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Abstract

A painless skin delivery of vaccine for disease prevention is of great advantage in improving
compliance in patients. To test this idea as a proof of concept, we utilized a pDNA vaccine
construct, pPDNAg333-2GnRH that has a dual function of controlling rabies and inducing
immunocontraception in animals. The pDNA was administered to mice in a nanoparticulate

form delivered through the skin using the P.L.E.A.S.E.® (Precise Laser Epidermal System)
microporation laser device. Laser application was well tolerated, and mild skin reaction was
healed completely in 8 days. We demonstrated the adjuvanted nanoparticulate pDNA vaccine
significantly upregulated the expression of co-stimulatory molecules in dendritic cells. After
topical administration of the adjuvanted nano-vaccine in mice, the high avidity serum for GnRH
antibodies were induced and maintained up to 9 weeks. The induced immune response was of

a mixed Th1/Th2 profile as measured by 1gG subclasses (IgG2a and 1gG1) and cytokine levels
(IFN-y and IL-4). By flow cytometry, we revealed an increase of CD8* T-cells and CD45R B-cells
upon the administration of the adjuvanted vaccine. By comparison to our previous study using the
same pDNA nanoparticulate vaccine through an IM route, a comparable immune response was
induced using P.L.E.A.S.E. However, the vaccine dose in the current study was four-fold less than
what was applied through the IM route. We concluded that laser-assisted skin vaccination has a
potential of becoming a safe and reliable vaccination tool for rabies vaccination in animals or even
in humans for pre- or postexposure prophylaxis.
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INTRODUCTION

Rabies as an ancient disease has evolved since the time of Pasteur to obtaining a neglected
disease status today, but it still causes around 65,000 human deaths annually in the

world, with >95% of these in Asia and Africa [1,2]. Among the reasons why this vaccine-
preventable disease is still such a burden in endemic regions include a lack of political

will, disease ignorance and limited resources, in addition to the complicated vaccination
regimen in human postexposure prophylaxis (PEP). There is a continued need for novel
vaccines, formulations, and delivery methods to simplify PEP. Rabies is a typical zoonosis
and has a broad range of animal hosts, including terrestrial mammals and bats. Frequent

or occasional rabies transmission from animals to humans makes elimination of the disease
extremely challenging, if not impossible. The dual control of rabies and animal populations
is one idea we are actively exploring [3]. The pDNAg333-2GnRH vaccine has a unique
dual function of rabies control and immunocontraception in animals. This construct has a
sterility-inducing potential through production of antibodies against gonadotropin-releasing
hormone (GnRH, a master reproductive growth hormone). Blocking the binding of GnRH to
its receptors in the pituitary gland prevents the production of luteinizing hormone (LH) and
follicle stimulating hormone (FSH) which are essential for reproductive functions, leading
to sterility in animals [4,5]. Duplication of the GnRH in the pDNA was constructed to
offset the weak immunogenicity in the vaccine [6-8]. It is always desirable to develop a
single dose vaccine due to the difficulty and inconvenience that decreases compliance with
multi-dose administration [9]. Our previous studies demonstrated that particularization of
vaccine imparted more immunogenicity, required no booster dose, and provided additional
benefits for vaccine storage at room temperature [7,8]. The objective of this study was to
investigate the efficacy of the pDNA vaccine in a nanoparticulate form via skin delivery.

The delivery of antigen via skin has gained interest in the recent years due to its specialized
immunological network. Different layers of the skin are rich in immunocompetent cells,
such as Langerhans cells (LCs) and dermal dendritic cells (DCs) [10,11]. These antigen-
presenting cells recognize, uptake, and present foreign antigens to T and B cells in

