. This observation can be
attributed to a number of previous investigations which-have highlighted its high cytotoxicity (Kafil and
Omidi 2011). In contrast, no cytotoxicity was observed in the con-centration ranges of unmodified CS or
GnRH-conjugated CS tested. Similar results were observed in both GnRH-CS1 and GnRH-CS2. Figure 4b
shows a large number of dead cells (Red fluorescence) in cells treated with 200 pg/ml of PEI polymer
compared to normal morphology of viable cells (green fluorescence) treated with the same concentration
of unmodified CS or GnRH-CS. This result is consistent with the previous cell viability study (Peng, Lai
et al. 2014) suggesting that unmodified CS and the prepared GnRH-CS were more biocompatible than
PEL
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Following 24 h incubation with polymers, cell viability was deter-mined by the Cell Titer-Glo® cell
viability assay. Mean cell viability was normalised to non-treated controls, with the mean of n =3 + SEM,
from one representative experiments of three independent experiments. Statistical analysis was performed
using two way ANOVA with tukey’s post hoc test, n.s.-not significant, * p < 0.05, ** p < 0.01, ***p <
0.001. b) Morphological characteristics of human fibroblast cells were visualized under the fluorescence
microscope. Cells were also stained with the reagents in the LIVE/DEAD" Cell Viability/Cytotoxicity
Assay Kit and visualized under the fluorescence microscope. Dead and live cells fluoresce red-orange and
green, respectively. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Characterization of GnRH-CS/DNA complexes

Gel retardation assay

The ability of cationic polymers to condense DNA molecule is a critical criteria for an effective
gene delivery system. The complete formation of GnRH-CS/pDNA complex was therefore evaluated by
agarose gel electrophoresis. Figure Sa. demonstrates migration of free plasmid DNA through the gel
resolved into distinct bands corresponding to supercoiled or circular forms of plasmids. DNA migration
was completely retarded when GnRH-CS: pDNA weight ratios were above 40:1. The critical complex
ratio of unmodified CS:pDNA was around 5:1. Larger amount of GnRH-CS required for the complete
DNA condensation can be attributed to the relatively weaker DNA-binding ability of GnRH-CS compared
with that of unmodified CS. There was no difference between GnRH-CS1 andGnRH-CS2 for their ability
to condense DNA. GnRH-CS1 was chosen for further studies.3.3.2. Particle size and zeta potential
Cationic polymers are widely use to condense negatively charged DNA by electrostatic interactions into
small particles (polyplexes), for protecting DNA from degradation and facilitating cell internalization. It
has been suggested that a size of polyplex below300 nm is required for maximum endocytosis by cells
(Peng, Lai et al. 2014). Having defined the critical ratio that produced the complete formation of
polyplexes as determined by the earlier gel retardation assay (Figure 5a.), we analyzed the size of GnRH-
CS/pDNA and Sizer, the average particle sizes of GnRH-CS/pDNA and unmodified CS/pDNA were 210
and 370 nm, respectively (Figure 5b.). We also-analyzed the zeta potential of the prepared complexes. At
critical ratios, the zeta potential of GnRH-CS/pDNA and CS/pDNA complexes were 46.8 and 48.6 mV,
respectively (Figure 5b.). The presence of excessive amounts of nitrogen residues compared to phosphate
groups on DNA results in positive charges on polyplexes, facilitating their binding to negatively charged
cell surfaces (Pack, Hoffman et al. 2005). Taken together, the prepared GnRH-CS/pDNA and CS/pDNA
polymers were able to condense plasmid DNA to form positively charged and nanosized particles, which

are the characteristics of a desirable vector for gene delivery.
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unmodified CS or GnRH-CS at optimal ratio of polymer/pDNA (5 or 50, respectively). All values are

reported as mean =+ standard error.
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Analysis of gene expression
Specificity of transfection

HEK293T cell line is one of the most intensively used mammalian cells in cell biology and
biotechnology, ranging from the study of gene expression to biopharmaceutical production (Thomas and
Smart 2005, Atwood, Lopez et al. 2011, Lin, Boone et al. 2014). A previous study has generated the
transfected HEK293T expressing GnRH receptor and used this established cell line as a model (Morgan,
Stewart et al. 2008). Similarly, we used the same strategy and generated a transiently transfected HEK293
expressing GnRH receptors as a representative for the aforementioned cells that express GnRH receptor
and used them as target cells compared to original HEK293 as non-targeted cells in our study. We
therefore sought to explore the targeting property of the GnRH-CS/pDNA complex to confirm that
transfection is specific and mediated by interaction between the GnRH ligand and GnRH receptor.
Targeted gene delivery to transiently transfected HEK293Texpressing GnRHR (targeted cells) and
nontransfected HEK293T (non-targeted cells lacking GnRHR) by the GnRH-CS was com-pared to
unmodified CS prepared with increasing weight ratios of polymers and pDNA carrying a GFP reporter
gene. As shown in Figure 6a, there were no significant differences in GFP expression between targeted
and non-targeted cells when treated with unmodified CS/pDNA complex at any weight ratios tested,
suggesting inability of unmodified CS to discriminate between targeted and non-targeted cells.

