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Enhancing DNA Vaccine Potency by Combining a Strategy to
Prolong Dendritic Cell Life and Intracellular Targeting
Strategies with a Strategy to Boost CD4™ T Cells

DAEJIN KIM,' TALIA HOORY,! T.-C. WU,'* and CHIEN-FU HUNG!#

ABSTRACT

Intradermal administration of DNA vaccines, using a gene gun, represents an effective means of delivering DNA
directly into professional antigen-presenting cells (APCs) in the skin and thus allows the application of strate-
gies to modify the properties of APCs to enhance DNA vaccine potency. In the current study, we hypothesized
that the potency of human papillomavirus (HPV) type 16 E7 DNA vaccines employing intracellular targeting
strategies combined with a strategy to prolong the life of dendritic cells (DCs) could be further enhanced by the
addition of a DNA vaccine capable of generating high numbers of pan-HLA-DR reactive epitope (PADRE)-spe-
cific CD4* T cells. We observed that the addition of PADRE DNA to E7 DNA vaccines employing intracellular
targeting strategies with a strategy to prolong the life of DCs led to significant enhancement of E7-specific CD8*
effector and memory T cells as well as significantly improved therapeutic effects against established E7-ex-
pressing tumors in tumor-challenged mice. Our data suggest that the potency of a DNA vaccine combining an
intracellular targeting strategy as well as a strategy to prolong the life of DCs can be further enhanced by ad-

dition of DNA that is capable of generating high numbers of PADRE-specific CD4* T cells.

INTRODUCTION

NA vacciNes have emerged as a favorable approach for

antigen-specific immunotherapy because of their safety,
stability, and ease of production. Administration of DNA vac-
cines intradermally, using a gene gun, represents an effective
means of delivering DNA directly into the professional anti-
gen-presenting cells in the skin, the Langerhans cells, which are
a form of immature dendritic cell (DC). The DNA-expressing
DCs mature and migrate to the draining lymph nodes, where
they activate naive T lymphocytes in vivo to differentiate into
activated helper or killer T cells (Condon et al., 1996; Porgador
et al., 1998). With the gene gun administration system, we have
been able to modify the properties of dendritic cells, using a
number of strategies to enhance DNA vaccine potency (for re-
view, see Hung et al., 2006; Tsen et al., 2007).

One strategy to enhance DNA vaccine potency is to improve
the MHC class I and class II presentation of model antigens,
using an intracellular targeting strategy (for review, see Moniz
et al., 2003; Hung et al., 2006; Tsen et al., 2007). For exam-
ple, we have previously shown that DNA vaccines encoding
human papillomavirus type 16 (HPV-16) E7 antigen linked to

calreticulin (CRT) (Cheng et al., 2001a) or the targeting signal
of lysosome-associated membrane protein 1 (LAMP-1) (Ji et
al., 1999) were capable of generating potent E7-specific CD8 "
T cell immune responses in vaccinated mice compared with
DNA encoding unmodified E7 antigen. Furthermore, mice vac-
cinated with the DNA vaccines encoding Sig/E7/LAMP-1 or
CRT/E7 have been shown to generate stronger antitumor ef-
fects against E7-expressing tumors when compared with mice
vaccinated with wild-type E7 DNA.

