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Abstract
DNA vaccines are an attractive approach to eliciting antigen-specific immunity. Intracellular
targeting of tumor antigens through its linkage to immunostimulatory molecules such as calreticulin
(CRT) can improve antigen processing and presentation through the MHC Class I pathway and
increase cytotoxic CD8+ T cell production. However, even with these enhancements, the efficacy
of such immunotherapeutic strategies is dependent on the identification of an effective route and
method of DNA administration. Electroporation and gene gun-mediated particle delivery are leading
methods of DNA vaccine delivery that can generate protective and therapeutic levels of immune
responses in experimental models. In this study, we perform a head-to-head comparison of three
methods of vaccination – conventional intramuscular injection, electroporation mediated
intramuscular delivery, and epidermal gene gun-mediated particle delivery - in the ability to generate
antigen specific cytotoxic CD8+ T cell responses as well as anti-tumor immune responses against
an HPV-16 E7 expressing tumor cell line using the pNGVL4a-CRT/E7(detox) DNA vaccine.
Vaccination via electroporation generated the highest number of E7-specific cytotoxic CD8+ T cells,
which correlated to improved outcomes in the treatment of growing tumors. In addition, we
demonstrate that electroporation results in significantly higher levels of circulating protein compared
to gene gun or intramuscular vaccination, which likely enhances calreticulin’s role as a local tumor
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anti-angiogenesis agent. We conclude that electroporation is a promising method for delivery of HPV
DNA vaccines and should be considered for DNA vaccine delivery in human clinical trials.
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electroporation

INTRODUCTION
DNA vaccines are an attractive approach to eliciting antigen-specific immunity. DNA plasmids
are relatively safe, cost efficient, and able to sustain reasonable levels of antigen expression
within cells.1,2 This endogenous antigen expression has been shown to induce broad cellular
and humoral immune responses against the encoded antigens. In contrast to viral vectors, DNA
vaccines do not elicit anti-vector immune responses in the vaccinated patient, and, therefore,
are well suited for indications likely to require multiple administrations in order to achieve and
maintain target immune responses. Furthermore, in contrast to recombinant proteins or
peptides, DNA is relatively stable in cells and can provide long-term expression of the encoded
immunogen which maybe favorable for the development of immunologic memory.3–8

Due to these advantages over conventional vaccines capable of inducing potent cellular
responses, such as peptide or attenuated live pathogens, our laboratory has focused on the
development of DNA vaccines to target cancers caused by the human papillomavirus type-16
(HPV-16), which include pre-malignant cervical intraepithelial neoplasia, squamous cell
carcinoma of the cervix,9 as well as a subset of head and neck squamous cell carcinomas
(HNSCC).10 The most promising vaccine candidate tested thus far uses an intracellular
targeting strategy which conjugates the E7 antigen of HPV-16 to an immunostimulatory
molecule, calreticulin (CRT).11 The CRT/E7 DNA vaccine candidate has been shown to elicit
higher levels of E7-specific cytotoxic CD8+ T cell precursors as compared to other strategies
which link the HPV-16 E7 to the Mycobacterium tuberculosis heat shock protein 70 (HSP70),
12 or the translocation domain (domain II) of Pseudomonas aeruginosa exotoxin A (ETA(dII)).
13

Despite the application of various intracellular targeting strategies, the administration of DNA
plasmids by conventional intramuscular needle injection still results in suboptimal
immunogenicity, even when administered at high plasmid concentrations.14 Therefore, various
delivery strategies have been investigated, including co-administration with
immunomodulatory molecules,15 formulation with cationic lipids,16 the use of polymers for
controlled release of DNA plasmid,17, 18 as well as evaluation of alternative routes and methods
of DNA administration. The delivery method utilized during the development of the CRT/E7
DNA vaccine was the particle-mediated epidermal delivery system using a needleless gene
gun system. 19 This method of delivery proved superior to other methods tested while using a
relatively low dose of administered DNA plasmid (2 μg). The advantage to gene gun
administration of a DNA plasmid is the targeting of intradermal Langerhans cells and other
professional antigen-presenting cells20, 21 which are able to migrate through the lymphatic
system to draining lymph nodes, where they can prime antigen-specific T cells. Although it
has not yet been tested using a vaccine targeting HPV antigens, another promising method of
DNA vaccine delivery is electroporation. Electroporation involves the administration of a DNA
plasmid into a target tissue, followed by the application of brief electrical pulses at the site of
DNA distribution. A transient increase in the permeability of the plasma membrane induced
by the electrical current allows increased uptake and, thus, expression of the DNA plasmid.
22, 23 Used most commonly for DNA vaccine delivery in skeletal muscle, the procedure not
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only increases uptake of plasmid by myocytes and, thus, protein expression levels of the target
antigen, but is also associated with upregulation of pro-inflammatory cytokines and recruitment
of monocytes/macrophages to the site of vaccination, which can enhance antigen presentation
to the immune system.24

