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Abstract

Immunocontraceptive vaccination is becoming an acceptable strategy in managing animal
populations. Mass vaccination of dogs is the most cost-effective and efficient method to control
rabies, and combination of rabies vaccination and animal population control will be an added
advantage. In this study, we developed an adjuvanted hydrogel-based pDNA nanoparticulate
vaccine for rabies protection and immunocontraception. /n7 vivo, we observed an immune response
skewed towards a Th2 type, in contrast to the Th1 type in our previous pDNA study. The
observation was verified by the 1gG2a/lgG1 ratio (<1), and cytokine expression profile of

IL-4 and IFN-v. The humoral immune response is key for rabies protection and a GnRH
antibody-based immunocontraception. In mice, anti-GnRH antibody titers were detected 4 weeks
after immunization and lasted for 12 weeks when the animal experiment was terminated. The
adjuvanted pDNA nanoparticulate vaccine shows promise for future studies evaluating protection
from rabies challenge and prevention of animal breeding.
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INTRODUCTION

Rabies prevention is an excellent example of “one health” involving animals, humans and
the environment. Rabid dog bites account for about 95% of human rabies cases in the
55,000 human deaths reported per year worldwide [1] [2]. Elimination of dog-mediated
human rabies deaths by 2030 is a goal set by WHO and OIE [5], and there is a need for
coordinated efforts and development of novel stratgies to contain the spread of rabies. More
than 3.3 billion people in endemic countries live in an environment with potential exposure
to rabies [3]. Besides mass dog vaccinations, novel vaccine formulations and delivery are
being explored [4]. An efficient canine rabies control program relies on dog vaccination and
population management [6,7], particularly for free-roaming dogs. Dog culling is not only
often unacceptable to the community, but also proves ineffective in rabies control [7]. The
Alliance for Contraception in Cats and Dogs (ACC&D) strongly recommends the use of
nonsurgical method for control of animal population [6].
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The pDNA is an immunocontraceptive vaccine, and has the advantages of being
inexpensively produced, stable at room temperature, relatively safe and capable of inducing
both humoral and cellular immune responses [8]. But unmodified DNA vaccines come
with an inherited limitation of weak immunogenicity. Similarly, immunocontraception is
less expensive and less labor-intensive than the surgical method for sterilization, but the
effect is not as reliable, with most studies still in the research stage. One method of
achieving immunocontraception is by targeting gonadotrophin-releasing hormone (GnRH),
a neuronal hormone secreted in the hypothalamus and transported to the anterior pituitary
via the hypothalamic-pituitary portal system [9] [10]. After binding to the receptor, GhnRH
stimulates the production and release of pituitary hormone follicle stimulating hormone
(FSH) and luteinizing hormone (LH), which play a critical role in the development of
sexual organs and reproduction [11] [12]. Antibodies against GnRH prevent its binding to
the receptor and thus inhibit secretion of FSH and LH to achieve sterility. Both male and
female animals have been shown to respond well to the GnRH vaccine, with above 80%
infertility in animal breeding, and no serious social behavior changes have been observed in
the immunized animals [13, 14].

Development of a DNA vaccine to generate antibodies to prevent GnRH signalling is
challenging due to its weak immumogeniciy [20]. To overcome the limitation, various
strategies have been employed, including coupling of GnRH to ligands such as heat shock
protein 65 [21], keyhole limpet hemocyanin [22] and stronger T helper cell epitopes

[23]. Similarly, we attempted to elongate the length of time the antigen was present

within the animal by developing a hydrogel-based pDNA nanoparticulate vaccine. The
vaccine formulation in our study maintained a fluid state at 4°C, thus providing ease of
administration, but turned into a gel after injection in animals, thus providing a method

for sustainable release of the antigen. To further augment the vaccine immunogenicity, we
included the FDA-approved adjuvants Alum and MF59 in our vaccine formulations [24, 25].

MATERIALS AND METHODS

Cell culture materials RPMI 1640 medium, Dulbecco’s Modified Eagle medium, fetal
bovine serum (FBS), penicillin/streptomycin, sodium pyruvate and nonessential amino acids
were obtained from Cellgro Mediatech (Herndon, VA, USA). Mouse dendritic DC 2.4 cells
were given as a kind gift from Dr. Kenneth L. Rock (Dana-Farber Cancer Institute, Inc.,
Boston, MA, USA). Six to eight week-old Swiss Webster female mice were purchased from
Charles River Laboratories (Wilmington, MA, USA). GnRH peptide conjugated to BSA
was bought from New England Peptide, Inc. (Gardner, MA, USA). Antibodies used to stain
cells for MHC I, MHC 11, IFN-T, IL-4, CD45R, CD62L, CD4 and CD8 for flow cytometry
analysis were purchased from eBioscience laboratories (San Diego, CA, USA). HRP-tagged
secondary goat anti-mouse IgG was procured from Invitrogen (Rockford, IL, USA). Bovine
serum albumin (BSA), polyvinyl alcohol, dichloromethane, and PLGA (Mw 7,000-17,000)
were purchased from Sigma (St Louis, MO, USA). Chitosan glutamate (Sea Cure (+) 210)
was purchased from Protan, Inc. (Portsmouth, NH, USA).
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Immunization of mice