Another strategy to enhance DNA vaccine potency is to pro-
long the life of the antigen-expressing DCs. We have previously
employed DNA vaccines coadministered with DNA encoding an-
tiapoptotic proteins to enhance DNA vaccine potency (for review,
see Hung et al., 2006; Tsen et al., 2007). For example, Kim and
coworkers have tested the intradermal administration of E7 DNA
vaccines in conjunction with DNA encoding antiapoptotic pro-
teins such as Bcl-xy (B cell leukemia/lymphoma extra long), Bcl-
2, XIAP (X-linked inhibitor of apoptosis protein), dominant-neg-
ative caspase-8, or dominant-negative caspase-9 vaccines for their
ability to enhance DNA vaccine potency in vaccinated mice (Kim
et al., 2003a). They showed that coadministration of E7 DNA
vaccines with DNA encoding any of these antiapoptotic proteins
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was capable of enhancing E7-specific CD8" T cell-mediated im-
mune responses and of generating potent antigen-specific antitu-
mor effects in vaccinated mice. Among the antiapoptotic proteins
examined, Kim and coworkers found DNA encoding Bcl-x;. to
be the most effective in enhancing DNA vaccines when the DNAs
were administered together (Kim ez al., 2003a). Because the in-
tracellular targeting strategies and the strategies to prolong the life
of DCs represented different mechanisms to modify the proper-
ties of DCs, Kim and coworkers combined these two strategies
by coadministration of Bcl-x;, DNA and Sig/E7/LAMP-1 DNA,
which employed intracellular targeting strategies, to determine the
effect of the DNA vaccines in generating antigen-specific immune
responses and antitumor effects in vaccinated mice. They found
that DNA vaccines employing these two strategies are capable of
further enhancing the E7-specific CD8" T cell immune responses
in vaccinated mice compared with DNA vaccines employing each
of these strategies alone (Kim et al., 2003a).

More recently, we have developed an innovative strategy to
enhance DNA vaccine potency by coadministration of DNA vac-
cines with another DNA vaccine construct that is capable of gen-
erating high numbers of antigen-specific CD4* T cells in vacci-
nated mice. It is now clear that CD4™ T cells play a critical role
in the production of cytotoxic and memory T cell populations (for
review, see Castellino and Germain, 2006). We previously en-
hanced the CD4" T cell immune responses in mice by con-
structing a DNA vaccine encoding an invariant (Ii) chain in which
the class II-associated Ii peptide (CLIP) region is replaced with a
CD4* helper T epitope, PADRE (invariant pan-HLA-DR reac-
tive epitope) to form li-PADRE. C57BL/6 mice vaccinated with
DNA encoding li-PADRE showed significantly greater PADRE-
specific CD4* T cell immune responses than did mice vaccinated
with DNA encoding the i chain alone (Ii DNA). More important,
administration of DNA encoding human papillomavirus (HPV)
E6 or E7 antigen with DNA encoding li-PADRE led to signifi-
cantly stronger E6- or E7-specific CD8" T cell immune responses
and more potent protective and therapeutic antitumor effects
against an E6/E7-expressing tumor model in mice than did ad-
ministration of E6 or E7 DNA with Ii DNA (Hung e al., 2007).

In the current study, we hypothesized that the potency of E7
DNA vaccines employing intracellular targeting strategies
(Sig/E7/LAMP-1 DNA or CRT/E7 DNA) with a strategy to pro-
long the life of antigen-presenting DCs (Bcl-x;, DNA) can be fur-
ther enhanced by coadministration of the DNA vaccines with DNA
encoding [i-PADRE. We observed that the addition of DNA en-
coding li-PADRE to the DNA vaccines Sig/E7/LAMP-1 DNA and
Bel-xp, DNA led to significant enhancement of E7-specific CD8*
effector T cells as well as long-term memory E7-specific CD8*
T cells in vaccinated mice compared with vaccination without Ii-
PADRE DNA. We also found that the addition of DNA encoding
Ii-PADRE to the DNA vaccines Sig/E7/LAMP-1 DNA and Bcl-
x., DNA resulted in significantly improved therapeutic effects
against established E7-expressing tumors in tumor-challenged
mice. The clinical implications of the current study are discussed.

MATERIALS AND METHODS
Mice

Six- to 8-week-old female C57BL/6 mice were purchased
from the National Cancer Institute (Frederick, MD) and housed
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in the oncology animal facility of Johns Hopkins Hospital (Bal-
timore, MD). All animal procedures were performed according
to approved protocols and in accordance with recommendations
for the proper use and care of laboratory animals.

Plasmid DNA constructs and DNA preparation

The generation of pcDNA-Ii and pcDNA-Ii-PADRE has
been described previously (Hung et al., 2007). pcDNA3 plas-
mids encoding Sig/E7/LAMP-1 (Ji et al., 1999) and CRT/E7
(Cheng et al., 2001a) and pSGS plasmids encoding Bel-xp. (Kim
et al., 2003b) were generated as described previously. The
DNAs were amplified and purified as described previously
(Chen et al., 2000).

