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ORIGINAL ARTICLE

Noncarrier naked antigen-specific DNA vaccine
generates potent antigen-specific immunologic
responses and antitumor effects
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Genetic immunization strategies have largely focused on the
use of plasmid DNA with a gene gun. However, there remains
a clear need to further improve the efficiency, safety, and cost
of potential DNA vaccines. The gold particle-coated DNA
format delivered through a gene gun is expensive, time and
process consuming, and raises aseptic safety concerns. This
study aims to determine whether a low-pressured gene gun
can deliver noncarrier naked DNA vaccine without any particle
coating, and generate similarly strong antigen-specific immu-
nologic responses and potent antitumor effects compared with
gold particle-coated DNA vaccine. Our results show that mice
vaccinated with noncarrier naked chimeric CRT/E7 DNA lead
to dramatic increases in the numbers of E7-specific CD8*
T-cell precursors and markedly raised titers of E7-specific

antibodies. Furthermore, noncarrier naked CRT/E7 DNA
vaccine generated potent antitumor effects against subcuta-
neous E7-expressing tumors and pre-established E7-expres-
sing metastatic pulmonary tumors. In addition, mice
immunized with noncarrier naked CRT/E7 DNA vaccine had
significantly less burning effects on the skin compared with
those vaccinated with gold particle-coated CRT/E7 DNA
vaccine. We conclude that noncarrier naked CRT/E7 DNA
vaccine delivered with a low-pressured gene gun can generate
similarly potent immunologic responses and effective antitumor
effects has fewer side effects, and is more convenient than
conventional gold particle-coated DNA vaccine.
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Introduction

Ideal cancer treatment should be able to eradicate
systemic tumors at multiple sites of the body while
having the specificity to discriminate between neoplastic
and non-neoplastic cells. In this regard, antigen-specific
cancer immunotherapy represents an attractive ap-
proach. The activation of antigen-specific T cell-mediated
immune responses allows for the killing of tumors
associated with a specific antigen and has become an
important strategy for cancer immunotherapy.'?

The DNA vaccine has emerged as a novel method and
an attractive strategy for the generation of antigen-
specific cancer vaccines and immunotherapy. It is a new
and powerful approach to generate immunologic re-
sponses against various diseases.>® A variety of human
clinical trials and animal models using DNA vaccines
have been carried out for various infectious diseases,”®
therapies against cancer™'® and therapies against auto-
immune diseases and allergies."'* In addition, they have
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also become a widely used laboratory tool for a variety of
applications ranging from proteomics to understand
antigen presentation and cross-priming. The use of
DNA vaccine technology precludes the need for hand-
ling hazardous viral pathogens, as only the DNA
encoding antigens are incorporated into the vaccine."
DNA vaccine technology also eliminates the need for
biocontainment and the risk of exposure to live viral
agents. Several modalities have been employed to
deliver DNA vaccines, including intramuscular injection
using conventional needle and syringe,® electropora-
tion,'* intradermally by the needle-free biojector'® and
epidermally through a gene gun.'*'”

However, one of the concerns regarding DNA vaccines
is their limited potency. This is characterized by two
major properties: the low level of the antigen expression
and the long-lasting expression. These two factors are
believed to be responsible for the vaccination effect,
which leads to a continuous stimulation of the immune
system and training of memory cells.'® Our earlier work
has shown that a chimeric DNA vaccine coated with gold
particles using the gene gun approach to rout the human
papillomavirus (HPV) type 16 E7 model antigen results in
enhanced E7-specific CD8" T cell-mediated immune
responses and antitumor effects through different strate-
gies, including targeting antigens by fusing molecules to
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enhance antigen processing,'” directing antigens to APCs
by fusion to ligands for APC receptors,® or to a pathogen
sequence, such as domains of exotoxin in Pseudomonas,'*>!
intercellular spread® and prolonging dendritic cells (DCs)
survival through antiapoptotic molecules.’

Safety issues and complicated preparation are two
important concerns for the clinical application of gene
gun-delivered gold particle-coated DNA vaccines. So, we
utilized a new, low-pressured gene gun to evaluate
whether a noncarrier naked DNA vaccine can be
delivered efficiently by this method and to evaluate the
possibility of using noncarrier naked DNA vaccines
without gold particle coating in the development of
cancer vaccines and immunotherapy. We first showed
that noncarrier naked DNA could be delivered into the
cells of the intradermal layer. The noncarrier naked
chimeric CRT/E7 DNA vaccine could also enhance
antigen-specific T cell immunity and antibody response,
and generate as potent antitumor effects as the gold
particle-coated chimeric CRT/E7 DNA vaccine did. In
addition, the burning effect on bombarded skin was less
on noncarrier naked DNA vaccinated mice than that on
gold particle-coated DNA vaccinated mice. We con-
cluded that noncarrier naked DNA vaccines can be
delivered by a low-pressured gene gun to generate
similar potent antigen-specific immunities and antitumor
effects, but with fewer side effects compared with gold
particle-coated DNA vaccines. This can help improve the
utility of naked DNA vaccines and promote human
clinical trials of naked DNA vaccines in cancer vaccines
and immunotherapy in the future.

Results

Fluorescence examination on skins of noncarrier
naked pEGFP-N2 DNA-vaccinated mice

We first evaluated whether noncarrier naked DNA
could be delivered by a low-pressure gene gun to the
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intradermal cells that express the interested gene. Very
few intradermal cells expressed green fluorescence
protein (GFP) after being immunized with noncarrier
naked pEGFP-N2 DNA vaccine in various solution
media after 6 hours (Figures la—d). However, signifi-
cantly higher numbers of intradermal cells expressed
GFP protein after immunization with noncarrier naked
pEGFP-N2 DNA vaccine in various solution media after
24 h (Figures le-h). The areas of distribution for GFP-
expressed cells did not reveal a difference between
different volumes or formulations (data not shown). The
GFP-expressing cells showed a cluster phenomenon in
noncarrier naked DNA regardless of the solution
medium (Figures 1f-h). However, the epidermal growth
factor (EGF)-expressing cells showed a scattered phe-
nomenon in the gold particle-coated DNA group
(Figure 1e).

Our results indicated that noncarrier naked DNA
vaccine dissolved in various solutions, without gold
particle coating, and could be delivered into the
intradermis of mice to express the interested gene.

Vaccination with noncarrier naked CRT/E7 DNA four
times generated the most optimal immunologic profiles
and tumor preventive effects

We then determined the optimal number of vaccinations
with noncarrier naked DNA to generate the most potent
immune responses and antitumor effects. As shown in
Figure 2a, the number of E7-specific CD8* T-cell
precursors increased when the number of noncarrier
naked CRT/E7 DNA vaccinations increased (10.5+1.4
for naive, 47.0+7.0 for twice, 103.0£9.9 for thrice,
157.5 £ 8.5 for four times, P<0.001, one-way analysis of
variance (ANOVA)). In addition, the titers of anti-E7
antibodies also correlated with the number of noncarrier
naked CRT/E7 DNA vaccinations (Figure 2b; in 1:100
dilution, 0.447 £0.017 for naive, 0.730 = 0.035 for twice,
1.550 £ 0.047 for thrice and 1.688 £ 0.094 for four times,
P <0.01, one-way ANOVA).

Figure 1 Fluorescence studies on skins of gold particle-coated or noncarrier naked pcDNA3-green fluorescence protein (GFP) DNA
vaccinated mice. (a) Gold particle-coated DNA 6 h after immunization. (b) Noncarrier naked DNA in distilled H,O (ddH;O) solution 6 h after
immunization. (c) Noncarrier naked DNA in phosphate-buffered saline (PBS) 6 h after immunization. (d) Noncarrier naked DNA in Tris-
EDTA (TE) solution 6 h after immunization (note: only a few cells in the intradermis expressed the GFP protein). (e) Gold particle-coated
DNA 1 day after immunization. (f) Noncarrier naked DNA in ddH,O solution 1 day after immunization. (g) Noncarrier naked DNA in PBS
solution 1 day after immunization. (h) Noncarrier naked DNA in TE solution 1 day after immunization (note: most of the cells in the

intradermis expressed the GFP protein).
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Figure 2 Immunologic profiles and in vivo tumor preventive effects of noncarrier naked CRT/E7 DNA vaccine with various times of
vaccination. (a) Numbers of E7-specific CD8* T-cell precursors (note: the frequencies of E7-specific CD8* T-cell precursors correlated with the
frequency of noncarrier naked CRT/E7 DNA vaccinations). (b) Titers of anti-E7 antibodies (note: the titers of anti-E7 antibodies increased
when the number of noncarrier naked CRT/E7 DNA increased). (¢) In vivo tumor preventive experiments (note: only 40 and 80% of mice
receiving twice and thrice, respectively, noncarrier naked CRT/E7 DNA vaccine remained tumor-free for 60 days onward when challenged
with TC-1 tumor cells). However, 100% of the mice that received noncarrier naked CRT/E7 DNA vaccine four times remained tumor-free

60 days after TC-1 tumor challenge.

For in vivo tumor protection experiments, all of the
mice vaccinated four times with noncarrier naked
CRT/E7 DNA vaccine were tumor-free after 60 days of
TC-1 challenge. Only 40 and 80% of mice, which were
vaccinated twice and thrice, respectively, remained
tumor-free for 60 days onward when challenged with
TC-1 tumor cells (Figure 2c).

Our results indicated that the number of noncarrier
naked DNA vaccinations influenced the immune
responses and tumor protective effects.

Noncarrier naked and gold particle-coated CRT/E7
DNA vaccines generate similar E7-specific immunity
and antitumor effects

We further evaluated whether noncarrier naked DNA
vaccine generates similar antigen-specific immunities
and antitumor effects as gold particle-coated DNA
vaccine. Mice vaccinated with noncarrier naked or gold
particle-coated CRT/E7 DNA generated higher frequen-
cies of E7-specific interferon (IFN)-y-secreting CD8* T-
cell precursors when compared with mice vaccinated
with the noncarrier naked or gold particle-coated wild-
type E7 DNA (12.0 £ 2.8 for noncarrier naked wild-type
E7 group, 162.0+10.5 for noncarrier naked CRT/E7
group, 14.0+2.8 for gold particle-coated wild-type E7
group, 226.0+10.0 for gold particle-coated CRT/E7,
P<0.05, one-way ANOVA; Figure 3a). The numbers of
E7-specific CD8" T-cell precursors in noncarrier naked
CRT/E7 DNA vaccinated mice were fewer than those in
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the gold particle-coated CRT/E7 DNA vaccinated group
(P<0.05, one-way ANOVA).

As shown in Figure 3b, mice vaccinated with
noncarrier naked or gold particle-coated CRT/E7
DNA also showed significantly higher titers of anti-E7
antibodies compared with the wild-type E7 groups (for
1:100 dilution, naive 0.507 £0.019; noncarrier naked
wild-type E7 0.496 £0.021; noncarrier naked CRT/E7
DNA 1.510+0.149; gold particle-coated wild-type E7
0.511+£0.015; gold particle-coated CRT/E7 DNA
1.742 £0.223; P <0.01, one-way ANOVA). However, there
was no significant difference in the titers of E7 antibodies
between the noncarrier naked and gold particle-coated CRT/
E7 DNA groups (P>0.05, one-way ANOVA; Figure 3b).

We further carried out in vivo tumor protection
experiments to compare the antitumor effects between
noncarrier naked and gold particle-coated CRT/E7 DNA
vaccines. As shown in Figures 3c and d, all of the mice,
which received noncarrier naked or gold particle-coated
CRT/E7 DNA vaccines remained tumor-free 60 days and
were still alive 90 days after TC-1 challenge. In contrast,
the unvaccinated, noncarrier naked no insert DNA,
noncarrier naked E7 DNA, noncarrier naked CRT DNA
and noncarrier naked E7 mixed with CRT DNA groups
developed tumors within 20 days and died within 60
days of tumor challenge.

Our results indicated that mice vaccinated with
noncarrier naked CRT/E7 DNA vaccine could enhance
similarly potent E7-specific immunities and protective
antitumor effects from E7-expressing TC-1 tumor chal-
lenge as gold particle-coated CRT/E7 DNA vaccine.
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Figure 3 Immunologic profiles and tumor protection effects of noncarrier naked and gold particle-coated DNA vaccines. (a) Numbers of
E7-specific interferon (IFN)-y-secreting CD8* T-cell precursors/3.5 x 10° splenocytes of various DNA vaccinated mice: 1, naive; 2, naked no
insert; 3, naked E7; 4, naked CRT; 5, naked CRT/E7; 6, gold particle-coated CRT/E7 (note: mice vaccinated with noncarrier naked or gold
particle-coated CRT/E7 DNA generated higher frequencies of E7-specific IFN-y-secreting CD8* T-cell precursors when compared with the
other groups of mice). (b) Enzyme-linked immunosorbent assay (ELISA) showed E7-specific antibodies in mice vaccinated with various DNA
vaccines (note: the titers of anti-E7 antibodies generated by the noncarrier naked or gold particle-coated CRT/E7 DNA showed significantly
higher titers of anti-E7 antibodies compared with the other groups). (c) In vivo tumor preventive experiments for tumor-free. (d) In vivo tumor
preventive experiments for survival of animals (note: both groups of mice that received noncarrier naked and gold particle-coated CRT/E7
DNA remained tumor-free 60 days, and were still alive 90 days after TC-1 challenge.

Noncarrier naked CRT/E7 DNA in various media
generated E7-specific T-cell immunity and antitumor
effects

We then evaluated whether the solution media influ-
enced immune responses and antitumor effects. The
representative figures of flow cytometric analysis of
E7-specific IFN-y-secreting CD8* T-cell precursors are
shown in Figure 4a. The numbers of E7-specific CD8"
T-cell precursors of noncarrier naked CRT/E7 DNA
vaccinated mice, regardless of solution, were higher than
those in naive mice (11.5+2.1; P<0.05, one-way ANO-
VA). However, mice vaccinated with noncarrier naked
CRT/E7 DNA in distilled H,O (ddH,O) (157.5+8.5) or
Tris-EDTA (TE) (150.0 £ 5.0) generated higher numbers of
E7-specific CD8* T-cell precursors compared to those
immunized with noncarrier naked CRT/E7 DNA in
phosphate-buffered saline (PBS; 94.0+£4.0; P<0.05,
one-way ANOVA; Figure 4b). As shown in Figure 4c,
the titers of anti-E7 antibodies in mice vaccinated with
noncarrier naked CRT/E7 DNA vaccine, regardless in
which medium, were significantly higher than those in
naive mice. However, the titers of anti-E7 antibodies
were not different in mice vaccinated with noncarrier
naked CRT/E7 DNA vaccine in different media (P > 0.05,
one-way ANOVA; Figure 4c).

We further evaluated whether the immunity of
noncarrier naked CRT/E7 DNA vaccine in various
solution media could be translated to the antitumor
effects. As shown in Figure 4d, 100% of the mice were
tumor-free 60 days after TC-1 challenge when vaccinated
with noncarrier naked CRT/E7 DNA vaccine in ddH,O

or TE buffer. However, only 60% of the mice were tumor-
free after 60 days of TC-1 challenge when given
noncarrier naked CRT/E7 DNA vaccine in PBS buffer.

Our results indicated that DNA vaccine in different
solution media could generate antigen-specific immunity
and potent antitumor effects through the delivery of a
low-pressured gene gun, and that ddH,O or TE solution
could be more suitable media for the noncarrier naked
DNA vaccine.

Noncarrier naked CRT/E7 DNA vaccinated with at
least 50 psi was optimal for tumor protection against
TC-1 E7-expressing tumor cells
To determine whether the delivery pressure in vaccina-
tion influenced the effect of noncarrier naked DNA
vaccine, mice were vaccinated at various psi and
challenged with TC-1 tumor cells to evaluate the
antitumor effects. As shown in Figure 4e, only 40-60%
of mice were tumor-free after 60 days of TC-1 challenge
when given noncarrier naked DNA vaccine at 30 or
40 psi. However, when vaccinated at 50 or 60 psi, all of
the mice were tumor-free 60 days after TC-1 challenge.
Our results indicated that the bombardment pressure
of the gene gun influenced the potency of the noncarrier
naked DNA vaccine.

The bombardment pressure influences the expression
of the interested gene in vivo

The protein expressions of the interested gene at
different bombardment pressures were further
evaluated. The protein expression of luciferase was

Gene Therapy
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Figure 4 Immunologic profiles and in vivo tumor preventive effects of noncarrier naked CRT/E7 DNA vaccine dissolved in various media
and bombarded at various pressures. (a) Representative figures of flow cytometry analysis of E7-specific CD8" T-cell precursors.
(b) Frequencies of E7-specific CD8* T-cell precursors of noncarrier naked CRT/E7 DNA vaccine in various solutions (note: the numbers of E7-
specific CD8* T-cell precursors for noncarrier naked CRT/E7 DNA vaccinated mice in distilled H,O (ddH,O) or Tris-EDTA (TE) solution were
higher than those in phosphate-buffered saline (PBS) solution (P<0.05, one-way analysis of variance (ANOVA)). (c) Titers of anti-E7
antibodies in mice vaccinated with noncarrier naked CRT/E7 DNA in various media (note: the titers of anti-E7 antibodies were not
significantly different between the noncarrier naked CRT/E7 DNA groups, regardless of which solution used (P> 0.05, one-way ANOVA).
(d) In vivo tumor preventive experiments in mice vaccinated with noncarrier naked CRT/E7 DNA vaccine in various solutions (note: mice
vaccinated with noncarrier naked CRT/E7 DNA vaccine in ddH,O or TE were 100% tumor-free after 60 days of TC-1 challenge). However,
only 60% of mice vaccinated with noncarrier naked CT/E7 DNA vaccine in PBS were tumor-free after 60 days of TC-1 challenge. (e) In vivo
tumor preventive experiments in mice that received noncarrier naked CRT/E7 DNA at various pressures (note: mice vaccinated at 50 or
60 psi were 100% tumor-free after 60 days of TC-1 challenge). However, only 40 and 60% of mice were tumor-free after being vaccinated at 30
and 40 psi, respectively.

significantly lower in the dermis of noncarrier naked
luciferase DNA immunized mice with 30 psi bombard-
ment pressure compared to those with higher bombard-
ment pressures (P <0.05, one-way ANOVA; Figure 4f).

Our results indicated that mice receiving noncarrier
naked DNA vaccine with higher bombardment pressures
can express higher amounts of protein of the interested
gene.

Treatment with noncarrier naked CRT/E7 DNA vaccine
led to a significant reduction of pulmonary tumor
nodules

We further assessed the therapeutic potential of non-
carrier naked CRT/E7 DNA vaccine using a lung

Gene Therapy

hematogeneous spread model. The representative pul-
monary tumor nodules in various vaccinated groups are
shown in Figure 5a. As shown in Figure 5b, mice treated
four times with noncarrier naked or gold particle-coated
CRT/E7 DNA showed significantly less pulmonary
tumor nodules than the other groups (naive 92.4+7.4,
noncarrier no insert 89.2+5.4, noncarrier naked wild-
type E7 90.4 £ 6.1, noncarrier naked CRT/E7 1.6 £ 1.1 and
gold particle-coated CRT/E7 0.8 £ 0.8; P <0.001, one-way
ANOVA). In addition, mice that received more vaccina-
tions of noncarrier naked CRT/E7 DNA had lower
numbers of pulmonary tumor nodules (twice 32.4+4.3,
thrice 152+3.6, 4 times 1.6%+1.1; P<0.01, one-way
ANOVA). However, the number of pulmonary tumor
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Figure 5 In vivo tumor treatment experiments in mice that received a high therapeutic dose of noncarrier naked or gold particle-coated DNA
vaccine. (a) Representative figures of pulmonary tumor nodules in each group: 1, naive; 2, no insert; 3, E7; 4, naked CRT/E7 twice; 5, naked
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DNA vaccine in phosphate-buffered saline (PBS).

nodules was not different between mice immunized four
times with noncarrier naked and those four times with
gold particle-coated CRT/E7 DNA vaccine (1.6+1.1 vs
0.8+0.8; P>0.05, one-way ANOVA).

Our results indicated that mice vaccinated more times
with noncarrier naked DNA vaccine generated more
potent therapeutic effects. In addition, mice vaccinated
with noncarrier naked or gold particle-coated DNA
vaccine generated similarly excellent therapeutic effects.

Noncarrier naked CRT/E7 DNA in various media
generated different therapeutic effects
We then evaluated whether the solution media influ-
enced the therapeutic effects of noncarrier naked CRT/
E7 DNA vaccine. As shown in Figure 5c, mice treated
with noncarrier naked CRT/E7 DNA in ddH20
(1.6 £0.5) or TE solution (2.6 +1.8) had less numbers of
pulmonary tumor nodules compared to those in PBS
solution (19.8 +2.1; P<0.05, one-way ANOVA).

Our results indicated that different solution media
influenced the therapeutic effects of noncarrier naked
DNA vaccine.

CD11c-enriched cells from mice vaccinated with

noncarrier naked CTGF/E7 DNA effectively enhanced
the activation of an E7-specific CD8* T-cell line

Several studies have shown that following intradermal
immunization, DCs migrate to draining lymph nodes
where they play a major role in priming and stimulating
antigen-specific T cells.**** Therefore, it is important
to determine whether DCs express the reporter gene
in draining lymph nodes when noncarrier naked DNA

is administered. The draining lymph nodes of mice
vaccinated with various DNA vaccines and CD11* cells
were first isolated as described in Materials and
methods. The CD11c-enriched cells were then incubated
with an E7-specific T-cell line to evaluate their ability to
stimulate INF-y secretion. The representative figures of
flow cytometric analysis are shown in Figure 6a. As
shown in Figure 6b, CD11c-enriched cells isolated from
mice vaccinated with noncarrier naked and gold particle-
coated CRT/E7 DNA vaccines were more effective in
activating the E7-specific CD8" T-cell line to secrete IFN-y
compared with noncarrier naked wild-type E7 DNA
vaccine (70 £ 15 for E7 group, 419 + 11 for naked CRT/E7
in ddH20 group, 405+ 12 for naked CRT/E7 in PBS
group, 412 + 14 for naked CRT/E7 in TE group, 380 + 19
for gold particle-coated CRT/E7 group; P<0.001, one-
way ANOVA). However, there was no difference in the
numbers of IFN-y-secreting CD8* T cells between gold
particle-coated and noncarrier naked CRT/E7 DNA
vaccines in respective solution media (P> 0.05, one-way
ANOVA). These results are consistent with the notion
that in vivo DNA-transfected DCs from mice vaccinated
with CRT/E7 DNA can enhance the activation of E7-
specific CD8" T cells regardless of the noncarrier naked
or gold particle-coated groups.