the draining lymph nodes to initiate adaptive immune responses. Skin vaccination can
reduce the dose up to one-fifth of the conventional dose and generate immune responses
comparable to intramuscular (IM) and subcutaneous (SC) vaccination [12]. Skin vaccination
has shown significant efficacy in controlling various infectious diseases, such as smallpox
and tuberculosis [13]. A major challenge to deliver antigens into the epidermis and dermis
layers of the skin is the skin’s outer barrier, stratum corneum, that has a significant
resistance to the delivery of hydrophilic drugs and vaccine antigens [14,15]. In the current
study, we delivered the pDNA vaccine topically using a laser-based device that can create
aqueous micropores in the skin through controlled ablation of the skin layers, thus bypassing
the stratum corneum. Precise Laser Epidermal System (P.L.E.A.S.E, Pantec Biosolutions)
used in the current study employed an Er: YAG laser that has the advantage of enabling

cold ablation and producing little or no microthermal zones in the vicinity of the application
site. The Er: YAG laser emits energy at 2940 nm, mimicking the absorption peak of water,
and when contacts the skin, leads to the formation of aqueous pores. Early version Er:

YAG laser devices either generate a single laser beam or use a grid to split the beam and
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fractionate the energy to create multiple micropores. The device utilizing grid requires
manual adjustment and may produce non-homogenous pores. However, the modified
P.L.E.A.S.E device used in this study utilizes a scanner (beam deflection unit) that adjusts
the laser in a predefined pattern to fractionate the energy. This device can produce hundreds
of pores using pre-programmed settings in a few seconds. The laser beam generates pores of
controlled dimensions and depths using laser fluence (energy per unit area) without affecting
surrounding tissues and reducing the risk of inhomogeneity [16,17].

Using the P.L.E.A.S.E device in mice to deliver a pDNA nanoparticulate vaccine dispersed
in the poloxamer gels, we found laser-assisted skin vaccination has the potential to become
a safe and reliable vaccination tool for rabies vaccination in animals or even in humans for
prophylaxis.

2. 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 cells (DC2.4)
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
bovine serum albumin (BSA) was bought from New England Peptide, Inc. (Gardner, MA,
USA). Antibodies used to stain cells for MHC I, MHC I, IFN-v, 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 1gG was procured from
Invitrogen (Rockford, IL, USA). 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).

2.1 Fabrication of PLGA-chitosan nanoparticles and loading of pDNA

Nanoparticles were prepared by the emulsification method described in detail in our
previous publications [7]. Briefly, a suitable amount of PLGA (Mw 7,000-17,000, Sigma,

St Louis, MO, USA) was added to dichloromethane (DCM) (Sigma, St Louis, MO, USA),
which comprised the organic phase. The aqueous phase consists of polyvinyl alcohol (PVA)
(Sigma, St Louis, MO, USA) in water (Millipore, Billerica, MA, USA) and was then

added to the organic phase under homogenization. The formulated w /o emulsion was later
added to the second aqueous phase containing PVA and chitosan glutamate (Sea Cure (+)
210, Protan, Inc., Portsmouth, NH, USA) under homogenization to form a w/o/w multiple
emulsion. The nanoparticle suspension was further washed with deionized water and freeze-
dried using trehalose as a cryoprotectant [18,19].

Loading of pDNA on nanoparticles was achieved by incubating pDNA with the nanoparticle
suspension for 30 minutes. After incubation, samples were centrifuged and supernatants
were collected and analyzed for pDNA concentration using the Nanodrop 2000C
spectrophotometer (Thermo Scientific, DE, USA). Mass balance approach was used to
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calculate the amount of pPDNA adsorbed on the nanoparticles by subtracting the amount of
pDNA in the supernatant from the initial amount of pDNA [20-22].

2.2 Immunization of mice

Swiss Webster mice were used to study the antigenicity of the pDNA nanoparticulate
vaccine. The mice were housed under specific pathogen-free conditions in accordance with
the approved Institutional Animal Care and Use Committees (IACUC) protocol at Mercer
University. Mice were divided into three groups; the first group (n=6) received pDNA

in hydrogel (negative control), 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. Before immunization, micropores were
created on the prepared dorsal skin surface of the mice using the P.L.E.A.S.E.® device. The
nanoparticulate vaccine was dispersed in a poloxamer hydrogel and was applied onto the
skin micropores. Mice were dosed with one prime dose (25 g of pDNA) on day 0. Sera was
collected weekly until the end of study on week 9 to measure specific antibody levels against
GnRH.

