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Abstract
DNA vaccines have emerged as a potential alternative to current strategies to control cancer for
their safety, stability and ease of preparation. We have previously demonstrated that a DNA
vaccine encoding calreticulin (CRT) linked to human papillomavirus type 16 (HPV-16) E7
antigen (CRT/E7) can generate significant E7-specific immune responses and antitumor effects in
vaccinated mice, thus enhancing DNA vaccine potency. Another strategy to improve DNA
vaccine potency is by enhancing the level of expression of the antigen encoded in the vaccine.
DNA methylation has been shown to lead to silencing of the genes that would affect the
expression of the encoded antigen of the DNA vaccines. In the current study, we reasoned that
CRT/E7 DNA vaccination combined with demethylating agent, 5-aza-2’-deoxycytidine (DAC)
would lead to upregulation of CRT/E7 expression, resulting in improved DNA vaccine potency.
We found that pretreatment with DAC led to increased CRT/E7 DNA expression, leading to
enhanced E7-specific CD8+ T cell immune responses as well as the antitumor effects generated by
the CRT/E7 DNA vaccine. Thus, our data suggest that combination of CRT/E7 DNA vaccination
with DAC treatment may represent a potentially promising approach to control HPV-associated
malignancies. The clinical implications of this study are discussed.
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2.0 Introduction
Cancer immunotherapy using DNA vaccines have emerged as a potentially promising
approach in addition to current therapies such as chemotherapy and radiotherapy for the
control of tumors based on their safety, stability and ease of preparation (for review, see
[1,2]). However, naked DNA vaccines suffer from limited immunogenicity and therefore
require additional strategies to improve their ability to generate strong immune responses.
We have previously employed gene gun administration system to directly deliver DNA
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vaccines to the professional antigen presenting cells (APCs) in the skin, the Langerhans
cells. The tumor antigen-expressing Langerhans cells eventually become mature dendritic
cells (DCs), which are most important for activating cytotoxic T lymphocytes. Using the
gene gun administration system, we have developed a number of innovative strategies to
enhance DNA vaccine potency by modifying the properties of DCs (for review, see [3,4]).

One approach to enhance DNA vaccine potency is the employment of intracellular targeting
strategies to improve the MHC class I presentation of the antigen encoded by DNA vaccines
in APCs. In previous studies, we explored the DNA vaccine encoding antigen linked to a
chaperone protein, calreticulin (CRT), a Ca2+-binding protein normally located in the
endoplasmic reticulum (ER) (for review, see [5]). We used a model tumor antigen, HPV-16
E7 because HPV type 16 is accountable for the pathogenesis of more than 50 % of all
cervical cancer cases [6]. In addition, E7 oncogenic protein is constantly present in cervical
cancer cells and responsible for the malignant transformation of HPV-associated cancer
cells. Thus, HPV-16 E7 represents an ideal target for the development of therapeutic HPV
DNA vaccines. We have previously shown that vaccination of mice with the CRT/E7
DNA generated significantly higher E7-specific CD8+ T cell immune responses and
impressive antitumor effects against E7-positive tumors compared to vaccination with
DNA encoding wild type E7 [7]. Furthermore, in a head-to-head comparison study,
DNA vaccine encoding CRT/E7 was shown to be one of the best strategies to induce
E7-specific CD8+ T cell immune responses and antitumor effects among various DNA
vaccines that employed different intracellular targeting strategies [8,9]. Currently,
clinical grade CRT/E7 DNA vaccine has been prepared for clinical trials in stage IBI
cervical cancer patients.

Another strategy to improve DNA vaccine potency is by enhancing the level of expression
of the antigen encoded in the vaccine [10]. Methylation of CpG islands in the
cytomegalovirus (CMV) promoter regions has been shown to lead to silencing of the gene
expression [11,12]. This silencing would significantly affect the expression of the encoded
antigen of the DNA vaccines, since most DNA vaccines use expression vectors containing
CMV promoters. One strategy to overcome the limitation of gene silencing by DNA
methylation is the employment of demethylating agents such as 5-aza-2’-deoxycytidine
(DAC). The nucleotide analogue 5-aza-2'-deoxycytidine has been shown to inhibit DNA
methyltransferase, resulting in the reactivation of several methylation-silenced genes [13–
15]. DAC is currently being employed in combination with other anti-cancer drugs in
clinical trials in patients with a variety of solid tumors [16]. Furthermore, DAC is currently
an FDA approved antineoplastic drug for the treatment of myelodysplastic syndrome [17].
Thus, the employment of DAC represents a potentially promising chemotherapeutic strategy
that may be used in combination with DNA vaccines.