To determine the antigenicity of pDNA nanoparticulate vaccine, 18 Swiss Webster female
mice were immunized and housed under specific pathogen-free conditions in accordance
with the approved Mercer University IACUC protocol. Mice were divided into three
groups; the first group (n=6) received pDNA in hydrogel, the second group (n=6)
received pDNA nanoparticulate vaccine in hydrogel and the third group (n=6) received
pDNA nanoparticulate vaccine with adjuvants (Alum and MF59) in hydrogel. Mice were
immunized intramuscularly with one prime dose of pDNA at 100 g on day 0. Sera were
collected weekly up to twelve weeks after the prime immunization to measure specific
antibody levels against GnRH.

Fabrication of PLGA-chitosan nanoparticles

Nanoparticles were prepared by the emulsification method. Briefly, 50 mg of PLGA (Mw
7,000-17,000) was added to 5 mL of dichloromethane (DCM), which comprised the organic
phase. The aqueous phase was prepared by mixing 1 mg of polyvinyl alcohol (PVA) in
deionized water (Millipore, Billerica, MA, USA) and was then added to the organic phase
under homogenization at a speed of 32,000 rpm to form a w/o (water/oil) emulsion. The
formed w/o emulsion was later added to the second aqueous phase containing 10 mg of
polyvinyl alcohol (PVA) and 20 mg of chitosan glutamate under homogenization at a speed
of 32,000 rpm to form a w/o/w multiple emulsion that was kept stirring overnight. The
nanoparticle suspension was washed twice with deionized water to remove excess PVA.
Finally, the suspension was freeze-dried using trehalose (Sigma, St Louis, MO, USA) as a
cryoprotectant and the nanoparticles were characterized for their size and zeta potential [27]

[8].

Measurement of particle size & zeta potential

The particle size of the optimized nanoparticulate formulation was determined by a Malvern
Zetasizer Nano ZS (Worcestershire, UK) that works on the principle of dynamic light
scattering. One mg of nanoparticles was suspended in 1 mL of deionized water, vortexed and
then analyzed for size. The measurement was done in triplicate for blank nanoparticles and
pDNA vaccine nanoparticles. The zeta potential of optimized nanoparticulate formulation
was similarly determined. One mg of nanoparticles was suspended in 1 mL of deionized
water and transferred to a cuvette, and measured using a Malvern Zetasizer [8].

Dye exclusion assay

Measurement of the condensation of pDNA by chitosan glutamate was determined by
quenching of ethidium bromide (EtBr) fluorescence [28]. Briefly, 1 ug of pDNA was

added to wells of a 96-well plate and later a solution of chitosan glutamate (50 pL) in

HBG buffer (20 mM Hepes, 5.2% glucose, pH 7.0) was added in increasing concentrations
(0.1-0.5 pg/uL) to the pDNA-treated wells. Samples were incubated for 30 minutes and

50 pL of EtBr (2.5 uM) was added to each well. The same procedure was followed for

the different ratios of nanoplex (P/N, 1/15, 1/30, 1/45, 1/50) in which each P/N sample in
HBG buffer was incubated with 50 uL of EtBr (2.5 pM) for 30 min. The wells containing
only pDNA and HBG buffer were treated as positive and negative controls, respectively. All
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measurements were performed in triplicate and fluorescence intensity was measured in a
microplate reader (BioTek instruments Inc., Winooski, VT) using an excitation wavelength
of 510 nm and an emission wavelength of 591 nm [29] [30].

Griess nitrite assay

Determination of nitric oxide production was achieved by measuring its oxidation product
nitrite via Griess reaction [8]. Adherent DC 2.4 cells were suspended in Dulbecco’s
complete media and dispensed to wells of 96-well flat-bottomed plate at a density of
2.0x10%well. Samples from different vaccine groups used in the study (i.e., pDNA, blank
NP, pDNA nanoparticulate vaccine) with or without adjuvants were incubated with DC cells
for 16 hrs and 24 hrs at 37 °C under 5% CO,. Lipopolysaccharide (LPS) was used as
positive control. Supernatants were collected and added to wells of another 96-well plate (50
uL) in triplicate for detection of nitrite (NO,) accumulated in supernatants of induced DC
2.4 cells. To perform the measurement, 50 pL of 1% sulfanilamide in 5% phosphoric acid
was added and incubated for 5-10 minutes in the dark, followed by addition of 50 pL 0.1%
N-1-napthylethylenediamine dihydrochloride for further incubation for 5-10 min in the dark.
The absorbance was read at wavelength of 550 nm by a microplate reader [31] [32]. Nitrite
content was quantitated using the standard curve of sodium nitrite: 1 mM stock in distilled
water diluted to the high end at 100 uM, followed by serial dilutions to the low end at 1.56
UM.