The goal of this study is to perform a head-to-head comparison of three methods of vaccination
– conventional intramuscular needle injection, electroporation mediated intramuscular
delivery, and particle mediated epidermal delivery via gene gun - using a uniform dose of an
HPV DNA vaccine across all vaccination methods in an in vivo E7-expressing tumor model.
With a goal of translation into human clinical trials, we believe that the administered dose of
the DNA vaccine in this preclinical model should reflect doses that can be feasibly escalated
to human equivalency. Therefore, this study utilized a relatively low dose of DNA plasmid (2
μg), which we have previously demonstrated to be effective with gene gun delivery of DNA
vaccines encoding HPV antigens. 19 Of note, due to limitations in the dose capacity inherent
to the gene gun, this also represents the largest dose deliverable with a single injection in the
clinical setting. This dose is also appropriate for evaluation of intramuscular delivery because
2 μg, when adjusted for body weight from mouse to human is within the dose range of current
human Phase I clinical trials utilizing DNA vaccines delivered either by conventional
intramuscular injection or electroporation.25, 26 By using the same dose across all vaccination
methods, we are able to perform direct comparisons of each technique rather than using
different doses optimized for each method of administration which has been done in previous
studies. After administration of the CRT/E7 DNA vaccine, we evaluate the humoral immune
responses, antigen-specific cytotoxic T cell responses as well as anti-tumor immune responses
elicited by each method of vaccination in in vivo tumor protection and tumor treatment studies.
In addition, we compare the levels of antigen expression over time obtained by the various
vaccination methods using a luciferase reporter system to evaluate its contribution to sustained
immunologic responses.

RESULTS
Luminescence is higher when pCDNA3-luciferase plasmid is administered by
electroporation compared to intramuscular injection

Administration of a luciferase DNA plasmid and subsequent luminescent imaging is a verified
method of quantitatively evaluating the efficacy of gene transfer following electroporation.
27 The electroporation system that we utilized was the TriGrid™ Delivery System (TDS)
developed by Ichor Medical Systems, Inc (San Diego, CA). The TDS electrode array consists
of four electrodes arranged in two interlocking triangles around a central injection needle. With
the configuration and dimensions of the electrode array selected to correspond to the fluid
distribution pattern characteristic of the target tissue, co-localization of the DNA and electrical
fields is facilitated. As verification of our administration techniques and validation of the
TriGrid™ System, we investigated the effect of electroporation upon in vivo expression of a
luciferase encoding plasmid compared to intramuscular injection. Since one of the goals of this
study is to evaluate electroporation as a method of administration in comparison to the gene
gun, we chose 2 μg of DNA plasmid as our reference dose, since this dose has been shown to
have therapeutic anti-tumor responses in preclinical models.19 We administered 2 μg of DNA
plasmid by intramuscular injection and electroporation to compare levels of gene expression.
Gene gun was excluded from this specific experiment as dermal expression of DNA plasmid
would not be directly comparable to electroporation’s intramuscular expression given the
external measurement by a CCD camera.

DNA plasmid was delivered to the tibialis muscle of mice via electroporation and intramuscular
injection, and the anesthetized mice were imaged one hour after plasmid delivery. These mice
were then reimaged at one, seven, fourteen, and twenty-eight days after plasmid administration.
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Figure 1(a) demonstrates the fusion images obtained from the optical and CCD camera. Figure
1(b) quantitates the maximal luminescence, and shows the sustained increase in luminescent
intensity achieved by electroporation as compared to conventional intramuscular injection. At
all time points, this difference in intensity was one to two-log higher in the electroporation
group as compared to the intramuscular group. These results indicate that delivery of the
luciferase plasmid by electroporation results in a higher efficacy in gene transfer as compared
to conventional intramuscular injection. In addition, gene expression can be detected in as little
as one hour after DNA administration and can be sustained as long as 28 days with
electroporation mediated gene delivery as compared to intramuscular administration.

Electroporation results in higher, sustained levels of circulating protein than other methods
of DNA administration

Circulating levels of calreticulin from CRT/E7 DNA vaccination have been shown to exert a
tumor anti-angiogenesis effect independent of immune cell response. 28, 29 Therefore, we
measured the levels of circulating protein after DNA administration using different methods.
Direct comparisons by using the same plasmid dose (2 μg ) among the various groups
(intramuscular, electroporation, and gene gun) was performed and circulating secreted alkaline
phosphatase (SEAP) levels was evaluated after pSEAP2 plasmid administration. 30

Several studies demonstrated that 2 μg of reporter gene delivered by gene gun resulted in
detectable expression levels as early as 24 hours and persisted up to 7–10 days.31, 32 A previous
study in mice had utilized 10 μg of SEAP plasmid to study electroporation-mediated
intramuscular plasmid delivery;30 therefore, both a 2 μg and 10 μg dose were used to verify
experiment technique and results. Three mice were assigned to each group, including a control
group which received no plasmid. Serum was extracted from mice seven days after DNA
administration. The pooled results from each group, including naïve mice, are shown in Figure
2.