In the current study, we have reasoned that CRT/E7 DNA vaccine combined with
demethylating agent, 5-aza-2’-deoxycytidine (DAC) would lead to upregulation of CRT/E7
expression, resulting in improved DNA vaccine potency. We found that DAC treatment led
to the upregulation of the transgene expression in DNA transfected cells in vitro as well as
in DNA-vaccinated mice in vivo. Furthermore, we found that treatment with DAC enhanced
the E7-specific CD8+ T cell immune responses as well as the antitumor effects generated by
the CRT/E7 DNA vaccine. Thus, our data suggest that combination of immunotherapy
utilizing CRT/E7 DNA vaccine with chemotherapy utilizing DAC may represent a
potentially feasible approach to controlling HPV-associated malignancies. The clinical
implications of this study are discussed.
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3.0 Materials and Methods
Mice

6–8 week-old female C57BL/6 mice purchased from the National Cancer Institute
(Frederick, MD) were used for experiments unless stated elsewhere. The mice were housed
under specific pathogen-free conditions. All procedures were done according to approved
protocols and in accordance with recommendations for the proper use and care of laboratory
animals.

Cell culture and reagents
TC-1 cells were generated as described previously [18]. DC-1 cells were derived from the
dendritic cell line provided by Dr. Kenneth Rock (University of Massachusetts, Boston,
MA) through continuous culture. BHK21 cells were purchased from ATCC. All the cells
were maintained in a humidified 5% CO2 atmosphere at 37 °C and in RPMI medium
supplemented with 10% FBS, 2 mM glutamine, 0.1 mM non-essential amino acid, 1 mM
sodium pyruvate and 55 µM 2-mercaptoethanol. Transfection of BHK21 and DC-1 cells was
performed using LipofectAMINE 2000 (Invitrogen) according to the manufacture’s
instruction. 5-aza-2′-deoxycytidine (DAC, 5-aza-CdR, decitabine, dacogen, DAX), (Sigma,
St. Louis, MO) was used as indicated in the figure legends.

Reverse Transcription (RT)-PCR
Total RNAs were isolated using TRIzol method (Invitrogen). 10 ng of the total RNA was
subjected to RT-PCR analysis using SuperScript One-Step RT-PCR with Platinum Taq
system (Invitrogen) with the following primers: mIFN-γ upstream, 5′-
CTGAGACAATGAACGCTACAC-3′, mIFN-γ downstream: 5′-
TTGCTGTTGCTGAAGAAGGT-3′; GAPDH upstream, 5′-
CCGGATCCTGGGAAGCTTGTCATCAACGG-3′, downstream, 5′-
GGCTCGAGGCAGTGATGGCATGGACTG-3′.

DNA vaccination
DNA-coated particles were prepared as described previously [19]. The mice received the
particles at the shaved abdominal region via a helium-driven gene gun (Bio-Rad, Hercules,
CA) at a discharge pressure of 400 psi. For pcDNA3-CRT/E7 vaccination, the mice were
immunized with 2 µg/mouse of DNA and boosted once with the same dose at one-week
interval.

In vivo tumor treatment experiments
C57BL/6 mice (five per group) were inoculated with TC-1 cells (5×104 per mouse)
subcutaneously (s.c.) at day 0. At days 4, 7 and 11, the mice were treated with or without
0.25mg/kg body weight of DAC intraperitoneally. At days 11 and 18, the mice were treated
with or without 2µg per mouse of CRT/E7 DNA via gene gun. Tumors were measured with
a pair of calipers twice a week from day 14. Tumor growth was monitored twice a week by
palpation and measuring the length (L) and width (W) of the tumor with Vernier calipers,
and the tumor size was calculated as (L×W2)/2.