DNA vaccination with a gene gun

DNA-coated gold particles were prepared according to a pre-
viously described protocol (Chen et al., 2000). DNA-coated
gold particles were delivered to the shaved abdominal region
of mice, using a helium-driven gene gun (Bio-Rad, Hercules,
CA) with a discharge pressure of 400 Ib/in>. C57BL/6 mice
were immunized with various combinations of the DNA con-
structs. The combinations of DNA constructs are illustrated in
Tables 1 and 2. Each cartridge contained 0.99 ug of plasmid
DNA mixture (0.99 ug/bullet) and mice received two shots per
mouse of the DNA mixtures by gene gun bombardment for a
total of 1.98 wg/mouse. Each mouse received a booster of the
same dose and regimen 1 week later.

Intracellular cytokine staining and
flow cytometric analysis

Splenocytes were harvested from mice (five per group) 1
week or 60 days after the last vaccination. Before intracellular
cytokine staining, pooled splenocytes (5 X 10%/mouse) from
each vaccination group were incubated for 16 hr with E7 pep-
tide (RAHYNIVTF, 1 ug/ml) containing an MHC class I epi-
tope (amino acids 49-57) for detecting antigen-specific CD8"
T cell precursors. Intracellular interferon (IFN)-7y staining and
flow cytometric analysis were performed as described previ-
ously (Chen et al., 2000). Analysis was performed on a BD
FACScan with CellQuest software (BD Biosciences Immuno-
cytometry Systems, Mountain View, CA).

In vivo tumor treatment experiment

For the tumor treatment experiment, C57BL/6 mice (five per
group) were challenged with TC-1 tumor cells (5 X 10*mouse)
by subcutaneous injection into the right leg. Three days after
challenge with TC-1 tumor cells, mice were administered the
designated plasmid DNA mixture (1.98 wg/mouse), via gene
gun three times at 4-day intervals. Tumor growth was moni-
tored by visual inspection and palpation twice weekly as de-
scribed previously (Lin et al., 1996).

Long-term in Vivo tumor protection experiment

For the long-term tumor protection experiment, mice (five
per group) were vaccinated with the designated plasmid DNA
mixture (1.98 ug/mouse), using the gene gun. After 1 week,
mice were boosted with the same regimen as the first vaccina-
tion. On day 60 after the last vaccination, mice were subcuta-



IMPROVING DNA VACCINE POTENCY BY COMBINED STRATEGY

1131

TABLE 1. VACCINATION OF MICE WITH VArIOUs DNA ComBINATIONS WITH Sig/E7/LAMP-1 DNA

DNA construct used in mixture

Mouse group Component Component Component
# 1 2 3 Notes
1 pcDNA3 pSG5 pcDNA3-Ii
2 pcDNA3- pSGS5 pcDNA3-Ii
Sig/E7/LAMP-1
3 pcDNA3- pSGS5-Bel-xi, pcDNA3-Ii
Sig/E7/LAMP-1
4 pcDNA3- pSG5 pcDNA3-Ii-
Sig/E7/LAMP-1 PADRE
5 pcDNA3- pSGS5-Bel-x, pcDNA3-Ii-
Sig/E7/LAMP-1 PADRE
6 pcDNA3 pSGS5-Bel-xi, pcDNA3-Ii
PADRE
7 pcDNA3 pSGS-Bel-xp, pcDNA3-Ii Not done
8 pcDNA3 pSGS5 pcDNA3-Ii- Not done
PADRE
Amount of 0.33 pg 0.33 ug 0.33 ug Total DNA =
DNA in one 0.99 ug/bullet
bullet

Abbreviations: pcDNA3 and pSGS, vector backbones; Sig, endosomal/lysosomal signal; E7, human papillomavirus type 16 E7
protein; LAMP-1, lysosomal-associated membrane protein-1; Bcl-x;, B cell lymphoma/leukemia isoform extra long; Ii, invari-

ant chain; PADRE, pan-HLA-DR-binding epitope.

neously challenged in the right leg with TC-1 tumor cells (3 X
10°/mouse). Tumor growth was monitored by visual inspection
and palpation twice weekly as described previously (Lin et al.,
1996).