Quantification of antigen-presenting molecules (MHC | and MHC Il) expression

DC 2.4 cells were plated at 5x104 cells per well in a 48-well plate and incubated at 37°C
for 24 hrs. After incubation, the adherent cells in each well were pulsed with 50 g vaccine
nanoparticles along with adjuvant particles and incubated at 37°C for another 24 hrs. To
measure MHC | and MHC 11, the remaining extracellular nanoparticles were removed,

and the cells were harvested by using a cell scraper. After staining at 4°C for 1 hr with
Fluorescein isothiocyanate (FITC) labeled MHC | and MHC Il markers, the DC2.4 cells
were washed twice with Hanks balanced salt solution (HBSS), and stained markers were
measured under the BD Accuri C6 flow cytometer (BD Bioscience, San Jose, CA).

Detection of Anti-GnRH antibodies by ELISA

Enzyme-linked immunosorbent assay (ELISA) was carried out for the detection of specific
antibodies against GnRH. Blood samples from immunized mice were collected every week
and serum was isolated and analyzed for antibody titers. Briefly, the 96-well flat-bottomed
poly-L-lysine coated high binding plate was coated with 1 pg (100 pL/well) of GnRH
peptide conjugated to BSA (GnRH-BSA) and kept overnight at 4°C. Wells were blocked
with 5% (w/v) BSA in phosphate buffered saline (PBS, 0.01M, pH 7.2) at room temperature
(RT) for 2 hrs. After extensive washing with PBS containing 0.05% Tween-20 (PBST),
100 pL of serum at 1:100 in PBS containing 5% (w/v) BSA were added to each well.

After 2 hrs of incubation at RT and subsequent wash using PBST, HRP-tagged secondary
goat anti-mouse 1gG at 1:2,000 in PBS containing 5% (w/v) BSA was added to each

well for incubation at RT for 1 hr. The color was developed by adding 100 pL/well of
3,3’,5,5”'-tetramethyl-benzidine (TMB) 2.08 mM in the dark for 30 min. The reaction was
stopped by adding 50 pL of 2M H,SO4 to each well, and colorization was measured at
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wavelength 450 nm using the microplate reader (BioTek instruments Inc., Winooski, VT,
USA) [33] [34]. The assays were performed in triplicate and the results expressed as mean *
SEM.

IgG subclass ELISA

The procedure for detection of subclass IgG1, 1gG2a was similar to what was used for
detection of anti-GnRH IgG as described above. In brief, the HRP-tagged secondary
antibodies for 1gG1 and 1gG2a were diluted at 1:2000 and incubated at RT for 1 hr. After
washing and color development under TMB, the reaction was stopped by adding 2M H,SOy,
and the absorbance values were quantified at 450 nm using the microplate reader (BioTek
instruments Inc., Winooski, VT, USA).

Avidity assay by elution ELISA

The avidity (Al) of anti-GnRH antibodies was determined by sodium thiocyanate (NaSCN)
elution ELISA assay [35] [16]. The Al was defined as the concentration of NaSCN that
resulted in a 50% reduction in absorbance from untreated wells. The value of Al close to 1
correlates to high avidity, while Al close to 0 correlates to low avidity. The procedure for
avidity measurement was similar to 1gG subclass ELISA, but incorporated an additional step
in which 50 pL of NaSCN (a chaotropic compound that interferes with antigen-antibody
reaction) at 0.1-0.8M was added to the well after completion of Ag-Ab reactions. The plate
was further incubated at RT for 20 min, and the Al was measured by absorbance at 450 nm
using the microplate reader (BioTek instruments Inc., Winooski, VT, USA).

Lymphocyte proliferation Assay

Splenocytes were harvested from immunized mice by passing the spleen through a 40-um
strainer. The cells were suspended in RPMI media and seeded in a 96-well plate at 100

uL per well of 1x10° cells. The pulsed cells included: a control of PBS, pDNA, pDNA
nanoparticulate vaccine, pDNA nanoparticulate vaccine plus adjuvant, and a positive control
of concanavalin A at 5 pg/mL. After incubation for 2 days at 37°C in a 5% CO, incubator,
cell proliferation was determined by using Alamar blue, a cell viability assay reagent.

