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Introduction

The route of entry for many microbial pathogens, such as 
influenza, HIV, and the bacteria causing pneumonia, is via the 
mucosal surfaces of the human body. As such, there is a growing 
interest in developing mucosal-targeted vaccines that can elicit 
functional, long-lived mucosal immune responses, providing a 
frontline defense and thus effectively preventing systemic infec-
tions. A possible advantage of direct mucosal delivery might be 
the induction of tissue relevant cellular and humoral immune 
responses, and more effective generation of immunity against 
specific disease targets invading the mucosa.1 This prompted us 
to investigate the possibility of developing a novel methodology 
to facilitate DNA delivery to mucosal tissue resulting in high 
transfection rates and robust immune responses.

Due to their ability to generate both humoral and cellular 
responses, DNA vaccines are predicted to play a major role in 
future therapeutic and prophylactic immunization schedules 
for a variety of diseases which currently have no available vac-
cine, most notably HIV.2,3 However, the delivery of naked DNA 

In vivo electroporation (EP) has been shown to be a highly efficient non-viral method for enhancing DNA vaccine delivery 
and immunogenicity, when the site of immunization is the skin or muscle of animals and humans. However, the route 
of entry for many microbial pathogens is via the mucosal surfaces of the human body. We have previously reported on 
minimally invasive, surface and contactless EP devices for enhanced DNA delivery to dermal tissue. Robust antibody 
responses were induced following vaccine delivery in several tested animal models using these devices. Here, we 
investigated extending the modality of the surface device to efficiently deliver DNA vaccines to mucosal tissue. Initially, 
we demonstrated reporter gene expression in the epithelial layer of buccal mucosa in a guinea pig model. There was 
minimal tissue damage in guinea pig mucosal tissue resulting from EP. Delivery of a DNA vaccine encoding influenza 
virus nucleoprotein (NP) of influenza H1N1 elicited robust and sustained systemic IgG antibody responses following EP-
enhanced delivery in the mucosa. Upon further analysis, IgA antibody responses were detected in vaginal washes and 
sustained cellular immune responses were detected in animals immunized at the oral mucosa with the surface EP device. 
This data confirms that DNA delivery and EP targeting mucosal tissue directly results in both robust and sustainable 
humoral as well as cellular immune responses without tissue damage. These responses are seen both in the mucosa 
and systemically in the blood. Direct DNA vaccine delivery enhanced by EP in mucosa may have important clinical 
applications for delivery of prophylactic and therapeutic DNA vaccines against diseases such as HIV, HPV and pneumonia 
that enter at mucosal sites and require both cellular and humoral immune responses for protection.
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through a standard intramuscular (IM) injection is notoriously 
inefficient outside of rodent models, and vaccination with naked 
DNA in large mammals and humans has often failed to achieve 
robust immune responses.3,4 Therefore, an efficacious way to 
deliver these vaccines to the appropriate target tissue will be an 
absolute requirement for clinical success. Novel devices and strat-
egies have been used to aid in DNA delivery, such as electro-
poration, ballistic devices and viral vectors.2 DNA vaccination 
in combination with in vivo electroporation has been shown to 
quantitatively enhance immune responses, increasing the breadth 
of those immune responses as well as improving the efficiency 
of dose.5 Electroporation assists in the delivery of plasmid DNA 
by generating an electrical field at the site of immunization that 
allows the DNA to passage into the cell more efficiently.6-8 In 
addition, it also causes a transient inflammatory milieu that has 
an adjuvant effect In addition to recruiting cells involved in anti-
gen presentation, EP provides adjuvant-like properties through 
moderate tissue injury and generation of a pro-inflammatory con-
text with cytokine release that enhances the immune response.9,10 
Protocols involving skin and muscle electroporation to aid in the 
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indicated that effective DNA vaccination administered through 
the vaginal tract by electroporation was possible, but that the 
menstrual stage of the mice was critical to the success of the EP 
procedure.15 Other studies in which DNA vaccination alone at 
the mucosa was performed reported only moderate efficacy.16