2.3 Laser microporation on the mouse skin

The dorsal surface of the mice was prepared for microporation by removing the hair

using clippers. The micropores were created on the mouse skin using the P.L.E.A.S.E.®
professional fractional infrared laser system (Pantec Biosolutions, Ruggell, Liechtenstein).
The laser microporation was performed at 200 Hz, at 125 ps pulse duration, with a fluence
of 17.8 J/cm? with 2 pulses per pore. The pore array size was 8 mm and a pore density of
6.5% was used. Approximately 80 pores were created with an average pore diameter of 220
pm.

2.4 Scanning electron microscopy

Scanning electron microscopy (SEM) was carried out to evaluate morphology of pores
formed on the surface of laser-treated skin of the mice. Metal stubs were used to mount the
skin using double-sided carbon conductive tabs. Mounted skin samples were then imaged at
various magnifications. Images were captured from the dorsal side (stratum corneum side)
and ventral side (dermis side) of skin and were examined using the Phenome benchtop SEM,
Nanoscience Instruments, Phoenix, AZ [23].

2.5 Quantification of antigen maturation markers, CD40 and CD80 expression

Before testing the /n-vivo efficacy of the pDNA nanoparticulate vaccine in mice, we
evaluated the /in-vitro performance of the vaccine using DC2.4 cells for the expression

of maturation markers. Dendritic cells (DC2.4) were plated at 5 x 10* cells per well in

a 48-well plate and incubated at 37 °C for 24 h. Then the adherent DC2.4 cells in each
well were pulsed using 50 pg of vaccine nanoparticles (equal to 1 pg of pDNA) along with
adjuvant particles and further incubated at 37 °C for 24 h. After completion of incubation,
the cells were washed with Hanks balanced salt solution (HBSS) to remove extracellular
nanoparticles for harvesting. The cells were harvested using the cell scraper and collected
in eppendorf tubes. The cells were centrifuged at 350 x g for 5 min, and resuspended
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for staining using fluorescein isothiocyanate (FITC) labeled antimouse CD40 and CD80
maturation markers at a dilution of 1:50 (eBioscience laboratories, San Diego, CA). After
incubation at 4 °C for 1 h, the stained cells were washed twice using HBSS, and the
measurement of maturation markers was performed on the BD Accuri C6 flow cytometer
(BD Bioscience, San Jose, CA).

2.6 Detection of Anti-GnRH antibodies by ELISA

GnRH antibodies (1gG, IgM, 1gG1, and 1gG2a) were analyzed using the enzyme-linked
immunosorbent assay (ELISA). Briefly, the flat bottom poly-L-lysine coated high binding
96-well plate was coated with 1 pg (100 puL/well) of GnRH peptide conjugated to BSA
(GNRH-BSA) at 4 °C overnight. The wells were blocked with 5% (w/v) BSA in phosphate
buffered saline (PBS, 0.01M, pH 7.2) at room temperature (RT) for 2 h. The immunized
mouse serum samples were then added to the wells at 1:100 dilution in PBS containing 5%
(w/v) BSA, and incubated at RT for 2 h. After 3 washes of the plate with PBS containing
0.05% Tween-20 (PBST), the HRP-tagged secondary goat anti-mouse 1gG, 1gG1, or IgG2a
at 1:2,000 dilution in PBS containing 5% (w/v) BSA was added to each well and incubated
at RT for 1 h. The substrate 3,3",5,5” -tetramethyl-benzidine (TMB) at 2.08 mM was used
to develop color and the reaction was stopped using 2M sulfuric acid. The optical density
was measured at 450nm using a microplate reader (BioTek instruments Inc., Winooski, VT,
USA) [24]. The assays were performed in triplicate and the results expressed as mean +
SEM.