The cell supernatants were removed and replaced with media containing Alamar blue for
incubation at 37 °C for 2 hrs. The stimulation index was calculated as a ratio of fluorescence
intensity of antigen-stimulated cells to the unstimulated cells [36].

Determination of T cells, B cells, and memory immune response in lymphatic organs

The single cell suspension of the spleens and lymph nodes were made using the 40-um

cell strainer. The viability of cells was checked by trypan blue exclusion method with an
automated cell counter (Bio-Rad, Hercules, CA). Viable cells at the concentration of 1x106
cells/mL were collected in a 1.7 mL Eppendorf tube for detecting the T cell or B cell
markers. For T cell analysis, the anti-mouse CD8 FITC, CD62L APC markers were added
to the lymphocytes. For B cell analysis, mouse antibodies against CD45R FITC and CD27
APC were added to the lymphocytes. The reactions were kept in the dark and incubated for
1 hr on ice. After incubation, the cells were spun down and washed twice using PBS (0.01M,
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pH 7.2), and were resuspended in 200 uL of the same PBS. The cells were analyzed using
the flow cytometer, BD Accuri” C6 Plus (BD Accuri Cytometers, Ann Arbor, M1) [37].

Intracellular Staining

This method allowed simultaneous analysis of cell surface markers by combining fixation
and permeabilization in a single step. Immune cells were harvested from mouse spleen,
and single cell suspension was prepared by using a 40-um cell strainer. The cells were
first cultured for 3 hrs in complete DMEM supplemented with 2-mercaptoethanol at 50
uM, followed by incubation for 1 hr in the presence of brefeldin at 1ug/mL. After washing
cells, CD4* T cell-FITC was added for incubation for 1 hr. The cells were harvested by
centrifugation at 350xg for 5 min, washed twice in PBS (0.01M, pH 7.2), and resuspended
in Foxp3 fixation/permeabilization solution for incubation at 4°C for 30 min in the dark.
The cells were pelleted again by centrifugation, and suspended in permeabilization buffer
for reaction at RT with IL-4, IFN-+ APC cytokine markers for 30 min in the dark. After
incubation, the cells were washed twice in permeabilization buffer before final resuspension
in PBS for analysis using flow cytometry [38] [39].

Statistical Analysis

All experiments were performed in triplicate, unless otherwise indicated. Data analyses were
performed using Graphpad Prism version 5 and expressed as mean values = SEM. One-way
ANOVA with Tukey test was used for multiple comparisons. A pvalue less than 0.05 was
considered significant, <0.01 very significant, and <0.001 extremely significant.

RESULTS

Physical characterization of rabies pDNA nanoparticulate vaccine

PLGA nanoparticles were prepared using the emulsification method. Their size ranged

from 350-450 nm and the zeta potential varied from -24.0 mV+6.4 mV. Addition of

chitosan glutamate at a concentration of 2 mg/mL imparted a positive charge on the

surface of nanoparticles up to 50.0 mV and increased the size to 400-500 nm. There was

no noticeable physical difference in size of blank nanoparticles versus pDNA-adsorbed
nanoparticles. The pDNA alone is negatively charged and the surface of pDNA nanoparticles
was positive, indicating complete adsorption of pDNA by chitosan glutamate. Our previous
data (not published) revealed that nanoparticles were irregularly-shaped, facilitating uptake
by macrophages [40] [41].

Nanoplex P/N at 1/50 was optimal for pDNA condensation

To evaluate chitosan glutamate binding capacity and its optimal concentration in the
nanoplex (P/N) for condensation of pDNA, we measured the quenching effect on ethidium
bromide fluorescence in the reactions. Figure 1A revealed ethidium bromide fluorescence
intensity was not significantly quenched and reached > 70.0% when chitosan glutamate at
0.1 pg/uL and 0.2 pg/uL were added, suggesting the existence of free pDNA in the reaction.
After chitosan glutamate increased to 0.3-0.5 pg/pL, the ethidium bromide fluorescence
intensity was reduced to < 20.0%. In Figure 1B, fluorescence intensity was high at P/N
ratio of 1/15 and 1/30, but decreased significantly when the ratio changed to 1/45 and 1/50
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(p<0.001). High polymer content prevented the ethidium bromide from binding to pDNA
and facilitated condensation. Therefore, we applied P/N at 1/50 for vaccine condensation
and /n vivo studies.