In this study we chose to target the buccal mucosa in the oral 
cavity of the guinea pig, rabbit and mouse. This region was cho-
sen based on the accessibility and availability of tissue. The buc-
cal mucosa refers to the inside lining of the cheeks which is a 
non-keratinized stratified squamous epithelium. Other examples 
of stratified squamous epithelium are the outermost layer of the 
skin, esophagus, anus and vagina. This type of epithelia is highly 
suited to areas of the body prone to abrasion as the upper layers 
of the tissue can be sequentially sloughed off and replaced. In 
this study, the EP was performed using a modified minimally 
invasive surface device to deliver the DNA vaccine in an efficient 
manner.17 This surface EP (SEP) device operates under low volt-
age conditions and we believe represents a highly tolerable device 
for delivery to the skin. Other examples of dermal devices which 
operate in a non- or minimally invasive (MID) fashion are the 
multi-electrode array,18,19 calipers,20 plate electrodes21 and mean-
der electrodes.22 Since the SEP device and other low voltage MID 
devices generate shallow electric fields, they do not activate deep 
nerves or skeletal muscle, which we believe will translate into a 
more tolerable experience for patients. Diehl et al.23 compared the 
tolerability of a MID skin EP device to an intramuscular (IM) 
platform in healthy volunteers. Mean visual analog pain scores 
(VAS) did not exceed 7 out of 10 for the IM platform and 3 out 
of 10 for the ID device.

We report that direct mucosa EP is well tolerated, and using 
our treatment parameters results in minimal tissue damage. 
Most importantly, immune responses generated following muco-
sal DNA vaccine delivery in the presence of EP were shown to 
significantly improve over mucosal delivery alone. These results 
suggest that direct DNA vaccine delivery enhanced by EP in 
the mucosa is feasible and may confer benefit over immuniza-
tion in the periphery for generation of mucosal targeted immune 
responses.

Results

Prototype development of a novel concept mucosal EP device. 
In a bid to enhance delivery to the immunologically important 
mucosal tissue, we adapted our minimally invasive surface EP 
device17 by lengthening the electrodes and altering the electrode 
numbers. The skin EP device had electrode lengths of 3 mm. 
The length was adjusted to 8 mm for the mucosal device (Fig. 
1A). This adaptation allowed improved access to the mucosal 
cavity. While the 4 × 4-electrode array was suitable for use in 
the buccal cavity of larger animals (rabbits and guinea pigs), the 
array size (approximately 5 mm2) proved too cumbersome for 
mouse work. To address this issue, a smaller 2 × 2-electrode array 
was manufactured (Fig. 1B). This provided a suitably sized array 
for use in the oral cavity of mice. Both these prototype devices 
were built with an attachment cord for linkage to the ELGEN 
1000 pulse generator (Fig. 1C).24 A photographic depiction of 

delivery of DNA vaccines have been extensively described in pre-
clinical and clinical trials.11-13

Several studies have addressed the effect of inducing mucosal 
immunity through DNA delivery to muscle enhanced by EP.14 
However, DNA vaccine studies describing the delivery of DNA 
vaccines directly at the mucosa in the presence of electropora-
tion are scarce. A previous study by Kanazawa and colleagues 

Figure 1. Photographic illustration of the devices and techniques in-
volved in mucosal electroporation. Minimally invasive surface EP array 
modified to incorporate lengthened electrodes for EP of the rabbit and 
guinea pig buccal mucosa (A), and a smaller 2 x 2 electrode pattern for 
use in the oral cavity of mice (B). The ELGEN 1000 pulse generator (b). 
Plasmid injection and EP procedure at the rabbit buccal mucosa (D).
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collections, we were unable to evaluate responses at the proximal 
mucosal site. Mucosal EP-enhanced delivery also facilitated the 
induction of an IgG response in the blood comparable to the 
peripheral delivery with EP (Fig. 3). This demonstrates that 
EP-enhanced delivery of DNA vaccines at the mucosa is capable 
of inducing both potent systemic humoral immunity as well as 
at mucosal sites.