Noncarrier naked DNA vaccine generated less burning
effect on the skin of mice compared with gold particle-
coated DNA vaccine

We finally evaluated whether the local skin reaction
would be similar on mice bombarded with noncarrier
naked and gold particle-coated chimeric DNA vaccines.
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Figure 6 Activation of E7-specific CD8* T cells by CD11c-enriched cells isolated from the inguinal lymph nodes of noncarrier naked or gold
particle-coated DNA vaccinated mice. (a) Representative figures of flow cytometry analysis. (b) Numbers of interferon (IFN)-y-secreting E7-
specific CD8" T cells stimulated by CD11c-enriched cells isolated from the inguinal lymph nodes of vaccinated mice (note: CD11c-enriched
cells isolated from mice vaccinated with noncarrier naked and gold particle-coated CRT/E7 DNA vaccines were more effective in activating
the E7-specific CD8* T-cell line to secrete IFN-y compared with noncarrier naked wild-type E7 DNA vaccine). However, there was no
difference in the numbers of IFN-y-secreting CD8* T cells between gold particle-coated and noncarrier naked CRT/E7 DNA vaccines in
respective solution media. The data collected from all of the above experiments are from one representative experiment of the two

experiments that were carried.

As shown in Figures 7b, d, f, and h, no definite skin
damage could be identified in mice vaccinated with
noncarrier naked DNA. However, local skin damage was
significant from 1 day after the gold particle-coated DNA
vaccination (Figure 7e). The most severe skin damage
was noted 3 days after vaccination (Figure 7g), and it
took 7 days for the skin to heal (Figure 7i).

Our observation indicated that noncarrier naked DNA
vaccination resulted in significantly less local skin
damage than gold particle-coated DNA vaccination.

Discussion

DNA vaccination is a new and powerful approach to
generate immunologic responses. Only a small quantity
of DNA vaccine is required to enhance in vivo immune
responses. Gregersen® showed that intradermal gene
gun immunization needs smaller quantities of DNA
compared with intramuscular injections,?® which always
requires large amounts of DNA (100 ug per mouse) to
elicit the immune response. In contrast, the microparti-
culated bombardment system can induce an immune
response using very small amounts of DNA (1 ug per
mouse).*® In addition, gene gun immunization has a
10- to 100-fold greater expression of the DNA-encoded
protein than intramuscular vaccinations.?”-*

Gold particle-coated DNA vaccines with a gene gun
delivery system are currently widely used in im-
munopreventive and immunotherapeutic applications.

Gene Therapy

Traditionally, DNA vaccines need to be coated with gold
particles to be heavy enough to be bombarded into the
intradermis and deliver the antigens of interest to the
intradermal Langerhan’s cells (antigen-presenting cells)
to induce potent immunologic responses and antitumor
effects. High efficiency and stability are two key points in
these DNA vaccines coated with gold particles for in vivo
use. Particle-mediated gene gun technology uses com-
pressed helium to propel micrometer-sized colloidal
gold particles coated with plasmid through the stratum
corneum, where the particles lodge in the epidermal and
dermal layers of the skin.*® The gene gun technique has
been used to immunize various animals for tumor
prevention and regression, including prostate cancer,
melanomas and cervical cancer*>*° The additional
advantage of gene gun immunization is the application
to a broad variety of cells, including Langerhan’s cells,
DCs and keratinocytes, which are transfected.®' The
DNA vaccine can then provide protein expression in the
transfected cells, and the transfected Langerhan’s cells
and dermal DCs can migrate to local lymph nodes where
presentation of antigens to T cells can occur, and thus
start a variety of immunologic responses.”*>>
Inconvenience in preparation and safety issues are
concerns for the clinical applications of gene gun-
delivered, gold particle-coated DNA vaccines. The
conventional gene gun delivery system can only deliver
dry DNA bullets instead of wet DNA bullets because of
inherent limitations. In contrast, the noncarrier naked
DNA vaccine can be delivered in the form of wet DNA
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Figure 7 Burning effects on the skin of noncarrier naked and gold particle-coated DNA vaccinated mice. Mice were first given noncarrier
naked CRT/E7 chimeric DNA or gold particle-coated CRT/E7 DNA at 50 psi as described in the Materials and methods section. (a) Shaved
skin before vaccination. (b) Mice that received noncarrier naked DNA vaccine immediately. (¢) Mice that received gold particle-coated DNA
vaccine immediately. (d) Mice that received noncarrier naked DNA vaccine 24 h later. (e) Mice that received gold particle-coated CRT/E7
DNA vaccine 24 h later. (f) Mice that received noncarrier naked DNA vaccine after 3 days. (g) Mice that received gold particle-coated DNA
vaccine after 3 days. (h) Mice that received noncarrier naked CRT/E7 DNA vaccine after 7 days. (i) Mice that received gold particle-coated
CRT/E7 DNA vaccine after 7 days (note: the skin damage was noted from 24 h after being given the gold particle-coated DNA vaccine and
the damage continued until 7 days postimmunization. There was no visible skin damage for mice that received noncarrier naked DNA

immunization.

bullets. Moreover, the preparation of gold particle-coated
DNA vaccines is hardly aseptic. However, the prepara-
tion of noncarrier naked DNA vaccines can be relatively
aseptic and simpler. As such, safety concerns of gold
particle-coated DNA vaccine is a major consideration in
human clinical trials. Another disadvantage of gold
particle-coated DNA vaccine is that non-biodegradable
gold or tungsten may skew the immune response or
cause adverse side effects when they accumulate.®
Finally, gold particle-coated DNA vaccination always
induces burning effects on bombarded skin, as shown
presenting this and in earlier studies.'”**** The novel
technology of noncarrier naked DNA vaccination could
resolve these above-mentioned concerns.

Noncarrier naked DNA vaccine can be as effective as
gold particle-coated DNA vaccine to reach intradermal
layer, to deliver the antigens of interest to the intrader-
mal Langerhan’s cells and to enhance the subsequent
immune responses. Our earlier results have shown that
gold particle-coated CRT/E7 DNA vaccine could gen-
erate more potent immune responses and antitumor
effects than gold particle-coated wild-type E7 DNA
vaccine.> We observed that noncarrier naked CRT/E7
DNA vaccine generates less numbers of E7-specific CD8*
T-cell precursors than gold particle-coated CRT/E7 DNA
vaccine, although 100% tumor protection effects were
seen in both DNA formats (Figures 2a and 3c). We
hypothesize that gold particle-coated DNA vaccination
may induce non-specific immune responses to enhance
the antigen-specific immune responses by the local
burning effect on the bombarded skin, as shown in our

earlier studies.'®®" Another possible mechanism is that
the gold beads alone can upregulate the antigen-
presenting cells,*® and these upregulated DCs can induce
more potent antigen-specific immune responses when
encountering specific antigens.

Different solution media can influence the antigen-
specific immunity and antitumor effects of noncarrier
naked DNA vaccine. Our results indicated that non-
carrier naked CRT/E7 DNA in ddH2O or TE buffer can
generate better E7-specific immune responses and anti-
tumor effects than in PBS buffer (Figures 4b and d).
Hartikka et al.®” observed that the concentration, osmo-
larity and pH of sodium phosphate can influence
plasmid DNA expression in vivo. The optimum sodium
phosphate concentration was 150 mM and the luciferase
expression was 4.3-fold compared with saline. The
luciferase expression decreased significantly, when
solved in sodium phosphate solution less than 40 mM,
compared to that of saline.’” The sodium concentration
of PBS buffer was only 6.7 mM in this study. This might
be the reason why the PBS group did not generate as
potent antigen-specific immune responses and antitumor
effects as the other two groups in this study. It is essential
to test and identify the optimal buffer and its concentra-
tion for noncarrier naked DNA vaccine.

Dermal immunization methods target the epidermis,
the dermis, or both, and include chemical modifica-
tion,*®** transepidermal immunization,*>*' gene gun
technology,® electroporation**** and intradermal injec-
tions.*> Recently, intradermal administration with the
RNA interference technique has also been reported.**
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The benefit of intradermal administration by the gene
gun technique is that it is less harmful and injurious to
the host. Hirao et al.*> observed higher cellular and
humoral responses to an HIV DNA vaccine with
electroporation compared with intradermal route alone.
Electroporation may have importance as an immuniza-
tion approach in larger animal models. More studies are
needed to identify the optimal immunization approach
in different animal models.

Multiple vaccinations are always needed for both
noncarrier naked and gold particle-coated DNA vaccines
delivered by a gene gun. Gold particle-coated, and
especially, noncarrier naked DNA vaccine needs boosters
to enhance immune responses and antitumor effects.
One of the benefits of the dermal immunization
technique is that it is needleless. However, the dis-
advantage is the requirement of frequent and multiple
sites per immunization to elicit immune responses.
Doria-Rose et al.*> reported that a prime-boost strategy
seems necessary for DNA vaccines. We also observed
that more shots of noncarrier naked DNA vaccine were
needed to generate comparable immune responses and
antitumor effects compared with gold particle-coated
DNA vaccine. Gregersen reported that frequent or
multiple sites of application may be safe and acceptable
from a scientific point of view, although they may
not necessarily be tolerated and widely accepted by
patients.>® Peng et al. recently reported that cluster
intradermal antigen-specific gold particle-coated DNA
vaccination is capable of rapidly inducing antigen-
specific CD8" T-cell immune responses leading to
therapeutic anti-tumor effects.** The noncarrier naked
DNA vaccine can also use a similar protocol to induce
potent anti-tumor immune responses in a shorter
interval.

Noncarrier naked DNA vaccine induces less tissue
injury as compared to gold particle-coated DNA
vaccine, where the gold particles can cause slight necrosis
and mild to moderate tissue damage. Pilling et al. reported
that gold particle-coated DNA bombardment with
the gene gun system induced local skin reactions
two days post-dosing in mini-pigs.*” By 28 days, the
skin lesions had regressed apart from a low grade
peri-vascular mononuclear cell infiltration in the
upper dermis, which persisted up to 141 days, together
with a small number of phagocytosed gold particles.*”
We also observed that gold particle-coated DNA vaccine
bombardment by a gene gun has definite local skin
damage as compared to noncarrier naked DNA vaccine
(Figure 6). In addition, the most severe local skin
damage of the mice was seen three days after bombard-
ment with gold particle-coated DNA vaccine. The
bombardment pressure might be a factor in generating
skin damage. DNA vaccines are always administered in
1-8 vaccinations on non-overlapping sites on shaved
epidermis using 150-1200 psi with a majority of inves-
tigators favoring around 400 psi of helium pressure.*®
We bombarded the mice with a lower pressure of 50 psi
of helium pressure for both gold particle-coated and
noncarrier naked DNA vaccines in multiple sites on
the shaved abdomen in this study. Our observations
imply that noncarrier naked DNA vaccine could be
effectively delivered by an intradermal gene gun at lower
helium pressure so that damage to local skin can be
minimized.
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E7-specific antibody titers were significantly enhanced
by noncarrier naked and gold particle-coated CRT/E7
DNA vaccines, although the mechanism for enhance-
ment of antibody responses by CRT/E7 DNA vaccine is
not clear. The titers of anti-E7 antibodies were similar
between noncarrier naked and gold particle-coated DNA
vaccines in this study. We also observed that the CRT/E7
proteins could be detected in the sera,®* and the levels of
CRT/E7 proteins were similar between noncarrier naked
and gold particle-coated DNA vaccinated groups (data
not shown). We hypothesize that the similar amounts of
secreted CRT/E7 proteins, regardless of whether gener-
ated by noncarrier naked or gold particle-coated CRT/E7
DNA vaccine, might enhance the humoral-mediated
immune response to generate similar anti-E7 antibodies.
Even though antobody-mediated responses have not
been shown to play an important role in controlling
HPV-associated malignancies, antigen-specific antibo-
dies are significant in other tumor models such as the
breast cancer model with the HER-2/neu antigen. Lin et
al. reported that noncarrier naked neu DNA vaccine can
generate anti-neu antibodies and anti-tumor effects as
much as gold particle-coated neu DNA vaccine,*” and the
titers of anti-neu antibodies correlated with the doses of
noncarrier naked DNA vaccination.*” The chimeric CRT/
E7 DNA vaccine, regardless of whether in the noncarrier
naked format, can significantly enhance higher titers of
anti-E7 antibodies. This novel strategy can be utilized to
generate the other oncogene-specific antibodies for the
treatment of oncogene overexpressing tumor model.

In summary, our study showed that noncarrier naked
chimeric CRT/E7 DNA vaccine, without gold particle
coating, bombarded under low pressure by a gene-gun
delivery system, can be delivered into the intradermis of
mice to express the interested gene and enhance similar
E7-specific immunities and antitumor effects compared
with the gold particle-coated CRT/E7 DNA vaccine.

Materials and methods

Plasmid DNA constructs and preparation

The generation of pcDNA3 with no insert as well as
pcDNA3-E7, pcDNA3-CRT, pcDNA3-CRT/E7 and
pcDNA3-CRT/E7/GFP has been described -earlier.®*
pEGFP-N2 was purchased from Clontech Laboratories
(Palo Alto, CA, USA).

Mice

Six- to eight-week-old female C57BL/6] mice were bred
in, and purchased from the animal facility of the
National Taiwan University Hospital (Taipei, Taiwan).
All animal procedures were carried out according to
approved protocols and in accordance with recommen-
dations for the proper use and care of laboratory animals.

DNA vaccination

For vaccination of noncarrier naked DNA or gold
particle-coated DNA, a low pressure-accelerated gene
gun (BioWare Technologies Co. Ltd, Taipei, Taiwan) was
used as described previously.”** Mice were immunized
with respective DNA vaccine four times at 1 week
intervals. Mice (five per group) were immunized with
2 pug of noncarrier naked or gold particle-coated DNA
vaccine each time.



To test the influence of dissolved media in DNA
vaccination, noncarrier chimeric pcDNA3-CRT/E7 or
pEGFP-N2 DNA was dissolved in PBS (pH8.0), TE buffer
(pH 7.0) or ddH,O for vaccination. To evaluate the
influence of the bombardment pressure of the gene gun,
mice were immunized with noncarrier DNA vaccine at
various pressures.

Immunofluorescence examination of the skin of

noncarrier naked DNA vaccinated mice

The mice’s (five per group) abdomens were shaved for the
DNA vaccination (pEGFP-N2 in dd-H2O, PBS or TE bulffer,
respectively) through the gene gun at 50 psi as described
earlier. Six or 24 h after, the mice were killed so that the
abdominal skin could be observed under fluorescence
microscope (BX60, Olympus Corp., Tokyo, Japan).

The detection of luciferase assay within the skin of

mice vaccinated with various bombardment pressures
Mice were prepared and bombarded with the pCMV-
Luciferase DNA vaccine at various bombardment pres-
sures of the gene gun as described earlier. One day after
DNA immunization, the mice were killed and the
bombarded area of the abdominal skin was taken off
and then homogenized with lysis buffer (Promega,
Madison, WI, USA) into sample lysates. The lysates
were centrifuged and the supernatant was collected for
further analysis. The supernatants were then added to a
96-well plate, and an equal volume of Bright-Glo
(Promega) luciferase assay reagent was added. The
results were counted with a luminometer (TopCount
NXT, PerkinElmer, Meriden, CT, USA). The known
concentrations of recombinant luciferase (Promega) were
used as standards to calculate the luciferase content in
each sample. The contents of total protein in the samples
were also assayed by using a BCA assay kit (Pierce,
Rockford, IL, USA). Finally, the luciferase content in each
sample was normalized by the total protein content.

Intracellular cytokine staining and flow cytometry
analysis

Mice (five per group) were immunized with 2 pg of
various noncarrier naked or gold particle-coated DNA
vaccines, followed by a booster 1 week later, four times.
Splenocytes were harvested 1 week later and incubated
with either 1pgml~' of E7 peptide (aa 49-57) over-
night.>*® Cell surface marker staining of CD8 and
intracellular cytokine staining for IFN-y, as well as flow
cytometry analysis, were carried out as described
previously.’

Enzyme-linked immunosorbent assay (ELISA) for
anti-E7 antibody

Mice (five per group) were immunized with 2 pg of the
various DNA vaccines and a booster with the same
regimen 1 week later. Sera were prepared from mice on
day 14 after immunization. For the detection of HPV 16
E7-specific antibodies in sera, direct ELISA was used as
described previously.®’** Briefly, a 96-microwell plate
was coated with 100 pl of bacteria-derived HPV-16 E7
proteins (0.5 pgml~") and incubated at 4 °C overnight.
The wells were then blocked with PBS containing 20%
fetal bovine serum. Sera were serially diluted in PBS,
added to the ELISA wells and incubated at 37 °C for 2 h.
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After washing with PBS containing 0.05% Tween 20, the
plate was incubated with a 1:2000 dilution of a
peroxidase-conjugated rabbit antimouse immunoglobu-
lin antibody (Zymed, San Francisco, CA, USA) at room
temperature for 1 h. The plate was washed, developed
with 1-step Turbo TMB-ELISA (Pierce, Rockford, IL,
USA) and stopped with 1M H2SO4. The ELISA plate
was read with a standard ELISA reader at 450 nm.

TC-1 tumor cell line

The generation of TC-1 tumor cell line has been
described previously.® Briefly, HPV-16 E6, E7 and Ras
were used to transform primary C57BL/6 mice lung
epithelial cells. This tumorigenic cell line was named
TC-1. The TC-1 cells were grown in RPMI-1640,
supplemented with 10% (vol/vol) fetal bovine serum,
50Uml™" penicillin/streptomycin, 2 mM L-glutamine,
1 mM sodium pyruvate, 2 mM non-essential amino acids,
and 0.4 mg ml~' G418 at 37 °C with 5% CO.. On the day of
tumor challenge, tumor cells were harvested by trypsiniza-
tion, washed twice with 1 x Hank’s buffered salt solution,
and finally resuspended in 1x Hank's buffered salt
solution to the designated concentration for injection.

In vivo tumor protection experiments

For the tumor protection experiments, mice (five per
group) were immunized with 2 pug of various noncarrier
naked or gold particle-coated DNA vaccines and boosted
1 week later for a total of four times with a gene gun. One
week after the last vaccination, the mice were subcuta-
neously challenged with 5 x 10* cells per mouse of TC-1
tumor cells in the right leg.>®> The mice were monitored
for evidence of tumor growth by palpation and inspec-
tion twice a week until they were killed on day 60.

In vivo tumor treatment experiments

For in vivo tumor treatment experiments, the mice were
injected with 5 x 10* cells per mouse TC-1 tumor cells
through the tail vein as described previously.” Two days
after tumor challenge, the mice were given 16 ug per
mouse of various noncarrier naked or gold particle-
coated DNA vaccines, followed by a booster with the
same regimen every 7 days for 4 weeks (a total of two
64 ng DNA). Mice that were not vaccinated were used as
a negative control. The mice were killed and the lungs
were explanted on day 28. Pulmonary tumor nodules in
each mouse were evaluated and counted by experimen-
ters blinded to the sample identity.

Preparation of CD11c* cells in the inguinal lymph
nodes from vaccinated mice

Mice (five per group) received multiple inoculations of
non-overlapping intradermal administration with a gene
gun on the abdominal region. The mice were vaccinated
with 16 ug of noncarrier naked or gold particle-coated
CRT/E7 DNA. Inguinal lymph nodes were harvested
from vaccinated mice 3 days after vaccination with a
gene gun. A single cell suspension from isolated inguinal
lymph nodes was prepared as described previously.”
CD1lc* cells were enriched from lymph nodes using
CD1lc (N418) micro-beads (Miltenyi Biotec, Auburn,
CA, USA). The purity of the CD11c* cells were further
characterized using phycoerythrin-conjugated anti-
CD1lc antibody (PharMingen, San Diego, CA, USA)
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and analyzed by flow cytometry analysis,” and samples
of more than 90% of the CD11c" cells were utilized for
the following experiments.

Activation of E7-specific CD8* T-cell line by
CD11c-enriched cells

CD11c-enriched cells (2 x 10*) were incubated with
2 x 10° of the E7-specific CD8* T-cell line for 16 h. The
cells were then stained for both surface CD8 and
intracellular IFN-y and analyzed with flow cytometry
analysis as described above.

Local skin burning effect on noncarrier naked and gold
particle-coated DNA vaccines

To compare the local skin burning effect, mice were
vaccinated with noncarrier naked or gold particle-coated
CRT/E7 DNA vaccine as described earlier, and pictures
of the shaved DNA-bombarded abdominal skin of the
mice were taken before and after immunization at 1, 3, 5
or 7 days later.

Statistical analysis

The data expressed as meants.e.m. or meant+s.d. are
representative of at least two different experiments. Data
for intracellular cytokine staining with flow cytometry
analysis and tumor treatment experiments were evalu-
ated by ANOVA. Comparisons between individual data
points were made using the Student’s t-test. In the tumor
protection experiment, the principal outcome of interest
was the time to the development of a tumor. The event
time distributions for different mice were compared by
the Kaplan-Meier method, and by log-rank analysis.
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Abstract

Objective. Vaccination based on tumor antigen is an attractive strategy for cancer prevention and therapy. Cervical cancer is highly associated
with human papillomavirus, especially type 16. We developed DNA vaccines encoding heat shock protein 60 (HSP60) linked to HPV16 E6 or E7
to test if HSP60 chimeric DNA vaccines may generate strong E6 and/or E7-specific immune response and anti-tumor effects in vaccinated mice.

Methods. In vivo antitumor effects such as preventive, therapeutic, and antibody depletion experiments were performed. /n vitro assays such as
intracellular cytokine stainings, ELISA for Ab responses, and direct and cross-priming effects, were also performed.

Results. HSP60 chimeric DNA vaccines generated strong E6- or E7-specific immune responses and anti-tumor effects in vaccinated mice via
direct and cross-priming effects. HSP60 was also linked with both E6 and E7 antigens and the HSP60/E6/E7 chimeric DNA vaccine generated
more potent immunotherapeutic effects on E6- and E7-expressing tumors than HSP60/E6 or HSP60/E7 chimeric DNA vaccine alone.

Conclusion. Utilization of both E6 and E7 tumor antigens can advance the therapy of tumors associated with HPV-infections. The DNA
vaccine encoding heat shock protein 60 co-linked to HPV16 E6 and E7 tumor antigens can generate more potent immunotherapeutic effects than

E6 or E7 tumor antigens alone.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

DNA vaccines have become an attractive approach for
generating antigen-specific cancer vaccine and immunotherapy.
Naked plasmid DNA can be repeatedly administered and easily
prepared in large scale with high purity, and are highly stable
relative to proteins and other biological polymers [1]. In
addition, intra-dermal administration of DNA vaccines using a
gene gun represents an efficient means of targeting dendritic
cells, the most potent professional antigen-presenting cells that
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are specialized to prime T helper and cytotoxic cells in vivo
[2,3].