Mice receiving conventional intramuscular (48 ± 2 ng/mL) administration of 2 μg of pSEAP2-
Control plasmid achieved serum levels of SEAP that were not significantly different from naïve
mice (32 ± 17, p = 0.27). Gene gun (118 ± 8 ng/mL, p = <0.001) delivery resulted in detectable
serum levels that were higher than control mice. However, mice administered plasmid by
electroporation (1224 ± 469 ng/mL, p = 0.001) achieved the highest levels of serum protein
expression on day 7 after vaccination. When the dose of administered plasmid was increased
to 10 μg, the intramuscular group achieved serum levels statistically higher than naïve mice
(64 ± 8 ng/mL, p = 0.018). Gene gun (121 ± 21 ng/mL) delivery at 10 μg of DNA did not show
any significant difference as compared to the group which received 2 μg of DNA (p = 0.82).
This is not unexpected since most of the DNA-transfected cells would have likely sloughed
off by day 7. Thus, dose dependent gene expression would not likely be observed in the cohort
of mice vaccinated via gene gun. However, electroporation mediated delivery demonstrated a
dose response between the group which received 2 μg of DNA as compared to the group which
received 10 μg of DNA (5048 ± 1452 ng/mL, p = <0.001), with a detectable five-fold increase
in serum levels. These results establish that electroporation is superior to either conventional
intramuscular injection or gene gun in generating sustained, circulating levels of protein when
equivalent doses of DNA plasmid are administered.

Gene gun vaccination results in higher levels of circulating E7-specific antibody responses
as compared to other methods of vaccination

We also compared the circulating levels of E7-specific antibodies generated by the various
vaccination methods. A cohort of mice (5 per group) were inoculated subcutaneously with an
E7-expressing tumor cell line, TC-1, and vaccinated on Day 3 after tumor inoculation with 2
μg of pNGVL4a-CRT/E7(detox) DNA plasmid via conventional intramuscular injection,
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electroporation, or gene gun. Subsequently, mice received a booster vaccination with
pNGVL4a-CRT/E7(detox) DNA plasmid in alternating hind legs on Days 6 and 9 for a total
of three vaccinations. Serum from these mice was isolated fourteen days after the last
vaccination and analyzed for circulating levels of antibody which recognized the E7 protein
by ELISA.

Figure 3 depicts serial dilutions of pooled sera from the vaccinated mice, and demonstrates
that both gene gun vaccination (1:100 dilution, mean value 0.566, p<0.05) and electroporation
(0.499, p<0.05) generate significantly higher levels of E7-specific antibodies than control mice
(0.109, p<0.05) or those vaccinated by intramuscular injection (0.135, p<0.05). However, gene
gun vaccination generates the highest levels of E7-specific antibodies as compared to
electroporation or intramuscular injection (all p values <0.05). These results suggest that
epidermal delivery with the gene gun is the most effective method of vaccination for generating
circulating E7-specific antibodies following delivery of the pNGVL4a-CRT/E7(detox) DNA
vaccine at the dose and immunization schedule tested.

pNGVL4a-CRT/E7(detox) DNA vaccine administration via electroporation generates the
greatest levels of E7-specific CD8+ T cells

We then compared the ability of the pNGVL4a-CRT/E7(detox) DNA vaccine to elicit E7-
specific CD8+ T cells by performing intracellular cytokine staining on splenocytes obtained
from vaccinated mice. 2 μg of DNA plasmid was administered to all groups through various
methods, and we performed a direct dose comparison of immune stimulation after DNA
administration. Splenocytes from naïve or vaccinated groups of mice were incubated with or
without the MHC class I (H-2 Db)-restricted E7 peptide (amino acid 49–57) to assay for E7-
specific CD8+ T cells. Five mice were used in each group, and experiments were performed
in triplicate.

As shown in Figure 4, mice vaccinated with 2 μg of DNA plasmid via electroporation (208 ±
50/3×105 splenocytes, p = 0.002) and gene gun (88 ± 15/3×105 splenocytes, 0.0005) exhibited
higher numbers of E7-specific CD8+ T cells as compared to naïve mice (9 ± 2/3×105

splenocytes) and mice vaccinated by conventional intramuscular injection (35 ± 14/3×105

splenocytes, p = 0.09). In addition, electroporation was better than gene gun (p = 0.045) in
generating the greatest number of E7-specific CD8+ T cells. Our data suggests that
electroporation may be an effective method of vaccination in generating E7-specific CD8+ T
cells when administered at the DNA dose and immunization schedule tested.

Mice vaccinated via electroporation or gene gun display superior protection against E7-
expressing tumors

We then challenged mice with E7-expressing tumor cells after vaccination with the pNGVL4a-
CRT/E7(detox) DNA plasmid which was administered by various methods. Briefly, C57BL/
6 mice (five in each group) were vaccinated with 2 μg of pNGVL4a-CRT/E7(detox) DNA
plasmid via conventional intramuscular injection, electroporation or gene gun. Mice received
a booster vaccination on Day 7 and were inoculated with 5 × 104 TC-1 tumor cells
subcutaneously on Day 14, and then were followed for palpable tumor development.