In contrast, GnRH-CS was able to specifically deliver a GFP gene to targeted cells. When GnRH-
CS/pDNA complexes were used to. transfect cells, GFP expression could be observed exclusively in
targeted cells. No GFP expression was observed in non-targeted cells at any weight ratios tested as shown
in Figure 6a.Two critical factors that strongly affect the physiochemical properties and biological
activities of compounds and involved in drug target interactions are electrostatic and steric effects (Cheng
and Yuan 2006). Our observation that the GnRH-CS/pDNA complex was able to discriminate between
targeted and non-targeted cells despite of positive charge similar to unmodified CS/pDNA complex
suggested that its biological activity is more affected by steric effect (resulted from the conjugation of
GnRH ligands). It is possible that the superiority of steric effect could prevents non-specific binding to
cells via electrostatic interactions, resulting in specific gene delivery via receptor-mediated endocytosis. It
has been reported that multicellular spheroids better mimic the microenvironment of tissues because they
exhibit different features compared to traditional monolayer cultures. These 3D cultures serve as more
relevant model systems for a better investigation of gene delivery vectors (He, Tabata et al. 2010). We
therefore evaluated the specificity of GnRH-CS/pDNA complexes in a 3D multicellular spheroid in

addition to 2D monolayer cultures. Similar results were obtained from both 2D and 3D cell culture model
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systems as shown in Figure 6b. Taken together, these findings confirm that gene delivery by the GnRH-

CS is targeted, specific and dependent on GnRH receptor.
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Figure 6. Evaluation of the specificity of targeted cell transfection by GnRH-CS/pDNA complexes. a)
Assessment of targeted gene transfer by GnRH-CS/pDNA compared to the unmodified CS/pDNA
complexes carrying the GFP reporter gene using a range of polymer concentrations in the targeted cells
expressing GnRH receptor and the non-targeted cells lacking GnRH receptor. b) Transfection of 3D
spheroids by polyplexes. The spheroids were transfected with polyplexes (i.e. GnRH-CS/pDNA and
unmodified CS/pDNA).Representative images showing GFP expression in the monolayer cultures and

spheroids were taken at day 3 post transfection.
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Transfection efficiency

Next, to further explore the superiority of the GnRH-CS, we treated targeted cells expressing
GnRHR with GnRH-CS/pDNA com-plex carrying a Luc reporter gene, which were prepared with various
polymer:pDNA ratios. This was compared to unmodified CS and transfection efficiency was subsequently
assessed. The GnRH-CS/pDNA complexes resulted in much higher transfection efficiency than the
unmodified CS/pDNA complexes. A dose response of Luc expression at increasing concentrations of
polymer is shown in Figure 7a. Levels of Luciferase expression increased with increasing GnRH-
CS:pDNA ratios and maximized at critical ratios when the complexes were completely formed. At similar
ratios, the transfection efficacy of the GnRH-CS was clearly higher than those of the unmodified CS. The

expected patterns of Luciferase gene expression were reproduced in 3D cell culture system (Figure 7b.).
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represent the mean + SEM of triplicate samples from one representative experiments of three independent
experiments, significant difference; n.s.-not significant, * p < 0.05, ** p < 0.01, ***p < 0.001 (one way

ANOVA with tukey’s post hoc test).

In conclusion, we have developed and successfully tested an improved version of chitosan-based vector
concept by using a GnRH peptide as a targeting moiety for the delivery of a gene of interest to

mammalian cells expressing GnRH receptor. GaRH-CS was successfully synthesized and investigated for
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their physiochemical properties, biocompatibility, and transfection activity. The formation of GnRH-
CS/pDNA complexes yielded the positively charged nanoparticle. GnRH-CS proved superior to
unmodified CS for specificity and transfection efficiency. The non-toxicity, specificity and high
transfection efficiency of GnRH-CS make it ideal for targeted gene delivery to GnRHR-expressing cells,
which is necessary for the potential treatment of associated diseases (i.e. some gene disorders of sexual

development, reproductive system-related cancers,) as well as for contraception and fertility control.
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Chapter 11
Gonadotropin-releasing hormone (GnRH)-modified Chitosan as a safe and efficient gene

delivery vector for spermatogonia cells

2.1 Introduction

DNA transfer to male germ cells such as spermatogonia can be carried out by direct introduction
of foreign DNA into interstitial cells (Leydig cells) that localized between seminiferous tubules (called
testis-mediated gene transfer; TMGT) or into seminiferous tubules (Sato 2006). In order to make great
progress in TMGT, it is of paramount importance to develop safe vectors capable of delivering a gene of
interest to testicular cells at levels of effective and sufficient transgene expression.

The design and construction of gene delivery vectors have followed two parallel paths. One has
taken an advantage of animal viruses which highly evolve their gene delivery capacity. Retroviral and
adenoviral vectors have been exploited for the delivery of transgenes into spermatogonia cells (Nagano,
Shinohara et al. 2000, Takehashi, Kanatsu-Shinohara et al. 2007). The main limitations for this approach
have been unfavorable immunological features” and mutagenic integration for some viruses (Morille,
Passirani et al. 2008). The other path has been to develop non-viral vectors, such as polymeric
nanoparticles and liposomes capable of packaging and delivering DNA to target cells for transgene
expression (Saffari, Moghimi et al. 2016, Werfel and Duvall 2016).

Chitosan (CS) is a biodegradable polysaccharide composed of D-glucosamine repeating units
derived from the deacetylation of chitin found in the exoskeletons of crustaceans. Among non-viral
vectors, chitosan has been explored as a gene delivery vector by several research groups (MacLaughlin,
Mumper et al. 1998, Richardson, Kolbe et al. 1999, Roy, Mao et al. 1999). Chitosan can efficiently
condense DNA, protect DNA from enzymatic degradation, and deliver plasmid DNA to various cell types.
Moreover, chitosan is considered to be a safe biomedical material for clinical applications due to its
excellent biocompatibility and biodegradability (Saranya, Moorthi et al. 2011). However, the usefulness of
this system is limited by its poor transfection efficiency (Prabaharan and Mano 2005). To increase affinity
and specificity, chitosan can be readily modified and conjugated with targeting ligands (such as
transferrin, folate, mannose, galactose) in order to improve its transfection efficiency (Jiang, Kwon et al.
2007).