Flow cytometry
Detection of cellular surface CD8a and intracellular IFNγ was performed using flow
cytometry as described previously [19]. In brief, the cells were incubated overnight with 1
µg/ml of GolgiPlug (BD Pharmingen) in the presence (for E7-specific CD8+ T cells) or
absence of 1 µg/ml of E7 peptide (49–57). After washed twice with FACScan buffer, the
cells were stained with phycoerythrin-conjugated anti-mouse CD8a antibody. The cells were
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then incubated with BD cytofix/cytoperm solution (BD Pharmingen) followed by staining
with FITC-conjugated anti-mouse IFNγ antibody. The flow cytometry analysis was
performed on a Becton-Dickinson FACSCalibur with CELLQuest software (BD
Biosciences, Mountain View, CA).

Analysis of tumor-infiltrating lymphocytes
C57BL/6 mice (3 per group) were inoculated with TC-1 cells (5×104 per mouse)
subcutaneously (s.c.) at day 0. At days 4, 7 and 11, the mice were treated with or without
0.25mg/kg body weight of DAC intraperitoneally. At days 11 and 18, the mice were treated
with or without 2µg per mouse of CRT/E7 DNA via gene gun. One week after the second
vaccination, the tumors were dissected and single cell suspension was prepared as follows.
The tumors were cut into small pieces and digested with 0.05% (w/v) of trypsin and 0.1%
(w/v) of collagenase D in HBSS for one hour at 37 °C with vortex every 15 minutes. The
suspension was then passed through cell strainers before washing with growth medium.
5×106 cells were incubated with GolgiPlug in the presence or absence of E7 peptide (49–57)
overnight in duplicate wells using 24-well plate. The tumor-infiltrating E7-specific CD8+ T
cells were analyzed by flow cytometry.

In vitro stimulation of splenocytes
48-well plates were coated with or without 5 µg/ml of anti-CD3ε antibody (145-2C11, BD
Pharmingen) in PBS for 90 minutes at 37°C and washed three times with PBS before use.
The splenocytes (1×106/well) isolated from mice treated with or without DAC were
stimulated with the coated plates and 1 µg/ml of anti-CD28 antibody (37.51, BD
Pharmingen) in the presence of GolgiPlug overnight at 37°C. And then the cells were
harvested and analyzed for the CD8+/IFNγ+ population using flow cytometry.

Western blot
Cells were lysed with protein extraction reagent (Pierce, Rockford, IL). Equal amounts of
whole cell lysates (30 µg) were resolved by SDS-PAGE, and the fractionated proteins were
transferred onto nitrocellulose membrane (0.45 µM, Bio-Rad). After being blocked with 5%
(w/v) non-fat dry milk in TBST (Tris-buffered saline/Tween; 50 mM Tris/HCl, pH 7.5, 50
mM NaCl and 0.1% Tween 20), the membranes were incubated with the E7-specific
monoclonal antibody (Invitrogen, Carlsbad, CA) diluted in the blocking buffer
overnight at 4°C using the methods similar to what we have described previously [20].
The bound primary antibodies were detected using the appropriate horseradish peroxidase-
conjugated secondary antibodies (Amersham Biosciences, UK) and Amersham ECL
Western Blotting Detection Reagents (GE Health) and visualized using ChemiDoc XRS
chemiluminescent detection system (Bio-Rad).

Bioluminescence imaging
To analyze the luciferase activity in cells, the cells were incubated with 20 µg/ml of luciferin
(Promega, Madison, WI) for 5 minutes before the luminescence intensity was measured
using the IVIS Imaging System Series 200 (Xenogen, Cranbury, NJ). To analyze the
luciferase activity in mice, the mice were intraperitoneally injected with 0.8 mg/mouse of
luciferin. 10 minutes after the injection, the anesthesized mice were imaged using the IVIS
Imaging System Series 200.

Statistical Analysis
All quantitative data were expressed as mean±SE. Comparison between two groups was
made by Student’s t test, and comparison among multiple groups was by one-way analysis
of variance (ANOVA). Linear trend of dose effect was analyzed by linear regression. The
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survival analysis was made by the Kaplan-Meier method and one-sided log-rank statistic.
p<0.05 was considered statistically significant.