Figure 5 shows the tumor free survival of mice expressed as a Kaplan-Meier plot. Vaccination
by electroporation and gene gun resulted in almost complete tumor protection, whereas the
majority of mice in the intramuscular and naïve groups developed palpable tumors.
Electroporation and gene gun were both superior to intramuscular injection (p = 0.01, p = 0.01).
This data indicates that pNGVL4a-CRT/E7(detox) DNA vaccination via electroporation and
gene gun are both superior to intramuscular injection in providing protection against the growth
of E7-expressing tumors.
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Mice vaccinated via electroporation display superior anti-tumor responses against growing
E7-expressing tumors

The most stringent model of vaccine efficacy is in vivo activity against a growing tumor.
Therefore, we compared the activity of the pNGVL4a-CRT/E7(detox) DNA plasmid against
an E7-expressing tumor cell line, TC-1, using the different methods of vaccination. Briefly,
mice were inoculated with 5 × 104 TC-1 tumor cells on Day 0, and subsequently vaccinated
on Day 3 with 2 μg of pNGVL4a-CRT/E7(detox) DNA plasmid via intramuscular injection,
electroporation or gene gun. Subsequently, mice received a booster vaccination with
pNGVL4a-CRT/E7(detox) DNA on Days 6 and 9 in alternating hind legs for a total of three
vaccinations. This form of cluster vaccination has been found more effective in controlling
tumors than vaccinations separated at one week intervals.33 Tumor growth was then measured
twice a week and tumor volumes calculated. Mice were euthanized according to the animal
care protocols at Johns Hopkins University School of Medicine when tumors exceeded the size
criteria outlined by the ethic protocols.

The results in Figure 6 show that mice in the naïve group experienced rapid and exponential
tumor growth, which was delayed by only three days in the intramuscular group. All mice in
these groups had to be euthanized between days 27–30 due to the bulky size of the tumor. Both
the electroporation and gene gun groups demonstrated potent anti-tumor responses. However,
the electroporation group seemed to elicit a sustained anti-tumor response as compared to the
gene gun group since differences in tumor volume between the two groups was observed
starting on Day 30 and reached statistical significance on Day 38 (p = 0.045). Mice in the gene
gun group had stabilized controlled growth of their tumors within the first 30 days of
vaccination; however, acceleration in their tumor growth was observed between days 38–42
which required their subsequent euthanasia by Day 42. In the electroporation group, three of
five mice achieved complete tumor regression by Day 27 with no evidence of palpable tumor.
Two of these mice eventually recurred, but one mouse achieved complete tumor response until
the termination of the experiment at Day 60. This finding differs from the other vaccinated
groups since this complete response was not observed in any other group. Interestingly, the
remaining two mice in the electroporation group exhibited progressive tumor growth requiring
euthanasia at Day 42 following initial disease stabilization, possibly reflecting an underlying
variability in immune susceptibility of a heterogenic tumor population or a need for a booster
vaccination at a later time point.

DISCUSSION
We performed a head-to-head comparison of three different methods of administering an HPV
DNA vaccine in order to determine the most effective method of delivery for this vaccine
candidate before initiating human clinical trials. Instead of utilizing traditional “known
effective doses” for each vaccination method, a uniform dose of 2 μg of pNGVL4a-CRT/E7
(detox) DNA plasmid was administered at a single site, thereby facilitating direct comparisons
among the various administration delivery methods. Although a uniform dose of 2 μg was
administered to tissue, we acknowledge that there may be slight variations in the quantity of
DNA transfected into cells which is inherent to the various administration methods.

The 2 μg dose provides a relevant basis for comparison of delivery methods since it is known
to be an effective therapeutic dose in mice when delivered using the gene gun and is the largest
dose that can be delivered with a single gene gun administration. In addition, induction of
cellular and humoral immune responses has been demonstrated in humans with multiple DNA
vaccines, including an influenza HA encoding DNA vaccine34, 35 and hepatitis B surface
antigen vaccine,36 following gene gun administration at DNA doses ranging from 1–4 μg.34,
36,37
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Induction of antigen specific cellular and humoral responses has also been demonstrated in
multiple human clinical trials of DNA immunization by conventional intramuscular injection
using a variety of antigens.38–41 However, in contrast to gene gun delivery, induction of
immunological responses in humans has required intramuscular administration of DNA doses
in the range of 0.5 – 5 mg and protection against disease in humans has not yet been
demonstrated. While electroporation has clearly enhanced DNA vaccine potency in a broad
range of animal models and multiple clinical trials of electroporation mediated DNA vaccine
delivery are now ongoing (reviewed in 42), there is limited data regarding immune responses
that has been published to date.

Therefore, intramuscular delivery methods (conventional injection and electroporation based
delivery) were also evaluated at the 2 μg dose in mice since this dose corresponds, on a body
mass basis, to the dose range of completed and ongoing human Phase I clinical trials utilizing
intramuscular delivery of DNA vaccines25, 26,38–41. Although there remains uncertainty
regarding the ability of rodent species to predict vaccine responses in the clinical setting,
effective induction of anti-E7 specific immune responses at this DNA dose would provide
encouragement regarding the potential for extrapolation into the clinical setting.