High nitric oxide was released in DC 2.4 cells after treatment with adjuvanted pDNA
nanoparticulate vaccine

Nitric oxide (NO) is an important marker of innate immune response, and is released

by DC 2.4 cells after antigen uptake and processing. The pDNA nanoparticulate vaccine
(pDNA NP Vac) induced a higher amount of nitrite than the naked pDNA [8]. Here, we
further assessed the efficacy of adjuvanted pDNA nanoparticulate vaccine (pDNA NP+Adj)
to produce nitrite. Figure 2 demonstrated 16 hr and 24 hr after vaccine pulse/stimulation,
that the nitrite produced was significantly higher in the adjuvanted group relative to pDNA
(p<0.001) and pDNA NP Vac (p<0.01). Thus, we expect our pDNA NP+Adj would induce
a strong antibody response in mice. Co-administration of Alum and antigen may cause the
antigen to release slowly from the surface of Alum, resulting in an increased retention at the
site of administration, thereby enhancing its cellular uptake by antigen-presenting cells [42].
Adjuvant MF59 may work via depot effect or by inducing monocyte to DC differentiation,
creating an ‘immunocompetent environment’ at the injection site [43].

Adjuvanted pDNA nanoparticulate vaccine induced high and balanced MHC | & MHC I

expression

We assessed the expression of MHC | and MHC 11 molecules on the surface of DCs

pulsed individually with pDNA, pDNA NP Vac, and pDNA NP+Adj. Figure 3 showed the
mean fluorescence intensity (MFI) ratios of MHC | and MHC Il molecules were higher in
the nanoparticulate group than soluble pDNA vaccine (p<0.05). Addition of adjuvants to
pDNA nanoparticulate vaccine further enhanced the expression of both MHC | and MHC
I1 molecules compared to pDNA vaccine (MHC | - p<0.01, MHC Il - p<0.001). Overall,
the expression of MHC 1 was higher than MHC Il, but the adjuvanted vaccine resulted in a
balanced MHC | and MHC |1 expressions.

Adjuvanted pDNA nanoparticulate vaccine induced long and stable anti-GnRH antibodies

in mice

Mice were given a single dose of vaccine in all treatment groups. No GnRH-specific
antibodies were detected in the control mice. In the pDNA group, measurable anti-GnRH
1gG was detected on week 5 after immunization, maintained until week 12, with a slight
decrease. In mice vaccinated with pDNA nanoparticulate vaccine with or without adjuvant,
the GnRH antibodies were observed on week 3, peaked on week 9, and maintained at a
high level until week 12 (Figure 4). Overall, no significant GnRH antibody increase was
observed until week 4 in all vaccinated mice. GnRH antibodies were higher in both the
nanoparticulate vaccine and adjuvanted groups than the pDNA vaccine group on weeks 2, 3,
and 4. The GnRH antibodies in the adjuvanted group were always significantly higher than
the non-adjuvanted group (Week 5-9: p<0.01, pDNA NP vaccine; p<0.001, pDNA vaccine;
week 9-12: p<0.001, pDNA NP vaccine). After week 12, all mice were sacrificed, and
spleens and lymph nodes were collected for further studies.

Nanomedicine. Author manuscript; available in PMC 2024 July 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bansal et al.

Page 9

Adjuvanted pDNA nanoparticulate vaccine induced a Th2 immune response in mice

We used the peak serum on week 10 after immunization for 1gG subclass characterization.
In Figure 5, both 1gG2a and 1gG1 were increased when pDNA vaccine was formulated into
either nanoparticles or nanoparticles plus adjuvants. That the 1gG2a/lgG1 ratio >1 in the
pDNA and pDNA NP Vac suggests a cell-mediated Th1 immune response. Supplementation
of pDNA NP Vac with adjuvants significantly enhanced the IgG2a (p<0.05) and IgG1
(p<0.01), and resulted in a mixed Th1/Th2 response (Figure 5A and B). On week 10, the
ratio of 19G2a/lgG1 <1 indicated a dominant humoral immune response and confirmed the
use of adjuvants polarized the immune response towards Th2, characterized by high 1gG1
expression.

Antibody avidity was increased after administration of adjuvanted pDNA nanoparticulate
vaccine in mice

High avidity antibodies are capable of responding to low levels of cognate antigen after
vaccination. In Figure 6, the Al on week 3 was 0.1M for pDNA, and 0.3M for both pDNA
NP Vac and pDNA NP+Adj. The Al increased over time after immunization, reaching 0.3M
for pDNA, 0.5M for pDNA NP Vac, and 0.7 for pDNA NP+Adj when the mice were
euthanized on week 12.