Tumor measurement and conditional survival

Three-dimensional tumor sizes were measured two or three
times per week with Vernier calipers. Tumor sizes were ap-

proximated by multiplying the measured lengths. From day 30
after challenge with tumor cells, tumors were measured every
other day, and mice with tumor sizes >19 mm in diameter or
projected tumor volumes >10% body weight or >2700 mm?
were considered moribund and killed. Tumor volume was cal-
culated according to the following formula: V = (L X W X D),
where V is tumor volume, L is length, W is width, and D is
depth. The Institutional Animal Care and Use Committee at
Johns Hopkins Hospital approved all of the animal studies.

TABLE 2. VAccINATION OF MICE WITH VARIOUS DNA ComBINATIONS WITH CRT-E7 DNA

DNA construct used in mixture

Mouse group Component 1 Component 2 Component 3 Notes
1 pcDNA3 pSGS5S pcDNA3-Ii
2 pcDNA3-CRT/E7 pSG5 pcDNA3-Ii
3 pcDNA3-CRT/E7 pSG5-Bel-x. pcDNA3-Ii
4 pcDNA3-CRT/E7 pSGS pcDNA3-Ii
PADRE
5 pcDNA3-CRT/E7 pSG5-Bel-xp. pcDNA3-Ii-
PADRE
6 pcDNA3 pSG5-Bel-x. pcDNA3-Ii-
PADRE
7 pcDNA3 pSGS5-Bcel-xp, pcDNA3-Ii Not done
8 pcDNA3 pSG5 pcDNA3-Ii- Not done
PADRE
Amount of 0.33 ug 0.33 pg 0.33 ug Total DNA =
DNA in one 0.99 ug/bullet
bullet

Abbreviations: CRT, calreticulin; see also Table 1.
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Statistical analysis

All data expressed as means = SD or as means * SE are
representative of at least two independent experiments. Com-
parisons between individual data points were made by Student
t test. Kaplan—-Meier survival curves for tumor treatment and
protection experiments were applied; to determine the signifi-
cance of differences between curves, p values were calculated
by log-rank test. p < 0.05 was considered significant.

RESULTS

Potency of pcDNA3-Sig/E7/LAMP-1 and pSG5-Bcl-x;,
DNA vaccines can be further enhanced by pcDNA3-Ii-
PADRE DNA to generate stronger E7-specific CD8*
T cell responses in vaccinated mice

We have previously shown that the potency of E7 DNA
vaccines employing intracellular targeting strategies (Sig/E7/
LAMP-1 DNA) can be significantly improved with a strategy
to prolong the life of antigen-presenting DCs (Bcl-xp, DNA)
(Kim et al., 2003a). To explore whether DNA encoding Ii-
PADRE (Hung et al., 2007) is capable of further enhancing vac-
cination with Sig/E7/LAMP-1 and Bcl-x; DNA, we immunized
mice with all three DNA constructs intradermally, using a gene
gun. Additional groups of C57BL/6 mice were immunized with
the control DNA vaccine mixtures outlined in Table 1 for com-
parison. One week after the last vaccination, splenocytes were
harvested and characterized for the presence of E7-specific
CD8™* T cells, using intracellular cytokine staining for IFN-y
followed by flow cytometric analysis. As shown in Fig. 1,
mice vaccinated with the Sig/E7/LAMP-1+Bcl-x; +1i-PADRE
DNA combination vaccine generated the highest number of
E7-specific CD8" T cells of all the DNA-vaccinated mice
groups. Mice vaccinated with this combination of DNA gen-
erated close to nine times the number of E7-specific CD8*
T cells generated in mice vaccinated with the Sig/E7/LAMP-
1+pSG5+1i DNA combination. Mice vaccinated with Sig/
E7/LAMP-1+Bcl-x; +1i DNA or Sig/E7/LAMP-1+pSG5+1i-
PADRE DNA generated approximately two times as many E7-
specific CD8" T cells as were generated by mice vaccinated
with Sig/E7/LAMP-1+pSGS5+1i DNA. Thus, our data suggest
that DNA encoding [i-PADRE can be used to further enhance
the potency of Sig/E7/LAMP-1 DNA with Bcl-x;, DNA vac-
cines and its addition generates stronger E7-specific CD8" T
cell responses in vaccinated mice. In general, we have found
that the ability of T cells to produce IFN-vy correlates with cy-
totoxicity (Ji et al., 1999; Cheng et al., 2001b; Hung et al.,
2001).