2.7 Avidity assay by elution ELISA

An avidity index (Al) is defined as the concentration of sodium thiocyanate (NaSCN) that
results in a 50% reduction in absorbance from untreated wells. The avidity (Al) of anti-
GnRH antibodies was determined by NaSCN elution ELISA assay. An Al of 1 correlates to
high avidity, whereas an Al close to O correlates to low avidity. The procedure for avidity
measurement was similar to the IgG subclass ELISA, with an additional step in which 50
UL 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 a
microplate reader (BioTek instruments Inc., Winooski, VT, USA) [25,26].

2.8 Measurement of T cells, B cells, and memory immune response in the lymphatic

organs

After completion of immunization mice were euthanized, the spleen and lymph nodes were
collected for single cell suspension preparation using the 40-um cell strainer. The viability
of cells was checked by trypan blue exclusion method using 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 centrifuge tube for detecting the T 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 h on ice. After
incubation, the cells were centrifuged and washed twice using PBS (0.01M, pH 7.2), and
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were resuspended in 200 pL PBS. The cells were analyzed using the flow cytometer, BD
Accuri™ C6 Plus (BD Accuri Cytometers, Ann Arbor, MI) [27,28].

2.9 Intracellular Staining

The intracellular staining allows 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 h in complete DMEM supplemented with 2-mercaptoethanol at

50 uM, followed by incubation for 1 h in the presence of brefeldin at 1ug/mL. After
washing, the cells were incubated with CD4* T cell-FITC for 1 h. The cells were

then centrifuged at 350 x g 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. Subsequently, the cells were centrifuged and the cell pellet was suspended in
permeabilization buffer at RT with IL-4, IFN-y APC cytokine markers for 30 min in the
dark. Cells were further washed in permeabilization buffer and finally suspended in PBS for
analysis using the flow cytometry [29,30].

2.10 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 and post-hoc Tukey test was used for multiple comparisons. A pvalue < 0.05 was
considered significant, < 0.01 very significant, and < 0.001 extremely significant.

3. RESULTS

3.1 Physical characterization of rabies pDNA nanoparticulate vaccine

Nanoparticles were prepared using the emulsification method. Their size ranged from
350-450 nm and the zeta potential was 50.0 = 5.0 mV. The polydispersity index (PDI)

of the nanoparticulate vaccine formulation was < 0.7, indicating particles having a narrow
size distribution. The pDNA alone is negatively charged and adsorbed on the surface of
positively-charged nanoparticles due to electrostatic attraction. The pDNA to nanoparticles
ratio (P/N) of 1/50 was used for the study, as it resulted in complete adsorption of pPDNA and
showed in our previous publication [7].

3.2 Scanning Electron Microscopy

SEM images for skin samples exposed to laser radiation were captured at different
magnifications in order to visualize the morphology of skin and pores. Figure 1A was a
control skin sample (310x) that had not been exposed to radiation. Figure 1B showed the
pores on laser-treated skin at 195x magnification, and Figure 1C presented a single pore at a
higher magnification of 500. We also took the images of the dermis side of laser-treated skin
at 500x and found no pores, indicating these pores created from the top did not pierce the
dermis side of the skin (Figure 1D).
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3.3 Pore Closure Study

In this experiment, we aimed to determine the time required to heal the skin of mice after
exposure to laser radiation. During the healing process, skin redness around the pores was
observed in the irradiated region. Redness started on day 2 and persisted until day 4, then
gradually diminished. Complete recovery of the skin characterized by pore closure was seen
on day 8 (Figure 2).