One of the concerns about DNA vaccines is their limited
potency, because they do not have the intrinsic ability to amplify
in vivo as viral vaccines do [1]. Several strategies have been
applied to increase their potency. For example, targeting anti-
gens for rapid intracellular degradation [4], directing antigens to
APCs by fusion to ligands for APC receptors [5], or fusing
antigens to a pathogen sequence, such as fragment C of tetanus
toxin [6] have been made. Linkage of antigens to HSP may be
another potential approach for increasing the potency of DNA
vaccines. HSP-based protein vaccine can also be administered
by fusing antigens to HSP [7-9]. Furthermore, immune re-
sponse can be induced in mice with MHC that is either identical
or different to the MHC of donor HSPs [10—12]. These
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investigations have made HSPs more attractive to use in cancer
vaccine and immunotherapy.

More than 99% of cervical cancers contain HPV, particularly
the high-risk HPV type such as 16 and 18 [11]. Two HPV
oncoproteins, E6 and E7, are consistently expressed in HPV-
associated cancer cells and are responsible for their malignant
transformation. These two oncogenic proteins therefore repre-
sent ideal target antigens for developing vaccines and immuno-
therapeutic strategies against HPV-associated neoplasia.
Numerous pre-clinical studies and some clinical studies have
targeted the HPV16 oncogenic proteins E6 or E7 for vaccine
development to control HPV-associated lesions [13—15].

In the past, most HPV researchers focused on E7, and thus an
E7 immuno-dominant epitope and its associated immune re-
sponses have been well characterized [6]. The gene gun approach
was previously used to test several strategies that are able to rout
the human papilloma virus type 16 E7 model antigen and result in
enhanced E7-specific CD8" T cell-mediated immune response
and anti-tumor effects [16—19]. Since E6 represents another
important target for potential vaccines to control HPV-associated
lesions, it is also crucial to develop vaccines targeting E6.

We therefore developed a DNA vaccine encoding HSP60
linked to E6 and/or E7 to elucidate if DNA vaccines encoding
HSP60 with two tumor antigens (E6 and E7) have the potential
to prevent HPV infection and provide therapeutic effects on
HPV-related cancers.

Materials and methods

Plasmid DNA constructs and preparation

For the generation of pcDNA3-HSP60, HSP60 was first amplified with PCR
using human placenta ¢cDNA as template and a set of primers, 5’-
CCGGTCTAGAAGAAATGCTTCGGTTACCCACAG-3’ and 5’-CGC-
GGATCCACACTGCCTTGGGCTTCCTGTCA-3’. The amplified product
was then cloned into the Xbal/BamHI sites of the pcDNA3 vector (Invitrogen
Corp., Carlsbad, California, USA). For the generation of pcDNA3-HSP60/E6,
E6 was first amplified with PCR using DNA of the CaSki cell line as template and
aset of primers, 5'-CGCGGATCCATGCACCAAAAGAGAACTGCAATGT-3’
and 5'-CCCAAGCTTTTACAGCTGGGTTTCTCTACGTGTTCT-3'. E6 was
then cloned into the BamHI/HindIll sites of pcDNA3-HSP60 to generate
pcDNA3-HSP60/E6.

To generate pcDNA3-HSP60/E7, E7 was first amplified using DNA of the
CaSki cell line as template and with a set of primers, 5'-CCGGGATCCATG-
GAGATACACCTA -3’ and 5’-CCCAAGCTTTTGAGAACAGATGG -3/, and
cloned into the BamHI/HindIII sites of pcDNA3-HSP60 to generate pcDNA3-
HSP60/E7. To generate pcDNA3-HSP60/E6/E7, E7 was cloned into the HindIIl/
HindlIll sites of pcDNA3-HSP60/E6. Plasmid constructs were confirmed by
DNA sequencing.

Cell line

TC-1

The TC-1 tumor cell line was generated as described previously [20]. On the
day of tumor challenge, tumor cells were harvested by trypsinization, washed
twice with 1x Hanks buffered salt solution (HBSS), and finally re-suspended in
1x HBSS to the designated concentration for injection.

293 D°K? cells

293 DPK® cells (a human embryonic kidney 293 cell line expressing the D° and
K" (293 DPKP), two C57BL/6 mouse MHC class I molecules) [21] were kindly
provided by Dr. TC Wu, Johns Hopkins Medical Institutes, Baltimore, MD.

Transfection of 293 DK cells

293 DPK® were tansfected with various DNA, such as E6, E7, E6/E7,
HSP60/E6, HSP60/E7, or HSP60/E6/E7 using LipofectAMINE reagent (Life
Technologies) according to the manufacturer’s instructions. The 293 D°K® cells
were collected 48 h after transfection for further experiments.

Immunoblotting

Transfected 293 D°K® cells with various DNA constructs were lysed in
immuno-precipitation assay buffer containing 137 mM NaCl, 2.7 mM KClI,
1 mM MgCl,, 1 mM CacCl,, 1% NP40, 10% glycerol, | mg/ml BSA, 20 mM Tris,
pH 8.0, and 2 mM orthovanadate and analyzed as previously described [22].
Briefly, 50 pg of cell lysates was resolved on a sodium dodecyl sulfate (SDS)-
containing 12% polyacrylamide gel, transferred to polyvinylidene difluoride
nylon membranes (Millipore, Bedford, Mass.), and probed with antibodies
specific to E6 (Abcam, Cambridge, UK) or E7 (Zymed, San Francisco, CA) or 3-
actin (Chemicon International, Temecula, CA). The membrane was then probed
with either horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit
antibody.

The specific bands were visualized by an ECL (enhanced chemilumines-
cence) Western blot system (Amersham, Buckinghamshire, England). As shown
in Fig. 1, the E6 (MW 18 kDa), E7 (MW 18 kDa), HSP60/E6 (MW 78 kDa),
HPS60/E7 (MW 78 kDa), and HSP60/E6/E7 (MW 96 kDa) proteins showed
similar expression levels.

Mice

Six to 8-week-old female C57BL/6J mice were purchased and kept in the
animal facility of the School of Medicine, National Taiwan University. All
animal procedures were performed according to approved protocols and in
accordance with recommendations for the proper use and care of laboratory
animals.

DNA vaccination

Preparation of DNA-coated gold particles and gene gun particle-mediated
DNA vaccination were performed using a helium-driven gene gun according to
a protocol described previously with some modifications [17,23]. Control
plasmid (no insert), E6, E7, E6/E7, E6 mixed with E7, HSP60, HSP60 mixed
with E6, HSP60 mixed with E7, HSP60/E6, HSP60/E7, HSP60/E6 mixed
HSP60/E7, and HSP60/E6/E7-coated gold particles were delivered to the
shaved abdominal region of mice using a low pressure-accelerated gene gun
(BioWare Technologies Co. Ltd, Taipei, Taiwan) with a 50 psi discharge
pressure of helium [23].

Fig. 1. The protein expression levels of respective constructs in transfected
293 D°K® cells. 293 D°K® cells were transfected with respective DNA. The E6
or E7 protein expression levels in various constructs are shown as follows: E6
(MW 18 kDa), E7 (MW 18 kDa), HSP60/E6 (MW 78 kDa), HPS60/E7 (MW
78 kDa), and HSP60/E6/E7 (MW 96 kDa).
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Intracellular cytokine staining and flow cytometry analysis

Mice were immunized with 2 pug of the various DNA vaccines and received a
booster with the same regimen 1 week later. Splenocytes were harvested 1 week
after the last vaccination. Before intracellular cytokine staining, pooled
splenocytes from each vaccination group were incubated for 16 h with either
1 pg/ml of E6 peptide (aa 50-57) [13] or E7 peptide (aa 49—-57) [24], containing
an MHC class I epitope for detecting E6- or E7-specific CD8" T cell precursors,
or 50 pg/ml of E6 or E7 protein (kindly provided by Dr. CW Liao, Animal
Technology Institute Taiwan, Miaoli, Taiwan) for detecting E6- or E7-specific
CD4" T cell precursors. Cell surface marker staining of CD4 or CD8 and
intracellular cytokine staining for IFN-y, as well as flow cytometric analysis,
were performed using conditions described previously [17,25].

Cytotoxic T lymphocyte assay using transfected 293 D°K? cells as
target cells

Cytotoxic T lymphocyte (CTL) assays were performed by quantitative
measurements of lactate dehydrogenase (LDH) using CytoTox96 non-
radioactive cytotoxicity assay kits (Promega Corp., Madison, Wisconsin,
USA) according to the manufacturer’s protocol. Various DNA-transfected
293 D°K® cells served as target cells while a DP-restricted E6- or E7-specific
CD8" T cell line (provided by Dr. TC Wu, Johns Hopkins Medical Institutes,
Baltimore, MD) was used as effector cells. Untransfected 293 D°K® cells were
used as a negative control. The 293 D’K® cells were collected 40—44 h after
transfection.

CTL assays were performed with effector cells and target cells mixed
together at various effector/target (E/T) ratios, 1:1, 5:1, 15:1, and 45:1, in a
final volume of 200 pl as described previously [16]. After a 5-h incubation
at 37 °C, 50 pl of the cultured media was collected to assess the amount of
LDH. The percentage of lysis was calculated from the following equation:
100 x(4—B)/(C—D), where A4 is the reading of experimental-effector signal
value, B is the effector spontaneous background signal value, C is maximum
signal value from target cells, and D is the target spontaneous background
signal value.

CTL assay using dendritic cells pulsed with lysates of transfected
293 DPK? cells as target cells

CTL assays were performed using bone marrow-derived dendritic cells
(DCs) pulsed with cell lysates as target cells and D -restricted E6- or E7-specific
CD8" T cells as effector cells using the protocol described previously [26]. DCs
were generated by culture of bone marrow cells in the presence of GM-CSF as
described previously [27]. 293 DK cells were first transfected with various
DNA constructs via lipofectamine. The protein concentration of lysates was
determined using the BioRad protein assay (BioRad Laboratories Inc.)
according to the vendor’s protocol [16]. DCs were pulsed with different
concentrations of cell lysates of various DNA-transfected 293 D°KP cells (50 pg/
ml, 10 pg/ml, 2 pg/ml, and 0.4 pg/ml) in a final volume of 2 ml for 16-20 h.
CTL assays were performed at a fixed E/T ratio of 9:1 using E7-specific T cells
mixed with prepared DCs in a final volume of 200 pul. Cytolysis was determined
by quantitative measurements of LDH as described earlier.

In vivo tumor protection experiments

For the tumor protection experiments, mice (five per group) either received
no vaccination or were immunized with 2 pg/mouse of various DNA vaccines
with a gene gun. They were boosted with the same regimen as the first
vaccination one week later. One week after the last vaccination, the mice were
subcutaneously challenged with 5x10* of TC-1 cells/mouse in the right leg.
They were monitored for evidence of tumor growth by palpation and inspection
twice a week until they were sacrificed on day 60.

In vivo antibody depletion experiments

In vivo Ab depletions were performed as described previously [27,28].
Briefly, mice (five per group) were vaccinated with 2 pig/mouse of HSP60/E6 or

HSP60/E7 DNA with a gene gun, boosted 1 week later, and challenged with
5% 10* cells/mouse TC-1 tumor cells. Depletion was started 1 week before
tumor challenge.

mADb GK1.5 was used for CD4 depletion [29], mAb 2.43 was used for CD8
depletion [30], and mAb PK136 was used for NK1.1 depletion [31]. Depletion
was terminated on day 40 after tumor challenge. Mice were monitored for
evidence of tumor growth by palpation and inspection twice a week until they
were sacrificed on day 60.

In vivo tumor treatment experiments

The therapeutic potential of each vaccine was assessed by performing an in
vivo tumor treatment experiment using a previously described lung hema-
togenous spread model [16]. Two days after tumor challenge, mice received
16 pg/mouse of no insert DNA, E6 DNA, E7 DNA, E6 mixed with E7 DNA,
HSP60 DNA, HSP60/E6 DNA, HSP60/E7 DNA, HSP60/E6 mixed with
HSP60/E7 DNA, or HSP60/E6/E7 DNA by a gene gun, followed by a booster
with the same regimen every 7 days for 4 weeks (a total of 64 ug DNA). Mice
receiving no vaccination were used as negative control. The mice were sacri-
ficed and the lungs were explanted on day 28. Pulmonary tumor nodules in
each mouse were evaluated and counted by experimenters who were blinded to
sample identity.

For the second in vivo tumor treatment experiment, mice were injected with
5% 10* cells/mouse TC-1 tumor cells via the tail vein as described earlier. Seven
days after tumor challenge, mice received various DNA vaccines such as
HSP60/E6, HSP60/E7, HSP60/E6 mixed with HSP60/E7, and HSP60/E6/E7 as
described earlier. The mice were sacrificed, and the lungs were explanted on day
28. The pulmonary tumors in each mouse were evaluated and counted as
described earlier.

Statistical analysis

All data expressed as mean+SEM were representative of at least two
different experiments. Data for intracellular cytokine staining with flow
cytometry analysis and tumor treatment experiments were evaluated by analysis
of variance (ANOVA). Comparisons between individual data points were made
using Student’s #-test. In the tumor protection experiment, the principal outcome
of interest was the time to tumor development. The event time distributions for
different mice were compared by the Kaplan and Meier and by log-rank
analyses. A p value<0.05 was considered statistically significant.

Results

Vaccination with DNA encoding HSP60 linked to E6 alone, E7
alone, or both E6 and E7 significantly enhanced E6 and/or
E7-specific CD8" T cell response

The representative figures of flow cytometric analysis are
shown in Fig. 2A. As shown in Fig. 2B, vaccination with
HSP60/E6 (140.0£14.1) or HSP60/E6/E7 (218.0+17.0) DNA
generated higher frequencies of E6-specific IFN-y-secreting
CDS8" T cell precursors when compared to mice vaccinated with
E6 (6.5+£2.1), E7 (4.0£1.4), E6/E7 (8.0£3.5), HSP60 mixed
with E6 (12.5+2.8), or HSP60/E7 (39.0+£5.7) DNA (p<0.01,
one-way ANOVA). In addition, vaccination with HSP60/E7
(275.0+£24.0), or HSP60/E6/E7 (987.5+£27.6) DNA generated
higher frequencies of E7-specific IFN-y-secreting CD8" T cell
precursors when compared to mice vaccinated with E6 (7.5+
1.4), E7 (7.0+2.8), E6/E7 (12.0+2.8), HSP60 mixed with E7
(14.5+2.1), or HSP60/E6 DNA (40.5+£7.0) (»<0.01, one-way
ANOVA) (Fig. 2C). We further evaluated whether HSP60 could
enhance the E6, or E7-specific CD4" T cell response when
linked to E6, or E7 in a DNA vaccine, respectively. As shown in
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Fig. 2. Immunologic profiles of vaccinated mice using intracellular cytokine staining and flow cytometry analysis and ELISA. (A) Representative figures of flow
cytometric analysis. (B) Bar graph depicting the number of E6-specific IFN-y-secreting CD8" T cell precursors/3.5 x 10° splenocytes (mean=SEM). Mice vaccinated
with HSP60/E6 or HSP60/E6/E7 DNA generated higher numbers of E6-specific IFN-y-secreting CD8" T cell precursors than other vaccination groups (p<0.01, one-
way ANOVA). (C) Bar graph depicting the number of E7-specific IFN-y-secreting CD8" T cell precursors/3.5 x 10° splenocytes (mean=SEM). Mice vaccinated with
HSP60/E7 or HSP60/E6/E7 DNA generated higher numbers of E7-specific IFN-y-secreting CD8" T cell precursors than other vaccination groups (»<0.01, one-way
ANOVA). (D) Bar graph depicting the number of E6-specific IFN-y-secreting CD4" T cell precursors/3.5 x 10° splenocytes (mean=SEM). None of the vaccinated
groups generated significantly higher number of E6-specific CD4" T cell precursors when compared with naive mice (p>0.05, one-way ANOVA). (E) Bar graph
depicting the number of E7-specific IFN-y-secreting CD4" T cell precursors/3.5x 10° splenocytes (mean+SEM). None of the vaccinated groups generated
significantly higher number of E7-specific CD4" T cell precursors when compared with naive mice (p>0.05, one-way ANOVA).

Figs. 2D and E, no increase in the number of E6- or E7-specific
IFN-vy-secreting CD4 " T cells in mice vaccinated with various
DNA vaccines was observed.

Our data showed that physical linkage of HSP60 to E6 or E7
was required for enhancement of E6- or E7-specific CD8" T cell
activity, since DNA encoding HSP mixed with E6 or E7 DNA
did not generate enhancement of E6- or E7-specific CD8" T cell
activity.

Enhanced presentation of E6, or E7, or E6 and E7 antigen
through the MHC class I pathway in cells transfected with
HSP60 linked with E6, or E7, or E6 and E7 DNA and in
dendritic cells pulsed with various chimeric HSP60 proteins

We further explored potential explanations for the observed
increase in E6 and/or E7-specific CD8" T cell precursors in
mice vaccinated with HSP60/E6, HSP60/E7, or HSP60/E6/E7.
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Fig. 3. CTL assays demonstrate enhanced presentation of E6 or E7 through the MHC class I pathway directly by 293 DPK® cells transfected with HSP60/E6, HSP60/
E7, or HSP60/E6/E7 DNA constructs. (A) CTL assays with various E/T ratios (E/T=1:1, 5:1, 15:1, 45:1) by using 293 D°K® cells transfected with various DNA
constructs served as target cells and DP-restricted E6-specific CDS" T cells as effector cells. (B) CTL assays with various E/T ratios (E/T=1:1, 5:1, 15:1, 45:1) by
using 293 DPK® cells transfected with various DNA constructs served as target cells and DP-restricted E7-specific CD8" T cells as effector cells. CTL assays
demonstrate enhanced presentation of E6, or E7 through the MHC class I pathway indirectly by bone marrow-derived DCs pulsed with cell lysates containing
chimeric HSP60/E6, HSP60/E7, or HSP60/E6/E7 protein. (C) CTL assays at fixed E/T ratio (9:1) using bone marrow-derived DCs pulsed with different
concentrations of cell lysates from various DNA-transfected 293 D® cells, and D -restricted E6-specific CD8" T cells as effector cells. (D) CTL assays at fixed E/T
ratio (9:1) using bone marrow-derived DCs pulsed with different concentrations of cell lysates from various DNA-transfected 293 D°K® cells and DP-restricted

E6-specific CD8" T cells as effector cells.

One was that there was direct enhancement of MHC class |
presentation of E6 or E7 in cells expressing HSP60/E6, HSP60/
E7, or HSP60/E6/E7. As shown in Fig. 3A, 293 D°K" cells
transfected with HSP60/E6 (57.6+5.4%) and HSP60/E6/E7
(63.1+5.2%) DNA generated significantly higher percentages
of specific lysis at 45:1 E/T ratios compared with cells trans-
fected with E6 and HSP60 (10.3+1.4%), HSP60 (4.0+£0.4%),
E6/E7 (4.4+£0.2%), or wild-type E6 (3.1£0.1%) DNA when the
effector cells were the E6-specific CD8" T cell line (»<0.001,
one-way ANOVA).

Similar phenomena were also observed in 293 D°K® cells
transfected with HSP60/E7 (44.2+3.0%), and the HSP60/E6/
E7 (50.9+3.6%) DNA also generated significantly higher per-
centages of specific lysis at 45:1 E/T ratios compared with cells
transfected with E7 and HSP60 (8.7+1.4%), HSP60 (9.1+
0.5%), E6/E7 (9.0+£1.7%), or wild-type E7 (8.2+1.4%) DNA
when the effector cells were changed to the E7-specific CD8" T
cell line (p<0.001, one-way ANOVA) (Fig. 3B).

Another potential mechanism for the observed enhancement
of E7-specific CD8" T cell immune responses in vivo was the so-
called “cross-priming” effect [32], where the HSP70/E7 protein
released from cells were taken up and processed by other
antigen-presenting cells (APCs) via the MHC class I-restricted
pathway [27]. As shown in Fig. 3C, DCs pulsed with lysates of
293 DPK® cells transfected with HSP60/E6 (57.2+4.0%) or
HSP60/E6/E7 (68.7+4.1%) DNA generated a significantly
higher percentage of specific lysis than DCs pulsed with lysates
of 293 DPK" cells transfected with HSP60/E7 (20.2+1.8%) or
the wide-type E6 (10.7+0.6%) DNA construct (»<0.001, one-
way ANOVA), when the effector cells were the E6-specific
CD8" T cell line.

In addition, DCs pulsed with 50 pg/ml lysates of 293 DK"
cells transfected with HSP60/E7 (52.6+5.2%) or HSP60/E6/E7
(56.4+6.3%) DNA generated a significantly higher percentage
of specific lysis than DCs pulsed with lysates of 293 D’K cells
transfected with HSP60/E6 (19.0+1.8%) or the wide-type E7
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Fig. 4. In vivo tumor protection experiments in mice vaccinated with various
protein vaccines and in vivo Ab depletion experiments in mice vaccinated with
HSP60/E6 or HSP60/E7 DNA vaccines. (A) In vivo tumor protection exper-
iments. 100% of mice receiving HSP60/E6, HSP60/E7, or HSP60/E6/E7
remained tumor-free 60 days after TC-1 challenge. (B) /n vivo Ab depletion
experiments of mice vaccinated with HSP60/E6 DNA vaccine. (C) In vivo Ab
depletion experiments of mice vaccinated with HSP60/E7 DNA vaccine. All of
the HSP60/E6 or HSP60/E7 vaccinated mice depleted with CD8" T lym-
phocytes, as well as naive mice, developed tumors within 14 days after TC-1
tumor challenge. All of the HSP60/E6 or HSP60/E7 vaccinated mice depleted of
CD4" T lymphocytes or NK1.1" cells were tumor-free after 60 days of TC-1
tumor challenge.

(8.8+1.3%) DNA construct, when the effector cells were
the E7-specific CD8" T cell line (»<0.001, one-way ANOVA)
(Fig. 3D).

Our in vitro experiments revealed that HSP60/E6, HSP60/E7,
and HSP60/E6/E7 chimeric molecules may enhance antigen-
specific immunity via direct and/or cross-priming effects.