We also checked PADRE-specific CD4* T cell responses in
vaccinated mice. It is now known that CD4™ T cell help is re-
quired for CD8" T cell activation, although the mechanism is
not fully understood. We found that vaccination of mice with
DNA combinations containing li-PADRE were capable of gen-
erating PADRE-specific IFN-y-secreting CD4* T cells. The
Sig/E7/LAMP-1+Bcl-x; +1i-PADRE combination DNA vac-
cine generated close to twice as many PADRE-specific CD4*
T cells as were generated by mice vaccinated with Sig/E7/
LAMP-1+pSGS5+1i-PADRE DNA (see Supplementary Fig. 1).
We also characterized other cytokines secreted by PADRE-spe-
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cific CD4* T cells. We found that PADRE-specific CD4" T
cells secreted high levels of interleukin (IL)-2 and IFN-vy, but
not IL-4 and IL-10, thus suggesting a T helper cell type 1 (Thl)
cytokine profile (D.J. Kim, personal communication). Taken
together, our data suggest that the PADRE-specific CD4*
T cells generated with [i-PADRE DNA can be further improved
with DNA employing an antiapoptotic strategy, such as Bcl-xp
DNA.

Therapeutic antitumor effects of pcDNA3-
Sig/E7/LAMP-1 and pSG5-Bcl-x; DNA vaccines can
be further improved by coadministration with
pcDNA3-1i-PADRE

To determine whether the observed increase in E7-specific
CD8" T cells generated by combining Ii-PADRE DNA with
Sig/E7T/LAMP-1 DNA and Bcl-x;, DNA can be translated into
improved antitumor effects, we performed in vivo tumor treat-
ment experiments using the previously characterized E7-ex-
pressing tumor model, TC-1 (Lin et al., 1996). C57BL/6 mice
were first challenged with TC-1 cells subcutaneously. Three
days after tumor challenge, the mice were treated intradermally
three times at 4-day intervals with various DNA mixtures (see
Table 1). As shown in Fig. 2A, we observed that the Sig/E7/
LAMP-1+Bcl-xp +1i-PADRE combination DNA vaccine gen-
erated the best therapeutic antitumor effects among all the DNA
combinations tested. The Sig/E7/LAMP-1+Bcl-x; +1i-PADRE
combination DNA vaccine also led to prolonged survival of
vaccinated mice (Fig. 2B). These data suggest that the thera-
peutic antitumor effects of the DNA vaccines in challenged
mice generated with Sig/E7/LAMP-1 DNA and Bcl-x; DNA
can be significantly improved by the addition of Ii-PADRE
DNA.

Addition of pcDNA3-Ii-PADRE to pcDNA3-
Sig/E7/LAMP-1 and/or pSG5-Bcl-x;, DNA vaccines
leads to increased E7-specific CD8% memory T cell
response in vaccinated mice

One important feature of an effective vaccine is the ability
to generate long-term memory immune responses. To examine
the effects of the addition of li-PADRE DNA to Sig/E7/LAMP-
1 DNA and/or Bcl-x;, DNA vaccines on the generation of long-
term E7-specific memory T cells, we immunized C57BL/6 mice
with Sig/E7/LAMP-1+Bcl-x; +1i-PADRE DNA intradermally
via gene gun. Additional groups of mice were immunized with
the control DNA vaccine mixtures outlined in Table 1 for com-
parison. Two months after the last vaccination, splenocytes
were harvested and characterized for the presence of E7-
specific CD8* T cells by intracellular cytokine staining for
IFN-vy followed by flow cytometric analysis. As shown in Fig.
3, mice vaccinated with the combination of DNA vaccina-
tion strategies including Sig/E7/LAMP-1+Bcl-x; +1i-PADRE
DNA generated the highest number of E7-specific CD8* mem-
ory T cells. Mice vaccinated with Sig/E7/LAMP-1+pSGS5+1i-
PADRE DNA also generated significant levels of E7-specific
CD8" T memory cells. Thus, our data suggest that addition of
DNA encoding [i-PADRE to Sig/E7/LAMP-1 and/or Bcl-x.
DNA vaccines leads to an increased E7-specific CD8% mem-
ory T cell response in vaccinated mice.
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FIG. 1.