Cellular responses are augmented by mucosal electropora-
tion. Many disease targets require both a humoral and cellu-
lar response to afford protection from disease. Due to a lack of 
available tools to measure cellular immunity in guinea pigs and 
rabbits, this section of our studies was performed in a mouse 
model. We assessed the cellular and humoral responses to NP 
following direct mucosal injection and EP. BALB/c mice were 
injected with NP plasmid at days 1 and 14 at the buccal mucosa 
in the presence or absence of EP. Serum IgG responses were mea-
sured at day 21. Figure 4A shows electroporation significantly 
enhanced NP-specific IgG titers in the sera of vaccinated mice by 

the injection and EP procedure in rabbit buccal mucosa is shown 
in Figure 1D.

Electroporation in mucosal tissue enhances reporter gene 
expression and cellular infiltration to the site. To determine if 
direct EP-enhanced delivery of plasmid to buccal mucosal tissue 
was feasible, separate cheek sites on guinea pigs were injected 
with plasmid encoding GFP (50 μl of 1 mg/ml) and immediately 
electroporated with the surface EP device. Gross imaging 
revealed robust and reproducible GFP expression in the guinea 
pig mucosal tissue that was visible 8 h following EP treatment 
and peaked at 72 h (Fig. 2B). Minimal GFP expression was 
detectable following GFP plasmid injection alone (Fig. 2A). To 
address the cellular localization of the reporter gene expression, 
cheek tissue was sectioned and viewed under a fluorescence 
microscope. The majority of GFP expression 48 h after treatment 
was observed in the upper layers of the epidermis (Fig. 2C and 
D – right panels).

Immediately following EP treatment (data not shown) and 
upon sacrifice of the animals 48 h later, we observed the direct effect 
of EP parameters on buccal mucosa. We observed each animal for 
redness, swelling and necrosis at the treatment site resulting from 
the application of EP. Some erythema was detected immediately 
following EP treatment although this resolved in 24 h. No visible 
tissue damage was subsequently observed prior to sacrifice (48 h) 
following EP (data not shown). In addition, we assessed cellular 
infiltration by sectioning the tissue and performing an H&E stain 
(Fig. 2C and D—left panels). H&E staining revealed moderate 
immune cell trafficking of macrophages and neutrophils to the 
site of injection after administration of GFP plasmid alone at the 
mucosa (Fig. 2C, left). However, injection in combination with 
EP elicited the strongest infiltration indicated by the high density 
of cells stained at the site of injection (Fig. 2D, left).

Mucosal electroporation induces robust humoral responses 
at both distal mucosal sites and systemically in the blood. The 
ability of intramuscular electroporation to enhance delivery of 
DNA vaccines to induce both IgG and IgA responses has been 
previously demonstrated.25 Here, we investigated the humoral 
immune responses elicited by immunization with a vaccine 
plasmid encoding influenza nucleoprotein (NP)26 by direct 
mucosal electroporation. The guinea pig model was useful to 
assess gene expression in the mucosa and histology associated with 
EP delivery. However, due to the paucity of molecular reagents 
available for guinea pigs, we were limited to assessing only the 
IgG responses in this model, and we noted strong IgG responses 
in the serum following direct mucosal EP (data not shown). To 
investigate whether mucosal IgA responses could also be induced 
following mucosal vaccination with DNA-EP, we moved our 
immunogenicity studies to a rabbit model where molecular tools 
are available for the assessment of IgA responses. Buccal mucosal 
injection and EP resulted in robust IgA responses to NP antigen, 
a 9-fold increase in mean endpoint titers, compared with injection 
in the absence of EP (450 and 50, respectively), at the distal 
mucosal site of the vagina (Fig. 3). The IgA response generated 
in the presence of EP by the direct mucosal delivery was also 
superior to plasmid delivered intradermally (mean end point titer 
450 of vs. 180, respectively). Due to technical issues with saliva 