3.4 The expression of CD40 & CD80 in DC2.4 was increased using the adjuvanted pDNA
nanoparticulate vaccine

The ability of nanoparticulate vaccine to deliver pDNA and upregulate costimulatory
markers (i.e., CD40 and CD80) on DC2.4 surface was tested /n7 vitro. Maturation of DC2.4
cells is correlated to upregulation of costimulatory molecules which is essential for the T
cell activation and proliferation [31]. DC2.4 cells were pulsed with pDNA Vac, pDNA NP
Vac, and pDNA NP Vac+Adj, respectively. In Figure 3, the mean fluorescence intensity
(MF1) ratio of test groups to untreated control group was higher in all test groups for both
CD40 and CD80 expressions. The results also showed particularization of pDNA vaccine
significantly enhanced the MFI for both CD40 (p < 0.01) and CD80 (p < 0.05) over soluble
pDNA vaccine. Addition of adjuvants to pDNA nanoparticulate vaccine further enhanced the
expression of both CD40 and CD80 molecules by comparison to the soluble pDNA vaccine
(CD40, p < 0.001; CD80, p < 0.01). Increased MFI of CD80 over CD40 was observed in
non-adjuvanted vaccine groups, which might suggest a high potential for the activation and
proliferation of naive CD8* T cells over CD4* T cells. The addition of adjuvants potentiates
the expression of CD40 relative to CD80, and could be associated with a humoral immune
response, and thus resulted in a balanced expression of CD40 and CD80.

3.5 Dynamics of GnRH antibody production was characterized in the immunized mice

Fourteen days after a single dose of vaccine using the P.L.E.A.S.E device, no mice from

the 3 groups produced a noticeable anti-GnRH antibody titer. In the pDNA Vac group, the
GnRH antibody started rising on week 4, peaked on week 5, and maintained peak level to
week 8. In mice vaccinated with pDNA NP Vac with or without adjuvant, the anti-GnRH
antibodies started rising on week 3, peaked on week 6, and maintained at a high level until
week 8 (Figures 4A and 4B). Anti-GnRH antibodies were higher in both the pDNA NP Vac
and pDNA NP Vac+Adj groups than the pDNA vaccine group from week 3 through week 8.
The anti-GnRH antibodies in the adjuvanted group were always significantly higher than the
non-adjuvanted groups (Weeks 3-4: p < 0.01, pDNA Vac; Weeks 5-8: p < 0.001, pDNA Vac;
p < 0.05, pDNA NP Vac). These data illustrated that adjuvanted pDNA NP Vac could induce
a stronger anti-GnRH antibody response. We also measured the IgM antibody response, the
body’s first line of defense against infection, and found the IgM titer was high on week 3
and declined from week 6 through 8 (Figure 4C). The reduction in IgM could be due to the
rise of 1gG that provides long-term immunity.
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3.6 The adjuvanted pDNA nanoparticulate vaccine induced a mixed Th1/Th2 response in

mice

Mouse sera collected on week 6 were used to determine the levels of 1gG subclasses. Figure
5A and 5B, revealed the particulate vaccine exhibited enhanced absorbance for both 1gG2a
and 1gG1 over the soluble vaccine. Supplementation of pPDNA NP Vac with adjuvant further
potentiated the immune response. The levels of 1gG2a in the adjuvanted pDNA NP Vac
group were significantly higher than those in the pDNA Vac (p < 0.01) and pDNA NP Vac
(p < 0.05) groups (Figure 5A). Likewise, the levels of IgG1 in the adjuvanted pDNA NP
Vac group was significantly higher than those in the pDNA Vac (p < 0.001) and pDNA

NP Vac (p < 0.01) groups (Figure 5B). The 1gG2a/lgG1 ratio >1, suggesting a predominant
Th1 cytotoxic response, was detected in the non-adjuvanted vaccine groups. In contrast,

we observed an 1gG2a/lgG1 ratio <1 in the adjuvanted groups, potentiating a Th2 humoral
response. Overall, a balanced and mixed Th1/Th2 response was achieved in the adjuvanted
nanoparticulate vaccine groups (Figure 5A and 5B).