Flow cytometric analysis of E7-specific CD8* T cells in mice vaccinated with various DNA vaccines. C57BL/6 mice

(five per group) were immunized, at 1.98 ug of DNA per mouse, with various DNA vaccine mixtures (listed in Table 1) twice
with a 1-week interval. Splenocytes from vaccinated mice were harvested 1 week after the last vaccination and characterized for
E7-specific CD8" T cells, using intracellular IFN-y staining followed by flow cytometric analysis. (A) Representative flow cy-
tometric data. Numbers in the upper right-hand corners represent the number of E7-specific [FN-y-secreting CD8" T cells per
5 X 10° pooled splenocytes. (B) Bar graph depicting numbers of E7-specific IFN-y-secreting CD8" T cells per 3 X 103 pooled

splenocytes (means + SD). Data are from one representative experiment of two performed.

Addition of pcDNA3-Ii-PADRE to pcDNA3-
Sig/E7/LAMP-1 and/or pSG5-Bcl-x;, DNA vaccines
leads to long-term protective antitumor effects in
vaccinated mice

To determine whether the observed increase in E7-specific
CD8" memory T cells generated by combining [i-PADRE
DNA with Sig/E7/LAMP-1 DNA and Bcl-x;, DNA can be trans-
lated into long-term protective antitumor effects, we performed
in vivo tumor protection experiments over an extended period
of time, using E7-expressing TC-1 cells. C57BL/6 mice were
first vaccinated intradermally with the various DNA mixtures
(see Table 1). Two months after the last vaccination, immu-
nized mice were challenged subcutaneously with TC-1 tumor
cells (3 X 10°/mouse) and then monitored for tumor growth.
As shown in Fig. 4A, mice vaccinated with Sig/E7/LAMP-

1+Bcl-xp +1i-PADRE DNA demonstrated significant inhibi-
tion of tumor growth compared with mice vaccinated with the
other DNA vaccine combinations. Furthermore, we observed
significantly prolonged survival in these mice (Fig. 4B). These
data suggest that the addition of Ii-PADRE DNA to Sig/E7/
LAMP-1 and Bcl-xp DNA vaccines can lead to strong long-
term protective antitumor effects against TC-1 tumors, leading
to prolonged survival.

DNA encoding Ii-PADRE is capable of enhancing
antigen-specific CD8" T cell immune responses
generated by DNA vaccines employing other
intracellular targeting strategies

We have previously shown that DNA vaccines encoding
HPV-16 E7 linked to calreticulin (CRT) were capable of gen-
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SUPPLEMENTARY FIG. 1.

Flow cytometric analysis of PADRE-specific CD4* cells in mice vaccinated with various DNA

vaccines. C57BL/6 mice (five per group) were immunized with various DNA vaccine mixtures (1.98 ug of DNA per mouse),
listed in Table 1, twice with a 1-week interval. Splenocytes from vaccinated mice were harvested 1 week after the last vaccina-
tion and characterized for PADRE-specific CD4™ T cells, using intracellular [FN-vy staining followed by flow cytometric analy-
sis. (A) Representative flow cytometric data. Numbers in the upper right-hand corners represent the number of E7-specific IFN-
v-secreting CD4™ T cells per 3 X 10° pooled splenocytes. (B) Bar graph depicting the numbers of E7-specific IFN-y-secreting

CD8™ T cells per 3 X 10° pooled splenocytes (means + SD).