Adjuvanated pDNA nanoparticulate vaccine enhanced lymphocyte proliferation in vitro

Splenocytes were harvested from mice 12 weeks after completion of immunization, and
re-stimulated /n vitro using the formulated vaccines. Figure 7 showed significantly higher
stimulation index in the pDNA NP+Adj in comparison to pDNA (p<0.01), and pDNA NP
Vac (p<0.05), indicating the presence of adjuvants and the nanoparticulate form of vaccine
provided additional stimulus for lymphocyte proliferation.

T cells, B cells, but not memory B cells, were increased after re-stimulation by the
adjuvanted pDNA nanoparticulate vaccine

The splenocytes and lymphnodes in mice were harvested for cultivation 12 weeks after
completion of immunization, and re-stimulated /7 vitro with formulated vaccines.

In splenocytes, the CD8* T cells increased slightly in comparison to pDNA, from 2.1 % to
3.0 % for pDNA NP Vac (p<0.05), and from 2.1% to 3.6% for pDNA NP+Adj (p<0.05)
(Figure 8). The expression of CD62L in CD8* T cells did not change (data not shown). For
B cells using the CD45R marker, 46.8% of splenocytes were positive for pDNA, 55.9% for
pDNA NP Vac (p<0.05), and 65.4% for pDNA NP+Adj (p<0.001) (Figure 9). The change of
memory B cells was negligible (data not shown).

In lymph nodes, CD8* cells was increased markedly in comparison to pDNA, from 11.8%
to 13.6% for pDNA NP Vac (p<0.001), and from 11.8% to 21.7% for pDNA NP+Adj
(p<0.001) (Figure 8B). CD62L in CD8™ cells was increased only in the adjuvanted group.
For B cells, 62.1% of splenocytes were positive for pPDNA, 81.5% for pDNA NP Vac
(p<0.01), and 86.3% for pDNA NP+Adj (p<0.001) (Figure 9B). Memory B cells did not
change significantly.
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The adjuvanted pDNA nanoparticulate vaccine induced high expression of IL-4,
suggesting a Th2 cytokine expression

Splenocytes were harvested from the immunized mice for /n vitro stimulation, and IL-4 and
IFN-1 expression were analyzed via flow cytometry. In Figure 10A, IFN-y was increased,
but was marginal when comparing the adjuvanted vaccine to the pDNA NP Vac, suggesting
a Thl polarized cytokine expression profile. In Figure 10B, IL-4 was significantly higher

in pDNA NP+Adj vaccination than the non-adjuvanted vaccinations (p<0.01, pDNA Vac;
p<0.001, pDNA NP Vac), indicating a Th2 polarized cytokine expression profile.

DISCUSSION

The pDNA vaccine is intended to induce both immunocontraception and rabies protection

in animals. The success of using pDNA for rabies vaccination has been published [8, 13,
14], and here we focused on evaluating GnRH responses. To achieve immunocontraception
is challenging, and there has been limited progress to date, with GonaCon™ (a GnRH based
vaccine) licensed conditionally by EPA for deer [22][44][45]. We formulated an adjuvanted
particulate pDNA vaccine in poloxamer gel (pDNA NP+Adj) to improve vaccine release and
presentation to immune cells.

Anti-GnRH antibodies capture and neutralize GnRH release from the hypothalamus, thus
preventing GnRH from binding to the receptors on pituitary gland and interfering with
release of FSH and LH from the anterior pituitary gland. The cascade effect impacts
maturation of ovarian follicles or spermatogenesis to achieve immunocontraception.

To improve vaccine immunization, an effective innate immune response and antigen
presentation are crucial. Prior to /n vivo studies, we assessed the vaccines in DC 2.4 cells,
and found pDNA NP+Adj induced high nitric oxide and enhanced expression of MHC | and
MHC II. The pDNA vaccine alone generated a Thl biased MHC | response. The particulate
pDNA vaccine and the addition of adjuvants greatly enhanced the expression of MHC 11,
resulting in a balanced MHC | and MHC 11 response.

Adjuvants Alum and MF 59 have been used for decades to increase the efficacy of vaccines
by potentiating the humoral immune response. Alum is known to induce a Th 2 dependent
immune response mediated by induction of reactive oxygen species release and activation
of NLRP3 inflammasome in antigen presenting cells [51]. MF59 is NLRP3 independent
and generates a robust innate immune response at the site of vaccination [52]. MF59 also
enhances a cross-reactive immune response and generates a strong immune memory to
maintain long-lasting humoral immunity.

Chitosan is known to enable endosomal escape of nanoparticulate vaccine via a ‘proton
sponge effect’, similar to polyethyleneimine (PEI) [46]. Chitosan also could exhibit adjuvant
effects by stimulating the innate immune response [47] [48]. In the current study, we
adsorbed the pDNA on the surface of PLGA-chitosan nanoparticles to prevent the vaccine
from undergoing harsh processing conditions of high temperature and exposure to organic
solvents. Previous studies have found pDNA in organic solvents either aggregates or exists
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as P form which is devoid of stacking interactions and hydrogen bonding resulting in
denaturation of pDNA [49] [50].