Vaccination with HSP60/E6, HSP60/E7, or HSP60/E6/E7 DNA
enhanced tumor protection in mice challenged with an E6 and
E7-expressing tumor cell line

To determine if the observed enhancement of E6- or E7-
specific CD8" T cell response translated into a significant E6- or
E7-specific protective anti-tumor effect, we performed an in
vivo tumor protection experiment using a previously character-
ized E6- and E7-expressing tumor model, TC-1 [20]. As shown
in Fig. 4A, 100% of mice receiving HSP60/E6, HSP60/E7, or
HSP60/E6/E7 DNA vaccination, when challenged with TC-1
tumor cells, remained tumor-free 60 days after TC-1 challenge.
In comparison, all mice vaccinated with the wild-type E6, E7,
E6/E7, or HSP60 mixed with E6 or E7 DNA developed tumors
within 14 days of challenge.

These results indicated that fusion of HSP60 to E6 and/or E7
antigens is required for anti-tumor immunity of E6 and E7-
expressing TC-1 tumor cells.

CDS8" T cells but not CD4" T cells or natural killer cells were
essential for anti-tumor effect generated by HSP60/E6G or
HSP60/E7 DNA

To determine the subset of lymphocytes important for the
anti-tumor effect, we performed in vivo Ab depletion experi-
ments [16]. As shown in Figs. 4B and C, depleted of CD8" T
cells grew tumors within 15 days after tumor challenge in all
naive mice and those vaccinated with HSP60/E6 or HSP60/E6
DNA vaccine. In contrast, all of the non-depleted mice and
those depleted of CD4" T cells or NK1.1 cells remained tumor-
free 60 days after tumor challenge.

Fig. 5. In vivo tumor treatment experiments in mice at a high therapeutic dose.
Mice treated with DNA encoding HSP60/E6, HSP60/E7, or HSP70/E6/E7
showed similar numbers of tumor nodules, all significantly lower than those in
mice treated with DNA encoding E6, E7, or E6/E7. Data are expressed as mean
number of pulmonary tumor nodules+SEM.
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Fig. 6. In vivo tumor treatment experiments in mice with various therapeutic conditions. (A) Representative pulmonary tumor nodules in various DNA vaccinated groups.
(1) HSP60/E6 group, (2) HSP60/E7 group, (3) HSP60/E6 mixed with HSp60/E7 group, (4) HSP60/E6/E7 group. (B) Mean lung weights in various DNA vaccinated groups.
Mice treated with DNA encoding HSP60/E6/E7 showed significantly lower lung weights than those treated with either HSP60/E6 or HSP60/E7 DNA only. Mice vaccinated
with HSP60/E7 DNA had lower lung weights than those vaccinated with HSP60/E6 DNA. Data are expressed as mean number of pulmonary tumor nodules+SEM.

These results suggested that CD8" T cells are required for
anti-tumor immunity generated by HSP60/E6 and HSP60/E7
DNA vaccines.

Treatment with HSP60/E6/E7 led to significant reduction of
pulmonary tumor nodules

As shown in Fig. 5, mice treated with HSP60/E6 DNA (3.7 +
1.7), HSP60/E7 (1.8+£1.6), or HSP60/E6/E7 (0.0+0.0) all
exhibited significantly fewer pulmonary tumor nodules than
mice treated with the wild-type E6 (70.0+£9.0), wild-type E7
(73.6%6.7), or E6/E7 (70.4+3.1) DNA vaccine (p<0.001, one-
way ANOVA), when started on treatment 2 days after tumor
injection.

The representative figures of pulmonary tumor nodules
treated with various DNA vaccines after 7 days of TC-1 tumor
injection are shown in Fig. 6A. As shown in Fig. 6B, mice
treated with HSP60/E6/E7 DNA led to significantly lower lung
weights (185.0+7.1 mg) than those with HSP60/E6 mixed
with HSP60/E7 (330.0+£20.3 mg), or HSP60/E7 (362.0+
13.8 mg), or HSP60/E6 DNA (665.2+14.8 mg) (one-way
ANOVA, p<0.05), when started on treatment 7 days after
tumor injection.

These data indicated that HSP60, when linked with either E6
or E7 tumor antigens, could generate more potent anti-tumor
effects than wild-type E6 or E7 DNA vaccine in a lung
hematogeous spread therapeutic model. Moreover, HSP60,
when linked with E6 and E7 antigens together, could generate
more potent anti-tumor effects than HSP60 linked with either E6
or E7 tumor antigen, or HSP60/E7 mixed with HSP60/E7.

Discussion

Mice vaccinated with HSP60/E6 or HSP60/E7 DNA en-
hanced E6- or E7-specific CD8" T cell responses. One possible
mechanism for the enhancement of CD8" T cell responses was
the effect of HSP60 in inducing direct-priming mechanism. Our
in vitro data also revealed that HSP60 chimeric DNA vaccine
might enhance CD8" T cell responses via this mechanism.
Ballistic DNA delivery might introduce chimeric HSP60/E6 or
HSP60/E7 DNA directly into the dermal precursors or profes-
sional APCs to enhance the antigen processing and presenting
processes [33]. It was also shown that direct-priming of CD8" T
cells by gene-transfected dendritic cells was the key event in
gene gun-mediated DNA immunization [34]. We posit that
HSP60/E6 or HSP60/E7 DNA vaccine was transfected into the
DCs via the gene gun delivery system to directly enhance E6- or
E7-specific T cell immunity.

Another possible mechanism for the enhancement of CD8"
T cell responses by the chimeric HSP60 DNA vaccine was the
“cross-priming” of HSP/peptide complexes, where the HSP led
exogenous proteins to the MHC-I restricted antigen presentation
pathway. We demonstrated that cross-priming might be one of
possible mechanisms for the chimeric HSP60 DNA vaccine.
HSP60/E6 and HSP60/E7 might be released from other cell types,
such as keratinocytes (which were also transfected by gene gun
vaccination) and then these chimeric HSP60/E6 or HSP60/E7
proteins were released exogenously to be taken up and processed
by other APCs via the MHC class I-restricted pathway [35,36].

HSP complexes taken up by professional APCs are sup-
posed to play an important role in introducing HSP-associated
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peptides into the MHC-I antigen presentation pathway [37].
These mechanisms may provide an explanation for the
observed enhancement of E6- or E7-specific T cell immunity.
CD14 [38] and Toll-like receptors (TLR) 2 and 4 [39,40] are
involved in HSP60-mediated cell activation. As regards
HSP60, studies have shown that CD14, TLR2, and TLR4 are
involved in signal transduction in macrophages [38,41]. It is
interesting to evaluate the in vivo mechanism of HSP60/E7 and
HSP60/E6 DNA vaccine using TLR2 or TLR4 deficient mice
in the future.

Heat-shock proteins of the HSP60 family are molecular
chaperones that enhance immune responses. HSP60 can trans-
port antigens and after internalization, mediates antigen-specific
cytotoxic T cell response [36,42] as observed in this study.
HSP60 protein has also been identified in many infectious agents
as an immuno-dominant antigen with a protective effect. Immu-
nization of laboratory animals by selected HSP60, HSP70, or
HSP90 isolated from several pathogens induces protective host
immunity and significantly reduce the clinical manifestation of
infection [43,44].

Self HSP60 protein and its derived peptide as carriers in a
conjugated vaccine have been shown to protect against lethal
Streptococcus pneumoniae [45,46]. Milan et al. reported that
naked HSP60 DNA provides better protective effects than
recombinant HSP60 protein [43]. Recently, naked HSP60 DNA
has also been utilized to control adjuvant arthritis [47]. Naked
human HSP60 DNA vaccine can also be used to inhibit insulitis
and diabetes in the NOD mice by vaccination with a DNA
construct encoding human HSP60 [48]. Mice, either unprimed
or primed with M. Tuberculosis var. bovis (Bacillus Calmette-
Guerin, BCG), produce a high and long-lasting titer of anti-
peptide antibodies when immunized with repetitive malaria
synthetic peptide (NANP) conjugated to mycobacterial HSP60
[49]. Although this carrier effect is associated with the risk of
immune responses against self HSPs, it still provides a novel
approach for the development of vaccines by a fusion of peptides
or antigens to HSP60.

The 293K°D" cells are always used as the antigen-presenting
cells in various immunologic assays. Ideally, immunologic as-
says that evaluate HPV-related vaccines are better used in actual
HPV-generated tumor cells. However, it is impossible to create
HPV-generated tumor cells in the animal system. Hence, we
tried to use 293K°D® cells to test the immunogenicity of various
HSP60 chimeric DNA vaccines. Although it is not relevant to
actual HPV-generated tumor cells, 293 cells previously trans-
fected and selected to stably express murine class I MHC mole-
cules H2-K® and H2-D° (designated 293K°DP) are good
alternative target cells in evaluating the efficacy of DNA vaccine
in the animal model.

DNA vaccine encoding heat shock protein 60 co-linked to
HPV16 E6 and E7 tumor antigens generates more potent
immunotherapeutic effects than E6 or E7 tumor antigens alone.
Both E6 and E7 can be utilized as target antigens of cancer
vaccine and immunotherapy. The fusion of HSP60 family to E6 or
E7 enhances E6- or E7-specific CD8" T cell-mediated immune
responses. In the past, most HPV researchers focused on E7 [50].
Since E6 represents another important target for potential

vaccines to control HPV-associated lesions, it is crucial to
develop vaccines targeting E6. To combine E6 and E7 as target
tumor antigens is important in aiding the future development of
HPV vaccines. In addition, the ability of HSP60 to enhance
immune responses when linked to two different antigens in DNA
vaccines also suggests that HSP60 may be broadly applicable as a
strategy to enhance DNA vaccines encoding a variety of antigens.
This possibility will be explored further in future DNA
vaccination studies, in which HSP60 will be linked to other
viral or tumor-specific antigens.
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The molecular regulation of resistin expression in cultured
vascular smooth muscle cells under hypoxia
Huei-Fong Hung? Bao-Wei Wang?, Hang Chang® and Kou-Gi Shyu®®

Objectives Resistin has a potential role in atherosclerosis
because resistin produces proinflammatory effects in the
vascular wall. However, the molecular mechanism of
resistin increase in atherosclerosis remains unclear.
Hypoxia plays an important role in vascular remodeling and
directly affects vascular smooth muscle cells functions. We
sought to investigate the molecular regulation of resistin
expression under hypoxia in cultured vascular smooth
muscle cells.

Methods Vascular smooth muscle cells from thoracic aorta
of adult Wistar rats were cultured and subjected to hypoxia
at 2.5% oxygen in a hypoxic chamber. Western blot,
real-time PCR, reactive oxygen species assay, and promoter
activity were measured.

Results Hypoxia significantly increased the resistin protein
(3.5-fold, P<0.001) and mRNA (4.8-fold, P<0.001)
expression as compared with the control cells. The specific
extracellular signal-regulated kinase (ERK) inhibitor
PD98059, antioxidant N-acetylcysteine, and ERK siRNA
attenuated the induction of resistin protein by hypoxia.

It increased the phosphorylated ERK protein expression
(3.2-fold, P<0.001), whereas pretreatment with PD98059
and N-acetylcysteine significantly blocked the increase of
phosphorylated ERK by hypoxia. It also increased the
reactive oxygen species production (9.3-fold, P<0.001), and
pretreatment with N-acetylcysteine significantly blocked the
induction of reactive oxygen species by hypoxia. Hypoxia
increased resistin promoter activity (5.1-fold, P<0.001), and

Introduction

Obesity and atherosclerosis are major public health
problems in developed countries and are increasingly
viewed as inflammatory states [1,2]. For clinical appli-
cations, biomarkers that integrate metabolic and inflam-
matory signals are powerful candidates for defining risk of
atherosclerotic cardiovascular disease [3]. Rodent resistin
is derived almost exclusively from fat tissue, and adipose
expression and serum levels are elevated in models of
obesity and insulin resistance [4—6]. Resistin was shown to
have potent proinflammatory properties [7]. It promotes
endothelial cell activation [8] and causes endothelial
dysfunction of porcine coronary arteries [9]. Recently,
resistin was found to have a potential role in atherosclerosis
because resistin increased proinflammatory cytokine
expression in vascular endothelial cells [10], and it
promoted vascular smooth muscle cell (VSMC) prolifer-
ation [11]. In the atheroma, resistin may contribute to
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the activity was abolished when nuclear factor of activating
T cells in the promoter area was mutated. Pretreatment with
PD98059 and N-acetylcysteine significantly attenuated the
resistin promoter activity induced by hypoxia.

Conclusion Hypoxia increases the resistin expression in
cultured rat vascular smooth muscle cells under hypoxia.
The hypoxia-induced resistin is mediated through reactive
oxygen species, ERK mitogen-activated protein (MAP)
kinase and nuclear factor of activating T cells pathway.
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atherogenesis by virtue of its effects on vascular endo-
thelial cells and smooth muscle cells [12]. Although resistin
has been shown to increase in atherosclerosis, its molecular
regulation mechanism remains unclear. Resistin may
represent a novel link between metabolic signals, inflam-
mation, and atherosclerosis [13].

Several lines of evidence indicate that hypoxia is a
stimulus to VSMCs proliferation and migration, a process
known as the vascular remodeling [14]. Blaschke ez a/.
[15] have shown that hypoxia plays an important role in
vascular remodeling and directly affects VSMCs func-
tions. The effect of hypoxia on resistin expression in
VSMC s has not been previously reported. Nuclear factor
of activating T cells (NFAT) has been demonstrated to
play a key role in various vasculopathies such as athero-
sclerosis and restenosis [16—19]. Hypoxia has been
proved to stimulate the production of reactive oxygen
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species (ROS) in VSMCs [20]. Furthermore, ROS can
activate NFAT [21,22]. We hypothesized that hypoxia
may regulate resistin expression in VSMCs via ROS and
NFAT. Therefore, in this study, we designed to inves-
tigate the resistin expression in VSMCs under the
hypoxia model and tried to seek the possible molecular
mechanisms and signal pathways mediating the expres-
sion of resistin under hypoxia condition.

Materials and methods

Vascular smooth muscle cell culture

Primary cultures of VSMCs were grown by the explant
technique from the thoracic aorta of 200-g to 250-g male
Wistar rats, as described previously [23,24]. Cells were
cultured in medium 199 containing 20% fetal calf serum,
0.1 mmol/l nonessential amino acids, 1 mmol/l sodium
pyruvate, 4mmol/l L-glutamine, 100 U/ml penicillin,
and 100 pg/ml streptomycin at 37°C under 5% CO,/
95% air in a humidified incubator. When confluent,
VSMC monolayers were passaged every 6-7 days after
trypsinization and were used for experiment from the
third to sixth passages. These third to sixth passage cells
were incubated for an additional 2 days to render them
quiescent before the initiation of each experiment. The
study conforms to Guide for the Care and Use of Laboratory
Amimals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996).
The study was reviewed and approved by the Institu-
tional Animal Care and Use Committee of the Shin Kong
Wu Ho-Su Memorial Hospital.

Hypoxic stimulation

A humidified temperature controlled incubator Proox
model 110 (BioSpherix, Redfield, New York, USA) was
used as a hypoxic chamber. For hypoxia conditions, the
concentration of oxygen was reduced to 2.5% by replace-
ment with N, keeping CO; constant at 5%, and incubated
at 37°C for different times. Control was defined as 95%
air and 5% CO,. For the investigation of signal pathways,
cells were pretreated with inhibitors for 30 min, and then
exposed to hypoxia without changing medium. SP600125
(20 pmol/l; Calbiochem, San Diego, California, USA) is a
potent, cell-permeable, selective, and reversible inhibitor
of JNK. SB203580 (3 pwmol/l; Calbiochem) is a highly
specific, cell-permeable inhibitor of p38 Kkinase.
PD98059 (50 pwmol/l; Calbiochem) is a specific and potent
inhibitor of extracellular signal-regulated kinase (ERK)
kinase. N-Acetylcysteine (NAC, 500 pmol/l; Calbiochem)
is a free radical scavenger.

Western blot analysis

Western blot was performed as previously described [25].
Rabbit antiresistin rat polyclonal antibody (Chemicon,
Temecula, California, USA), polyclonal anti-ERK and
monoclonal antiphospho ERK kinase antibodies (Cell
Signaling, Beverly, Massachusetts, USA), polyclonal
anti-NFAT_ 3, and antiphospho NFAT.3 antibodies

(Santa Cruz Biotechnology, Santa Cruz, California,
USA) were used.

Real-time reverse transcription-PCR

Total RNA from cultured VSMCs was extracted using
the single-step acid guanidinium thiocyanate/phenol/
chloroform extraction method [26]. Real-time reverse
transcription-PCR was performed as described previously
[24]. The rat resistin primers were 5-ACTT-
CAGCTCCCTACTG-3 and 5-GTCTATGCTTCCG-
CACT-3.

RNA interference

Cultured VSMCs were transfected with 800ng ERK
annealed siRNA (Dharmacon Inc., Lafayette, Colorado,
USA) or resistin siRNA oligonucleotide (Invitrogen,
Carlsbad, California, USA). ERK or resistin siRNA is a
target-specific 20-25 nt siRNA designed to knockdown
gene expression. ERK sense and antisense of siRNA
sequences were 5-GACCGGAUGUUAACCUUUAUU
and 5-PUAAAGGUUAACAUCCGGUCUU, respect-
ively. Resistin sense and antisense of siRNA sequences
were ACACAUUGUAUCCUCACGGACGUCCC and
GGACGUCCGUGAGGATACAAUGUGU,  respect-
ively. As a negative control, a nontargeting siRNA
(scrambled siRNA) purchased from Dharmacon was
used. VSMCs were transfected with siRNA oligonucleo-
tides using Effectene Transfection Reagent as suggested
by the manufacturer (Qiagen Inc., Valencia, California,

USA).

Reactive oxygen species assay

ROS production was measured using the cell permeant
probe 2'-7'-dichlorodihydrofluorescin diacetate, which
passively diffuses into cells in which intracellular
esterases cleave the acetate groups to form the imperme-
able DCFH, that remains trapped within the cell [27].
After hypoxia treatment, cells were collected by trypsi-
nization and resuspended in phosphate-buffered saline
medium. ROS assay was performed according to the
manufacture’s instruction (Invitrogen, Eugene, Oregon,
USA). Fluorescence microscopy was used to detect the
green fluorescence.

Electrophoretic mobility shift assay

Nuclear protein concentrations from cultured VSMCs
were determined by Biorad protein assay. Consensus
and control oligonucleotides (Research Biolabs, Singa-
pore) were labeled by polynucleotides kinase incorpora-
tion of [y**P]-dATP. Oligonucleotides sequences of
NFAT, were consensus 5-CGCCCAAAGAGGAAAA-
TTTGTTTCATA-3. The mutant oligonucleotides
sequences were 5-CGCCCAAAGCTTAAAATTT-
GTTTC-3'. Electrophoretic mobility shift assay (EMSA)
was performed as previously described [26]. Controls were
performed in each case with mutant oligonucleotides or
cold oligonucleotides to compete with labeled sequences.
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Promoter activity assay

A —741 to +22bp rat resistin promoter construct was
generated as follows. Rat genomic DNA was amplified
with forward primer (ACGCGTCTCAGCGGTA-
GAGCTCTTG) and reverse primer (AGATCTGGA-
GAAATGAAAGGTTCTTCATC). The amplified pro-
duct was digested with M/xl and Bg/Il restriction
enzymes and ligated into pGL3-basic luciferase plasmid
vector (Promega Corp., Madison, Wisconsin, USA)
digested with the same enzymes. The resistin promoter
contains NFAT, conserved sites (AGG) at —365 to
—363bp and HIF-1a conserved sites (CGT) at —112
to —114bp. For the mutant, the NFAT, and HIF-1a
binding sites were mutated using the mutagenesis kit
(Stratagene, La Jolla, California, USA). Site-specific
mutations were confirmed by DNA sequencing. Plasmids
were transfected into VSMCs using a low pressure-accel-
erated gene gun (Bioware Technologies, Taipei, Taiwan)
essentially following the protocol from the manufacturer.
In brief, 2 pg of plasmid DNA was suspended in 5 pl of
PBS and was delivered to the cultured VSMCs at a
helium pressure of 15psi. The transfection efficiency
using this method is 30%. Following hypoxia treatment
for 1.5 h, cell extracts were prepared using Dual-Lucifer-
ase Reporter Assay System (Promega) and measured for
dual luciferase activity by luminometer (Turner Designs
Inc., Sunnyvale, California, USA).

Glucose uptake in cultured vascular smooth muscle
cells

VSMCs were seeded on ViewPlate for 60 min (Packard
Instrument Co., Meriden, Connecticut, USA) at a cell
density of 5 x 10° cells/well in serum free medium with
transferrin 5 pg/ml, insulin 5 pg/ml for overnight. Recom-
binant mouse resistin 20 pg/ml (R&D Systems, Minnea-
polis, Minnesota, USA), resistin siRNA, or NAC were
added to the medium. Glucose uptake was performed by
adding 0.1 mmol/l glucose and 500 nCi/ml p-[3-*H]-glu-
cose (Perkin Elmer, Boston, Massachusetts, USA) for
various periods. Cells were washed with PBS twice.
Nonspecific uptake was performed in the presence of
10 pmol/l cytochalasin B and subtracted from all of the
measured value. MicroScint-20 50 ul was added and the
plate was read with TopCount (Packard Instrument Co.).

Measurement of resistin concentration

Conditioned media from cultured VSMCs under hypoxia
and those from control cells (normoxia) were collected for
resistin measurement. The level of resistin was measured
by a quantitative sandwich enzyme immunoassay tech-
nique (R&D Systems). The lower limit of detection of
resistin was 5 pg/ml. Both the intraobserver and inter-
observer coefficient of variance were less than 10%.

Balloon injury of rat carotid artery
Adult Wistar rats were anesthetized with isoflurane (3%)
and subject to balloon catheter injury of the right carotid

artery. Briefly, a 2F Forgarty balloon catheter (Biosensors
International Inc., Newport Beach, California, USA) was
inserted through the right external carotid artery, inflated
and passed three times along the length of the isolated
segment (1.5-2cm in length), then the catheter was
removed. Resistin siRNA was injected to the segment
and electric pulses using CUY21-EDIT Square Wave
Electroporator (Nepa Gene Co., Litd, Chiba, Japan) were
administered with five pulses and five opposite polarity
pulses at 250 V/cm, 50 ms duration, 75 ms interval using
Parallel fixed platinum electrode (CUY610P2-1, 1 mm
tip, 2mm gap). The injected siRNA was incubated for
10 min. After incubation, unbound siRNA was aspirated.
The carotid artery was then tied off and the neck was
closed. The rats were sacrificed at 14 days after balloon
injury. The carotid artery was harvested and fixed in 10%
formaldehyde and sliced into 5pm paraffin sections.
Then immunohistochemical study was performed as
previously described [28].