Recently, synthesis and physiochemical properties of GnRH-conjugated chitosan (GnRH-CS) as a

DNA delivery vector targeted to gonadotropin-releasing hormone receptor (GnRHR) have been studied

30



(Boonthum, Namdee et al. 2017). Specifically, N-succinyl-chitosan was synthesized by reaction of
chitosan with succinic anhydride, which was subsequently reacted with a decapeptide GnRH (pGlu-His-
Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2) by using ethyl (dimethylaminopropyl) carbodiimide/N-
hydroxysuccinimide (EDC/NHS) as a coupling agent, yielding GnRH-conjugated chitosan. The results
showed that synthesized GnRH-CS was able to condense DNA to form positively charged nanoparticles
and specifically deliver plasmid DNA to GnRHR-expressing cells, and GnRH-CS exhibited higher
transfection efficiency compared to unmodified CS (Boonthum, Namdee et al. 2017).

The overall aim of this study was to investigate the application of modified chitosan as a potential
vector for gene delivery to spermatogonia cells. Complexes of GnRH-CS and plasmid DNA (pDNA)
(GnRH-CS/pDNA complexes) were prepared as previously described (Boonthum, Namdee et al. 2017),
and their cytotoxicity and cell specificity were characterized. Transfection efficiency was investigated in
mouse-derived spermatogonia cells (GC-1 cells). We hypothesized that GnRH-CS polymers would exhibit

higher transfection efficiency and lower cytotoxicity compared to unmodified CS.

2.2 Materials and methods
Preparation and characterization of polyplexes

The procedure for preparing and characterizing polyplexes was previously described (Boonthum,
Namdee et al. 2017). Briefly, GnRH-CS or unmodified €S solution (1 mg/mL) were each prepared by
dissolving chitosan in 0.2% acetic acid. The polymer and plasmid DNA solutions were mixed together
under high-speed vortex for 1 min. The ratios of polymer/pDNA complexes (weight/weight) tested were
1:20, 1:40, 1:60 and 1:80. Untreated and naked pDNA-treated cells were used as controls. Particle
characterizations (size and zeta-potential) were also performed as previously described (Boonthum,

Namdee et al. 2017).

Cell culture and transfection

The mouse-derived spermatogonia cell line (GC-1; ATCC) was maintained in complete D-MEM
medium supplemented with 10% fetal bovine serum (FBS), penicillin (100 units/ml), streptomycin (100
pg/ml) and L-glutamine (2 mM). Cells were grown at 37°C in a humid atmosphere of 5% CO,. One day
after incubation, the polyplexes solution was directly added to the medium and incubated at 37°C. The
optimal ratio of chitosan polymer to pDNA was determined by keeping the pDNA fixed at 1 [lg per well
and adding increasing concentrations of polymers using pDNA carrying green fluorescence protein gene.

Four hours later, the medium was replaced with fresh medium. Untreated and naked pDNA-treated cells
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were used as controls. Transfection efficiency was assessed by the expression of reporter transgenes at 72

h post-treatment. The experiment was performed in triplicate.

Cytotoxicity

The effect of pDNA/polymer complex on GC-1 spermatogonia cells was examined to determine
the cytotoxicity of the delivery system. Cells were seeded at 5 x 10" cells/mL in 48 well microtiter plates
in DMEM with FBS. The cells were incubated overnight for attachment. Four different ratios of
pDNA/polymer complexes were added in triplicates and incubated for 24 h at 5% CO, at 37°C. Following
24 h incubation, cell viability was determined by the CellTiter-Glo® cell viability assay (Promega). Cells
were also stained with the reagents in the LIVE/DEAD® Cell Viability/Cytotoxicity Assay Kit
(Invitrogen). Mean cell viability derived from 3 independent experiments was normalized to non-treated

controls.

Fluorescence imaging and quantification

Green fluorescent protein (GFP) expression in GC-1 cells was visualized on a fluorescence
microscope (Olympus IX71) and captured using a digital camera. Fluorescent quantification was
performed with ImageJ software program (version 1.51j8, National Institutes of Health, Bethesda, MD,
USA) (Burgess, Vigneron et al. 2010, McCloy, Rogers ¢t al. 2014). Each fluorescent image contained
4,080x3,072 pixels, and each pixel Was scored to a value ranging from 0 to 255 on an 8-bit digital scale.
On this scale, the maximum background intensity was 80 (indicated as GFP fluorescence) and the
minimum background intensity was 0 (assigned as black color). Fluorescence was measured using ImageJ
software program on ten cells that were randomly selected. The shape of the cells was outlined and the
area, mean fluorescence value and integrated density measured. Several background readings were also
measured. The total corrected cellular fluorescence (TCCF) was calculated as the integrated density minus
the sum of the area of the selected cell, multiplied by the mean background fluorescence of background

readings (Gavet and Pines 2010, Potapova, Sivakumar et al. 201 ).
Statistical analysis

Statistical differences were calculated using a one-way ANOVA with Tukey's post hoc test

(GraphPad Prism software, version 5.0) and denoted as follows: *p<0.1, **p<0.01 and ***p<0.001.
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2.3 Results
Transfection efficacy of GnRH-CS

Differences in the transfection efficacy of GnRH-CS/pDNA and unmedified CS/pDNA
complexes were observed. Complexes of pDNA with GnRH-CS augmented gene transfer to GC-1 cells.
Treatment with an optimal ratio of GnRH-CS/pDNA complexes (1:40) resulted in enhanced GFP
expression (TCCF) (Figure 8a). Representative images of GC-1 cells expressing GFP are shown in Figure
1b. At 72 h post transfection, maximum GFP gene transfer levels were achieved with the GnRH-CS
polymer at polymer concentrations of 40 pg. No GFP gene expression was detected in control untreated or
naked pDNA-treated cells. Unmodified CS failed to enhance expression over a range of polymer/pDNA

ratios (Figure 8b).