In our mice study, the pDNA NP+Adj induced high GnRH antibodies, and maintained the
high titer up to 12 weeks after immunization when the animal experiment was terminated.
This improvement could be attributed to antigen slow release in the poloxamer gel, and/or
the nanoparticulate form of antigen increasing antigen presentation and cellular uptake.

Administration of particulate vaccine dispersed in thermosensitive gel forms a depot at the
site of vaccination and thereby enhances its retention time and prevents the distribution of
vaccine particulates to other parts of body [53] [54]. Consequently, more antigenic particles
became available for cellular uptake by local muscle cells and resident DCs.

Avidity index indicates binding strength between antigen and antibody, and antibody avidity
generally correlates well with functional activity. Antigens in low concentration are going to
be recognized by antibodies with high avidity index. In the animal study, we observed the
avidity index for GnRH antibodies was increased after immunization using pDNA NP+Adj,
and maintained for up to 12 weeks. Since GnRH is a self-antigen in low qunatity in the
body, high avidity anti-GnRH antibodies will have a better chance to capture the cognate
antigen.

In our previous study, the pDNA vaccine alone induced a Thl-biased response; cellular
immune dominated [8]. However, for immunocontraception using GnRH as a target,
antibodies play a major role. We intended to skew the immune reponse toward a balanced
Th1/Th2 using a novel vaccine formuation. Indeed, after immunization of mice using
pDNA NP+Adj, we detected a significantly enhanced expression of 1gG1 over 1gG2a, with
the ratio of 19G2a/lgG1 <1, indicating a polarized Th2 humoral immune response. By
cytokine analysis, we also observed a high expression of IL-4 over IFN-y in the pDNA
NP+Adj immunized mice, suggesting a Th2 cytokine expression profile. Both T and B
cell proliferation were increased, but immune memory did not change much in the new
vaccine formulation. We anticipate the slow release of antigen encapsulated in the gel will
be a surrogate for immune memory in inducing long and lasting humoral responses for
immunocontraception and rabies protection.

CONCLUSION

Our results demonstrated the a pDNA nanoparticulate vaccine dispersed in hydrogel
generates both humoral and cell-mediated immune responses. The antibody response was
further potentiated using the adjuvants in the particulate vaccine, skewing the Th1/Th2
immune profile toward Th2, thus favoring antibody production. The enhanced immune
response could be attributed to the increased cellular uptake of particulate vaccine over the
soluble form of pDNA. The poloxamer gel provide an increased retention of particulate
vaccine at the vaccination site for long immune stimulus. Our pDNA NP+Adj is a Th2
dominant vaccine for generating GnRH antibodies and protection against rabies. Future
evaluations will determine the effectiveness of this novel dual immunocontraception and
rabies vaccine to provide protection from rabies challenge and sterility within the animal.
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Figure 1 -
Ethidium bromide exclusion assay measuring the percent change in fluorescence

intensity. (A) Percent decrease in fluorescence intensity was observed on addition of
increasing concentrations of chitosan glutamate (0.1-0.5 ug/uL) and (B) percent decrease
in fluorescence intensity with change in pDNA to nanoparticles ratio (P/N). ns -

Not significant, *p<0.05 significant **p<0.01 very significant, ***p<0.001 extremely
significant. Data are expressed as mean + SEM.
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Figure 2 -
Nitrite release from DC 2.4 cells was measured by Griess assay. Murine DC 2.4 cells

were pulsed with LPS (5 ug) as positive control, pDNA (1 ug), blank NP (50 ug), pDNA
nanoparticulate vaccine (50 pg, pDNA amount 1 pg), and pDNA nanoparticulate vaccine
plus adjuvants Alum and MF59. There was a significant increase in nitrite release by groups
received pDNA nanoparticulate vaccine with or without adjuvant Alum and MF59 (*p<0.05
significant, **p<0.01very significant, ***p<0.001 extremely significant) measured using
one-way ANOVA with Tukey post hoc test. Data are expressed as mean + SEM.
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Upregulation of maturation markers (i.e., MHC | and MHC II) on DCs post-exposure

to various treatments. The expression of co-stimulatory molecules was detected by flow
cytometry analysis of fluorescence-labelled CD80 and CD40 antibodies. DC 2.4 cells were
exposed to an equivalent amount of pDNA in all treatment groups. Mean fluorescence
intensity (MFI) ratios of treatment samples were plotted to untreated samples. Results were
analyzed using one-way ANOVA followed by post hoc Tukey’s multiple comparison test
(*p<0.05 significant, **p<0.01 very significant, ***p<0.001 extremely significant). Data are

expressed as mean+SEM, n=3, triplicate.
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Figure 4 -