Based on multiple immunologic parameters, our data indicates that electroporation is an
effective method of administering the pNGVL4a-CRT/E7(detox) DNA plasmid.
Electroporation generates the greatest levels of E7 specific cytotoxic CD8+ T cell precursors
when compared to other methods of vaccination, including gene gun. For conventional
intramuscular injection, previous studies often required 50 μg of DNA in order to generate
robust numbers of CD8+ T cells;19 therefore, our finding that 2 μg of DNA plasmid
administered by intramuscular injection did not generate significant numbers of antigen
specific CD8+ T cells was not unexpected. Both electroporation and gene gun demonstrated
superior tumor protection compared to conventional intramuscular injection. Furthermore, we
found that administration of DNA vaccine via electroporation seemed to maintain a sustained
anti-tumor response as compared to the gene gun group since differences in tumor volume
between the two groups was observed starting on Day 30. Mice in the gene gun group had
stabilized controlled growth of their tumors within the first 30 days of vaccination; however,
acceleration in their tumor growth was observed between days 38–42 which required their
subsequent euthanasia by Day 42. In contrast, in the electroporation group, three of five mice
achieved complete tumor regression.

While the improved outcomes observed with electroporation mediated delivery are most likely
due to the increased CD8+ T cell response induced following immunization, the mechanisms
underlying the observed differences in immunogenicity between electroporation and the gene
gun have not been definitively established. Nonetheless, it is likely that differences in antigen
expression, presentation, and processing between the different cell types transfected in skin
and muscle tissue are important factors.

With regards to antigen expression, we and others have demonstrated that electroporation based
DNA intramuscular delivery results in higher and more persistent levels of protein expression
using SEAP and luciferase.27 In our study, we detected antigen expression as early as one hour
after vaccination and high levels of expression were maintained up to 28 days. The increased
levels of expression are a function not only of the efficient delivery associated with
electroporation, but also the inherent mitotic stability of skeletal myofibers compared to the
relatively rapid turnover of cells of the epidermis. It is possible that the quick onset and
sustained high levels of antigen expression associated with electroporation may be favorable
for a higher magnitude of CD8+ T-cell responses and the development of immunologic
memory in the setting of processing of the E7 antigen through the cross priming pathway where
high levels of antigen production are likely to be favorable.43
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In contrast to the CD8+ T-cell response, we found that the gene gun was superior to
electroporation or conventional intramuscular injection for induction of an E7-specific
antibody response. These results are consistent with some previous comparisons of antibody
responses induced by electroporation or gene gun based DNA vaccine delivery,44 but not
others,45 indicating that the optimal method of administration may be antigen specific. The
observed differences could arise due to differences in immunological presentation intrinsic to
muscle and skin. It is also possible that antigen expression in different cell types could lead to
differences in the glycosylation and/or folding of the antigen, thereby affecting the induction
of antibody responses cross reactive to the native antigen. Finally, it should also be noted that
the immunization regimen used for assessment of antibody responses (2 μg dose at Days 0, 3,
and 6), was optimized for gene gun delivery. Given the differences in kinetics of antigen
expression with electroporation and gene gun, it is possible that the antibody responses
achieved with electroporation could be improved through the use of alternative immunization
schedules.

With regards to CD4+ T cell responses, we have previously published results indicating an
inability to successfully detect a measurable increase in the number of E7-specific IFN-γ
secreting or IL-4 secreting CD4+ T cells in mice vaccinated with CRT/E7 DNA via gene gun.
43 However, vaccination with CRT/E7 DNA via gene gun did result in significantly high titers
of anti-E7 antibody in the sera of mice which corroborates our findings in this study. Although
the mechanism for enhancement of antibody response is not clear, we cannot exclude the
possibility that there is T helper cells generated against CRT, although we are not able to
measure it through our current assays.

In addition to differences in immunogenicity between the different delivery methods, the higher
levels of circulating protein achievable with electroporation mediated intramuscular delivery
of the DNA may also make this administration method uniquely well suited for use with the
pNGVL4a-CRT/E7(detox) DNA vaccine due to the incorporation of the calreticulin molecule.
Calreticulin has been shown to have an anti-tumor effect independent of immune cell function
in CD4+/CD8+ depleted mice.43 Immune deficient mice vaccinated with the pNGVL4a-CRT/
E7(detox) DNA demonstrated anti-tumor responses which were attributed to calreticulin’s
anti-angiogenesis effect.32 Therefore, it is possible that elevated circulating calreticulin levels
in our electroporation group may have also contributed to improved anti-tumor responses
independent of immune cell function.