Evaluation of cytotoxicity by the pPDNA/polymer complex

At 24 h post incubation, there was a dramatic increase in the number of live cells by the GnRH-
CS/pDNA compared to the unmodified CS/pDNA complex (Figure 11a). Cell death was more evident
with unmodified CS/pDNA, while GnRH-CS/pDNA showed less cytotoxicity (Figure 9b). Cell death also

was less evident in both controls (untreated or naked pDNA-treated cells) Figure 9b).
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(a) Assessment of targeted gene transfer by GnRH-CS compared with the unmodified CS carrying the

GFP reporter gene using a range of polymer concentrations in spermatogonia GC-1 cells. Significant

differences in TCCF was denoted; n.s.-not significant, * p<0.05, ** p<0.01, ***p<0.001. (b) GFP

expression observed after complex treatment of spermatogonia GC-1 cells with the GnRH-CS/pDNA

complexes. Spermatogonia GC-1 cells were transfected with different polymer/pDNA ratios (0-80 pg of

unmodified CS or GnRH-CS per 1 pg of pDNA).
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2.4 Discussion

In vitro transfection of testicular cells is an alternative method to animal experimentation for
simple and rapid evaluation of transfection efficiency of newly developed vectors designed for TMGT
(Tajik, Pajooh et al. 2017). The transfection ability of an improved version of a chitosan-based vector was

previously demonstrated using a GnRH peptide as a targeting moiety for the delivery of a gene of interest
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to established mammalian cells expressing GnRHR in vitro (Boonthum, Namdee et al. 2017). Similar
results were observed in the current study.

Testes contain two types of cells: germ cells (spermatogonia, spermatocytes and spermatids) and
somatic cells (Sertoli cells and Leydig cells). Specifically, the current study aimed at investigating in vitro
gene delivery to male germ cells. However, the in vitro germ cells production is limited due to the lack of
a culture system for long-term maintenance (Nagano, Avarbock et al. 1998). To overcome this limitation,
the immortalized GC-1 cell line was used. This mouse-derived spermatogonia cell line was immortalized
by transfection with a plasmid containing coding sequences for the SV40 large T antigen. More
importantly, this cell line shows characteristics of a stage between type B spermatogonia and primary
spermatocytes (Hofmann, Narisawa et al. 1992).

An important finding in the current study was that unmodified chitosan-based vectors suffer from
high cytotoxicity in spermatogonia cells. We believe that this phenomenon is associated with cytotoxicity
observed at high concentrations of cationic polymers. It has been suggested that uncontrolled cationic
density may compromise the plasma membrane integrity, leading to the pore formation and/or erosion
and, subsequently, cytotoxicity (Leroueil, Berry et al. 2008). One interesting aspect of GnRH-CS is their
ability to reduce cytotoxicity for spermatogonia cells in comparison with unmodified CS. Our findings
represent an important step forward in the development of GnRH-CS as a gene delivery vehicle for testis-
mediated gene delivery.

Direct introduction of exogenous nucleic acid into testis (referred as TMGT) has attracted great
interest over the past few decades (Raina, Kumar et al. 2015). In addition to the production of transgenic
animals, TMGT could be a valuable tool for the treatment of certain gene disorders affecting sexual
development and reproductive function (Ono and Harley 2013), as well as for contraception and fertility
control (Dissen, Lomniczi et al. 2012). Intratesticular injection is an alternative of the local delivery of
DNA of interest into the testis. However, injection of a radiolabeled substance into the rat testes to trace
absorption from the testis showed that although the majority of injected substance remained in the testis,
some (1%) localized in the liver, indicating the transportation via vascular system (Russell et al., 1987).
Because, the expression of GnRHR has been found in other normal reproductive tissues (e.g. breast,
endometrium, ovary, and prostate) (Cheung and Wong 2008), not limited to spermatogonia cells
(Ciaramella et al. 2015), further in vivo study of GnRH-CS as a carrier for DNA delivery to GnRHR
expressing cells is warranted to see if there is any adverse effect on other tissues.

In conclusion, unmodified CS-based vectors suffer from low transfection efficiencies and high

cytotoxicity in spermatogonia cells. The results of the present study demonstrated that modification of CS
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with GnRH is a promising strategy to overcome these challenges associated with chitosan mediated gene
delivery. This improved version of chitosan can be employed to reduce cytotoxicity or promote

transfection efficacy, both of which benefit testis-mediated gene transfer.
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Chapter 111

Single bilateral intra-testicular injection of Gonadotropin Releasing Hormone-modified
Chitosan mediated Tumor Necrosis Factor alpha gene as a nonsurgical sterilization in

rats

3.1 Introduction

In the present time, nonsurgical sterilization has become a central issue for population control in animals.
This alternative method has been studied by many researchers using chemical castration. A key aspect of
chemical castration is to induce testicular cell necrosis. However some research study of chemical
castration have indicated serious adverse effect in treated animal such as necrosuppurative orchitis and
ulcerative dermatitis after administration (Tepsumethanon, Wilde et al. 2005, Levy, Crawford et al. 2008).
These weak points remain a major problem to allow. the user to convince this alternative method. The
main challenge faced by many researchets is to reduce the severity of testicular necrosis and to remain the
infertility effect after administration. One of the most important issues in the conventional sterilization
method was the loss of the testosterone, the hormonal product of testis, may have the potential impact on
dominance rank in humans, monkeys and other species (Rose, Holaday et al. 1971, Sapolsky 1991,
Wickings and Dixson 1992, Czoty, Gould et al. 2009, Muehlenbein and Watts 2010).