Statistical analysis

The data were expressed as mean =+ SD. Statistical sig-
nificance was performed with analysis of variance (Graph-
Pad Software Inc., San Diego, California, USA). The
Dunnett’s test was used to compare multiple groups to
a single control group. Tukey—Kramer comparison test
was used for pairwise comparisons between multiple
groups after the analysis of variance. A value of
P <0.05 was considered to denote statistical significance.

Results

Hypoxia increases resistin expression in cultured
vascular smooth muscle cells

To test the effect of hypoxia on the resistin expression,
different degrees of hypoxia were used. As shown in
Fig. 1a and b, hypoxia at 2.5% oxygen for 2 h significantly
induced resistin expression, whereas hypoxia at 5 and
10% oxygen had no effect on resistin expression. We then
used 2.5% oxygen as hypoxia to the following exper-
iments. As shown in Fig. 1c and d, the level of resistin
induction by 2.5% oxygen was similar to that induced by
growth factor such as platelet-derived growth factor
(PDGF) at 5ng/ml (PeproTech Inc., Rocky Hill, New
Jersey, USA) and proinflammatory stimuli, such as TNF-
a at 100 pg/ml (R&D systems). We further showed that
hypoxia at 2.5% oxygen induced resistin protein expres-
sion maximally at 2 h after hypoxia treatment and main-
tained elevated for 8h (Fig. 2a and b). The levels of
resistin mRNA also significantly increased from 1.5 to
6 h after hypoxia treatment (Fig. 2¢). The immunohisto-
chemical staining demonstrated that resistin was present
in the smooth muscle cells in the atheroma induced by
balloon injury for 14 days as shown in Supplementary I.
We used resistin siRNA by electric pulse to deliver the
resistin siRNA to the intimal area. As shown in Supple-
mentary Fig. SI, the neointimal area decreased and
resistin labeling decreased by siRNA in the atheroma.
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Fig. 1

Effect of hypoxia and proinflammatory cytokines on resistin expression in cultured vascular smooth muscle cells. (a and ¢) Representative western
blots for resistin in VSMCs treated with different concentrations of oxygen, platelet-derived growth factor, or TNF-a for 2h. (b and d) Quantitative
analysis of resistin protein levels. The values from treated VSMCs have been normalized to values in control cells (n =4 per group). *P < 0.001 vs.
control. The P-value for comparing control with 5 and 10% O, is 0.170. The P-value for comparing PDGF, TNF-a with 2.5% O, is 0.125. PDGF,

platelet-derived growth factor; VSMC, vascular smooth muscle cell.
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Fig. 2

Hypoxia increases resistin protein and mRNA expression in vascular smooth muscle cells. (a) Representative western blots for resistin in VSMCs
subjected to 2.5% oxygen stimulation for various periods. (b) Quantitative analysis of resistin protein levels. The values from hypoxic VSMCs have
been normalized to values in control cells (=3 per group). *P < 0.001 vs. control. (c) Quantitative analysis of resistin mRNA levels. The mRNA
levels were measured by real-time PCR. The values from hypoxic VSMCs have been normalized to matched actin measurement and then expressed
as a ratio of normalized values to mRNA in control cells (n=3 per group). *P< 0.01 vs. control. VSMC, vascular smooth muscle cell.
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Fig. 3

Reactive oxygen species and extracellular signal-regulated and mitogen-activated protein kinases are important regulators that mediate hypoxia-
induced resistin expression in vascular smooth muscle cells. Upper panel, representative western blots for resistin protein levels in VSMCs subjected
to hypoxia stimulation for 2 h or control cells without hypoxia in the absence or presence of inhibitors, and siRNA. Dp44mT was added to VSMCs
without hypoxia. Lower panel, quantitative analysis of resistin protein levels. The values from stimulated VSMCs have been normalized to values in
control cells (n=4 per group). *P< 0.001 vs. 2h. VSMC, vascular smooth muscle cell.

Macrophage was also found in the atheroma with anti-
CD68 antibody staining.

Hypoxia-induced resistin protein expression in vascular
smooth muscle cells is mediated by reactive oxygen
species and extracellular signal-regulated kinase

T'o investigate the possible signaling pathways mediating
the hypoxia-induced resistin expression, different inhibi-
tors were used. As shown in Fig. 3, the western blots
demonstrated that the hypoxia-induced increase of resis-
tin protein was significantly attenuated after the addition
of PD98059 or NAC 30 min before hypoxia treatment.
The resistin protein induced by hypoxia was not affected
by the addition of SP600125 and SB203580. Dimethyl
sulfoxide as the vehicle for PD98059 did not affect
resistin expression induced by hypoxia. Addition of
2,2'-dipyridyl-NV,N-dimethylsemicarbazone  (Dp44m'T,
30 pwmol/l; Calbiochem) alone without hypoxia treatment

significantly increased resistin expression. ERK siRNA
also completely blocked the resistin expression induced
by hypoxia. The control siRNA did not affect the resistin
expression induced by hypoxia.

As shown in Fig. 4, hypoxia for 1.5 and 2 h significantly
increased the ROS production by using ROS assay with
fluorescent microscope. Pretreatment with NAC signifi-
cantly blocked the induction of ROS by hyperbaric oxy-
gen. In the control group with normoxia treatment, very
few VSMCs expressed green fluorescence.

As shown in Fig. 5a and b, phosphorylated ERK protein
was induced by hypoxia in a time-dependent manner.
The phosphorylated ERK protein was maximally
induced at 1.5h of hypoxia treatment and remained
elevated until 4 h. The pattern of increase in phosphory-
lated ERK protein after hypoxia was slightly earlier than
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Fig. 4

Effect of hypoxia on reactive oxygen species formation in vascular
smooth muscle cells. (a) Representative microscopic image for ROS
assay with (left panel) or without green fluorescence (right panel) in
VSMCs subjected to hypoxia stimulation for 2 h or control cells without
hypoxia in the absence or presence of NAC. (b) Quantitative analysis of
the positive fluorescent cells. Control group indicates normoxia group
(n=4 per group). *P < 0.001 vs. control. NAC, N-acetylcysteine; ROS,
reactive oxygen species; VSMC, vascular smooth muscle cell.

that of resistin protein after hypoxia as shown in Fig. 2.
The phosphorylated ERK was abolished by pretreatment
with PD98059 or NAC. ERK siRNA knocked down the
ERK protein expression by 72% (from 3.2-fold to 0.89-
fold). The phosphorylated NFA'T, protein activated by
hypoxia was similar to the pattern of phosphorylated
ERK activated by hypoxia. The phosphorylated NFAT,
induced by hypoxia was attenuated by pretreatment with
PD98059, NAC, or ERK siRNA (Fig. 5c¢ and d). These
data indicate that ROS was generated before the ERK

activation and ERK was activated before NFAT . acti-
vation, clarifying the sequence of ROS generation, ERK
and NFAT, activation.

Hypoxia increases nuclear factor of activating T cells
binding activity

Hypoxia treatment for cultured VSMCs for 1-4 h signifi-
cantly increased the DNA-protein binding activity of
NFAT (Fig. 6). An excess of unlabeled NFA'T oligonu-
cleotide competed with the probe for binding NFAT
protein, whereas an oligonucleotide containing a 3-bp
substitution in the NFAT-binding site did not compete
for binding. Addition of PID98059 30 min before hypoxia
abolished the DNA-protein binding activity induced by
hypoxia. DNA-binding complexes induced by hypoxia
could be supershifted by a monoclonal NFAT ;. antibody,
indicating the presence of this protein in these
complexes.

Hypoxia increases resistin promoter activity

"The rat resistin promoter construct contains Stat-3, AP-1,
NFAT,, NF-kB, and HIF-1a binding sites. Hypoxia for
1.5 h significantly increased the resistin promoter activity
by 5.2-fold as compared with control without hypoxia
(Fig. 7). When the NFA'T' .-binding sites were mutated,
the increased promoter activity induced by hypoxia was
abolished. Addition of PD98059 and NAC 30 min before
hypoxia abolished the increased resistin promoter. The
promoter activity of HIF-la mutant was significantly
enhanced after hypoxia treatment and addition of
PD98059 and NAC did not change the promoter activity.
The promoter activity of wild resistin promoter after
hypoxia was significantly higher than that of HIF-1a
mutant resistin promoter. This finding indicates that
hypoxia regulates resistin in VSMCs at transcriptional
level and that NFAT -binding sites in the resistin pro-
moter is essential for the transcriptional regulation.
Combing mutation of NFATC and HIF-1a binding sites
did not further reduce the promoter activity as compared
with mutation of NFATC-binding site alone. This find-
ing indicates that the HIF-1a binding site is not the major
part for the transcriptional regulation of resistin expres-
sion in the hypoxic model of VSMC.

Recombinant resistin reduces glucose uptake

Recombinant mouse resistin at 20 pg/ml significantly
reduced glucose uptake at various periods of incubation
as compared with control VSMCs without treatment
(Fig. 8). The dose of recombinant mouse resistin used
in the study was according to the study by Graveleau ez a/.
[29]. The glucose uptake in hypoxic cells was similar to
that in exogenous addition of resistin. Addition of resistin
siRNA or NAC before recombinant resistin treatment
reversed the glucose uptake to baseline levels. Addition
of Dp44mT, a ROS generating agent, reduced the glu-
cose uptake in cultured VSMCs similar to exogenous
addition of resistin. Using serum free medium in the
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Fig. 5

Expression of extracellular signal-regulated and mitogen-activated protein kinases and nuclear factor of activating T cells in vascular smooth muscle
cells. (a and c) Representative western blot for phosphorylated and total ERK MAP and NFAT, in VSMCs after treatment with hypoxia for various
periods with or without inhibitor. (b and d) Quantitative analysis of phosphorylated protein levels. The values from hypoxic VSMCs have been
normalized to matched actin and corresponding total protein measurement and then expressed as a ratio of normalized values to each
phosphorylated protein in control cells (n=3 per group). *P < 0.001 vs. control. **P < 0.001 vs. 1.6 h. ERK, extracellular signal-regulated kinase;
MAP, mitogen-activated protein; NAC, N-acetylcysteine; NFAT,, nuclear factor of activating T cells; VSMC, vascular smooth muscle cell.

absence of insulin and resistin, the glucose uptake for Hypoxia stimulates secretion of resistin from vascular
VSMCs was 140 £ 10 cpm, whereas addition of resistin smooth muscle cells

reduced the glucose uptake to 106 £8cpm (P <0.05, As shown in Fig. 9, hypoxia significantly began to
n=23). increase the resistin secretion from VSMCs at 1h after

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Hypoxia increases resistin in vascular smooth muscle cell Hung et al. 2357

Fig. 6

Hypoxia increases nuclear factor of activating T cells binding activity.
Representative electrophoretic mobility shift assay showing protein
binding to the NFAT, oligonucleotide in nuclear extracts of vascular
smooth muscle cells after hypoxia stimulation in the presence or
absence of inhibitors. Arrow indicates the mobility of the complex.
Similar results were found in another two independent experiments.
Cold oligo means unlabeled NFAT, oligonucleotides. A significant
supershifted complex (S) after incubation with NFAT,, antibody was
observed. NFAT,, nuclear factor of activating T cells.

hypoxia treatment and remained elevated for 6 h. The
mean concentration of resistin rose from 102 £ 10 pg/ml
before hypoxia to 540 £ 20 pg/ml after hypoxia for 2h
(P<0.01).

Discussion

In this study, we demonstrated several significant find-
ings. First, hypoxia at 2.5%, but not 5 and 10% oxygen
upregulates resistin expression in VSMCs; second, ROS,
ERK kinase and NFATT transcription factor are involved
in the signaling pathway of resistin induction; third,
resistin impairs glucose uptake in cultured VSMCs,
and finally, hypoxia-induced resistin secretion from
VSMCs. Our data clearly indicate that moderate hypoxia
plays a crucial role in the modulation of resistin expres-
sion in VSMGCs. Our data also demonstrated that func-
tional consequence of resistin upregulation by hypoxia
resulted in reduction of glucose uptake. We have demon-
strated that secreted resistin is already elevated at 1h
after hypoxia; however, resistin RNA levels are not
increased yet. The resistin mRNA increased at 2 h after
hypoxia. There are possibly two purely hypothetical
explanations. First, the sercretion of stored resistin
protein may be a possible explanation for the finding
that the secreted resisitn protein level is elevated before

the increase in mRNA level. Second, hypoxia may first
protect resistin protein degradation and then enhance
resistin protein synthesis by increased mRNA. To date,
no resistin receptor has been reported yet. The resistin
functions as mediator of insulin resistance. In this study,
we analyzed the expression of resistin after PDGF and
TNF-a and found a remarkable induction of resistin
protein level even after stimulation with low level of
PDGF and TNF-«a, comparable to the level after 2.5%
hypoxia. This finding indicates that effect on resistin
expression in VSMC by hypoxia at 2.5% oxygen is similar
to that by PDGF and TNF-a. Hypoxia at 2.5% has
proinflammatory and growth factor effect on VSMCs.

T'he induction of resistin protein by hypoxia was largely
mediated by ROS and ERK kinase pathway because the
potent antioxidant, NAC and specific and potent inhibi-
tors of an upstream ERK kinase, PD98059, inhibited the
induction of resistin protein. Hypoxia increased ROS
formation in VSMCs and NAC reduced the ROS for-
mation induced by hypoxia. A ROS generating agent,
Dp44m'T, increased resistin protein expression similar to
hypoxia. The signaling pathway of ERK was further
confirmed by the finding that ERK siRNA inhibited
the induction of resistin protein by hypoxia. Hypoxia
increased phosphorylated ERK protein and NAC atte-
nuated the induction of phosphorylated ERK protein.
Our finding indicates that hypoxia generates ROS first
and then ROS activates ERK protein.

Hypoxia is an important stimulus for the neointimal
angiogenesis in the vessel wall because neoangiogenesis
develops in response to inadequate perfusion through the
thickened atherosclerotic plaques [30]. Hypoxia may
cause plaque thrombosis during atherosclerosis because
of poor perfusion caused by thickened atherosclerotic
plaques. Sato ez a/. [20] have demonstrated that hypoxia
stimulates the production of ROS in VSMGCs. In this
study, we clearly demonstrated that hypoxia generated
ROS in VSMCs. NFAT can be activated by ROS in
mouse embryo fibroblast [21] and human colon cancer
cell [22]. NFAT, a Ca“-dependent transcription factor
that regulates the expression of genes in both immune
and nonimmune cells [31,32], has been linked to smooth
muscle phenotypic maintenance [33,34]. In this study, we
demonstrated that hypoxia stimulation of NFAT-DNA
binding activity required at least phosphorylation of the
ERK as ERK inhibitor abolished the NFAT-binding
activity. NFAT. monoclonal antibody shifted the
NFAT-DNA binding complex, indicating the specificity
of the NFAT-DNA binding activity induced by hypoxia.
We further demonstrated that hypoxia increased resistin
promoter activity and the binding site of NFAT in the
resistin promoter is essential for the transcriptional regu-
lation. Taken together, our results indicate that hypoxia
may increase the NFAT transcriptional activity in VSMCs.
Recently, NFAT has been demonstrated to play a key
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Fig. 7

Effect of hypoxia on resistin promoter activity in vascular smooth muscle cells. Upper panel, constructs of resistin promoter gene. Positive +1
demonstrates the initiation site for the resistin transcription. Lower panel, quantitative analysis of resistin promoter activity. VSMCs were transiently
transfected with pResistin-Luc by gene gun. The luciferase activity in cell lysates was measured and was normalized with renilla activity (n=3 per
group). *P < 0.001 vs. control. **P < 0.001 vs. 1.5h. NAC, N-acetylcysteine; VSMC, vascular smooth muscle cell.

Fig. 8

Effect of hypoxia and recombinant resistin on glucose uptake in vascular smooth muscle cells. Glucose uptake was measured in VSMCs treated for
90 min with 20 pg/ml recombinant mouse resistin with or without siRNA or NAC or Dp44mT. *P < 0.001. Data are from three independent
experiments. NAC, N-acetylcysteine; VSMC, vascular smooth muscle cell.
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Fig. 9

2359

Hypoxia increases release of resistin from vascular smooth muscle cells subjected to 2.5% oxygen for various periods (n=3). *P < 0.001 vs. control.

role in various vasculopathies such as atherosclerosis and
restenosis [16—19]. NFAT, has been demonstrated to
mediate hypoxia-induced pulmonary arterial remodeling
[19] and blockade of NFA'T can reduce SMC proliferation
and restenosis [16—18]. The increased NFAT promoter
activity by hypoxia may contribute to the vasculopathy
induced by hypoxia.

Biomarkers that integrate metabolic and inflammatory
signals are powerful candidates for defining risk of
atherosclerotic  cardiovascular disease [3]. Hyper-
resistinemia impairs glucose tolerance and induces hepatic
insulin resistance in rodents [35], whereas mice deficient
in resistin are protected from obesity-associated insulin
resistance [36]. Our study using VSMC culture system
demonstrated the impaired glucose transport by resistin.
The glucose uptake in VSMCs was reduced by resistin
upregulation. Impairment of glucose transport may explain
the potential mechanism of resistin induction of insulin
resistance. Recently, Yang ¢z @/. [37] have reported that
NFAT contributes to glucose and insulin homeostasis
and NFA'T regulates resistin expression upon insulin
stimulation. In the present study, we demonstrated that
hypoxia increased resistin secretion from VSMCs, indicat-
ing that resistin plays an autocrine or paracrine function in
VSMCs. We also demonstrated that the binding site of
NFAT., in the resistin promoter is essential for the trans-
criptional regulation. We have demonstrated significant
reduction in resistin promoter activity after mutation of
HIF-1a binding site as compared with the wild-type
promoter under hypoxic conditions. This may indicate
that HIF-1a binding site in the resistin promoter is
also involved in the regulation of resistin expression under
hypoxia in VSMCs. However, combing mutation of
NFATC and HIF-1a binding sites did not further reduce
the promoter activity as compared with mutation of

NFATC binding site alone. This finding indicates that
the HIF-1a binding site is not the major part for the
transcriptional regulation of resistin expression in the
hypoxic model of VSMC. The link between resistin and
NFAT may contribute to glucose homeostasis in VSMCs.
The present study suggests resistin as a metabolic link
between hypoxia, inflammation and atherosclerosis.

In summary, our study reports for the first time that
hypoxia enhances resistin expression in cultured rat
VSMCs. The hypoxia-induced resistin is mediated
through ROS, ERK kinase and NFAT pathway. Glucose
uptake in VSMCs is reduced by resistin upregulation.
The resistin induced by hypoxia may contribute to the
pathogenesis of atherosclerosis under hypoxia.
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An HDAC inhibitor enhances the antitumor activity of a CMV
promoter-driven DNA vaccine
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The cytomegalovirus (CMV) promoter is considered to be one of the strongest promoters for driving the in vivo expression of genes
encoded by DNA vaccines. However, the efficacy of DNA vaccines has so far been disappointing (particularly in humans), and this
might be explained in part by histone deacetylase (HDAC)-mediated chromatin condensation. Hence, we sought to investigate
whether increasing the expression of DNA vaccine antigens with the HDAC inhibitor OSU-HDAC42 would enhance the efficacy of
DNA vaccines in vivo. A luciferase assay was used to determine the effects of OSU-HDAC42 on CMV promoter-driven DNA
plasmids in vitro and in vivo. Three HDAC inhibitors were able to activate expression from the CMV promoter in NIH3T3 cells and
MBT-2 bladder cancer cells. The expression of luciferase was significantly enhanced by co-administration of pCMV-luciferase and
OSU-HDAC42 in mice. To explore whether OSU-HDAC42 could enhance the specific antitumor activity of a neu DNA vaccine
driven by the CMV promoter, we evaluated therapeutic effects and immune responses in a mouse tumor natively overexpressing
HER2/neu. Mice receiving OSU-HDAC42 in combination with the CMV-promoter neu DNA vaccine exhibited stronger antitumor
effects than mice given the DNA vaccine only. In addition, a correlation between the antitumor effects and the specific cellular
immune responses was observed in the mice receiving the DNA vaccine and OSU-HDACA42.

Cancer Gene Therapy advance online publication, 23 October 2009; doi:10.1038/cgt.2009.65
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gene gun bombardment with DNA-coated gold particles.*
Many studies have shown that gene gun-mediated
immunization is far more efficient than intramuscular
injection, as it elicits similar levels of antibody and cellular
responses with less DNA.°

The cytomegalovirus (CMV) promoter is considered to

Introduction

DNA vaccines offer a new and powerful approach for
generating antigen-specific cancer vaccines and immu-
notherapies. Naked plasmid DNA is cost-effective,
thermostable, easy to construct, and can be easily

prepared on a large scale with high purity.!? Two
common routes of immunization have been developed
for delivering DNA vaccines for genetic immunization:
intramuscular needle injection of DNA? and epidermal
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be one of the strongest promoters for driving the
expression of genes encoded by DNA vaccines in vivo.®
Many studies have showed the therapeutic efficacy of
virus promoter-driven DNA vaccines in preclinical
animal models. For example, our previous study showed
that CMV promoter-driven cDNA encoding the extra-
cellular domain of the human HER-2/neu gene had
a therapeutic effect on established HER-2/neu-expressing
tumors.” However, the therapeutic efficacy of virus
promoter-driven DNA vaccines to date has mostly been
disappointing in large animal models and in human
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clinical trials.* ' One possible cause for these disappoint-
ing results may be the inactivation of the virus promoter
by histone deacetylase (HDAC)-mediated chromatiniza-
tion of the process of transcription.'!'" HDACs are
enzymes that catalyze removal of acetyl groups from the
g-amino group of specific lysine residues present within
the histone tails. On histone deacetylation, tight packa-
ging of the DNA because of chromatin condensation
takes place,'? which decreases the binding of transcription
factors to promoters and ultimately causes gene silencing.

Many compounds that inhibit HDAC activity have been
developed and characterized. On the basis of their chemical
structures, major HDAC inhibitors can be classified into
four categories: short-chain fatty acids, cyclic peptides,
benzamide derivatives, and hydroxamic acids.'® The avail-
ability of HDAC inhibitors accounts in large part for the
identification and characterization of HDACs and the rapid
advances in our understanding how HDACS repress gene
transcription.' Recently, several studies have also showed
that HDAC inhibitors can influence virus promoter-driven
DNA transcription units introduced into mammalian cells
or mice. For example, the HDAC inhibitors butyrate and
tricostatin A both activated CMV promoter-controlled
glycosyltransferase and B-galactosidase glycogenes.'> In
addition, the HDAC inhibitor trichostatin A (TSA)
upregulated SV40 and CMV promoter activity in mice.'®
The HDAC inhibitor FR901228 and TSA greatly enhanced
the transcriptional activity of the SV40 promoter in an
enhancer-dependent manner.'” Hence, the HDAC inhibitor-
mediated upregulation of virus promoter-driven gene
expression may be applicable in many research fields.