4.0 Results
Combination treatment of TC-1 tumor-bearing mice with 5-aza-2′-deoxycytidine (DAC) and
CRT/E7 DNA generated the best therapeutic antitumor effects

To determine if the enhanced E7-specific CD8+ T cell immune responses observed in CRT/
E7 DNA-vaccinated mice pre-treated with DAC could translate into enhanced antitumor
effects, we performed in vivo tumor treatment experiments. We first challenged C57BL/6
mice (3 per group) subcutaneously with 5×104 /mouse of TC-1 tumor cells on day 0. On day
4, 7 and 11 after tumor challenge, we treated the mice with or without 0.25 mg/kg body
weight of DAC and from day 11, we treated the mice with CRT/E7 DNA intradermally via
gene gun twice with a 1 week interval. The treatment regimens are outlined in Figure 1A. As
shown in Figure 1B, the TC-1 tumor-bearing mice pre-treated with DAC followed by CRT/
E7 DNA vaccination exhibited significantly decreased tumor growth compared to tumor-
bearing mice treated with DAC alone or CRT/E7 DNA vaccine alone. We further
characterized the survival of the different treatment groups using Kaplan-Meier survival
analysis. As shown in Figure 1C, tumor-bearing mice pre-treated with DAC followed by
CRT/E7 DNA vaccination exhibited improved survival compared to tumor-bearing mice
treated with DAC alone or CRT/E7 DNA vaccine alone. Taken together, our results indicate
that pre-treatment with DAC significantly enhances the therapeutic antitumor effects
generated by treatment with CRT/E7 DNA vaccine.

Treatment with 5-aza-2′-deoxycytidine (DAC) led to upregulation of the proteins encoded
by DNA in transfected cells

To examine if the expression of the protein encoded by the DNA in transfected cells can be
upregulated by treatment with 5-aza-2′-deoxycytidine (DAC), we first transfected BHK21
cells with pcDNA3-luciferase. 16 hours later, the transfected cells were treated with or
without DAC. The treated cells were characterized for luciferase expression using
luminescence imaging 24 hours after treatment with DAC. As shown in Figure 3A and B,
DNA transfected cells treated with DAC demonstrated significantly higher luciferase
expression compared to the transfected cells without DAC treatment. We further
characterized the effect of DAC on the expression of CRT/E7 using a dendritic cell line,
DC-1 transfected with pcDNA3-CRT/E7. The transfected DC-1 cells were then treated with
or without DAC and analyzed for the expression of CRT/E7 using Western blot analysis. As
shown in Figure 2C, the transfected cells treated with DAC demonstrated significantly
higher expression of CRT/E7 compared to the transfected cells without DAC treatment.
These results are consistent with previous studies using different antigenic systems
[21,22]. Thus, our data indicate that treatment with DAC enhanced the expression of the
protein encoded by the DNA in transfected cells.

Treatment with 5-aza-2′-deoxycytidine (DAC) enhanced the luciferase expression in mice
vaccinated with pcDNA3-luciferase

In order to determine if treatment with DAC would influence the expression of the protein
encoded by the DNA vaccine administered in vivo, we first challenged C57BL/6 mice (5 per
group) with increasing doses of DAC by intraperitoneal injection on days 0, 3 and 7 and
then vaccinated the mice with pcDNA3-luciferase intradermally via gene gun on last day of
DAC administration. 24 hours later, the mice were analyzed for luciferase activity using
bioluminescence imaging. As shown in Figure 3, vaccinated mice treated with DAC
demonstrated a significant increase in bioluminescence intensity in a dose dependent manner
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compared to vaccinated mice without DAC treatment. Thus, our data indicate that treatment
of mice with DAC leads to the upregulation of proteins encoded by DNA vaccines in vivo.

Pre-treatment of mice with 5-aza-2′-deoxycytidine (DAC) led to the enhanced activation of
CD8+ T cells during in vitro stimulation

To determine if treatment of mice with 5-aza-2′-deoxycytidine (DAC) would influence the
activation ability of splenocytes, C57BL/6 mice (3 per group) were treated with or without
0.25 mg/kg body weight of DAC on days 0, 3, and 7. One day later, the splenocytes from
each group were harvested and stimulated with plate-bound anti-CD3 and soluble anti-CD28
overnight. The splenocytes were then analyzed for CD8 and IFNγ expression using
intracellular cytokine staining followed by flow cytometry analysis. As shown in Figure 4A
and B, in vitro stimulation of splenocytes from DAC-treated mice with anti-CD3 and anti-
CD28 antibodies led to significantly increased numbers of CD8+/IFNγ+ T cells compared to
in vitro stimulation of splenocytes from mice without DAC treatment. We also measured
mRNA levels of IFNγ in the stimulated splenocytes from each mouse group using RT-PCR
followed by gel electrophoresis. The mRNA level of GAPDH was used as loading control.
As shown in Figure 4C, we found that the mRNA level of IFNγ was higher in the stimulated
splenocytes from the DAC-treated mice as compared to the stimulated splenocytes from the
mice without DAC treatment. Thus, our data suggest that treatment of mice with DAC
sensitizes the splenocytes to further activation with anti-CD3 and anti-CD28 monoclonal
antibodies.