Figure 2. Efficient GFP (reporter gene) transfection in guinea pig 
mucosal tissue (cheek) following electroporation by a minimally 
invasive device. Animals were injected with 50 μl of pgWIZ-GFP at the 
buccal mucosa under anesthetia in the absence (A and C) or presence 
of electroporation (B and D). Electroporation was performed using a 
minimally invasive device (30 V, 3 pulses). Animals were euthanized and 
the cheek harvested. (A and B) GFP expression was visualized under 
natural light (left) and by fluorescent microscopy at 72 h (right). (C and 
D) Sectional histological analysis, hemotoxylin and eosin stain (left), and 
fluorescent microscopy (right) at 48 h.
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a strategy is required to achieve maximal DNA 
delivery and robust immune responses. Enhanced 
gene delivery can be achieved through multiple 
platform technologies, such as liposomes, ultra-
sound and ballistic particles.27 Our particular 
modality of interest is enhanced DNA delivery 
through the physical process of electroporation. 
Electroporation has successfully aided in enhanc-
ing the delivery of DNA vaccines, leading to the 
generation of stronger immune responses (10–100-
fold) compared with naked DNA vaccine delivery 
alone to the muscle or the skin.5 However, little is 
known concerning the role of electroporation in 
enhancing direct mucosal DNA delivery.

The ability of DNA plasmids to efficiently 
enter tissue resident cells is a critical requirement 
for genetic immunization in all tissues, including 
the mucosa. The mucosa however, has the added 
complication of multiple physical and chemical 
barriers that could impede DNA transfection, 
including mucolytic enzymes, endonucleases, low 
pH and the ciliated epithelium. Therefore a criti-
cal requirement for successful DNA delivery in 

this tissue would be an optimized and efficient delivery modal-
ity. We have investigated delivering a DNA vaccine directly into 
the mucosal tissue in the presence of low energy electroporation. 
The SEP device used for this study operates with electrical power 
between 0.35 and 0.45 Watts.

In this study, due to the ease of accessibility we choose the 
inner lining of the mouth (buccal mucosa) to be the site of 
immunization and electroporation. The mucosal tissue interface 
is a stratified squamous epithelium consisting of squamous (flat-
tened) epithelial cells arranged in layers upon a basement mem-
brane. Only one layer is in contact with the basement membrane; 
the other layers adhere to one another to maintain structural 
integrity. This type of epithelium is well suited to areas in the 
body subject to constant abrasion, as it is the thickest and layers 
can be sequentially sloughed off and replaced before the base-
ment membrane is exposed. It forms the outermost layer of the 
skin and the inner lining of the mouth, esophagus and vagina. 
These are all regions of the body susceptible to the invasion of 
pathogens. In this study, we first demonstrated that expression 
of the reporter gene GFP is strongly enhanced in the mucosal 
tissue when delivered in the presence of electroporation (Fig. 2). 
Both gross and cellular localization images confirmed enhanced 
expression of our reporter gene when mucosal delivery was per-
formed in the presence of EP. The majority of the transfection 
was detected in the upper stratified squamous epidermal levels 
of the buccal mucosa. We previously reported on DNA vaccine 
delivery using a related device and identical EP parameters to 
the epidermal layers of the skin.17 Consistent with that study, the 
positioning of the GFP expression in both skin and mucosa was 
localized in the upper layers of the tissue and the duration of GFP 
expression persisted for approximately a week. In future studies, 
we aim to identify the cell populations directly transfected within 
the mucosa. This will aid in the elucidation of the important 

10-fold (p = 0.0407, mean end point titer of 8110 vs. 825, respec-
tively). To assess the cellular immune response, spleens were 
harvested on day 21 and ELISpot analysis of CD4+ and CD8+ 
T cell IFN-γ responses against NP-derived peptides were deter-
mined. Figure 4B demonstrates that CD4+ IFN-γ+ responses 
to NP peptide 55 were significantly higher in the vaccine + EP 
group compared with the vaccine only group (p < 0.001, mean 
of 503 vs. 230 spots/106 cells, respectively). Also, CD8+ IFN-
γ+ responses to NP peptide 147 were significantly higher in 
the vaccine + EP group compared with the vaccine only group 
(p < 0.001, mean of 1168 vs. 357 spots/106 cells), respectively 
(Fig. 4C). Building on previous dermal and muscle EP studies, 
these results demonstrate that electroporation strongly potenti-
ates both the humoral and cellular arms of the immune response 
generated by DNA vaccination at the mucosa.