erating potent E7-specific CD8" T cells in vaccinated mice
(Cheng et al., 2001a). We have also shown that the potency
of E7-specific CD8% T cell immune responses generated
by CRT/E7 DNA can be improved by coadministration with
Bcl-xp, DNA (Kim et al., 2003a). To explore whether the ad-
dition of DNA encoding li-PADRE is capable of further en-
hancing the immune response generated by vaccination with
CRT/E7 DNA and Bcl-x;, DNA, we immunized mice with
CRT/E7+Bcl-x; +1i-PADRE DNA intradermally, using a gene
gun. Additional groups of mice were immunized with the con-
trol DNA vaccine mixtures outlined in Table 2 for comparison.
One week after the last vaccination, splenocytes were harvested
and characterized for the presence of E7-specific CD8™' T cells
by intracellular cytokine staining for IFN-vy followed by flow
cytometric analysis. As shown in Fig. 5, mice vaccinated with
CRT/E7+Bcl-x; +1i-PADRE DNA generated the highest
number of E7-specific CD8* T cells among all the DNA vac-
cines tested. Mice vaccinated with CRT/E7+Bcl-xp +1i-
PADRE DNA generated nearly eight times as many E7-spe-
cific CD8" T cells compared with mice vaccinated with
CRT/E7+pSG5+1i DNA. Mice vaccinated with CRT/E7+Bcl-
xp,+Ii DNA or CRT/E7+pSG5+I1i-PADRE DNA generated

approximately two to three times the number of E7-specific
CD8" T cells as were generated by mice vaccinated with
CRT/E7+pSGS5+I1i DNA. Our data suggest that DNA encod-
ing li-PADRE can be used to further enhance the potency of
DNA vaccines employing other intracellular targeting strate-
gies to generate E7-specific CD8" T cell responses in vacci-
nated mice.

DISCUSSION

Our study demonstrated that E7 DNA vaccines employing
intracellular targeting strategies with a strategy to prolong the
life of DCs can be further enhanced by the addition of DNA
encoding [i-PADRE. We observed that the addition of Ii-
PADRE DNA to Sig/E7/LAMP-1 (or CRT/E7) and/or Bcl-xp.
DNA led to significant enhancement of E7-specific CD8™ ef-
fector and memory T cells as well as potent antitumor effects
against E7-expressing tumors in vaccinated mice compared
with the other combinations of DNA vaccines listed in Tables
1 and 2. Our observations serve as a foundation for future clin-
ical translation.
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FIG. 2. In vivo treatment experiments. C57BL/6 mice (five per group) were first challenged by subcutaneous injection with
TC1 tumor cells (5 X 10*/mouse). Three days after tumor challenge, the mice were administered, at 1.98 g of DNA per mouse,
various DNA vaccine mixtures (listed in Table 1) three times with 4-day intervals. The mice were monitored for evidence of tu-
mor growth by inspection and palpitation twice per week. Tumor volume was measured starting from day 7 after tumor chal-
lenge. (A) Line graph depicting tumor volume in mice in the tumor treatment experiments (means = SE). (B) Kaplan—Meier sur-
vival analysis of mice in the tumor treatment experiments. Data shown are from one representative experiment of two performed.
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FIG. 3. Flow cytometric analysis of E7-specific CD8" T cells in mice vaccinated with various DNA vaccine combinations 2
months after vaccination. C57BL/6 mice (five per group) were immunized, at 1.98 ug of DNA per mouse, with various DNA
vaccine mixtures (listed in Table 1) twice with a 1-week interval. Splenocytes from vaccinated mice were harvested 2 months
after the last vaccination and characterized for E7-specific CD8* T cells, using intracellular [FN-vy staining followed by flow cy-
tometric analysis. (A) Representative flow cytometric data. Numbers in the upper right-hand corner represent the number of E7-
specific IFN-y-secreting CD8" T cells per 5 X 10° pooled splenocytes 2 months after the last vaccination. (B) Bar graph de-
picting the numbers of E7-specific IFN-y-secreting CD8 " T cells per 3 X 10° pooled splenocytes 2 months after the last vaccination
(means + SD). Data are from one representative experiment of two performed.

The observed enhancement of DNA vaccine potency em-
ploying these strategies requires a system that directly delivers
DNA vaccines into professional antigen-presenting cells
(APCs). We used intradermal immunization via gene gun to
vaccinate mice with the DNA vaccines. It has been shown that
intradermal immunization can target DNA directly to Langer-
hans cells and facilitate direct presentation of the antigen to T
cells by DNA-transfected DCs (Condon et al., 1996; Porgador
et al., 1998). Because these three strategies represent an op-
portunity to modify the properties of DCs to enhance T cell ac-
tivation through different mechanisms, they are not mutually
exclusive. As a result, we observed enhancement of the levels
of antigen-specific CD8* T cells in vaccinated mice.