In this study, we hypothesized that addition of an HDAC
inhibitor could enhance expression of the CMV promoter-
driven neu DNA vaccine and thereby improve its therapeutic
effects in an animal tumor model. To evaluate the effects of
an HDAC inhibitor on the induction of antitumor immune
responses by DNA vaccination, local subcutaneous injection
of the HDAC inhibitor OSU-HDAC42 was evaluated in
conjunction with neu DNA vaccination against a mouse
tumor naturally overexpressing HER-2/neu. OSU-HDAC42
is a novel hydroxamate-tethered phenylbutyrate derivative
HDAC inhibitor, and it possesses potent cytotoxicity toward
prostate cancer cells and hepatocarcinoma.'®!” The results
indicate that OSU-HDAC42 increased the expression of the
neu DNA vaccine and enhanced its antitumor effects, which
were associated with increases in lymphocyte infiltration and
specific cytotoxic T cells.

Materials and methods

Tissue culture and chemical compounds

NIH 3T3 fibroblasts (American Type Culture Collection,
Manassas, VA) and MBT-2 cells (a mouse transitional cell
carcinoma cell line) were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum
and 1% penicillin—streptomycin. Sodium butyrate and
TSA were purchased from the Sigma Chemical Company
(St Louis, MO). OSU-HDAC42 (NSC 736012) is a gift
from Dr Ching-Shih Chen, and it is a novel hydroxamate-
tethered phenylbutyrate derivative that has received IND
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approval from the FDA, and it is scheduled to enter
clinical trials later this year.'®!"

NIH3T3 and MBT-2 cell transfection

NIH3T3 and MBT-2 cells were transfected with 0.5 pg of
pCMV-luciferase in the presence of Lipofectamine 2000
(Invitrogen, Carlsbad, CA). Forty-eight hours after
transfection (24h after HDAC inhibitor treatment), the
cells were collected for luciferase assays.

Luciferase assay

Cells were collected 24 h after HDAC inhibitor treatment
and the luciferase activity of the cell lysate was determined
using a Promega luciferase assay kit (Promega, Madison,
WI). The samples were counted for 10 s and the luciferase
activity values were normalized per unit (relative light unit
per second) of total protein

Mice

BALB/c and C3H/He mice (6-8 weeks of age) were
obtained from National Cheng Kung University and
approved by the National Cheng Kung University animal
welfare committee.

DNA administration by gene gun with non-coated DNA
The protocol and delivery device for DNA plasmid
administrations by gene gun have been described earlier.?”
Briefly, for naked DNA vaccination, 1pg of DNA
plasmid dissolved in 20 ul of autoclaved double-distilled
water was directly added to the loading hole near the
nozzle and then delivered to the shaved abdominal region
of mice at a discharge pressure of 60psi using a low-
pressure-accelerated gene gun (GDS-80) (Wealtec Tech-
nologies Co. Ltd, Taipei, Taiwan).

Bioluminescence reporter imaging

BALB/c mice were administered pCMV-luciferase and
received the HDAC inhibitor OSU-HDAC42 by local
intraperitoneal subcutaneous injection 1 day after DNA
plasmid administration. The luciferase activity on the skin of
the mice was measured at 48 and 72h after bombardment
with pCM V-luciferase. The distribution of luciferase activity
in treated mice was visualized using a night owl imaging unit
(Berthold Technologies, Bad Wildbad, Germany) consisting
of a peltier-cooled CCD slow-scan camera mounted on a
light-tight specimen chamber. Images were generated by
WinLight software (Berthold Technologies). For the detec-
tion of bioluminescence, mice received 100l D-luciferin in
saline at a dose of 100mgkg™" (Synchem OHG, Altenburg,
Germany). Mice were placed in the light-tight chamber and a
grayscale photo was first taken with dimmed light. Photon
emission was then integrated over a period of Smin.
Luminescence measurements are expressed as the integration
of the average brightness/pixel unit expressed as photon
counts emitted per second.

Detection of green fluorescent protein (GFP)-positive
dendritic cells in inguinal lymph nodes from mice
This protocol was modified from one reported earlier.’ In
brief, C3H/He mice were inoculated with 1 pg pCMV-EGFP



DNA plasmid (pEGFR-NI; Clontech Laboratories, Inc.,
Palo Alto, CA) with the HDAC inhibitor OSU-HDACA42.
Inguinal lymph nodes were collected 48h after DNA
plasmid administration. The dendritic cell (DC) popula-
tion was determined by staining with monoclonal anti-
DC-PE antibody (eBioscience). FACSCalibur flow cyto-
metry (BD Bioscience, Mountain View, CA) was used to
determine the percentage of GFP-positive DCs in a DC-
gated population.

Therapeutic efficacy of the DNA vaccine

C3/HeN mice were injected subcutaneously in the flank with
1 x 10° MBT-2 cells in 0.5ml PBS. At day 10, 1 pg of naked
DNA vaccine in 20 pl of autoclaved double-distilled water
was gene gun administered into the skin three times at weekly
intervals. Control mice were injected with 1 pg pRc/CMV in
20l of autoclaved double-distilled water. The mice were
treated with OSU-HDAC42 1 day after DNA vaccination.
Tumor size was determine using a caliper at 3 day intervals
and calculated using the formula for a rational ellipse:
(m? x my x 0.5236), where m, represents the short axis and
m, the longer axis. Mice were killed when the mean diameter
of the tumor exceeded 2000 mm® or the mouse was in poor
condition and expected shortly to become moribund.
Statistically significant differences were revealed by Kaplan—
Meier analysis of survival.

Measurement of antineu antibodly titers

The level of neu cross-reactive antibodies was determined by
testing sera from the immunized mice by ELISA with human
recombinant erbB2 (R&D, Minneapolis, MN)-coated wells
as described elsewhere.”® Serum immunoglobulin (Ig) G
antibody response was carried out with alkaline phospha-
tase-conjugated rat antimouse IgG secondary antibodies
(Calbiochem, Darmstadt, Germany). Color development
was facilitated using 3,3',5,5-tetramethylbenzidine (Sigma).
After a 15-min incubation, the reaction was stopped by the
addition of 100pul of 2N H,SO4 and the ODy4sonm was
determined in an ELISA micro plate reader (Dynatech
MRS5000 plate reader, Dynatech Lab Inc., Chantilly, VA).

In vitro cytotoxic T lymphocytes induction and activit

This protocol was modified from one reported earlier.”’
DNA-vaccinated mice were killed 1 week after the last
DNA vaccination, and spleens were isolated and RBCs
were removed from single-cell splenocyte suspensions
using a NH4,CI-KCI lysis buffer. A total of 7 x 10°
washed splenocytes was then stimulated with 20 pgml ™"
human recombinant ErbB2 protein in RPMI 1640
medium containing 10% FBS, 20 ugml~" streptomycin,
20 Uml ™! penicillin, and 50 um 2-ME (Life Technologies,
Rockville, MD). On day 5, the splenocytes (effector cells)
were collected and co-incubated with MBT-2-luciferase
cells (target cells) at various effector: target ratios in a 96-
well U-bottomed plate. After a 12-h incubation, 100 pl of
supernatant was collected from each well, and released
luciferase activity was assayed with luciferin using a
luminometer (EG&G, Berthold, MiniLumat LB9506
luminometer, Bad Wildbad, Germany).

An HDAC inhibitor enhances the antitumor activity of DNA vaccine
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Immunohistochemistry

The infiltration of tumors by T cells in vaccinated mice
was analyzed by immunohistochemistry using anti-CDS8
antibody (53-6.7, Pharmingen, San Diego, CA) or anti-
CD4 antibody (GK1.5; BD PharMingen, San Diego, CA)
as described earlier.?! The average number of infiltrating
T cells was quantified by light microscopy with a x 10
eyepiece and a x 40 objective lens. The total number of
cells in five high-power fields was counted. Three samples
from three mice were analyzed.

Results

An HDAC inhibitor enhances the transcriptional activity
of the CMV promoter in vitro and in vivo

As the human CMYV immediate-early promoter/enhancer is
one of the strongest mammalian promoters,” we first
determined whether HDAC inhibitors would enhance
CMYV promoter activity in vitro. MBT-2 cells and NIH3T3
cells were co-transfected with a CMV promoter-driven
luciferase plasmid and three different HDAC inhibitors,
TSA, OSU-HDAC42, and sodium butyrate, and luciferase
activity was assessed. CMV promoter activity was strongly
enhanced in MBT-2 (Figure la) and NIH3T3 cells
(Figure 1b) by each of these three different HDAC
inhibitors in a dose-dependent manner. Therefore, we
further investigated whether an HDAC inhibitor would
increase the protein expression of a DNA plasmid under
control of the CMV promoter in vivo. Luciferase was used
as a reporter gene to monitor the expression of the DNA
vaccine plasmid. The HDAC inhibitor OSU-HDAC42 was
injected subcutaneously at the site of DNA vaccination 1
day after administration of CMV-luciferase DNA, and the
luciferase activity was recorded with in vivo imaging at 48
and 72h after DNA administration. Mice that received
both OSU-HDAC42 and CMV-luciferase plasmid DNA
exhibited stronger luciferase activity than mice that
received plasmid DNA only (Figure 2a). Quantitation of
the luciferase expression is shown in Figure 2b. The
strength of the immune response induced by a DNA
vaccine usually correlates with the number of migrated DC
in the inguinal lymph nodes. A greater percentage of GFP-
positive DC cells were present in lymph nodes from mice
injected with both pCMV-EGFP and OSU-HDAC42
(Figure 3a). A graphic representation of the number of
GFP-positive DC cells is depicted in Figure 3b. In
addition, the difference between mice given 10ug versus
100 ng OSU-HDAC42 in combination with CMV-EGFP
DNA plasmid was also statistically significant (P <0.05).

Therapeutic efficacy of naked HER-2/neu DNA vaccine
with or without an HDAC inhibitor on established
tumors in syngeneic mice

OSU-HDAC42 is a novel hydroxamate-tethered phenyl-
butyrate with a low nanomolar ICsy, for HDAC inhibi-
tion. In addition, it has been tested in a prostate cancer
animal model and showed promising antitumor activity.'®
Therefore, we further tested the effects of OSU-HDAC42
on the therapeutic effect of HER-2/neu DNA vaccination

Cancer Gene Therapy
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Activation of the CMV promoter by three different HDAC inhibitors in vitro. (a) MBT-2 cells or (b) NIH3T3 cells were transfected with

plasmid DNA containing a CMV promoter-driven luciferase reporter plasmid and supplemented with increasing doses of three different HDAC
inhibitors: TSA, OSU-HDAC42, or sodium butyrate. The luciferase activity was determined. Lane 1 shows pGL3-basic DNA plasmid transfection
(control). Experiments were carried out in triplicate and repeated two times with similar results.

against MBT-2 bladder tumor cells in C3H/HeN mice.
The mice that received 100 pg OSU-HDAC42 in combi-
nation with a human HER-2/neu naked DNA vaccine
exhibited growth delay of MBT-2 tumors (Figure 4a) and
had extended survival times relative to mice given the
DNA vaccine alone (Figure 4b). In addition, mice
receiving 100 g OSU-HDAC42 and the DNA vaccine
had significantly longer lifespans than the mice receiving
10 ug OSU-HDAC42 and DNA vaccine (P<0.05).
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HDAC inhibition enhanced the HER2-specific cellular
immune response induced by neu DNA vaccine

To examine the immunological responses induced by the
combination of OSU-HDAC42 and HER-2/neu DNA
vaccine, we measured total anti-p185"°" IgG in mouse
serum. Anti-p185™" IgG was detected in all mice
receiving human HER-2/neu DNA vaccine with or
without OSU-HDAC42. A minor increase in pl85™"
antibody was observed when mice were treated with the
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Figure 2 The HDAC inhibitor OSU-HDAC42 enhanced the expression of genes controlled by the CMV promoter in mice. (a) Expression of
luciferase in skin. Mice were inoculated with 1 g of pCMV-luciferase DNA alone or with different doses of OSU-HDAC42. In vivo images showing
luciferase activity at 48 and 72 h after inoculation (taken with a Night Owl imaging unit). (b) Histogram showing the quantification of luciferase
activity. The symbol * indicates a statistically significant difference when compared with the 1 ug naked CMV-luciferase DNA group (P<0.05).
The data are from one representative experiment of two independent experiments.

HER-2/neu DNA vaccine and OSU-HDAC42 (10 or
100 pg), but the difference was not statistically significant
in comparison with the HER-2/neu DNA vaccine
treatment alone (Figure 5). As our previous study
indicated that cell-mediated cytotoxic immune responses
had a major role in combating MBT-2 cells in the C3H
animal model,>! we further examined whether OSU-
HDAC42 enhanced HER2-specific cellular immunity.
Tumors form the group of mice receiving neu DNA
vaccine plus 100pg OSU-HDAC42 showed a greater
infiltration of CD4" and CD8' lymphocytes when
compared with tumors from the other treatment groups
or the control group (Table 1). Therefore, a correlation

between the antitumor effect of HER-2/neu DNA vaccine
exposed to OSU-HDAC42 and the ErbB2-specific cellular
immune responses was suggested. We then examined
whether the HDAC inhibitor would enhance cytotoxic
immune responses. At 1 week after the last vaccination,
higher cell-mediated cytotoxic immune responses to
MBT-2 were observed in mice given 100pg OSU-
HDAC42 and HER-2/neu DNA vaccine when compared
with mice given HER-2/neu DNA vaccine only (Figure 6).
Therefore, HDAC inhibition may increase the therapeutic
effect of neu DNA vaccine by enhancing the expression of
the encoded gene product and inducing stronger cellular
immunity.
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Figure 3 The HDAC inhibitor OSU-HDAC42 enhanced the homing of dendritic cells (DC) to lymph nodes by DNA vaccination. (a) Mice were
given either 1 ng pCMV-EGFP DNA and OSU-HDAC42, 1 ng pCMV-EGFP alone, or 1 ug pRc/CMV DNA plasmid. The inguinal lymph nodes
were removed 48 h later, and the ratio of GFP positive to total DCs was measured using flow cytometry. (b) Histogram showing the quantification
of the ratio of GFP positive to total DCs. The symbol * indicates a statistically significant difference when compared with the mice that were given
1 g pCMV-EGFP DNA plasmid only (P<0.05). The data presented in this figure are from one representative experiment of two that were
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Figure 4 The HDAC inhibitor OSU-HDAC42 enhanced the
antitumor efficacy of an HER-2/neu DNA vaccine driven by the
CMV promoter. (a) Tumor volume was measured at the indicated
times. The average tumor volume represents the mean of the tumors
from each group until the animals were killed because of excess
tumor burden. (b) Lifespan of C3H/HeN mice after subcutaneous
challenge with MBT-2 cells. The survival data were subjected to
Kaplan—Meier analysis. The number of mice in each experiment is in
parenthesis. The symbol (*) indicates a statistically significant
difference when compared with the control group (P<0.01). The
symbol (**) indicates a statistically significant difference when compared
with the mice that were given HER-2/neu DNA vaccine only (P<0.05).
Experiments were repeated two times with similar results.
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Figure 5 Serum antibody against human recombinant Her2/neu
antigen in mice. One week after the last DNA vaccination, p185™¢!-
specific IgG antibody titers (+ s.e.) were determined by ELISA. The
data represent the average titer of three mice.

Discussion

To improve the expression of DNA vaccine-encoded
antigens such as neu, usually transcription is enhanced
with the CMV promoter or translation is made more
efficient by improving amino acid codon preference.®
CMV promoter-driven HER-2/neu DNA vaccine in
combination with OSU-HDAC42 caused significant
delays in tumor progression and extended lifespan in
our mouse model. Immune infiltration analysis revealed
that the HDAC inhibitor enhanced the antitumor effects
of HER-2/neu DNA vaccine at least in part by increasing
antitumor cellular immune responses. Our results show a
novel method of enhancing the therapeutic efficacy of



Table 1 Infiltrated lymphocytes at tumor sites within cryosectioned
samples

Vaccine group CD4* T cells CD8* T cells

Control 3+1 2+1
HER-2/neu DNA vaccine 13+5* 14 +5*
HER-2/neu DNA vaccine+ 23+ 4* 16+ 3
OSU-HDAC42 10 ug

HER-2/neu DNA vaccine+ 33+11** 29+ 7**

OSU-HDAC42 100 g

Cell counting was performed at x 400 magnification. Three
samples and five randomly chosen fields per sample were
evaluated. Results are expressed as the meanzs.d. of
immunohistochemically positive cells in the cryosection. GG,
gene gun. The symbol (*) indicates a statistically significant
difference when compared with the control group (P<0.01). The
symbol (**) indicates a statistically significant difference when
compared with the HER-2/neu DNA vaccine group (P<0.05).
Similar results were obtained in two more repeated experiments
(n=23 per group).

% Cytotoxicity
w
o

50:1 25:1
Effector : Target

12.5:1

pRc/CMV
HER-2/neu
HER-2/neu + OSU-HDAC42 10 ug

HER-2/neu + OSU-HDAC42 100 pg

Figure 6 The HDAC inhibitor enhanced DNA vaccine-induced
cellular immune responses. Spleen cell-mediated cytotoxicity was
determined in mice 1 week after their last DNA vaccination. The
target cells were MBT-2-luciferase cells cultured in vitro. The effector
cells were lymphocytes from mice vaccinated with HER-2/neu DNA
vaccine with or without OSU-HDAC42. Effector cells were incubated
with serial dilutions of target cells, and cytotoxicity was determined
by the release of luciferase. Each point represents the average of
triplicate wells.

DNA vaccines expressed by the CMV-promoter. Com-
bining the HDAC inhibitor and the DNA vaccine
significantly improved therapeutic efficacy. As HDAC
inhibitors are clinically new anticancer target therapy
drugs, DNA vaccines will certainly be a promising
adjuvant cancer therapy.

Several studies have showed that one type of DC in
skin, Langerhans cells, migrate rapidly to draining lymph
nodes after skin irritation,?* infection®® or painting with
antigen.”*?® In addition, DNA plasmid containing CpG
motifs induced Langerhans cell migration in skin sheets,

An HDAC inhibitor enhances the antitumor activity of DNA vaccine
M-D Lai et al

with 50% depletion occurring within 2h.?” It was
surprising to observe that administration of OSU-
HDAC42 1 day after that of CMV-enhanced green
fluorescent protein (EGFP) plasmid significantly
increased the number of GFP* DCs in distal lymph
nodes 48h after plasmid administration. The elevated
number of GFPT DCs may be because of enhancement
of GFP cross-presentation in keratinocytes. As OSU-
HDACA42 increased antigen protein expression in trans-
fected keratinocytes, the antigenic proteins were secreted
into the surrounding environment of antigen-presenting
cells and cross-presented by professional antigen-present-
ing cells, which in turn migrated to draining lymph nodes
and induced T cells.

Administration of OSU-HDAC42 enhanced the luci-
ferase activity because of CMV promoter-driven lucifer-
ase for only a short interval (Figure 4), as the fold
enhancement significantly decreased 48h after OSU-
HDAC42 injection. One of possible reasons for such a
short-term effect is that OSU-HDAC42 exhibited apop-
togenic potency and caused greater reductions in phos-
phor-AKT, Bcl-xl, and survivin.!” The death of cells
expressing plasmid DNA would decrease the observed
luciferase activity. Co-administration of DNA encoding
anti-apoptotic proteins®® >° may avoid this cell death and
further enhance the effect of OSU-HDAC42 on the
induction of CMV promoter-controlled gene expression.

Our previous results indicated that combination of an
HSP90 inhibitor and a DNA vaccine had additive cancer-
therapeutic effects.’’ However, the enhancing effect was
only observed at low doses of the HSP90 inhibitor
geldanamycin, as high doses inhibited the immune
response. It was interesting to note that the HDAC
inhibitor enhance the therapeutic effect of the DNA
vaccine in a dose-dependent manner. The effects of
HDAC inhibition on immune responses have been
investigated before. Histone acetylation was shown to
enhance memory CD8 T cells.>*** Therefore, HDAC
inhibition may enhance CD8 immune responses through
direct immune regulation in addition to increasing antigen
expression.

Although we have shown that the combination of an
HDAC inhibitor and neu DNA vaccine is an effective
cancer therapy, the effects of HDAC inhibition on the
tumor itself and immune cells warrant detailed further
study. The HDAC inhibitor TSA can downregulate MHC
class I presentation of self-antigens.** Furthermore,
HDACII1 regulates the expression of interleukin 10,
which is important in immune tolerance. Inactivation of
HDAC 11 in antigen-presenting cells led to impairment of
T-cell responses.®” Therefore, the selection of appropriate
HDAC inhibitors specific for certain HDACs will be
important for the successful development of effective
DNA vaccine combination therapies.

In summary, application of the HDAC inhibitor OSU-
HDAC42 during immunization significantly enhanced the
vaccine’s antitumor efficacy by increasing antigen expres-
sion and the antigen-specific cellular immune response to
MBT-2 tumor cells. The combination of locally applied
HDAC inhibitors and skin-administered naked DNA
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vaccines is feasible and will be of both research and
clinical interest.
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Abstract

Background: Tyrosine kinase inhibitor gefitinib is effective against lung cancer cells carrying
mutant epidermal growth factor receptor (EGFR); however, it is not effective against lung cancer
carrying normal EGFR. The breaking of immune tolerance against self epidermal growth factor
receptor with active immunization may be a useful approach for the treatment of EGFR-positive
lung tumors. Xenogeneic EGFR gene was demonstrated to induce antigen-specific immune
response against EGFR-expressing tumor with intramuscular administration.

Methods: In order to enhance the therapeutic effect of xenogeneic EGFR DNA vaccine, the
efficacy of altering routes of administration and formulation of plasmid DNA was evaluated on the
mouse lung tumor (LL2) naturally overexpressing endogenous EGFR in C57B6 mice. Three
different combination forms were studied, including (l) intramuscular administration of non-
coating DNA vaccine, (2) gene gun administration of DNA vaccine coated on gold particles, and (3)
gene gun administration of non-coating DNA vaccine. LL2-tumor bearing C57B6 mice were
immunized four times at weekly intervals with EGFR DNA vaccine.

Results: The results indicated that gene gun administration of non-coating xenogenic EGFR DNA
vaccine generated the strongest cytotoxicty T lymphocyte activity and best antitumor effects.
CD8(+) T cells were essential for anti-tumor immunityas indicated by depletion of lymphocytes in
vivo.