Delivery of DNA vaccines using electroporation has already been tested successfully in a wide
range of disease models. Electroporation has been used to enhance immune responses using
DNA vaccines directed against infectious diseases (such as Influenza,44 HIV,46, 47 Hepatitis
C,48 malaria,49 anthrax,50 and others) or to treat or prevent the development of tumors. Breast
cancer, 51, 52 prostate cancer, 53 and melanoma54 are examples of tumor models where the
development of cytotoxic CD8+ T cells is essential for cancer control. In our study, we show
that electroporation is also an effective vaccination technique for the treatment of HPV induced
cancers using the pNGVL4a-CRT/E7(detox) DNA vaccine. Both the generation of cytotoxic
CD8+ T cells and circulating protein contribute to tumor control in this model, and we and
others have concluded that due to these properties, electroporation is a mode of vaccination of
sufficient interest to translate into human clinical trials.55 The electroporation device that we
used in this study is the TriGrid™ delivery system (TDS) (Ichor Medical Systems, Inc, San
Diego, CA), an available commercial device which is now being used in multiple ongoing
Phase I clinical trials. These include delivery of a DNA vaccine encoding a melansomal antigen
in patients with Stage IIB – IV melanoma (www.clinicaltrials.gov ID#NCT00471133) as well
as a study comparing TDS-IM and conventional intramuscular administration of a preventative
HIV vaccine candidate in healthy volunteers (www.clinicaltrials.gov ID# NCT00545987).
This is the first study that directly compares electroporation mediated intramuscular delivery
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to gene gun using the same dose of DNA vaccine delivered at a single site. Three previous
studies in which electroporation and gene gun were compared varied the number of
administration sites and used 16 to 100 times the amount of DNA vaccine dose for the
electroporation groups.44, 45, 51 While this approach is useful for evaluation of the maximal
efficacy of a given vaccine method, conclusions regarding relative performance are limited by
the inability to determine if observed differences in treatment outcomes are attributable to the
delivery method or dosage. Therefore, we have conducted this study using a consistent 2 μg
of pNGVL4a-CRT/E7(detox) DNA plasmid dose across all techniques. By demonstrating the
activity of the vaccine candidate at a relatively low dose level that can be extrapolated into
larger species, we are also well positioned to translate these findings into the clinical setting.
Based on its ability to induce high levels of antigen expression and potent, antigen specific
cellular immune responses, we conclude that electroporation is an effective method of delivery
of the pNGVL4a-CRT/E7(detox) DNA vaccine and holds great promise for the administration
of other DNA vaccines targeting oncogenic HPV-16 antigens.

MATERIALS AND METHODS
Mice

Six to eight week old C57BL/6 female mice were purchased from the National Cancer Institute-
Frederick Animal Production Area (Frederick, Maryland) and kept in the oncology animal
facility of the Johns Hopkins Hospital (Baltimore, MD). All animal procedures were performed
according to approved protocols and in accordance with the recommendations for the proper
use and care of laboratory animals.

DNA Vaccines
The construction of the CRT/E7 plasmid DNA vaccine (pNGVL4a-CRT/E7(detox)) used in
this study has been described previously.19 Briefly, the plasmid backbone, pNGVL-4a,
obtained from the NIH National Gene Vector Laboratory is a human approved vector which
encodes a kanamycin resistance gene, a transcription unit consisting of a CMV promoter, multi-
cloning site, and a poly-A tail. In addition, the plasmid includes two immunostimulatory
sequences consisting of tandem repeats of a CpG dinucleotide.56 Human calreticulin (CRT)
and HPV-16 E7 oncogenic protein DNA sequences were cloned into this plasmid, with amino
acid substitutions at positions 24 (cysteine to glycine) and 26 (glutamic acid to glycine) of E7
which ablates the Retinoblastoma protein binding site and, thus, prevents malignant
transformation of transfected cells. pCDNA3-Luciferase DNA plasmid was a generous gift
from Dr. Hyam I. Levitsky (Johns Hopkins Medical Institutions, Baltimore, MD). Luciferin
substrate was obtained commercially (potassium salt; Xenogen Corp, Alameda, CA).

The DNA plasmid encoding secreted alkaline phosphatase (SEAP) was obtained from Clontech
(Mountain View, CA) along with the Great EscAPe Reporter System 3 for serum detection of
expressed SEAP. The pSEAP2-Control vector was used as a control vector.

Electroporation mediated DNA vaccination
The Ichor TriGrid™ Electroporation Delivery System (TDS) (Ichor Medical Systems, Inc., San
Diego CA) consists of an electrode array, a pulse generator, and a foot pedal for pulse activation.
Disposable 30G needles (Becton-Dickinson, Franklin Lakes, NJ) are used in the center of the
electrode grid to administer DNA plasmid equidistant from each of the four electrode probes.
Mice were injected in the tibialis muscle of the shaved hind leg with activation of the pulse
generator as instructed by the manufacturer and as previously described.57 The appropriate
concentration of DNA plasmid was diluted in a total volume of 20 uL of PBS. When vaccination
schedules required a booster vaccination, the contralateral leg was used for vaccination, and
subsequent vaccinations used alternating hind legs.
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Needle intramuscular mediated DNA vaccination
For intramuscular (IM) injections, the tibialis muscle was shaved and exposed in a similar
manner to electroporation vaccination. Using a disconnected electroporation grid with a 30G
needle (Ichor Medical Systems, Inc. San Diego, CA) 50 μL of diluted plasmid was delivered
into the tibialis muscle without activation of the pulse generator. Full insertion of the electrode
grid was performed identical to the method of delivery for electroporation to achieve consistent
intramuscular injections. Similar to mice vaccinated via electroporation, the contralateral
tibialis muscle was used for booster vaccinations as indicated in the vaccination protocol.