Discussion

The initial attachment and subsequent entry of pathogens into 
the host cell regularly occurs at mucosal sites. Diseases such as 
HIV/AIDS, tuberculosis and influenza specifically target the 
mucosa as their portal of entry. Generation of antigen specific 
protective mucosal immunity has become the goal of many cur-
rent vaccination strategies. Here we demonstrate that electropor-
ation-enhanced DNA vaccination at the mucosa induces strong 
cellular and humoral immunity.

DNA vaccine technology offers an attractive mucosal immu-
nization strategy, posing many advantages over conventional 
vaccination platforms. In comparison to live attenuated and 
inactivated virus vaccines, the simplicity and efficiency of DNA 
manufacturing, along with the ability to generate both humoral 
and cellular immunity makes genetic-based vaccines an appeal-
ing alternative. However, to harness the power of this technology, 

Figure 3. DNA vaccination combined with EP at the mucosa elicits antigen specific 
mucosal IgA and blood IgG responses in a rabbit model. New Zealand Rabbits were 
vaccinated with a influenza plasmid (vaccine construct encodes nucleoprotein sequence 
derived from A/Puerto Rico/8 (H1N1) strain of influenza (100 μg/plasmid)) in a volume 
of 50 μl diluted in PBS. Animals were immunized at the dermis or buccal mucosa, either 
followed immediately with EP or not. Immunizations were performed on days 1, 14, and 
28. Blood or vaginal washes were collected from animals on day 42, and NP-specific sera 
IgG and vaginal mucosal IgA were detected by ELISA.
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site following electroporation (Fig. 2). Our results suggest that 
EP at the mucosa creates a favorable environment to aid in the 
generation of a robust immune response.

Additionally, DNA vaccination in combination with EP at the 
buccal mucosa drives the induction of cellular immunity (Fig. 4). 
Such immunity is considered essential in protection against many 
diseases, including HIV, and virally induced tumors, such as 

antigen presenting mechanisms that operate at this site. Such 
information can then be transferred to allow for the generation 
of optimal immunity depending on the target of interest. The 
most common cell type in the epithelial layer of buccal mucosa is 
the keratinocyte. The nature of gene delivery by an electropora-
tion platform dictates that we transfect these cells in the major-
ity, however it is also possible that we are directly transfecting 
the antigen presenting Langerhan cells. It has previously been 
shown that upon antigen capture, the buccal mucosal dendritic 
cells migrate to crevico-mandibular lymph nodes to present their 
antigen to the immune system.28 Future studies will involve the 
investigation of direct antigen presenting cell transfection and 
their subsequent trafficking to draining lymph nodes.

Data generated in this study indicates that increased plasmid 
DNA expression in the presence of EP was associated with an 
augmented systemic immune response at both the humoral and 
cellular level (Figs. 3 and 4). Importantly, we demonstrated the 
induction of IgA together with IgG responses (Fig. 3). In contrast 
to the dominance of the IgG responses of the systemic immune 
system, IgA production and secretion dominates humoral muco-
sal immunity.29 This alteration in isotype distribution defines 
the distinct nature of mucosal immunology and demonstrates 
the functional role that IgA plays as high-affinity neutralizing 
antibody for multiple pathogenic microbes and toxins, includ-
ing HIV.30,31 Therefore, the ability of our vaccination regimen 
to induce enhanced IgA titers in the distal mucosal sites is very 
encouraging, and the induction of vaginal IgA may be relevant 
for targeting diseases spread through sexual intercourse.32