Conclusion: Thus, our data demonstrate that administration of non-coating xenogenic EGFR
DNA vaccine by gene gun may be the preferred method for treating EGFR-positive lung tumor in
the future.
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Background

The epidermal growth factor receptor (EGFR) is a transmem-
brane glycoprotein, which consists of three domains: an
extracellular ligand-binding domain that recognizes and
binds to specific ligands, a hydrophobic membrane-span-
ning region, and an intracellular catalytic domain that serves
as the site of tyrosine kinase activity [ 1,2]. High EGFR protein
expression was observed in several types of cancer including
breast, bladder, colon and lung carcinomas [3-6]. This
involvement in cancer progression and a negative prognosis
makes EGFR an attractive target for molecule therapy [7].
Various therapeutic strategies have been developed to block
EGEFR signaling, with the most frequent strategies involving
monoclonal antibodies and small molecule tyrosine kinase
inhibitors that are designed to directly against receptor or
specifically inhibit EGFR enzymatic activity [8-10]. However,
some clinical studies indicated that tumors overexpressing
EGFR did not show a significant clinical response to anti-
body-based or small molecule inhibitor therapy in lung can-
cer, Searching for correlates, it has been found that the
presence of certain kinase domain mutations in EGFR gene
appear to predict responsiveness [11-13]. Hence, new strate-
gies are required to treat tumors overexpressing normal
EGFR.

Antigen-specific active immunotherapy is another poten-
tial therapeutic approach for the treatment of EGFR-posi-
tive tumor cells by breaking of immune tolerance against
wild type or mutant-type EGFR. Since the anti-EGFR anti-
body was not effective, the active immunotherapy may
need to induce both humoral and cellular immunity.
DNA vaccine apparently fulfills such a requirement [14].
Furthermore, DNA vaccine offer many advantages includ-
ing induction of a long-lived immune response, better sta-
bility, and easy preparation in large quantities than other
conventional vaccines such as peptide or attenuated live
or killed pathogens [15]. In addition, several studies have
indicated that tolerance to self antigens on cancer cells can
be overcome using active therapeutic immunization strat-
egies in preclinical animal model [16,17].

Intramuscular administration of xenogenic EGFR DNA
vaccine has been shown to break immune tolerance and
induce the specific antitumor immunity against EGFR-
positive tumors in a therapeutic preclinical model [18].
Two common routes of immunization have been for DNA
vaccination: needle intramuscular injection and epider-
mal gene gun bombardment. Many studies have shown
that gene gun-mediated immunization is more efficient
than needle intramuscular injection as it elicits similar
levels of humoral and cellular response [19,20]. However,
intramuscular injection of DNA induces a predominantly
Th1 response, whereas gene gun immunization with DNA
coated on gold evokes mainly Th2 response. The route of
immunization can influence the outcome of the immune

http://www.gvt-journal.com/content/7/1/2

response through altering the interaction between the vac-
cine and different APCs at the site of injection [21]. Our
previous results suggested that gold particles used in gene
gun bombardment affected the induced-immune
response [22], because gene gun administration using
non-coating naked DNA vaccine elicited Thl-bias
immune response. Hence, the choice of the route of DNA
immunizations and formulation of DNA could thus rep-
resent an important element in the design of EGFR DNA
vaccine against EGFR-positive tumor.

In the present study, we aimed to determine how different
route of administration and formulation of plasmid DNA
could influence the efficacy of xenogenic EGFR DNA vac-
cine on a mouse lung tumor LL2 naturally overexpressing
endogenous EGFR. We analyzed and compared the
immunological and antitumor responses generated by the
plasmid DNA encoding extracellular domain of human
EGFR(a.a 1-621, Sec-N'-EGFR) administrated through
three different methods: needle intramuscular adminis-
tration using non-coating DNA (i.m), gene gun adminis-
tration using gold-coated DNA and gene gun
administration using non-coating DNA. Our results indi-
cated that the routes of administration and formulation of
DNA clearly affected the therapeutic response by altering
immune pathway. Gene gun administration using non-
coating plasmid DNA induced the best anti-tumor
immune response in LLC2 animal lung cancer animal
model, which may provide the basis for the design of
DNA vaccine in human clinical trial in the future.

Methods

Animals, Cell lines and antibodies

Inbred female C57BL/6 mice (6-8 weeks of age) weighing
18-20 g were used. Animal experiments were approved by
the National Cheng Kung University animal welfare com-
mittee. LL2 is a cell line derived from Lewis lung carcinoma
passaged routinely in C57BL/6 mice [23]. B-16 F10
melanoma cell line and colon carcinoma cell line CT-26
were obtained from American Type Culture Collection
(Manassas, VA, USA). Antibody against the extracellular
domain of mouse EGFR (N20; Santa cruz) was used for
Western blotting analysis of the expression of EGFR in these
cell lines. Antibody against mouse extracellular EGFR (N20;
Santa cruz) and FITC-conjugated donkey against goat IgG
secondary Ab (Jackson Immuno Research Laboratories, Inc)
were used for detection of surface EGFR in LL2 cells. Flow
cytometry analysis was performed with a FACSCalibur (BD
Bioscience, Mountain View, CA, USA).

Construction and Preparation of DNA vaccine

A431 cells were harvested and total RNA was isolated
using a total RNA extraction kit (Viogene-Biotek Corp.,
Hsichih, Taiwan) according to the manufacturer's instruc-
tions. The RNA was subjected to reverse transcriptase
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polymerase chain reaction (RT-PCR) for amplification of
the extracellular domain of the human EGFR gene (Sec-
N'-EGFR) using the primers GCAATCAAGCTTATGCGAC-
CCTCCG GGACGG and GCAATCTCTAGACACA GGT-
GGCACACATGGCC The PCR product of the expected size
was isolated, digested with HindIII and Xbal, and cloned
into the multiple cloning site of pcDNA3.1B+myc-his
(Invitrogen, San Diego, CA, USA). The plasmid DNA was
transformed into Escherichia coli DH5 and purified from
large-scale cultures using a QIAGEN Endofree Mega Kit
(Qiagen, Chatsworth, CA, USA).

In vitro transfection and Western blotting

COS-7 cells were transiently transfected with DNA plas-
mids by Lipofactamine 2000 (Invitrogen, San Diego, CA,
USA), and cells were harvested 18 h post transfection. Total
cell lysates were prepared by using 2x SDS gel loading
buffer(Tris-HCI pH 8.45, 90 mM, Glycerol 24%, SDS 4%).
Equal amounts of cell lysates (30 pg of total protein) were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto PVDF membranes
(minipore). The membrane was blocked for 1 h at room
temperature in PBS containing 5% nonfat dried milk and
0.1% Tween 20 under gentle shaking. The membrane was
then incubated overnight with EGFR-specific monoclonal
antibody and the ound antibody was detected with a
1:2,000 dilution of horseradish peroxidase-conjugated goat
anti-mouse immunoglobulin G (Cell Signaling Technol-
ogy, Inc, Danvers, MA, USA). The immobilon Western
chemiluminescent HRP substrate (Millipore Corporation,
Billerica, U.S.A) was used for Western blotting. The inten-
sity of each band was read by using a B UVP Biospectrum
AC System (UVP, Upland, CA, U.S.A)

Therapeutic efficacy of DNA vaccine on tumor growth
Mice were injected subcutaneously in the flank with 1 x
100 LL2 cells in 0.5 ml of PBS. At day 5, Sec-N'-EGFR DNA
vaccine was administered by three different methods four
times at weekly intervals when tumors were palpable.
Control mice were injected with water containing no plas-
mid DNA. Tumor growth was monitored using caliper
twice a week. Subcutaneous tumor volumes were calcu-
lated using the formula for a rational ellipse: (m1 x m2 x
m2 x 0.5236), where m1 represents the longer axis and
m?2 the shorter axis. Mice were sacrificed when the tumor
volume exceeded 2500 mm?3 or the mouse was in poor
condition and death was expected shortly. Significance of
differences in mice survival was tested by Kaplan-Meier
analysis.

DNA vaccination by needle intramuscular injection

For intramuscular needle-mediated DNA vaccination, 100
pg/mouse of  Sec-N'-EGFR DNA  vaccines or
pcDNA3.1B+myc-his DNA plasmid were administered
intramuscularly by syringe needle injection.

http://www.gvt-journal.com/content/7/1/2

DNA vaccination by gene gun gold-coated DNA or naked
non-coating DNA

The protocol and delivery device for DNA vaccination by
gene gun have been described previously [22]. Briefly, for
gold-coated DNA vaccination, plasmid DNA was coated
on gold particles (Bio-Rad, Hercules, CA, USA) at the ratio
of 1-2 ug of DNA per mg of gold particles, and was dis-
solved in 20 pl of 100% ethanol. The gold-coated DNA
was delivered to the shaved abdominal region of C57BL/
6 mice using a helium-driven low pressure gene gun (Bio
Ware Technologies Co. Ltd, Taipei, Taiwan) with a dis-
charge pressure of 40 psi. For non-coating DNA vaccina-
tion, 1-2 pg of Sec-N'-EGFR DNA in 20 pl of autoclaved
double-distilled water was directly added to the loading
hole near the nozzle, and delivered to the shaved abdom-
inal of mice using the same low pressure gene gun with a
discharge pressure of 60 psi.

Determination of anti-EGFR antibody titer in serum
Recombinant extracellular domain protein of human
EGEFR (0.25 pg/well) (R&D Systems Inc) in 100 pl coating
buffer (sodium carbonate, pH 9.6) was added to micro-
titer plates (Nunc, Roskilde, Denmark) and incubated
overnight at 4°C. Nonspecific binding was blocked with
1% BSA in PBS buffer for 2 h and washed with PBS con-
taining 0.05% Tween 20 for three times. Mouse mono-
clonal anti-human EGFR antibody (20E12; Santa cruz)
was used to generate the standard curve. The titer of anti-
EGFR antibody in experimental mouse sera were deter-
mined by serial dilution and added to wells. Plates were
incubated for 2 h at 37°C, washed, and then incubated
with HRP-conjugated anti-mouse IgG (Cell Signaling
Technology). TMB substrate was used for colour develop-
ment. Absorbance was measured at 450 nm with an ELISA
reader (Sunrise, Tecan, Austria).

Serum passive transfer

LL2 tumor bearing B6 mice were immunized with DNA
vaccine four times. Blood was collected 4, 7, 10 days after
the last immunization, and serum was collected and
pooled within each group of mice. A 300 pul of the polled
sera was transferred by intraperitoneal injection into
recipient mice which was s.c challenged with 1 x 106 LL2
tumor cells 5 day before. Blood collected from LL2 tumor
bearing B6 mice without DNA vaccination was used as
control.

Intracellular staining

Spleen or lymph node cells(2.5 x 10 cells/ml) were har-
vested a day after last immunization and cultured in 48
well tissue culture plates (BD Biosciences) in the presence
of 5 ug/ml of recombinant EGFR protein and incubated at
37°C in a 5% CO, humidified atmosphere for 18 h.
Thereafter, 5 pg/ml brefeldin A (BFA; Sigma, St. Louis,
MO) was added, and the cultures were incubated for an
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additional 6 hr. Cells were harvested and stained with PE-
anti-CD4 (eBioscience) and PE-anti-CD8 (eBioscience)
and then fixed with 4% paraformaldehyde for 30 min at
4°C. The cells were permeabilized with PBS containing
0.1% saponin for 5 min, after which FITC-anti-IFN-y (eBi-
oscience) antibody was added for detection of intracellu-
lar cytokine in the presence of saponin for 45 min at 4°C.
For analysis, 100000 cells were acquired on a Facscalibur.
The results were analyzed using CellQuest (BD Bio-
sciences).

In vivo CTL assay

Spleen and inguinal lymph node cells from naive C57BL/
6 mice were labeled with 5 or 0.5 uM CFSE. Cells labeled
with 5 uM CFSE were pulsed with 5 pg/ml recombinant
EGEFR protein at 37°C for 1 hr as target cells while the cells
labeled with 0.5 uM CFSE were left unpulsed as control
cells. Equal number (1 x 107) of the two target popula-
tions were mixed together and injected into mice i.v., such
that each mouse was injected i.v with a total of 2 x 107
cells in 150 pl of PBS. Spleens and inguinal lymph nodes
in recipient mice were harvested 18 hrs later and single-
cell suspensions were prepared. The proportions of differ-
entially CFSE-labeled target cells were analyzed by flow
cytometry. To calculate specific lysis, the following for-
mula was used: ratio = (percentage CFSE low/percentage
CFSE high). Percentage of specific lysis = [1 - (ratio for
unimmunized mice/ratio for immunized mice) x 100]

Histological analysis of lymphocyte infiltration

Tumor tissues were removed from mice one week after the
last vaccination and embedded in OCT compound
(Sakura Finetek Inc., USA) and then frozen in liquid nitro-
gen. Cryosections (5-pum) were made and fixed with 3.7%
formaldehyde and acetone. Endogenous peroxidase was
removed with 3.7% hydrogen peroxide, washed with PBS
three times and incubated with primary antibody anti-
CD4 (GK1.5;BD Biosciences Pharmingen, San Jose, CA),
or anti-CD8 (53-6.7; Pharmingen), overnight at 4°C.
After further reaction with peroxidase-conjugated second-
ary antibody, aminoethyl carbazole substrate kit (Zymed
Laboratories, San Francisco, CA) was used for color devel-
oping. For quantification of immune infiltrating cells, the
cells were counted with a light microscope with a 10x eye-
piece and a 40x objective lens. Three samples from three
mice were taken and analyzed for statistical significance
test.

Depletion of CD8+ or CD4+ T cells

T cell-depletion experiments have been described previ-
ously[16]. Briefly, C57BL/6 mice were injected i.p with rat
anti-mouse CD8 (2.43; 500 g), rat anti-mouse CD4 (GK
1.5; 300 pg), or control antibody (purified rat I1gG; 500
ng). The depletions started 2 day before DNA vaccination,
followed by multiple injections at 7-day intervals. To con-
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firm the efficiency of T cell depletion, flow cytometry anal-
ysis revealed that the >95% of the appropriate subset was
depleted

Statistical Analysis

The animal experiments to evaluate immune responses
were repeated at least two times (n = 3 per group). SE val-
ues were calculated with GraphPad Prism 4 software
(GraphPad Software; San Diego, CA, USA), and P value
less than 0.05 was considered statistically significant.
Comparison of the survival rate was carried out by using
Kaplan-Meier method and log-rank test in GraphPad
Prism 4 software.

Results

The expression of EGFR in Mouse Cancer Cell Lines

The expression of EGFR in several cancer cell lines was
determined by Western blotting using antibodies that rec-
ognize the N-terminus of mouse EGFR (Fig. 1A). The
expression of EGFR in LL2 lung tumor cells was the high-
est among three cell lines examined. In addition, we fur-
ther confirmed surface expression of EGFR with flow
cytometry (Fig. 1B). Therefore, the LL2 lung tumor in B6
mice is a good animal model to study the efficacy of the
EGFR DNA vaccine.

Construction and Characterization of Sec-N'-EGFR DNA
vaccine

We first constructed the plasmid encoding the N-terminal
extracellular domain of human EGFR (a.a. 1-621) and
named the plasmid "Sec-N'-EGFR" (Fig. 2). The COS-7
cells were transfected with Sec-N'-EGFR DNA and the
expression of extracellular domain of human EGFR was
determined with western blotting. The Sec-N'-EGFR DNA
plasmids expressed the extracellular domain of human
EGFR in vitro (Fig. 2).

Efficacy of Sec-N'-EGFR DNA Vaccine in Mice with
Established Tumors

At day 0, we injected mice subcutaneously with 1 x 10°¢
LL2 tumor cells. At day 5, when the tumor was palpable,
we immunized the mice with Sec-N'-EGFR DNA vaccine
four times at weekly intervals via three different methods:
intramuscular injection (i.m), gene gun administration of
gold-coated DNA, and gene gun administration of non-
coating DNA. Non-coating Sec-N'-EGFR DNA vaccine
administered by gene gun statistically delayed the growth
of LL2 tumors when compared with control mice (Fig.
3A). In addition, the survival portion of vaccinated mice
indicated that the therapeutic efficacy appeared to be in
the order: g.g non-coating DNA vaccine mice group > g.g-
DNA coated gold particels or i.m DNA vaccine mice
groups >> control mice group (Fig 3B). The survival rate
of mice showed significant differences between the con-
trol mice and all three vaccinated mice groups (p < 0.01).
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Overexpression of EGFR in LL2 lung cancer cell line.
The expression of EGFR in various cell lines was analyzed by
Western blotting with monoclonal antibody against EGFR.
(B) Flow cytometry analysis of membrane EGFR in LL2 cells.
LL2 cells were stained with monoclonal antibody against the
extracellular domain of mouse EGFR, followed by FITC-con-
jugated mouse anti-goat secondary antibody (gray histo-
gram). Normal mouse IgG mAb was used as the negative
control (white histogram).

Furthermore, the difference between g.g non-coating DNA
and the other two mice groups (i.m or g.g-DNA coated
gold particles) is also statistically significant (P < 0.05)(Fig
3B)

Humoral Immunity

To investigate the immunological mechanism underlying
the therapeutic effect of Sec-N'-EGFR DNA vaccine, the
induction of anti-EGFR antibodies was examined in mice
serum. Specific antibodies against EGFR proteins in mice
serum samples were tested by ELISA using recombinant
extracellular domain human EGFR proteins. The results
showed that anti-EGFR antibodies were detected in all
mice vaccinated with Sec-N'-EGFR DNA vaccine; however,
the serum from g.g DNA coated gold particles and i.m
mice groups contained higher levels of anti-EGFR anti-
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bodies than g.g-non-coating DNA mice group (Fig 4A). To
further confirm the role of antibody in this therapeutic
Sec-N'-EGFR DNA vaccine approach, the immune sera
from mice vaccinated with DNA vaccine was passively
transferred into mice with established LL2 tumors. The
result showed that mice receiving serum from i.m mice
group (p = 0.08) and g.g-DNA coated gold particles mice
group(p < 0.05) showed prolong mice survival compared
with mice injected with serum from control animals (Fig.
4B). The anti-EGFR antibody induced by Sec-N'-EGFR
DNA played a role in delay tumor progression although
the amount of antibody may not be correlated with anti-
tumor effects of three forms of therapeutic EGFR DNA
vaccine.

Cellular Immunity

To examine the specific immunologic cellular response to
Sec-N'-EGFR DNA vaccine using different administration
methods, spleen and lymph nodes were isolated from vac-
cinated mice. The lymphocytes were stained for the sur-
face CD4 and CD8 marker and intracellular IFN-y after
recombinant human EGFR antigen stimulation. Non-
coating Sec-N'-EGFR administration by gene gun gener-
ated most functional EGFR-specific CD8+ T cell cells as
evidenced by their production of intracellular IFN-y in the
lymph node(Fig 5A, B). In contrast, splenic lymphocytes
isolated from intramuscular injection of Sec-N'-EGFR
mice group had higher functional EGFR-specific CD4+
and CD8+ T cells when compared with i.m and g.g DNA
coated gold particles vaccinated mice groups, respec-
tively(Fig 5A, B). In addition, we also measured cytotoxic
T lymphocytes(CTILs) activity in mice immunized with
Sec-N'-EGFR DNA vaccine by three different methods. The
cytotoxic T lymphocytes(CTLs) effector function in spleen
appeared to be in the order i.m mice group > g.g-DNA
coated gold particles and g.g-non coating DNA mice
groups>> control group (illustrated in an individual
mouse in Fig. 6A and as group means in Fig. 6B). In con-
trast, the percent of specific cytotoxic T lymphocytes lysis
in inguinal lymph node of vaccinated mice indicated that
only non-coating Sec-N'-EGFR DNA administrated via
gene gun is sufficient to induce CTL effector function (Fig
6A, B). Hence, taken together, the number of functional
CD4+, CD8+ T cell and level of CTL activity in spleen and
inguinal lymph node were differentially affected by the
routes of administration and formulation of DNA vac-
cine.

To further demonstrate the importance of cellular immu-
nity in cancer therapy, we examined the histology of the
tumors. We observed CD4+ lymphocyte tumor infiltra-
tions were detected in all mice groups (Fig. 7A and Table
1). However, tumors form g.g DNA coated gold particles
mice group showed a greater infiltration of CD4+ lym-
phocytes compared with other treatment groups and con-
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Characterization of Sec-N'-EGFR DNA vaccines. (A) Schematic diagram of the Sec-N'-EGFR expressing vectors. The N-
terminal extracellular portion of the human EGFR gene was constructed to pcDNA3.1B+myc-his plasmid. Transcription is
directed by cytomegalovirus (CMV) early promoter/enhancer sequences. The plasmid was named Sec-N'-EGFR (B) Expression
of Sec-N'-EGFR was evaluated with transient transfection into COS-7 cells in vitro., and western blot analysis of sec-N-termi-
nal EGFR protein. Whole cell lysates were collected from Cells transfected with Sec-N'-EGFR (lane 2), or control

pcDNAZ3. | B+myc-his plasmid (lane ), and analyzed with western blotting.

trol group. As for tumor infiltration of CD8+ T cell, we
observed considerably increase of CD8+ lymphocyte in
the g.g-non coating DNA mice group (Fig. 7B and Table 1)
and minor increase of CD8+ lymphocytes in the i.m and
g.g-gold mice group in comparison with control mice
group. Hence, the results suggested a correlation between
the therapeutic efficacy of gene gun administration of
non-coating EGFR DNA vaccine and the amount of CD8+
T cell tumor infiltration.