Therefore this study set out to develop the new version of nonsurgical sterilization that shows low
severity of testicular cell death, remains the serum testosterone level while is still effective in infertility.
Previous studies, we successfully established our nanostrategy (Gonadotropin Releasing Hormone-
modified Chitosan: GnRH-CS) to deliver gene of interested to GnRH receptor (GnRHR)-expressing cell
model and spermatogonia cell in in vitro study (Boonthum, Namdee et al. 2017). From in vitro to in vivo
study we tested our nanoparticle mediated apoptotic gene (Tumor Necrosis Factor alpha: TNF-O0) to
induce testicular cell death by using single intra-testicular injection in rat. The present study was designed
to determine the effect of gene inducing testicular cell death delivered by GnRH-CS polymers, to generate
the efficient method in order to address the animal overpopulation, to reduce the severe adverse reactions
of commercial non-surgical sterilant and to remain the major hormone that has the impact on dominant

social status in animals.
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3.2 Materials and methods
Experimental design

Animal experimentation was performed according to procedures approved by the Chulalongkorn
University Laboratory Animal Center (CULAC), Bangkok, Thailand. Twelve adult male Wistar rats
(Rattus norvegicus) were randomly divided in 4 groups. Group A, B and C, were received with GnRH-
CS/TNF-0l (Nanoparticle/DNA), GnRH-CS (Naked nanoparticle) and TNF-O (Naked DNA) via intra-
testicular injection each testicle, respectively. Group D was used as control group without treatment. Rats
of each group were analyzed at 0, 7, 14, 28 and 35 days after testicular injection (de Macedo, de Lima et
al. 2018). At the end point (Day 35), animals were euthanized, the testes were removed and then subjected

to standard histological procedure.

Formulation of DNA nanoparticles

Detailed methodology for amplification of DNA and preparation of nanoparticles is reported in
previous publications(Boonthum, Namdee et'all 2017). The nanoparticle and DNA solutions were mixed
together under high-speed vortex for 1 minute, The ratio of nanoparticle/ DNA complexes (weight/weight)

were prepared depending on the experiment,

Intra-testicular injections

Before testicular injection, animals were anesthetized using Isoflurane (AttaneTM, USA)
inhalation. The testes were exposed in scrotal sac and were fixed by a digital pressure, 70% alcohol pad
applied on skin for aseptic technique (Amaral, Campos et al. 2011, de Macedo, de Lima et al. 2018). And
then 700 AL (Kwak and Lee 2013) of each solution described previously was slowly injected into cranio-
dorsal aspect of each testicle with 30G x 2" needle attached to 1-ml plastic disposable syringe at the 3-4
mm injection depth (de Macedo, de Lima et al. 2018). The needle was removed slowly after injection to

avoid leakage of the solution to the scrotal sac. Both testes were injected.

Body weight, testicular weight and testicular volume
Body weight and testicular dimensions were monitored on day 0, 7, 14, 28 and 35. The testicular
dimensions (height, width and length) measured with a digital caliper. This study used the formulation of

a solid ellipsoid triaxial body to calculate the testicular volume (Nistal, Paniagua et al. 1985, Love, Garcia
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et al. 1991). After euthanasia on day 35, the testicle of each animal was taken, weighed and mearsured in

order to compare the testicular weight and volume between groups.

Serum testosterone
Blood samples were obtained by saphenous vein on day 0, 7, 14, 28 and 35 in all rats. The sample
was centrifuged and then collected the supernatant for the hormone analysis. The testosterone levels were

assayed via a chemiluminescent microparticle immunoassay (CMIA) (Xia, Xu et al. 2013).

Scrotal ultrasound

The testes were analyzed using a portable Mindray M9Vet” (Mindray Medical Limited, Thailand)
ultrasound machine with 4-16 MHz linear transducer (Mindray L16-4Hs probe). Two planes (transverse
and longitudinal) should be examined to compare the echotexture of testis (Edey and Sidhu 2008, Ammar,

Sidhu et al. 2012).

Pathological analysis of the testes, liver, kidney and urinary bladder

After euthanasia with carbon dioxide: the testis was taken and was examined for gross analysis.
And then the testis, liver, kidney and urinary bladder were dissected and fixed in 4% paraformaldehyde
solution for 24 h, and embedded in paréfﬁn. The sections’ were stained with Hematoxylin and Eosin
(H&E) and observed using a light microscope (Kwak and Lee 2013). The testicular degeneration was
classified as normal, mild, moderate and severe. Classification of pathological changes was modified from
previous studies (Mikuz 1985, Sagnak, Ersoy et al. 2007, Cerilli, Kuang et al. 2010, Teankum, Tummaruk

et al. 2013) as shown in Table 2.