In our study, we showed that the addition of DNA encoding
[i-PADRE to the DNA vaccines Sig/E7/LAMP-1 DNA (or
CRT/E7) and Bcl-x;. DNA led to significant levels of E7-spe-
cific CD8™ effector and memory T cells in vaccinated mice.
Several models have been proposed to demonstrate the roles of
CD4™" T cells in facilitating the generation of antigen-specific
CD8* T cell immune responses. In one model, APCs deliver
costimulatory signals to the CD4" helper T cells, which in turn
generate interleukin-2. This interleukin-2 production is impor-
tant for the activation of antigen-specific CD8" T cells (Mitchi-
son and O’Malley, 1987; Bennett et al., 1997; Xiang et al.,
2005). Another model proposes that the contact of CD4" T cells
with APCs leads to the maturation of APCs, which subsequently
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FIG. 4. Long-term in vivo tumor protection experiments. C57BL/6 mice (five per group) were immunized, at 1.98 ug of DNA
per mouse, with various DNA vaccine mixtures (listed in Table 1) twice with a 1-week interval. Two months after the last vac-
cination, the mice were challenged by subcutaneous injection of TC-1 cells (3 X 10°/mouse). The mice were monitored for ev-
idence of tumor growth by inspection and palpitation twice per week. Tumor volume was measured starting from day 7 after tu-
mor challenge. (A) Line graph depicting tumor volume in mice challenged with TC-1 cells (means = SE). (B) Kaplan—-Meier
survival analysis of mice challenged with TC-1 cells. Data are from one representative experiment of two performed.
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FIG. 5. Flow cytometric analysis of E7-specific CD8*' T cells in DNA-vaccinated mice. C57BL/6 mice (five per group) were
immunized, at 1.98 ug of DNA per mouse, with various DNA vaccine mixtures (listed in Table 2) twice with a 1-week interval.
Splenocytes from vaccinated mice were harvested 1 week after the last vaccination and characterized for E7-specific CD8* T
cells, using intracellular IFN-vy staining followed by flow cytometric analysis. (A) Representative flow cytometric data. Numbers
in the upper right-hand corners represent the number of E7-specific IFN-y-secreting CD8" T cells per 5 X 10° pooled spleno-
cytes. (B) Bar graph depicting the numbers of E7-specific IFN-y-secreting CD8 " T cells per 3 X 10° pooled splenocytes (means +
SD). Data are from one representative experiment of two performed.

leads to activation of CD8™ T cells (Bousso and Robey, 2003;
Bevan, 2004; Xiang et al., 2005). A more recently proposed
model suggests that APCs can directly transfer costimulatory
molecules as well as MHC class I antigen complexes to ex-
panding populations of IL-2-secreting helper T cells, which then
function as APCs to stimulate cytotoxic T lymphocyte (CTL)
activation directly (Xiang et al., 2005). Dendritic cells and
CD4™" T cell interactions have also been shown to lead to the
production of CCL3 and CCL4 chemokines (also known as
macrophage inflammatory protein MIP-1a and MIP-18). These
chemokines may be important for bringing in antigen-spe-
cific CD8* T cells to the antigen-expressing dendritic cells
(Castellino et al., 2006). Thus, CD4" helper T cells are im-

portant for the generation of antigen-specific effector and mem-
ory CD8" T cells.

In summary, we observed that the potency of E7 DNA
vaccines employing intracellular targeting strategies (Sig/E7/
LAMP-1 DNA or CRT/E7 DNA) with a strategy to prolong the
life of DCs (Bcl-xp, DNA) can be further enhanced by coad-
ministration of DNA vaccines with DNA encoding li-PADRE.
It is conceivable that the future of DNA vaccine development
will require the combination of various strategies that are ca-
pable of enhancing DNA vaccines through different mecha-
nisms in order to generate the most potent effects. Thus, our
current study serves as an important foundation for future clin-
ical translation.
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