We believe electroporation enhances the immunity of genetic 
vaccines through two important pathways—increased plasmid 
DNA delivery into the target tissue, as well as the induction of an 
inflammatory milieu at the site of immunization. The mucosal 
environment is rich in nucleases, so the ability of EP to accelerate 
DNA delivery in the mucosa is of paramount importance. The 
second important attribute of the vaccination regimen is that 
the immune tolerance mechanisms that operate at the mucosa 
could impede the generation of productive immune responses to 
vaccine antigens. As expected, the direct administration of naked 
DNA vaccines to the mucosa was associated with the generation 
of only moderate immunity (Figs. 3 and 4).33 This is in agreement 
with previous studies investigating the effect of DNA delivery 
of plasmid expressing influenza antigens at respiratory mucosal 
sites.16,34 These studies demonstrated that limited antigen specific 
responses were detectable following this route of administration, 
but only limited effects on morbidity were observed. However, 
both studies documented the benefits of a mucosal adjuvant. It 
is possible that in addition to inefficient delivery, naked DNA 
vaccines (in the absence of a strong adjuvant) failed to overcome 
the local tolerance mechanisms mediated by regulatory cells 
or induce sufficient co-stimulatory signals and/or cytokines to 
kick start a productive immune response. Electroporation of the 
muscle has been shown to create an inflammatory milieu and 
augment the recruitment of professional antigen presenting 
cells to the site of immunization,35 therefore creating favorable 
conditions to overcome local tolerance mechanisms. Here we 
demonstrate an influx of immune cells to the mucosal treatment 

Figure 4. DNA vaccination combined with EP at the mucosa elicits 
antigen specific humoral and cellular immune responses in a mouse 
model. BALB/c mice were vaccinated with 2 μg of an influenza plasmid 
(vaccine construct encodes nucleoprotein sequence derived from A/
Puerto Rico/8 (H1N1) strain of influenza). The plasmid was directly 
injected into the buccal mucosa and either followed immediately with 
EP or not. Immunizations were performed on days 1 and 14. Blood and 
spleens collected on day 21, and sera NP-specific IgG titers measured by 
ELISA (A), and splenocyte CD4+ (B) and CD8+ (C) T cell IFN-γ responses 
to NP peptide were detected by ELISpot.
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Treatment. All injections were performed using the Mantoux 
injection technique with a 29 gauge tuberculin syringe. EP treat-
ments were conducted immediately following injection by plac-
ing either the CELLECTRA® 3P or ELGEN 4 × 4 or 2 × 2 on 
top of the bleb created by the injection and applying minimal 
pressure during the entire EP procedure to ensure good contact 
and electrotransfer.

Guinea pigs. Two guinea pigs received a 100 μg injection of 
gWiz-GFP on each buccal mucosa (cheek) resulting in two treat-
ment sites per guinea pig. Only the left cheek of each animal 
received an EP treatment using the ELGEN 4 × 4 at 30 V imme-
diately after injection.

Rabbits. Rabbits were divided into 4 groups (n = 4/group). 
Treatments were performed every 2 weeks at days 0, 14, and 
28. Treatment regimen was as follows: group 1 received two 50 
μl injections of 50 μg pNP on the flank with no EP; group 2 
received two 50 μl injections of 50 μg pNP in the buccal mucosa 
with no EP; group 3 received two 50 μl injections of 50 μg pNP 
on the flank, with each injection being immediately followed by 
EP treatment using the CELLECTRA® 3P; group 4 received two 
50 μl injections of 50 μg pNP in the buccal mucosa, with each 
injection being immediately followed by EP treatment using the 
ELGEN 4 × 4 at 25 V.

Mice. The mice were divided up into 3 groups of 5 and received 
treatments on days 0 and 14. Treatment regimen was as follows: 
group 1 received a 10 μl injection of 2 μg of pNP into the buccal 
mucosa with no EP, group 2 received a 10 μl injection of 2 μg of 
pNP into the buccal mucosa immediately followed by EP using 
the ELGEN 2 × 2 at 25 V, group 3 was untreated.