Gene gun mediated DNA vaccination
DNA-coated gold particles were delivered to the shaved abdominal region of mice using a
helium-driven gene gun (BioRad, Hercules, CA) with a discharge pressure of 400 psi.19 DNA
bullets were created so that the total vaccination dose of DNA was divided between two bullets
for each set of vaccinations. Subsequent boosts were administered to areas of fresh epidermis
to avoid the scar created from previous sites of vaccinations.

Luciferase expression and kinetics
Mice were vaccinated with 2 μg of pCDNA3-Luciferase plasmid in the left leg, either by
intramuscular injection or electroporation, using the techniques described above. As a control,
the contralateral leg received an injection of PBS containing no plasmid.

Fifty minutes after vaccination, 200 uL of Luciferin diluted in PBS (3.9 mg/mL) was injected
intraperitoneally. After ten minutes, mice were anesthesized with Isoflurane and optical
imaging performed with a CCD camera and black box at the Small Animal Imaging Resource
Program (SAIRP) at Johns Hopkins Hospital (Baltimore, MD). The duration of luminescence
acquisition was 120 seconds. The maximal level of luminescence was acquired from a region
of interest drawn over the luminescent zone on the optical image. Luciferin injection and optical
imaging were repeated at one, seven, fourteen, and twenty-eight days after vaccination.

Secreted alkaline phosphatase (SEAP) expression
Mice were vaccinated by intramuscular injection, electroporation, or gene gun with either 2
μg or 10 μg of secreted alkaline phosphatase (SEAP) or pSEAP2-Control plasmid using the
protocols described above. Seven days after vaccination, serum was extracted from the tail
vein. Using the Chemiluminescent SEAP Assay (Clontech, Mountainview, CA), 3 μL of serum
was used to measure SEAP concentration with a 96 well plate luminometer (Molecular
Devices, Sunnyvale, CA). The serum chemiluminescent reaction was measured in triplicate
for each mouse.

Detection of E7-specific antibodies in the serum of vaccinated mice
The presence of anti-HPV-16 E7 antibodies in the sera was characterized by a direct Enzyme
Linked Immunosorbent Assay (ELISA) as described previously.58 A cohort of mice were
immunized with 2 μg of pNGVL4a-CRT/E7(detox) vaccine by intramuscular injection,
electroporation, or gene gun three days after tumor challenge and received two booster
vaccinations at days six and nine. Sera were prepared from mice on day fourteen after the last
vaccination. The ELISA plate was read with a standard ELISA reader at 450 nm using serial
dilutions of prepared sera.

Intracellular cytokine staining with flow cytometric analysis to detect IFN-γ secretion by E7-
specific CD8+ T cells

Cell surface marker staining for CD8 and intracellular cytokine staining for IFN-γ as well as
FACScan analysis were performed using conditions described previously.8 Eleven mice in
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each group (intramuscular injection, electroporation, gene gun) were vaccinated with 2 μg of
pNGVL4a-CRT/E7(detox) and received a booster vaccination one week later. One week after
the last vaccination, splenocytes were collected and incubated for 20 hours either with or
without 1 μg/mL of MHC class I restricted E7 peptide (amino acids 49–57, RAHYNIVTF).
The number of IFN-γ-secreting CD8+ T cells was analyzed using flow cytometry. Analysis
was performed on a Becton-Dickinson FACScan with CELLQuest software (Becton-
Dickinson Immunocytometry System, Moutain View, CA).

In vivo tumor protection
For all tumor experiments, an HPV-16 E6 and E7 expressing cell line, TC-1, was used. The
generation of this cell line has been previously described.59 Five mice per group were
vaccinated with 2 μg of pNGVL4a-CRT/E7(detox) DNA vaccine via intramuscular injection,
electroporation, or gene gun followed by a booster vaccination one week later using the same
method of vaccination. One week after the last vaccination, mice were challenged
subcutaneously with 5 × 104 TC-1 cells/mice including five naïve mice who did not receive
any vaccination. All mice were followed for 60 days to monitor tumor progression. Tumor
growth was determined by direct palpation twice a week and the percentages of tumor free
mice were recorded.

In vivo tumor treatment
Five mice per group were challenged subcutaneously with 5 × 104 TC-1 cells/mice. Three days
after tumor challenge, mice were vaccinated with 2 μg of pNGVL4a-CRT/E7(detox) DNA via
intramuscular injection, electroporation, or gene gun. Mice received a booster vaccination at
three day intervals for a total of three vaccinations using alternating hind legs. Tumor size was
measured with electronic calipers and tumor volumes calculated starting at day seven and then
twice per week.