Statistical analysis

GraphPad Prism software (version 5.0) was used to perform statistical analyses. Data were
presented as mean + standard error of the mean (SEM). P values were generated by two-way ANOVA
followed with Bonferroni post-test, considered significant when <0.05 and denoted as follows: *P<0.05,

**P<(.01 and ***P<0.001.
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Table 2. The severity of mature rat testicular degeneration after testicular injection

1 Groups Normal Mild Moderate Severe
degeneration degeneration degeneration
- Gross testicular size normal size slightly small small marked small

Percentage of testicular
reduction <20% >20-40% 2>40-60% >60-80%
Percentage of testicular cell

abnormality, degeneration
" and death 0% >50% >75% 100%

| This table was modified from previous studies (Mikuz 1985, Saénak, Ersoy et al. 2007, Cerilli, Kuang et al. 2010, k
Teankum, Tummaruk et al. 2013), the histopathology of testis includes... '

- - Seminiferous tubule hyalinization, tubules show fibrosis with an absence of germ cells and Sertoli cells.

- Sertoli cell only syndrome (SCQ), tubules contain only Sertoli cells with an absence of germ cells.

- Maturation arrest, complete interruption of spermatogencsis was found in tubules.

- Hypospermatogenesis, tubules indicate spermatogenesis disorder.

- Vacuolization, there was cytoplasmic vacuoles in the seminiferous tubules due to degeneration.

- Coagulative necrosis, cell death appears pale eosinophilic region due to infarction.

- Mineralization, Dystrophic calcification (DC) occurs in degenerated or necrotic tissue.

3.3 Results
Body weight

Body weight is presented in Figure 12. At 0, 7, 14, 28 and 35 days after testicular injection, the
body weight increased normally (Figure 10). No significant difference was found between groups

(P>0.05).
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Figure 10. All of rats had no significant difference in body weight after testicular injection. Data represent
the mean + SEM of 4 rats, *P<0.05, **P<0.01l and ***P<0.001, two-way ANOVA followed with

Bonferroni post-test.

Testicular volume

Figure 11 compares the testicular.volume during -experiment. Control group showed no
significant difference. On the other hand, three freatment groups showed significantly decrease in
testicular volume during the first wegk post testicular injection (P<0.001), especially in GnRH-CS/TNF-O
and GnRH-CS groups, had a 39.7% 4 15:45% and 33.4% * 10:50% reduction in starting testicular
volume, respectively. The testicular volume continued to reduce on day 14 (P<0.05) in GnRH-CS/TNF-Q
group and day 28 (P<0.05) in GnRH-CS groups. The results at 28 days after testicular injection showed
67.47% + 11.40%, 59.00% + 8.38% and 33.67% =+ 22.49% reduction in starting testicular volume in

GnRH-CS/TNF-O{, GnRH-CS and TNF-(X groups, respectively.
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Figure 11. Testicular volume after intrafesticular injection. The treatment groups showed significant
differences in a reduction in testicular volume on day 7 (P<0.001). The testicular volume continued to
reduce on day 14 (P<0.05) and 28 (P<0.05) in/ GnRH-CS/TNF-& and GnRH-CS groups, respectively.
Data represent the mean + SEM of 4 rats, *P<0.05, **P<().01 and ***P<0.001, two-way ANOVA

followed with Bonferroni post-test.

Testicular weight and volume of dissected testis
Testicular weight and voluriie of dissected testis can be compared in Figure 12. These parameters

were significantly reduced (P<0.001)in'GnRH-CS/TNF-O and GnRH-CS groups.
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Figure 12. Testicular weight and volume in in vitro after castration on day 35. There were significantly
decreses in GnRH-CS/TNF-0{ and GnRH-CS groups (P<0.001). Data represent the mean + SEM of 4 rats,
*P<(.05, **P<0.01 and ***P<0.001, two-way ANOVA followed with Bonferroni post-test.
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Serum testosterone level
The data of serum testosterone level in 16 rats are highly variable, as shown in Figure 13.

However, this result did not show a significant difference between groups (P>0.05).
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Figurel3. Testosterone level (ng/dl) measured from 0 and 35 days after testicular injection in male rats.
No significant difference was found between groups. Data represent the mean + SEM of 4 rats, *P<0.05,

*%P<(),01 and ***P<0.001, two-way ANOVA followed with Bonferroni post-test.

Scrotal ultrasound

As shown in Figure 14, the ultrasonography results during experiment, control rat demonstrated a
uniform texture of testis. The dilatation of testicular vessel with mild heterogeneity of the surrounding
parenchyma was showed in three treatment groups at the first week post testicular injection. GnRH-
CS/TNF-Ol and GnRH-CS groups showed irregular shaped hypoechoic nodule with/without hyperechoic
edge, calcification within the testicular parenchyma, a global reduction in testicular volume and

reflectivity on day 35.
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GnRH-CS (day 35) H GnRH-CS/TNF-a (day 35)

Figure 14. A scrotal ultrasound examination. Normal ultrasound anatomy, in control (A and E) and TNF-
O (day 35, F) groups. The dilatation of testicular vessel (thin arrows) with mild heterogeneity of the

surrounding parenchyma at 7 days after testicular injection, in three treatment groups (B, C and D).
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GnRH-CS/TNF-O{ and GnRH-CS groups showed irregular shaped hypoechoic nodule with/without
hyperechoic edge (broad arrows), calcification (arrowheads) and a reduction in testicular volume (G and

H).