Sample collection. Peripheral blood. Rabbit blood collection 
was conducted every 3 weeks beginning at day 0 and up to week 
12. Collection consisted of inserting a 22 gauge catheter into the 
central auricular artery and allowing the blood to flow into a 5 ml 
serum separation tube. The blood was then centrifuged (Rotanta 
460) at 3540 rcf for 10 min. The serum was transferred into a 
1.7 mL microcentrifuge tube and placed at −20°C until testing.

Mouse blood (250 μl) was collected via retro orbital bleeding 
at weeks 0, 2, and 3. After centrifugation for 5 min at a rate of 
10,600 rcf, the serum was transferred into microcentrifuge tube 
and placed at −20°C until testing.

Vaginal wash. Rabbit vaginal washes were conducted using 
500 μl of protease inhibitor PBS solution flushed in and out 
of the vaginal canal multiple times. The vaginal washes were 
centrifuged at a rate of 10 600 rcf for 10 min and supernatant was 
stored at −20°C until testing.

Tissue collection. Guinea pig cheeks were excised 48 or 72 h 
post treatment. Cheeks collected at 72 h were stored at −20°C 
for gross imaging using Olympus OV100 imaging system 
(AntiCancer Inc., San Diego, CA) at 480 nm. The 48 h cheek 
samples were fixed in 10% neutral buffered formalin and placed 
at 4°C overnight. The next day, the samples were buffered in a 
15% sucrose solution at 4°C and stored until sectioning.

Mice spleens were harvested 21 d post initial immunization 
and single cell suspensions were prepared for ELISpot analysis.

Histopathology. Guinea Pig Cheek samples were embed-
ded in OCT Compound (Sakura) and sectioned at thickness of 

mucosal cells expressing HPV oncoproteins.36,37 In this study, we 
observed that our modified minimally invasive surface device (Fig. 
1A and B) and EP parameters were well tolerated in the species 
(mice, guinea pig and rabbit) treated, with minimal transient 
damage of the mucosal surface at the vaccination site (Fig. 1D). 
The lengthening of the EP electrodes facilitated improved 
contact with the buccal tissue in all species, allowing appropriate 
access to the cheek region. Importantly, we demonstrated that 
our vaccination regimen at the buccal mucosa elicits a response 
that leads to increased IgA levels in the vagina, a distal mucosal 
site (Fig. 3). This finding was very encouraging due to the 
importance of the generation of local protective immunity (for 
example, anti-HIV responses at the rectal and vaginal regions). 
Since there are obvious practical difficulties involved with rectal 
and vaginal vaccination, a less invasive, distal mucosal site might 
be preferred. In future studies, it will be important to determine 
if the responses generated at distal mucosal sites are protective in 
challenge models. In conclusion we believe direct administration 
of DNA vaccine delivery enhanced by EP at accessible sites of 
the mucosa may have important clinical implications in the 
prevention or treatment of diseases that enter at mucosal sites 
and require both cellular and humoral immune responses.

Materials and Methods

Animals. Animals were housed at Biotox Sciences. All procedures 
complied with the Animal Welfare Act (AWA) and Institutional 
Animal Care and Use Committees (IACUC). Female Hartley 
guinea pigs (Charles River) weighing between 350–400 g and 
female New Zealand White Rabbits (Western Oregon) weigh-
ing about 1900 g were allowed to acclimate for 2 weeks prior to 
the study. Female BALB/c mice (Charles River) approximately 6 
weeks of age were allowed to acclimate for one week prior to the 
study.

Plasmids. Plasmids used in this study were the SynCon™ 
vaccine construct that encodes a consensus sequence of Influenza 
Nucleoprotein (Inovio Pharmaceuticals) and pgWIZ-GFP plas-
mid (Aldevron N.D.). Plasmids were diluted with PBS.

Devices. CELLECTRA® 3P is a three pronged array that 
delivers a current of 0.2 A in 2 sets of 2 pulses that are 52 ms long 
and 52 ms apart with 1 s between sets. The electrode arrays are 
comprised of 25 gauge solid stainless steel needles set in an isos-
celes triangle formation and have a 3 mm depth of penetration.