3.7 High avidity antibodies were induced by the adjuvanted pDNA nanoparticulate

vaccines

High avidity antibodies are capable of responding to low levels of cognate antigen after
vaccination [32]. Here we measured the avidity index (Al) of anti-GnRH antibodies after
immunization in mice. The serum samples were collected on weeks 3, 6, and 9. The Al
values were calculated and compared among treatment groups: pDNA Vac, pDNA NP Vac,
and pDNA NP Vac+Adj. In Figures 6A, 6B, and 6C, the Al on week 3 was 0.1M for pDNA
Vac, and 0.3M for both pDNA NP Vac and pDNA NP+Adj. The Al values increased in all
treatment groups over time after vaccination. The Al values of pPDNA NP Vac and pDNA
NP Vac+Adj were higher than that in the pDNA Vac group, indicating the role of vaccine
particularization and adjuvant in inducing high avidity antibodies.

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

The splenocytes and lymph nodes in mice were harvested for cultivation 9 weeks after
completion of immunization and re-stimulated /n-vitro with the formulated vaccines. In
splenocytes, CD8* T cells were significantly increased in the adjuvanted and non-adjuvanted
NP Vac groups compared to the pDNA Vac group: 3.9% to 5.0% for pDNA Vac vs pDNA
NP Vac, and 3.9% to 6.5% for pDNA Vac vs pDNA NP+Adj (p < 0.01) (Figure 7A). The
expression of CD62L in CD8" T cells did not show any noticeable change. For B cells using
the CD45R marker, 71.7% of splenocytes were positive in the pDNA Vac group, 75.5% in
the pDNA NP Vac group, and 77.0% in pDNA NP+Adj group (Figure 8A). The change

of memory B cells (CD27) was negligible between pDNA Vac and pDNA NP groups, but
decreased markedly to 1.0% in the adjuvanted group.

In lymph nodes, CD8" cells were also enhanced and in particular, in the adjuvanted vaccine
groups: 12.3% to 15.1% for pDNA Vac vs pDNA NP Vac, and 12.3% to 16.6% for pDNA
Vac vs pDNA NP+Adj (p < 0.05) (Figure 7B). The expression of CD62L in CD8* cells
was highest in the pDNA Vac group (5.5%), decreased to 4.7% in the pDNA NP Vac and
4.1% in the pDNA NP+Adj. For B cells, 48.6% of lymph node cells were positive for
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CD45R in the pDNA Vac group, 55.6% in the pDNA NP Vac, and 64.8% in the pDNA
NP+Adj group (p < 0.05) (Figure 8B). However, memory B cells showed a downward trend
among the comparisons: 36.2% to 29.1% for pDNA Vac vs pDNA NP Vac, and 36.2% to
20.4% for pDNA Vac vs pDNA NP+Adj group. Overall, we observed an enhanced trend of
cytotoxicity and humoral immune response when the vaccine was fabricated in nanoparticles
and formulated with adjuvants.

3.9 High expression of IL-4 by the adjuvanted pDNA nanoparticulate vaccine, suggesting
a Th2 response

Splenocytes harvested from mice were evaluated for expression of IL-4 and IFN-y to
determine the polarization of Th1 or Th2 after immunization. High level of IFN-y was
detected in pDNA NP Vac (p < 0.01) and pDNA NP Vac+Adj (p < 0.001) when compared
to pDNA Vac group. Addition of adjuvant to the vaccine only marginally increased IFN-vy,
suggesting a Thl immune response when the nanoparticulate vaccines were administrated in
mice (Figure 9A). However, the IL-4 was significantly higher in pDNA NP Vac (p < 0.05)
and pDNA NP Vac+Adj (p < 0.001) when compared to pDNA Vac group. The adjuvant
boosted the expression of IL-4, leading to a Th2 polarization (Figure 9B).