Pathological analysis of the testes, liver, kidney and urinary bladder

Macroscopic finding can be seen in Figure 15. In control and TNF-O groups showed normal
testicular size. GnRH-CS and GnRH-CS/TNF-(X groups showed a slightly small testicular size. As shown
in Figure 16, H&E (40x), in control and TNF-X groups showed well organized seminiferous tubules and
interstitial tissue (Leydig cells). Histopathological analysis of the testicle showed >75% and >50% of the
entire biopsy had germ cell abnormalities in GnRH-CS/TNF-O and GnRH-CS groups, respectively.
Leydig cells are present in all group. Figure 17 presents normal testicular tubules in control and TNF-O
groups, H&E (200x). Moderate degeneration in jthe  germinal epithelium, extensive intratubular
hyalinization due to fibrosis, coagulative necrosis, lymphoeytic infiltration, collapsed seminiferous
tubules, mineralization and spermatid retention’ were'found in animal treated with GnRH-CS/TNF-OL.
Testicular parenchyma in animal treated with GnRH-CS showed mild testicular degeneration lined by
Sertoli cells remain, coagulative necrosis, lymphoeytic infiltration and tubular vacuolization. There was

no pathology of liver, kidney and urinary bladder in all groups.
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Figure 17. Microscopic appearance of testes (x 200 magnification, H&E). Testicular histological section
of control rat (A) demonstrated normal seminiferous tubules and interstitial tissue. Seminiferous tubules in
testis from GnRH-CS group (C and D) appeared normal interstitial tissue, intratubular coagulative
necrosis (C), tubules lined by Sertoli cells remain (thin arrows) and tubular vacuolization (D). GnRH-
CS/TNF- (E and F) induced extensive intratubular hyalinization, coagulative necrosis, lymphocytic
infiltration, collapsed seminiferous tubules, mineralization (broad arrows) and spermatid retention

(arrowheads).
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3.4 Discussion

Intra-testicular chemosterilant has been used as a fast and low cost method to control population
in large scale animal. Non-surgical sterilants have been developed in several laboratories such as zinc-
based solution in dogs (Fahim, Wang et al. 1993, Oliveira, Moura et al. 2007), cat (Oliveira, Fagundes et
al. 2013) and bears (Brito, Sertich et al. 2011); 20% hypertonic saline in rats (Emir, Dadal et al. 2008,
Emir, Sunay et al. 2011) and cattle (Neto, Gasperin et al. 2014); chlorhexidine in bovines (Pineda and
Hepler 1981); calcium chloride (CaCl,) in rats (Jana, Samanta et al. 2002, Jana and Samanta 2006), cats
(Jana and Samanta 2011), dogs (Jana and Samanta 2007), goats (Jana, Samanta et al. 2005) and cattle
(Koger 1978); CaCl, with DMSO in cats (Paranzini, Sousa et al. 2018); cadmium chloride (CdCl,) in
lamps (Lymberopoulos, Kotsaki-Kovatsi et al. 2000) and clove oil in dogs (Abu-Ahmed 2015). The main
point of chemical castration was either safe but not effective or effective but not safe(Oliveira, Moura et
al. 2007). The challenges are to minimize side effect by using the natural compound for reducing the
severity of testicular toxicity while is still effective in infertility.

The present study used chitosan that is a natural polysaccharide derived from chitin. Chitosan has
anticancer and anti-inflammatory propertiés (Hasegawa, Yagi et al. 2001, Azuma, Osaki et al. 2015).
Chitosan was modified its chemical “structure by comjugated with GnRH as a targeting moiety for
delivering a gene of interest to cells expressing GnRHR such as mammary, endometrium, ovary, testis,
prostate and urinary bladder (Bahk, Kim et al. 2008, Cheung and Wong 2008, Anjum, Krishna et al.
2012). A gene of interested in this study-is TNF-OL as-a-gene-inducing apoptosis. Moreover under normal
physiological conditions, TNF-Q{ are-produced in the testis and play a role in maintaining testicular
function (Lysiak 2004). Previous study concluded this version of chitosan was able to condense DNA and
specifically deliver DNA to GnRHR-expressing cells (Boonthum, Namdee et al. 2017) and spermatogonia
cells. To examine in animal model, GnRH-CS was used to deliver TNF-X gene to induce testicular cell
death in male rat.

The most interesting finding was a progressive decrease in testicular volume post testicular
injection with GnRH-CS/TNF-OL and GnRH-CS. Control and TNF-O{ groups showed no significant
decrease in testicular volume during experiment. Moreover the testicular volume by using sliding caliper
in in vitro after castration and testicular weight of dissected testicle were significantly less in GnRH-
CS/TNF-0l and GnRH-CS groups than control and TNF-O{ groups. Testicular gross weight and volume
were on the same pace. This also accords with earlier observations, which showed that the testis weight
should considered equal to volume because of its density (1.03-1.04). In addition to the reduced total

testicular volume (Jn vivo over the scrotal skin and In vitro after castration) and testicular weight, it might
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be affected by testicular germ cell degeneration, a loss in germ cell number and seminiferous tubular fluid
(STF) (Haschek, Rousseaux et al. 2010). However many research studies of chemical sterilant revealed
individual variation in testicular size after testicular injection, no changes were observed in some animals
while others showed small testis (Soto, Viana et al. 2009, Brito, Sertich et al. 201 1). The presence of testis
in animal treated with some chemical sterilant that might be blind observer to indicate castrated or non-
castrated animal. Therefore the reduction of testicle after treatment might show the advantage for the
identification of castrated animal in large scale.