Ar?tibody titers (1gG) in mice after rabies vaccination administered via intramuscular route
(IM). Mice (n=6) were vaccinated on day 1 with pDNA (100 ug) in hydrogel, pDNA
nanoparticulate vaccine in hydrogel, and pDNA nanoparticulate vaccine plus adjuvant in
hydrogel. Blood was collected every week post-vaccination and analyzed for anti-GnRH
antibodies using ELISA. Results were compared statistically among groups every week
(*p<0.05 significant, **p<0.01very significant, ***p<0.001 extremely significant) using
one-way ANOVA with Tukey post hoc test. Data are expressed as mean+SEM.

Nanomedicine. Author manuscript; available in PMC 2024 July 30.

Week 8



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bansal et al. Page 20
1gG1
A IgG2a 8 L. |
L} L}
0.4+ Kk 0.44 '#
= — : _ —
S —— E
g 0.3' —I— g 03_ pr——
g 2
" X
§ 02 | g 0.2
: e B : :
f01q [ 201 —— :
< 2 ﬁ < o =
0.0 T § 1 1 0.0 m T m : L]
F & R F & 2
¥ R F & . +F
Q S 8 < N &
& \;‘?' @ \x"‘
Q L
Q Q

Figure 5 -
The anti-GnRH specific 1gG subclass immune response. 1gG subclass (IgG1, 1gG2a) titers

were measured in sera of mice (n=6) post vaccination on week 10. The 1gG1/IgG2a ratio
(ratios>1 and <1 indicate a Th2 and Th1 polarized response, respectively). A significant
increase in titers was observed in pDNA nanoparticulate vaccine adjuvanted group (Alum
and MF59). The p value was calculated (*p<0.05 significant, **p<0.01very significant,
***n<0.001 extremely significant) using one-way ANOVA with Tukey post hoc test. Data
are expressed as mean + SEM.
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Figure 6 —.

A\?idity index was determined by incubating serum with increasing concentrations of sodium
thiocyanate and calculated as 50% reduction in absorbance from untreated samples. The
three groups used for the study were pDNA vaccine (A), pDNA nanoparticulate vaccine (B)
and pDNA nanoparticulate vaccine plus adjuvants (Alum and MF59) (C) and samples were
measured for avidity index at weeks 3, 6, 9, and 12.
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Figure 7 —.

lngvitra proliferative response of splenocytes stimulated with different treatments was
determined using alamar blue assay. The pDNA vaccine plus adjuvant group showed
significantly higher stimulation over other treatment groups. The p value was calculated
(*p<0.05 significant, **p<0.01 very significant, ***p<0.001 extremely significant) using
one-way ANOVA with Tukey post hoc test. Data are expressed as mean + SEM.
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Figure 8 -

The activation of CD8 and CD62L positive cells in both splenocytes (top) and lymph

node cells (bottom) were evaluated after re-stimulation with antigen. Representative flow
cytometry dot plots for each group are shown in the figure above. Bar graphs plotted in
figure 9A and B showed the CD8 positive cells in splenocytes and lymphnode cells. p

value was calculated (*p<0.05 significant, **p<0.01 very significant, ***p<0.001 extremely
significant) using one-way Anova, multiple comparison was performed using tukey’s post
hoc analysis. Data are expressed as mean + SEM.
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Figure 9 -

Tr?e activation of CD45R and CD27 positive cells in both splenocytes (top) and lymph

node cells (bottom) were evaluated after re-stimulation with antigen. Representative flow
cytometry dot plots for each group is shown in the figure above. Bar graphs plotted in

figure 10A and B showed the CD45R positive cells in splenocytes and lymphnode cells. p
value was calculated (*p<0.05 significant, **p<0.01 very significant, ***p<0.001 extremely
significant) using one-way Anova, multiple comparison was performed using tukey’s post
hoc analysis. Data are expressed as mean + SEM.
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Figure 10 —.

Induction of IFN-v and IL-4 cytokine expressions by CD4" T cells. Increased expression
of IFN-v cytokine results in Th1 mediated cytotoxic immune response and IL-4 cytokine
expression dictates Th2 mediated humoral immune response. The cytokine expression
was determined by labelling the mice splenocytes with IL-4 and IFN-+ antibodies and
analyzed via flow cytometry. Results were analyzed using one-way ANOVA followed by
post hoc Tukey’s multiple comparison test (*p<0.05 significant, **p<0.01 very significant,
***n<0.001 extremely significant). Data are expressed as mean £ SEM, n=3.
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