Pre-treatment with 5-aza-2′-deoxycytidine (DAC) led to enhanced E7-specific CD8+ T cell
immune responses in CRT/E7 DNA vaccinated mice

In order to determine if treatment of mice with DAC would lead to enhanced E7-specific
CD8+ T cell immune responses generated by vaccination with CRT/E7 DNA, we first
treated C57BL/6 mice (3 per group) with or without increasing doses of DAC on days 0, 3
and 7. We then vaccinated the mice with CRT/E7 DNA on the last day of DAC treatment.
The mice received a booster vaccination with the same dose 1 week later. Unvaccinated
mice treated with or without DAC were used as controls. One week after the second
vaccination, splenocytes were harvested from the different groups of mice and analyzed for
E7-specific CD8+ T cell immune responses using intracellular cytokine staining followed by
flow cytometry analysis. As shown in Figure 5A and B, the CRT/E7 DNA-vaccinated mice
pre-treated with DAC generated significantly greater numbers of E7-specific CD8+ T cells
in a dose-dependent manner compared to CRT/E7 DNA-vaccinated mice without pre-
treatment with DAC. We also observed that mice treated with DAC alone without DNA
vaccination did not generate detectable E7-specific CD8+ T cell immune responses.
Therefore, our results indicate that pre-treatment of mice with DAC enhances the E7-
specific CD8+ T cell immune responses generated by CRT/E7 DNA vaccine.

Treatment with 5-aza-2′-deoxycytidine (DAC) enhanced E7-specific CD8+ T cell immune
responses generated in tumor-bearing mice treated with CRT/E7 DNA

To determine if DAC enhanced the E7-specific CD8+ T cell immune responses generated by
CRT/E7 DNA vaccination in the spleens and tumors of tumor-bearing mice, tumor-bearing
C57BL/6 mice (5 per group) were treated with DAC and/or CRT/E7 DNA using the
regimen described in Figure 1A. One week after the last treatment, we characterized the E7-
specific CD8+ T cell immune responses in the spleens and tumors of tumor-bearing mice.
Spleens and tumors were harvested from the different groups of mice and the isolated cells
were then analyzed for E7-specific CD8+ T cells using intracellular cytokine staining
followed by flow cytometry analysis. As shown in Figure 6A and B, tumor-bearing mice
treated with DAC followed by CRT/E7 DNA vaccination generated significantly higher
numbers of E7-specific CD8+ T cells in the spleens compared to tumor-bearing mice treated
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with DAC alone or CRT/E7 DNA vaccine alone. Furthermore, as shown in Figure 6C,
tumor-bearing mice treated with DAC followed by CRT/E7 DNA vaccination generated
significantly higher numbers of E7-specific CD8+ tumor-infiltrating lymphocytes compared
to tumor-bearing mice treated with DAC alone or CRT/E7 DNA vaccine alone. Taken
together, our data indicate that pre-treatment with DAC significantly enhances the numbers
of E7-specific CD8+ T cells in the spleens and tumors of tumor-bearing mice generated by
treatment with CRT/E7 DNA vaccine.

5.0 Discussion
In the current study we examined a strategy to enhance DNA vaccine potency by improving
antigen expression using a demethylating agent, 5-aza-2’-deoxycytidine (DAC). We showed
that treatment of DNA-transduced cells with DAC led to the upregulation of the encoded
gene in vitro and in vivo. We further found that DAC enhances the E7-specific CD8+ T cell
immune responses and antitumor effects generated by CRT/E7 DNA vaccine in tumor-
bearing mice. Thus, our data suggest that treatment with a demethylating agent followed by
CRT/E7 DNA vaccination may represent a potentially promising approach to improve the
therapeutic effects of CRT/E7 DNA vaccine for the control of HPV-associated
malignancies.