Body weight was measured to monitor weight loss due to stress after treatment. No significant
changes in body weight were detected. It is possible that treated animals did not suffer and could eat
normally. With regard to pain, the literature reviewed that peripheral nerve pain located only on the scrotal
skin and in the capsule of the testis. Therefore animals may feel pain due to capsular distension within 24
hours and may remain for 7-15 days (Kutzler and Wood 2006). This study showed no change that
indicated pain after recovering from anesthesia, especially in body weight was no statistically significant

differences between groups due to normal food intake.

Concerning serum testosterone, surgical sterilization eliminate gonadal sources of testosterone. Many
research studies examined testosterone-is needed for secondary sexual characteristics, including male
dominance rank (Rose, Holaday et al. 1971, Sapolsky 1991, Wickings and Dixson 1992, Czoty, Gould et
al. 2009, Muehlenbein and Watts 2010). Unlike the conventional miethod, non-surgical sterilization does
not eliminate Leydig cell that is the sources of testosterone (Kutzler and Wood 2006, Jana and Samanta
2011). The present study supported the finding of the previous work in testosterone concentration,
revealed no significant change in serum testosterone level in all groups. It might be useful for controlling
the animal population in some species that need male sex hormone for dominance hierarchy.
Ultrasonography is a common used imaging for detection of pathologic conditions of the testes
(Kobyliak, Falalyeyeva et al. 2015). Normal ultrasound image of the testis, revealed a uniform texture and
reflectivity as shown in control group. At 7 days after injection, three treatment groups showed the
dilatation of testicular vessel due to atrophy (Kobyliak, Falalyeyeva et al. 2015), this finding broadly
supports the results of testicular volume. However the color Doppler ultrasound should be used to confirm
dilated testicular vessel (Belay, Huang et al. 2016). A scrotal ultrasound examination of GnRH-CS/TNF-
Ol and GnRH-CS groups, on day 14, showed irregular shaped hypoechoic nodule with/without
hyperechoic edge. Day 28 and 35, calcifications within the testicular parenchyma and hypoechoic nodule

with/without irregular hyperechoic margins were demonstrated. A global reduction in testicular volume
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and reflectivity were found especially on day 35, these findings refer to testicular atrophy (Ammar, Sidhu
et al. 2012). The hypoechoic nodule might relate to the site of injection that showed more heterogeneity of
echo texture than other sites. Interestingly, the abnormalities expressed only part of the injection site or
not the entire testicle. The challenge is to develop the solution property to diffuse through whole tissue or
adjust the technique of injection to cover total testicle.

An ideal chemosterilant is safe, effective, inexpensive, permanent and required single injection
(Jana and Samanta 2006, Jana and Samanta 2007). Permanent sterilization needs irreversible damage of
testicular cells. In this study, GnRH-CS/TNF-X group showed more severity of testicular cell death than
others. The severity of testicular degeneration in this study divided in to normal, mild, moderate and
severe. According to this, normal grade shows normal size of testicle in gross examination and regular
structure demonstrating normal spermatogenesis of seminiferous tubule in histopathological analysis.
Mild grade exhibited one or more criterion including slightly small testicular size, ~>20-40% reduction in
starting testicular volume and >50% of the entire biopsy had germ cell abnormalities. Small testis, ~40-
60% reduction in starting testicular volume or/>75% germ cell abnormalities were found in moderate
grade. Severe grade shows marked small testicular size, ~60-80% reduction in starting testicular volume
and 100% testicular cell death. The current study found that GnRH-CS/TNF-X and GnRH-CS induced
moderate and mild testicular cell death, respectively. The plain GnRH-CS also induced testicular cell
death by its anticancer and anti-inflammatory properties {Azuma, Osaki et al. 2015). While control and
TNF-OL groups did not affect testis. Because naked TNF-OL was degraded by the body enzyme before
showing any effects. As for germ cell abnormalities include seminiferous tubule hyalinization (absence of
tubule), Sertoli cell only syndrome (presence of Sertoli cells only in tubule), maturation arrest (incomplete
spermatogenesis) and hypospermatogenesis (presence of spermatozoa and absence of spermatogonia)
(Cerilli, Kuang et al. 2010). Testicular degeneration is the mixture of vacuolization in germinal epithelium
of the seminiferous tubules, partial loss of germ cells, disorganization of germ cell layer and leaving
tubules lined only by Sertoli cells (Haschek, Rousseaux et al. 2010). Coagulative necrosis can be seen as a
big area of pale eosinophilic region due to infarction. These effects are agree with previous studies using
other chemical sterilants (Immegart and Threlfall 2000). Testicular necrosis is not reversible and the
affected area is replaced by fibrous tissue. According to testicular necrosis, spermatids fail to be moved
and are still remained at the lumen. Concerning safe, no pathology was found in liver and kidney that are
important organs of metabolism, detoxification, storage and excretion (Brzdska, Moniuszko-Jakoniuk et
al. 2003). Moreover all treatments did not affect urinary bladder that represents cells expressing GnRHR

(Bahk, Kim et al. 2008).
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In conclusion, the main goal of the current study was to determine the effect of single bilateral
intra-testicular injection of gene inducing testicular cell death delivered by GnRH-CS polymers. From the
results, GnRH-CS/TNF-({ acts as a non-surgical sterilization resulting in seminiferous tubules necrosis
(>75% of the entire biopsy) without affecting stress and serum hormone levels that is the essential
hormone of the social dominance status. Therefore it can be used as gentle non-surgical sterilization to
reduce the severe adverse reactions of chemosterilant and to remain the major hormone that has the impact
on dominant social status in some species. Concerning permanent sterilization needs an in-depth study of

long-term effects and mating fertility that should be explored in further study.
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