Statistical analysis
All data are expressed as means ± S.E. where indicated. Data for intracellular cytokine staining
with flow cytometric analysis and tumor treatment experiments were evaluated by analysis of
variance (ANOVA). Comparisons between individual data points were made using a Student’s
t-test. In the tumor protection experiments, the principal outcome of interest was time to
development of tumor. The event time distributions for different mice were compared by the
Kaplan-Meier method and by use of the log-rank statistic. All p-values <0.05 were considered
significant.
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Figure 1. Comparison of electroporation (EP) and intramuscular (IM) delivery of a luciferase gene
C57BL/6 mice were vaccinated with 2 μg of pCDNA3-Luciferase plasmid to compare the
efficacy and duration of various gene transfer techniques. Both electroporation (EP) and
intramuscular (IM) injections were performed in the left hind leg, with control PBS injections
in the right hind leg. One hour after plasmid delivery, 200 μL of luciferin (3.9 mg/mL) was
injected intraperitoneally. After allowing 10 minutes for reaction conjugation, luminescence
measurements were taken within a region of interest drawn over each site of vaccination.
Luciferin injections and imaging were repeated at 24 hours, 7, 14, and 28 days after vaccination.
N = 2 per group.
(a) Optical photographs of anesthetized C57BL/6 mice with luminescence overlay shows the
increased expression of pCDNA3-Luciferase plasmid by EP compared to IM injection.
(b) Quantification of maximum luminescence on a log scale. Data are expressed as means ±
SE of maximum luminescence within a region of interest drawn over each site of vaccination.
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Figure 2. Serum expression levels of secreted alkaline phosphatase (SEAP) were measured in mice
vaccinated via intramuscular injection (IM), electroporation (EP), or gene gun (GG)
C57BL/6 mice were vaccinated with the pSEAP2-control plasmid and serum levels were
measured seven days after vaccination. Mice received either 2 μg or 10 μg of pSEAP2-control
plasmid, and measurements were performed with a commercially available reaction kit
(Clontech). Values are pooled means ± SE of triplicate chemiluminescent reactions. N = 3 per
group.
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Figure 3. Serum levels of E7-specific antibodies elicited in mice vaccinated by intramuscular
injection (IM), electroporation (EP), or gene gun (GG)
C57BL/6 mice were vaccinated with 2 μg of pNGVL4a-CRT/E7(detox) DNA plasmid in
alternating hind legs on Days 0, 3, and 6. Serum was collected from the tail vein 14 days after
the last vaccination and analyzed for E7-specific antibodies using direct ELISA at a mean
absorbance of 450 nm. Values are pooled means ± SE of serial dilutions of triplicate ELISA
reactions. N = 4 per group.
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Figure 4. Intracellular cytokine staining and flow cytometry analysis to characterize IFN-γ-
secreting E7-specific CD8+ T cell precursors in mice vaccinated with 2 μg of pNGVL4a-CRT/E7
(detox) DNA vaccine via intramuscular injection (IM), electroporation (EP), or gene gun (GG)
C57BL/6 mice were vaccinated with pNGVL4a-CRT/E7 (detox) DNA vaccine through
various routes of administration and received a booster vaccination one week later. One week
after the last vaccination, the splenocytes were harvested and cultured in vitro with or without
the E7 peptide (amino acid 49–57) overnight and were stained for both CD8 and intracellular
IFN-γ. The number of IFN-γ-secreting CD8+ T cell precursors in naïve and immunized mice
were analyzed by flow cytometry.
(a) A representative figure of intracellular cytokine staining experiment. CD8+ IFN- γ+ T cells
appear in the right upper quadrant of each flow cytometry plot.
(b) Composite results of flow cytometry analysis of CD8+ IFN- γ+ T cell precursors in naïve
mice and mice vaccinated with pNGVL4a-CRT/E7 (detox) DNA vaccine via IM, EP, and GG.
Data are expressed as the mean number of E7-specific CD8+IFN-γ+ T cells per 3×105

splenocytes ± SE. N = 11 mice for all groups.
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Figure 5. In vivo tumor protection experiments to compare the antitumor effect mediated by
different methods of vaccination using 2 μg of pNGVL4a-CRT/E7(detox) DNA plasmid
C57BL/6 mice were vaccinated with pNGVL4a-CRT/E7 (detox) DNA vaccine via
intramuscular injection (IM), electroporation (EP), or gene gun (GG) and received a booster
vaccination one week later. Fourteen days after the first vaccination, mice were inoculated with
5 × 104 TC-1 tumor cells and followed bi-weekly for palpable tumor development. Data are
expressed as percentage of tumor free mice. N = 5 for each group. Experiments were repeated
in duplicate. The difference between the EP and IM groups reached statistical significance with
a p-value of 0.01. The difference between the EP and GG groups were not statistically
significant (NS).
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Figure 6. In vivo tumor treatment experiments to compare the antitumor effect mediated by
intramuscular (IM), electroporation (EP), or gene gun (GG) vaccination using 2 μg of pNGVL4a-
CRT/E7(detox) DNA plasmid
C57BL/6 mice were inoculated with 5 × 104 TC-1 tumor cells subcutaneously on Day 0 and
were vaccinated with 2 μg of pNGVL4a-CRT/E7(detox) DNA in alternating hind legs on Days
3, 6, and 9. Mice were followed for tumor development by manual palpation as well as tumor
growth by recording tumor measurements using digital calipers and calculating tumor volumes.
Data are expressed as volume means ± SE. N= 5 for each group. The difference in tumor
volumes between the EP and GG groups became statistically significant (p=0.045) on Day 38.
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