Our results are consistent previous observations that the DAC could activate the expression
of the protein encoded by the DNA constructs. Previously, Grassi et al. showed that DAC
treatment could increase the expression of a reporter gene controlled by cytomegalovirus
(CMV) promoter in a stably transfected neuroblastoma cell line [22]. Another study using
human pancreatic cancer and Chinese Hamster Ovary cells stably transfected with CMV
promoter driven glycogenes showed that the expression of the glycogenes was upregulated
in cells treated with DAC [21]. Thus, our data are consistent with previous findings that
DAC treatment leads to increased expression of transgenes.

In our study, we showed that treatment of mice with DAC sensitizes the splenocytes to
further activation with anti-CD3 and anti-CD28 monoclonal antibodies (Figure 3). Based on
our data, treatment with DAC alone does not lead to activation of CD8+ T cells by releasing
IFN-γ. One possibility is that treatment with DAC may potentially lead to the upregulation
of the genes that are involved in T cell activation. Alternatively, DAC treatment may also
increase the expression of key molecules in the other immune cells that may influence the
activation of CD8+ T cells. Thus, it will be of interest to characterize the expression of the
molecules expressed by different immune cells, which are involved in T cell activation with
or without DAC treatment in the future.

We observed that treatment of TC-1 tumor-bearing mice with DAC and CRT/E7 DNA
generated the best therapeutic antitumor effects (Figure 5). Our data suggest that the
observed antitumor effects may be contributed by the enhancement of antigen expression
and DNA vaccine immunogenicity by DAC. However, we cannot exclude the possibility
that the observed effects could be a direct consequence of the anti tumor activity of DAC, or
due to a non specific activation of immune cells by DAC. Further exploration of these
potential mechanisms may facilitate a better understanding of the role of DAC in enhancing
the antitumor effects induced by the DNA vaccine.

For clinical translation, it is essential to employ a DNA vector that could potentially used for
clinical trials without safety concerns. The pcDNA3 vector, used in the current study may
not be feasible for clinical translation since it contains an ampicillin resistance gene. We
have previously used pNGVL4a vector obtained from the NIH National Gene Vector
Laboratory for DNA vaccine development for our clinical trials [23]. This vector is a
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second-generation plasmid derived from pNGVL-3, which has been previously used for
human clinical trials [24]. The pNGVL4a vector lacks the ampicillin resistance gene and
thus would be suitable for clinical translation of the current DNA vaccines.

In summary, this study demonstrates a novel strategy utilizing demethylating agents to
improve the antigen expression for the enhancement of DNA vaccine potency. Several
studies have demonstrated that the combination of chemotherapeutic agents with
immunotherapy can further enhance therapeutic vaccine potency [25–28] For clinical
translation, it will be important to further characterize the optimal dose and regimen of DAC
in order to generate the best therapeutic effects in preclinical models [29]. Furthermore, the
successful example of the current study warrants the exploration of other demethylation
agents that has been used in clinical trials, such as 5-azacytidine. Future endeavors should
also focus on exploring novel demethylating agents that are capable of enhancing the
potency of DNA vaccines for clinical translation.
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Figure 1. In vivo tumor treatment experiments
(A) Schematic diagram of the in vivo treatment schedule. C57BL/6 mice (5 per group) were
inoculated with TC-1 cells (5×104 per mouse) subcutaneously (s.c.) on day 0. On days 4, 7
and 11, the mice were treated with or without 0.25mg/kg body weight of DAC
intraperitoneally. On days 11 and 18, the mice were treated with or without 2µg per mouse
of CRT/E7 DNA intradermally via gene gun. Tumor size and volume was measured as
described in the Materials and Methods. (B) Line graph depicting the tumor volumes over
time in the treated groups of tumor-bearing mice. (C) Kaplan-Meier survival analysis of the
treated groups of tumor-bearing mice. Representative data from one of three independent
experiments are shown. ** indicates p<0.01* indicates p<0.05.
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Figure 2. Characterization of the expression of luciferase or chimeric protein CRT/E7 in
transfected cells treated with or without DAC
A and B. BHK21 cells were transfected with plasmid pcDNA3-luciferase and incubated for
16 hours followed by treatment with or without 5µM of 5-aza-2′-deoxycytidine (DAC). 24
hours after DAC treatment, the cells were analyzed for luciferase activity using the IVIS
Imaging System Series 200. (A) Representative luminescence images of the luciferase-
expressing BHK21 cells treated with or without DAC. (B) Bar graphs depicting the levels of
luciferase activity in transfected cells with or without DAC treatment. (C) Western blot
analysis to determine the expression of CRT/E7 in DC-1 cells transfected with plasmid
pcDNA3-CRT/E7 (CRT/E7) followed by treatment with or without 5µM of DAC using
HPV-16 E7-specific monoclonal Ab. Representative data from one of two independent
experiments are shown.
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Figure 3. Characterization of the in vivo luciferase expression in pcDNA3-luciferase vaccinated
mice pre-treated with or without DAC
C57BL/6 mice (5 per group) were administered 0, 0.25 or 1.0 mg/kg body weight of DAC
on days 0, 3 and 7. On the last day of administration of DAC, the mice were administered
pcDNA3-luciferase intradermally via gene gun. 24 hours later, the mice were analyzed for
luciferase activity using the IVIS Imaging System. Bar graphs depicting the levels of
luciferase activity in the different groups of mice are shown. Note: we found a linear trend in
the dose effect with a p-value of 0.0397.