The 4 × 4 array was designed to contact the skin or buccal 
mucosa without penetrating the tissue, and is a minimally inva-
sive surface electrode device. The array is comprised of 16 gold-
plated stainless steel needle electrodes with trocar grinds at 1.5 
mm spacing in a 4 × 4 configuration.17 Due to the size of the 
mouse buccal cavity, adjustments to the 4 × 4 array were made 
by removing needle electrodes resulting in a 2 × 2 configuration 
without affecting the integrity of the applicator or its parame-
ters. 4 × 4 and 2 × 2 arrays were used in conjunction with the 
ELGEN1000 (Inovio Pharmaceuticals, San Diego, CA USA) 
pulse generator. The device parameter is set to deliver three 25 
or 30 V pulses of 100 ms duration with 100 ms delay between 
pulses.
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ELISpot. Mouse IFN-gamma ELISpots were performed as 
previously described.38 Briefly, 96-well PVDF ELISpot micro-
plates were coated with anti-mouse interferon (IFN)-γ monoclo-
nal antibodies and incubated overnight at 4°C. In accordance 
with the protocol, wells were washed and blocked. Pooled sple-
nocytes from each group were added to triplicate wells at 2 x 
105 cells/well and incubated overnight with 10 μg/ml of either 
NP147-CD8 peptide (TYQRTRALV Biosynthesis Inc.), 
NP55-CD4 peptide (RLIQNSLTIE RNVLS, Biosynthesis Inc.), 
Concanavalin A (Sigma), or media. The plates were then washed 
and developed in accordance with the protocol. The spots were 
counted and analyzed using CTL Analyzer and Immunospot SC 
software suite (Shaker Heights, OH).

Statistical analysis. Data presented as the mean ± s.d. 
Statistical differences between groups was assessed using a two-
tailed, paired Student’s t-test that yielded a specific P value for 
each test. Comparisons between samples with a P value < 0.05 
were considered to be statistically significant.
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20 μm using an OTF Bright Cryostat. The sections were then 
hematoxylin and eosin (H&E) stained and viewed with a Zeiss 
Axioplan microscope using a 20x objective.

ELISA. Antibody responses against NP were evaluated 
by ELISA using sera or vaginal washes obtained from rabbits 
and mice. 96-well plates (Costar) were coated with 0.3 μg/ml 
of Influenza A, NP, Recombinant Protein (Imgenex) at 4°C 
overnight. The next day, using Skanwash 96 well automated plate 
washer, the plates were washed 3 times. The plates were then 
blocked with 200 μl of nonspecific binding solution (1xPBS with 
0.5% BSA) and incubated for one hour at 37°C. After incubation, 
the washing step was repeated. Samples were run in duplicates 
and added to row A, sera at a 1:50 dilution and vaginal wash at 
a 1:10 dilution, using a dilution buffer solution (PBS with 0.2% 
BSA and 0.05% Tween-20). From row A, 50 uL of sample was 
taken and serially diluted 1:3 in the corresponding rows up to G; 
row H was used as a negative control background measurement. 
After two hours of incubation at 37°C, the plates were washed 
and 100 μL of either goat anti-mouse IgG-HRP (Sigma) diluted 
at 1:10 000, goat anti-rabbit IgG-HRP (Sigma) diluted at 
1:10 000 or goat anti-rabbit IgA-HRP (Pierce) at a 1:5000 using 
dilution buffer solution was added to each well and incubated for 
one hour at 37°C. The plates washed 3 times and 100 μl of TMB 
2-component Microwell Peroxidase System (KPL) was added 
and developed for 8 min at room temperature. Development 
was stopped by adding 50 μl of TMB Stop Solution (KPL). The 
plates were read on a Molecular Devices SpectraMax 384 plate 
reader at an OD of 450 nm. A positive titer was calculated by 
subtracting 2 times the average background OD from the average 
sample OD. Positive titers were plotted as end-point titers.
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