4. DISCUSSION

The pDNA is a plasmid DNA vaccine platform on which a dual vaccine pDNAg333-2GnRH
had been constructed, and previously investigated [7,8]. Rabies vaccines are mostly
delivered by IM injections; the SC inoculation is no longer applied to human rabies vaccines
but to some animal rabies vaccines, and the ID administration has been recommended

for human rabies prophylaxis for the sake of cost- and dose- saving. However, the 1D
injection is technically difficult to perform, and is often painful to the patient [33]. To
simplify and improve vaccinations, here we investigated the newly modified laser-assisted
skin delivery technology, P.L.E.A.S.E, for rabies vaccination. The laser energy created an
array of micropores on the skin surface to serve as small “vaccine depots” [Figures 1 and 2].
Since these micropores are not deep enough to touch the nerves, the process is painless. The
P.L.E.A.S.E is different from the ID regimen in which the micropores cause skin redness
(mild inflammation) and could lead to enhanced immune response. This was the first time a
rabies plasmid DNA vaccine had been tested using the technology. Our study was intended
to determine whether the micropores were sufficient to deliver the pDNA effectively and
induce an adequate immune response against GnRH, and if so, what the immune dynamics
and profiles could be.

The pDNA in the current study has already been characterized to possess the unique
function of not only immunocontraception but also rabies prevention [6-8]. Vaccine
adsorbed on particulates confers the benefits of enhanced stability and low dose
immunization, since antigens on the nanoparticles are cross presented more efficiently at
lower concentration (1000-10000 fold) by antigen presenting cells [34]. The hydrogel was
used to retain the pDNA vaccine on the site of application to prevent it from spilling out
of the skin. The micropores generated by the P.L.E.A.S.E only penetrate epidermis and
dermis, which are rich in LCs and DCs. As confirmed in our study by the SEM images,
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the micropores on the epidermis side of the skin did not pierce the dermis side [Figure

1]. Mild skin reaction and some thermal damage to the tissues surrounding the micropores
were observed and characterized by redness [Figure 2]. Additionally, we observed skin
re-epithelialization took approximately 7-8 days rather than 1-2 days as reported previously
in skin healing [17]. The relatively long process for the micropores to close (healing) may
have contributed to the immune response in our study.

Before evaluating the efficacy of pDNA nanoparticulate vaccine /n vivo, we investigated

its /n vitro potential by exposing DC2.4 to the vaccine and measured the co-stimulatory
molecules of CD40 and CD80. Upregulation of co-stimulatory molecules on DC2.4 cell
surface is critical for activation and proliferation of T cells in order to elicit an adaptive
immune response. Upon antigen uptake, DC2.4 cells undergo processing and exporting of
the antigenic peptide to the immunological synapse by MHC molecules [35]. Interaction

of CD40 to CD40L and CD80 to CD28 lead to activation and proliferation of naive CD4*

T cells and CD8* T cells. Results of the /n vitro studies revealed non-adjuvanted pDNA
vaccine induced more expression of CD80, suggesting a bias toward MHC | mediated
cytotoxic response after pDNA Vac immunization. However, for both rabies protection and
immunocontraception, humoral immune responses are the most important for efficacy. By
adding adjuvants to the vaccine, we skewed the immune response toward a Th2 profile by
marked increase of MFI of CD40 over CD80 [Figure 3]. As tested in the subsequent mice
immunizations, the GnRH antibodies were the highest in the adjuvant group, followed by the
nanoparticulate vaccine group, and the soluble form pDNA group being the least [Figure 4A
and 4B].

The type of IgG subclass after vaccination affects the quality of immune response.
Successful vaccination against endogenous molecules, such as GnRH, requires not only
neutralizing antibodies but also opsonization antibodies. Siel et al., reported that 1gG2a
Th1 biased immune response was not effective alone in immunocastration in mice, unless
reinforced by 1gG1 antibodies and IL-4 cytokines [36]. Rabies vaccination by ID induced
both antibody subclasses of 1gG1 (neutralizing) and IgG2a (opsonic). Hessenberger, et al.,
reported that vaccination via skin disruption favors the Th2 response, including induction
of 1gG1 and secretion of IL-4 by Th2 cells [37]. Interestingly, here we found a high Thl
profile in the non-adjuvanted pDNA vaccine groups, as demonstrated by high 1gG2a and
IFN-7y levels. This discrepancy could be due to the inherent property of our vaccine, or that
the traditional ID is different from the P.L.E.A.S.E. method in vaccine delivery. Addition
of adjuvants to the pDNA boosted the levels of 1gG2a and IL-4, and skewed toward a

Th2 profile. One challenge for vaccine delivery using the P.L.E.A.S.E device is the small
amount of antigens that can be delivered to the micropores in the treated skin. The high Al
antibodies after immunization could compensate for this limitation of low antigen delivery.
In our study, we found the Al was higher in the adjuvanted group than the non-adjuvanted
groups and was maintained up to 9 weeks when the experiment was terminated [Figure 6].