Lu et al. Page 13

Vaccine. Author manuscript; available in PMC 2010 July 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Characterization of the activation ability of the splenocytes derived from mice treated
with or without DAC
C57BL/6 mice (3 per group) were injected with or without 0.25 mg/kg body weight of DAC
on days 0, 3 and 7. 24 hours after the last treatment, the splenocytes from each group were
pooled together and stimulated with plate-bound anti-CD3 (5µg/ml) and soluble anti-CD28
(1µg/ml) monoclonal antibodies. The stimulated splenocytes were then analyzed for CD8+/
IFN-γ+ cells by intracellular cytokine staining followed flow cytometry analysis or analyzed
for IFN-γ mRNA by RT-PCR with primers specific for murine IFN-γ or GAPDH. (A)
Representative flow cytometry data indicating the percentages of the CD8+/IFNγ+
splenocytes from each of the treated groups. (B) Bar graph depicting the percentages of
CD8+/IFNγ+ splenocytes from each of the treated groups. Representative data from one of
two independent experiments are shown. (C) Representative gel electrophoresis data
illustrating the mRNA levels of IFN-γ by RT-PCR in the stimulated splenocytes from mice
treated with or without DAC.
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Figure 5. Characterization of the E7-specific CD8+ T cell immune responses in CRT/E7-
vaccinated mice pre-treated with or without DAC
C57BL/6 mice (3 per group) were pre-treated with increasing does of DAC (0.25 and 1.0
mg/kg body weight) on day 0, 3 and 7. On day 7, the mice were immunized with or without
CRT/E7 DNA intradermally via gene gun. The mice received a booster with the same dose
and regimen 1 week later. One week after the last vaccination, the splenocytes from each
group were harvested and characterized for E7-specific CD8+ T cells by intracellular IFNγ
staining followed by flow cytometry analysis. (A) Representative flow cytometry data
indicating the number of E7-specific CD8+ T cells per 3×105 splenocytes from each mouse
group. (B) Bar graph depicting the numbers of E7-specific CD8+ cells per 3×105

splenocytes among each group. Data shown are representative of three independent
experiments performed (mean±SE). ** indicates p<0.01. Note: we found a linear trend
in the dose effect with a p-value to be less than 0.0001.
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Figure 6. Characterization of the E7-specific CD8+ T cell immune responses in the spleens and
tumors of tumor-bearing mice treated with DAC and/or CRT/E7 DNA
C57BL/6 mice (three per group) were inoculated with TC-1 cells and treated as depicted in
Figure 5A. On day 25 after tumor inoculation, the spleens and tumors were excised from the
mice. The splenocytes and tumor-infiltrating lymphocytes (TILs) from each group were
harvested and characterized for E7-specific CD8+ T cells by intracellular cytokine staining
followed by flow cytometry analysis. (A) Representative flow cytometry data depicting the
number of E7-specific CD8+ cells in the spleens of treated tumor-bearing mice. (B) Bar
graph depicting the numbers of E7-specific CD8+ cells per 3×105 splenocytes among each
group of treated mice. The mean±SE of two independent experiments is shown. The groups
with statistical significance are indicated by asterisks, *p<0.05 (CRT/E7 vs CRT/E7+DAC).
(C) Representative flow cytometry data depicting the percentage of E7-specific CD8+ cells
in the tumors of treated tumor-bearing mice.
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