Overall, we achieved comparable immunologic results using the P.L.E.A.S.E device to
deliver the pDNA vaccine as was seen by IM delivery [8], but the vaccine was one-fourth the
dosage of the IM method.

Eur J Pharm Sci. Author manuscript; available in PMC 2024 March 26.
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5. CONCLUSIONS

We demonstrated the proof-of-concept topical administration of a plasmid DNA vaccine
using the P.L.E.A.S.E device. The delivery was well tolerated in mouse skin with mild
inflammation, which may further boost the antigen immune response. One concern could
be the “risk management” after vaccination, with antigen exposed to the skin surface for

an extended period before recovery. Our data suggested the laser-assisted skin delivery of
pDNAg333-2GnRH nanoparticular vaccine generated both cellular and humoral immune
responses, and adding of adjuvant to the vaccine skewed the immunity toward a Th2 profile.
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Figure 1 -

Scanning electron microscopic images (SEM) of laser-treated mice (Swiss Webster) skin.
SEM images of (a) control skin sample (Top view, 310x), (b) laser treated skin sample (top
view, 195x), (c) laser treated skin sample (top view, 500x), (d) laser treated skin sample
(back view i.e. dermis side, 500x).
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Figure 2 —.

In?age of shaved mouse treated with laser using parameters i.e. pulse 2, pore array 8 mm,
and density (7%). Images of laser treated mice skin were taken daily till day 8. Complete
skin recovery was observed on day 8, however, the recovery process started on day 3
characterized by
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Figure 3 —.

Ugregulation of maturation markers i.e. CD40 and CD80 on DC 2.4 post-exposure to
various treatment groups. The expression of co-stimulatory molecules was detected by flow
cytometry analysis of fluorescence labelled CD80 and CD40 antibodies. 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.
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Figure 4 —.

Segrum antibody titers (1gG and IgM) in mice after vaccination with rabies vaccines

via intradermal route. Mice (n=6) were vaccinated on day 1 with, pDNA (25 ug) in
hydrogel, pDNA nanoparticulate vaccine 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.

Eur J Pharm Sci. Author manuscript; available in PMC 2024 March 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Bansal et al.

Absorbance (450 nm)

0.4

A IgG2a os
*%k ’
: — 0.4-
R —
I 0.3-

Absorbance (450 nm)

Figure 5 —.
Tr?e anti-GnRH specific 1gG subclass immune response. IgG subclass (IgG1, 1gG2a) titers
were measured in sera of mice (n=6) post vaccination collected on week 6. pvalue was
calculated (*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.
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Figure 6 —.

Avidity 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, pDNA nanoparticulate vaccine and
pDNA nanoparticulate vaccine plus adjuvants (alum and MF59) and samples were measured

for Al at weeks 3, 6 and 9.
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Figure 7 -
The percentage 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. Plots shown in Figure 7A & 7B showed

the CD8 positive cells in splenocytes and lymphnode cells. pvalue 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 8 -

Tr?e percentage 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 are shown. Plots in Figure 8A & 8B 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 9 —.

Induction of IFN-y and IL-4 cytokine expression by CD4* T cells. Increased expression

of IFN-y cytokine results in Th1l mediated cytotoxic immune response and IL-4 cytokine
expression dictates Th2 mediated humoral immune response. The cytokines expression were
determined by intracellular staining of mice splenocytes with IL-4 and IFN-+y 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, ***p < 0.001 extremely significant). Data are expressed as mean = SEM, n=3.
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