The effects of CD8+ T Cell- Depletion or CD4+ T Cell- De
pletion on the Efficacy of Gene Gun Administration of
Non-coating EGFR DNA vaccine

The efficacy of gene gun administration of non-coating
EGFR DNA vaccine was the best among three types of
EFEGFR DNA vaccines, and seemed to correlate with
CD8+ T cells. Therefore, CD8+ T cells were depleted with
monoclonal antibody 2.43 to determine whether CD8+
lymphocytes were required for the therapeutic efficacy.
We performed CD8+ T cell-depletion at weekly intervals
during the entire experiment, and the protocol is shown
in Fig. 8A. Depletion of CD8+ lymphocytes completely
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Figure 3

Therapeutic effects of Sec-N'-EGFR DNA vaccine administered by three different methods on established
tumor in B6 mice. Five days after subcutaneous tumor implantation with | X 106 LL2 tumor cells., mice were administrated
with DNA vaccine four times (day 5, 12, 19, 26) at weekly intervals; (A) tumor volume was measured at the indicated time.
Data are means of the animals per group; bars, + S.D. (B) lifespan of mice after subcutaneous challenge. The survival data were
subjected to Kaplan-Meier analysis. The digit in the parenthesis is the number of mice in the experiment. The symbol (*) indi-
cates a statistically significant difference when compared with the control saline mice (P < 0.01). The symbol (**) indicates a
statistically significant difference when compared with the i.m and g.g gold-coated DNA group mice (P < 0.05) or control mice
(P <0.001). The experiments were repeated 2 times with similar results.
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Figure 4

The presence and the therapeutic efficacy of anti-EGFR antibody in serum from the DNA vaccine group of
mice. A) Anti-EGFR antibody titer in the mice serum. The serum anti-EGFR antibody in mice was determined with ELISA on
dishes coated with the recombinant extracellular domain of human EGFR protein. The data represent the average titer of the
sera from three mice in each group. The symbol (**) indicates a statistically significant difference when compared with the g.g
non-coating DNA group mice (P < 0.05) or control mice (P < 0.001). B) B6 mice were treated with serum from control or vac-
cinated mice on day 5, 12, 19, 26 after s.c challenge with LL2 cells. The survival data were subjected to Kaplan-Meier analysis

The symbol (*) indicates a statistically significant difference when compared with control mice group(P < 0.05). The experi-
ments were repeated 2 times with similar results.

abolished the therapeutic efficacy of Sec-N'-EGFR DNA  body responses [24]. Hence, we also depleted CD4 +T
vaccine delivered via g.g non-coating DNA method (Fig.  cells with monoclonal antibodies GK1.5 and at weekly
8B). On the other hand, it is known that CD4+ T cells have  intervals during the entire experiment. The results showed
important regulatory functions for CD8+ CTL and anti-  that depletion of CD4+ T cell in mice did not affect the
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Figure 5

Flow cytometry analysis EGFR-specific CD4*and CD8* T cells that functionally secrete IFN-y in vaccinated
mice. A) the number of IFN-y-producing EGFR-specific CD4+ and CD8+ T cells in both spleens and inguinal lymph node was
determined using flow cytometry in the presence of recombinant extracellular domain of human EGFR. B). Data are expressed
as the mean numbers of CD4"* (black sqaure) and CD8* (black sqaure)lFN-y* cells/3 x 105 spleen cells or inguinal lymph node
cells; bars, SE. The symbol(**)indicates a statistically significant difference when compared with other treatment groups(P <
0.05). The data presented in this figure are from one representative experiment of two performed.
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Figure 6

In vivo CTL activity in vaccinated mice. (A) In vivo EGFR-specific effector CTL are located throughout the secondary
lymphoid system. A week after last DNA vaccination, an in vivo CTL using recombinant human EGFR protein pulsed spleno-
cytes or inguinal lymph node as targets was performed to assess in vivo CTL activity. (B) The percentages of specific lysis were
calculated to obtain a numerical value of cytotoxicity with data from each experimental group of three mice averaged. The
symbol(##) and the symbol(**)indicates a statistically significant difference when compared with other treatment groups(P <
0.05). Similar results were obtained from two more repeated experiments (n = 3 per group).

Page 10 of 13

(page number not for citation purposes)



Genetic Vaccines and Therapy 2009, 7:2

Table I: Infiltrated lymphocytes at tumor sites within
cryosectioned samples

Vaccine group CD4*Tcells CD8*T cells
Control 61 0

i.m |7 £ 2% Il +5#

g.g -DNA coated gold particles 118 + 24+ 4+ 3#
g.g-non coating DNA 72 23 + 4##

Note: Cell count was performed at 400 magnification. Three
samples and five randomly chosen fields/sample were evaluated.
Results are expressed as mean + standard deviation of
immunohistochemical positive cells in the cryosection. GG: gene gun.
The symbol (**) indicates a statistically significant difference when
compared with the g.g non-coating DNA and control group (P <
0.05). The symbol (**¥) indicates a statistically significant difference
when compared with the i.m and g.g non-coating DNA group (P <
0.05). The symbol (#) indicates a statistically significant difference
when compared with the control group (P < 0.01). The symbol (##)
indicates a statistically significant difference when compared with the
i.m and g.g DNA coated gold particles group(P < 0.05).

A CD4+ T cell

Control i.m
g.g-DNA g.g-non-coating
coated gold & = DNA
particle .

B
CD8+ T cell
Control i.m
g.9-DNA g.g-non-coating
coated gold DNA
particle
Figure 7

Tumor infiltration of CD4+ and CD8+ T cells. Tumors
were excised from mice administrated with Sec-N'-EGFR, or
control DNA vector by different delivery methods. Analysis
of (A) CD4+ and (B) CD8+ T cells in cryosections of tumors
was performed with staining with primary antibody specific
for CD4+ and CD8+ cells respectively. Peroxidase-conju-
gated antibody was used as secondary antibody. Dark spots,
peroxidase-stained cells. Similar results were obtained from
two more repeated experiments (n = 3 per group).
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Figure 8

The effects of CD8+ T cell-depletion or CD4+ T cell-
depletion on the therapeutic effects of non-coating
EGFR DNA vaccine by gene gun administration (A)
Protocol for depletion of CD8+ or CD4+ T cells in
vivo. Tumor-bearing mice were injected i.p with 500 ng of
anti-CD8 antibody or 300 g of anti-CD4 antibody at weekly
intervals starting from 2 days before the first inoculation of
DNA vaccine. (B) Life span of Bé mice after sc challenge with
LL2 tumor cells. ¥* represents statistically significant differ-
ence when compared to the control saline group of mice (P
< 0.01). The experiments were repeated twice with experi-
mental groups.

overall survival of mice administrated with non-coating
DNA vaccine via g, g (Fig. 8B). Thus, these results sug-
gested that CD8+ T cell played a major role in mediating
therapeutic efficacy of gene gun administration of non-
coating EGFR DNA vaccine

Discussion

In this study, we assessed the immunologic responses and
therapeutic antitumor effects of EGFR DNA vaccine deliv-
ered by three different methods: needle intramuscular
administration using non-coating DNA (i.m), gene gun
administration using DNA coated on gold particles (g.g-
coated gold particles) and gene gun administration using
non-coating DNA (g.g-non coating DNA) in an EGFR-
overexpressing LL2 lung tumor animal model. Our results
showed that non-coating Sec-N'-EGFR DNA vaccine
administrated via gene gun represents the most potent
regime for DNA administration. In addition, gene gun
administration using non-coating Sec-N'-EGFR DNA vac-
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cine generated higher EGFR-specific functional CD8+ T
cell and EGFR-specific CTL activity in vivo comparing to
other treatment groups. T cell-depletion experiment indi-
cated that CD8+ T cell played a major role in mediating
therapeutic efficacy of gene gun administration of non-
coating EGFR DNA vaccine

In this study, we observed that gold-coated Sec-N'-EGFR
DNA vaccine by gene gun generated higher antibody in
the serum than g.g-non-coating DNA mice group. In addi-
tion, mice receiving serum from g.g-DNA coated gold par-
ticles mice group(p < 0.05) showed prolong mice survival
when compared with mice injected with serum from con-
trol animals. These results suggested that anti-EGFR anti-
body produced also might be effective against EGFR-
overexpressing tumor in LL2 model. However, clinical
reports indicated that EGFR overexpression as detected by
immunohistochemistry has not been correlated with
response to small molecule EGFR inhibitor or anti-EGFR
antibody therapy. The presence of certain EGFR kinase
domain mutation appears to predict responsiveness better
[11-13]. It is possible that the mutations present in EGFR
precipitate the altered oncogenic signal and make EGFR
indispensable for tumor growth, which make the inhibi-
tor or antibody function to inhibit tumor growth. On the
other hand, the reaction of CTLs does not depend whether
the target molecules are indispensable or essential for the
growth of tumor cells. Therefore, CTL effector cell may be
useful against lung tumor with expressing wild type EGFR
or mutant type EGFR protein. Hence, our results suggest
that increase of Th1-like CTL immune response by admin-
istration of non-coating EGFR DNA vaccine may be the
most potential application of EGFR DNA vaccine in the
further clinical trials.

It was interesting to observe that administration route and
forms of DNA affected the CTL activity in the spleen and
inguinal lymph node differentially. Administration of
Sec-N'-EGFR DNA vaccine by needle intramuscular injec-
tion can induce stronger CTL activity in spleen than gene
gun administration of Sec-N'-EGFR DNA. In contrast,
administration of non-coating Sec-N'-EGFR DNA vaccine
via gene gun induced stronger CTL activity in inguinal
lymph node than other treatments The different outcome
of CTL activity may at least be explained by two reasons.
First, i.m and g.g administrations of DNA may induce
immune responses in different lymphoid compartments.
Skin administration of DNA by gene gun appears to initi-
ate responses by virtue of transfected epidermal Langer-
hans cells or antigen loaded epidermal Langerhans cells
moving into draining inguinal lymph nodes [25-27]. By
contrast, intramuscular injection of DNA initiated mainly
by cells that has moved in the blood to the spleen [25,28].
Second, Th1 immunity is critical for the induction of spe-
cific cell-mediated cytotoxic cells including tumor-specific

http://www.gvt-journal.com/content/7/1/2

cytotoxic T lymphocytes in tumor-bearing mice. Our pre-
vious study demonstrated that administration of non-
coating DNA via gene gun induced a predominantly T
helper type 1 (Th1) response, whereas administration of
gold-coated DNA by gene gun elicited predominantly T
helper type 2 (Th2) responses [22]. Combination of these
two factors may determine the final CTL activity in spleen
and lymph nodes.

Conclusion

In summary, the therapeutic efficacy of Sec-N'-EGFR DNA
vaccine was dependent on the route of administration and
formulation of plasmid DNA (gold-coating or non-coat-
ing). More importantly, we have shown that non-coating
Sec-N'-EGFR DNA administration via gene gun represents
the most potent regimen for EGFR DNA vaccine against
EGFR-positive LL2 lung tumor and may be the preferred
choice in the future clinical trial.
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Abstract: DNA vaccination is a novel immunization strat-
egy that possesses many potential advantages over other
vaccine strategies. One of the major difficulties hindering
the clinical application of DNA vaccination is the relative
poor immunogenicity of DNA vaccines. Poly(methyl meth-
acrylate) (PMMA) is a synthetic polymer approved by the
Food and Drug Administration for certain human clinical
applications such as the bone cement. In vivo, PMMA par-
ticles are phagocytosable and have the potential to initiate
strong immune responses by stimulating the production of
inflammatory cytokines. In this study, we synthesized a se-
ries of PMMA particles (PMMA 1-5) with different particle
sizes and surface charges to test the feasibility of imple-
menting such polymer particles for DNA vaccination. To

our knowledge, this is the first report to show that the
gene gun can deliver DNA vaccine by propelling PMMA
particles mixed with plasmid DNA for cervical cancer.
It was found that PMMA 4 particles (particle size: 460 *
160 nm, surface charge: +11.5 * 1.8 mV) stimulated the
highest level of TNF-a production by macrophages in vitro
and yielded the best result of antitumor protection in vivo.
Therefore, our results possess the potential for translation
and implementation of polymer particles in gene gun
delivering DNA vaccination. © 2008 Wiley Periodicals, Inc.
] Biomed Mater Res 88A: 849-857, 2009

Key words: poly(methyl methacrylate) (PMMA) particles;
DNA vaccine; gene gun; cervical cancer

INTRODUCTION

Cancer vaccine targeting tumor antigens has
attracted much attention in recent years because of
its higher specificity and less toxicity than traditional
modalities such as radiotherapy and chemotherapy.'
Among the various vaccine strategies currently being
investigated, DNA vaccination possesses many
potential advantages over other vaccine strategies
and its efficacy has been successfully observed in
murine settings.”> DNA vaccines employ genes
encoding proteins of interest, rather than using the
proteins themselves and represent a novel means of
expressing antigens in vivo for producing both hu-
moral and cellular immune responses.”* Several
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© 2008 Wiley Periodicals, Inc.

measures have been used to deliver DNA vaccines,
including the intramuscular and the intradermal
routes. The former uses conventional needle/syringe
for immunization, whereas the latter employs a gene
gun to propel gold particles coated with DNA into
the epidermis.” Generally, gold particle-mediated
epidermal delivery of DNA vaccines is based on the
acceleration of DNA-coated gold directly into the
cytoplasm of antigen-presenting cells (APCs) in the
epidermis, resulting in antigen presentation via
direct transfection and cross-priming mechanisms.’
Only a low DNA dose and a small number of cells
are needed for transfection to elicit humoral, cellular,
and memory responses.’

Despite extensive studies of DNA vaccination
using gold particles, it is unclear whether we can
use the gene gun to propel polymer particles instead
of gold particles to deliver DNA vaccine. Therefore,
the purpose of this study is to assess the feasibility
of using the gene gun to propel poly(methyl metha-
crylate) (PMMA) particles to deliver DNA vaccine
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for cervical cancer. PMMA, one of the few synthetic
polymers approved by the Food and Drug Adminis-
tration (FDA) for human clinical applications, has
been used successfully in bone cements to fix total
joint prostheses for a number of years. In cemented
implants, wear debris particles have been isolated
from periprosthetic tissues during revision surgery
and found to be less than 3 pm.® A number of stud-
ies have investigated the cytokine secretion by macro-
phages when PMMA particles are phagocytosed.””
In vivo, these particles have the potential to initiate
strong immune responses by stimulating the produc-
tion of inflammatory cytokines, such as tumor necro-
sis factor alpha (TNF-a) and interleukin-6 (IL-6), by
macrophages.'”'* Local cellular and tissue response
to the wear cement particles have thought to play an
important role in determining the survival of ortho-
pedic implants.'®"?

Although the efficacy of DNA vaccine has been
successfully observed in murine settings, DNA vac-
cination within human systems has achieved little
success because of the inability of DNA vaccines to
elicit robust immune responses during the course of
early clinical trials."*'* PMMA particles from ortho-
pedic joint implants have been 2pos’culated to initiate
cellular and tissue responses%1 ; thus, it is reasona-
ble to assume these events are advantageous for
PMMA particles to mediate the host immune
responses of DNA vaccine. To test this hypothesis,
we performed an in vivo tumor protection experi-
ment using a previously characterized cervical can-
cer animal model and vaccination strategy.'> PMMA
particles were coupled with a DNA vaccine encod-
ing calreticulin and HPV-16 E7 (CRT-E7) to test the
tumor protection effects against TC-1 cells that
express the HPV-16 E7 oncoprotein.'”” Furthermore,
the murine macrophage cell line J774A.1 was used to
examine the effects of PMMA particles alone or with
CRT-E7 DNA, for the production of inflammatory
cytokines. Our results showed that different sizes
and surface charges of PMMA particles have differ-
ent capabilities to stimulate the production of inflam-
matory cytokines. When coupled with the CRT-E7
DNA, PMMA 4 (particle size: 460 = 160 nm; surface
charge: +11.5 = 1.8 mV) particles stimulated the
highest level of TNF-a production and yielded the
best results of tumor protection.

MATERIALS AND METHODS

Preparation and characterization of PMMA
particles

In this work, five PMMA particles were prepared by
changing the emulsion process, identified by the numbers
1-5. PMMA 1 and 2 particles were prepared by emulsion
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polymerization of methyl methacrylate (MMA, Acros),
using sodium dodecyl sulfate (SDS, Wako) as an emulsi-
fier. The recipe for PMMA 1 and 2 particles was 5.1 g of
MMA, 0.14 g of initiator, 10 g of SDS, and 100 g of water.
PMMA 3 and 4 particles were prepared in the absence of
emulsifier. The recipe for PMMA 3 and 4 particles was
109 g of MMA, 0.08 g of initiator, and 100 g of water.
First, the reaction mixture without initiator was heated to
60°C under nitrogen atmosphere, stirred at a speed of 300
rpm. Subsequently, the initiator, anionic potassium persul-
fate (Aldrich) for PMMA 1 and 3 particles, and cationic 2,
2-azobis (2-methyl propionamide) dihydrochloride (Acros)
for PMMA 2 and 4 particles was added. Polymerization
was allowed to proceed for 1 h at 60°C, stirred continu-
ously at 300 rpm with nitrogen gas passed continuously
through the reactor. These particles were purified by dialy-
sis using Spectra/Pro molecular porous membrane tubing
(molecular weight cutoff: 8000, Spectrum Laboratories) for
1 week. PMMA 5 particles were prepared by dropwise
addition of 0.01 mg/mL PMMA (ChiMei CM-211) solution
in dimethyl sulfoxide (DMSO, Acros) into water, stirred at
a speed of 300 rpm. After 10 min of stirring, larger par-
ticles with the micron-size range was obtained by free pre-
cipitation.

The morphology of the produced PMMA particles was
observed by using a JOEL-JEM 1230 transmission electron
microscope (TEM). The average size of particles was
obtained from measurements using a Coulter counter N4-
PLUS. The surface charge of particles was determined by
the measurement of zeta potential using a Zetasizer 3000
HS (Malvern Instruments) based on the laser-Doppler
microelectrophoresis.

Gel retardation assays

The generation of pcDNA3-CRT-E7 has been described
previously.'® Plasmid constructs were confirmed by DNA
sequencing.

PMMA /CRT-E7 DNA complexes were prepared in
Hank’s buffered saline (HBS) by mixing 0.675 mg of
PMMA particles with 2 pg of CRT-E7 DNA. After 30-min
incubation at room temperature for complex formation, the
samples were electrophoresed on a 0.8% (w/v) agarose gel
containing ethidium bromide (0.5 pg/mL in the gel) and
analyzed with an UV illuminator.

Cell culture

The murine macrophage cell line J774A.1 (ATCC, Rock-
ville, MD) was maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal calf serum
(Gibco-RBL Life Technologies, Paisley, UK) and antibiotic/
antimycotic (penicillin G sodium 100 U/mL, streptomycin
100 pg/mL, amphotericin B 0.25 pg/mL, Gibco-BRL Life
Technologies, Paisley, UK). J774A.1 cells were trypsinized
using 0.2% trypsin and 0.2% ethylenediaminetetraacetic
acid for 5 min, centrifuged at 1500 rpm for 5 min, and
resuspended in the medium.

The metabolic activity of cells was determined by
the MTT [3-(4,5-dimethylthiazol-2-yl)-diphenyl tetrazolium
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bromide, Sigma] colorimetric assay.'® To enhance the
response of J774A.1 cells to PMMA particles and plasmid
DNA, 2 X 10* J774A.1 cells were exposed to PMMA par-
ticles (3.375 mg) or PMMA (3.375 mg)/CRT-E7 DNA (10
pg) complexes in 24-well tissue culture polystyrene plates
(Costar, USA). Untreated cells were used as a control
group. After culturing in a humidified atmosphere with
5% CO, at 37°C for 7 days, the culture medium was
removed and the cells were incubated with 0.1 mL of MTT
solution (2 mg/mL in phosphate-buffered saline) for 3 h at
37°C. Subsequently, the MTT solution was aspirated and
the formazan reaction products were dissolved in DMSO
and shaken for 20 min. The optical density of the forma-
zan solution was read on an ELISA plate reader (ELx 800,
BIO-TEK) at 570 nm.

DNA vaccination and in vivo tumor protection
experiments

PMMA /CRT-E7 DNA complexes were prepared by
incubating 0.675 mg of PMMA particles with 2 pg of plas-
mid DNA in HBS for 30 min at room temperature. Subse-
quently, the complexes of PMMA particles and plasmid
DNA were delivered to the shaved abdominal region of
C57BL/6 mice (five per group) using a helium-driven gene
gun (BioWare Technologies, Taipei, Taiwan) as described
previously.'® One week later, mice were boosted with the
same regimen as the second vaccination. One week after
the last vaccination, mice were subcutaneously challenged
with 5 X 10* TC-1 cells/mouse in the right leg. Mice were
monitored for evidence of tumor growth by palpation and
inspection twice a week until they were sacrificed at
day 60.

Cytokine assay

For determination of cytokine release of J774A.1 cells af-
ter exposure to PMMA particles and CRT-E7 DNA, 1 mL
medium of cell suspension (2 X 10* cells) plus PMMA par-
ticles (3.375 mg) or PMMA (3.375 mg)/CRT-E7 (10 ng)
complexes were cultured in 24-well tissue culture polysty-
rene plates. Untreated cells were used as a control group.
After incubation for 1 day, the supernatant was harvested
and the cytokines (IL-6 and TNF-a) released by cells into
the media were measured by ELISA following the manu-
facturer’s protocol (Endogen, Boston, MA).

Cell transfection

J774A.1 and HeLa cells were transfected using PMMA
particles or polyethyleneimine (PEI) reagent (ExGen500,
Fermentas) as the DNA vector. Plasmid pEGFP-N1 (Clon-
tech), containing the cDNA for enhanced green fluorescent
protein (EGFP) under the control of the cytomegalovirus
promoter, was used for the tests of transfection. Briefly,
cells were seeded onto 24-well tissue culture polystyrene
plates at 5 X 10* cells/well and incubated at 37°C in 5%
CO, for 24 h. Subsequently, EGFP DNA (1 pg) mixed with
the PMMA particles (0.337 mg) or PEI reagent (3.3 uL) was

added into the culture wells for transfection, which were
incubated at 37°C in 5% CO, for 24 h. The EGFP expres-
sion was assessed using a fluorescent microscope (Axio-
vert 100TV, ZEISS, USA) equipped with green fluorescent
filter set, and cell counts were manually taken (100-200
cells for each treatment group) to determine the percentage
of cells displaying EGFP expression.

Statistical analysis

The data of MTT and cytokine assay presented as the
mean * standard deviation are representative of at least
four independent experiments. Statistical significance was
calculated using one-way analysis of variance followed by
Student’s t test. In the tumor protection experiment, the
principal outcome of interest was time to development of
tumor. The event time distributions for different mice
were compared by Kaplan and Meier and by log-rank
analyses.

RESULTS

Particle size and surface potential

Figure 1 illustrates the morphology of synthesized
PMMA particles from TEM. Excluding PMMA 5,
PMMA 14 were all quite globular. Table I summa-
rizes the particle sizes and surface charges of differ-
ent PMMA particles. For PMMA 1 and 2, which
were obtained by the emulsion polymerization with
SDS surfactant, the average size was about 50 and
150 nm, respectively. On the other hand, emulsifier-
free emulsion polymerization yielded a diameter of
about 340 and 460 nm for PMMA 3 and 4, respec-
tively. Clearly, the diameter of PMMA particles was
significantly reduced from >300 nm without a sur-
factant to <200 nm upon the addition of SDS during
the polymerization. For PMMA 5, which was pre-
pared by dropwise addition of PMMA solution
into water, the particle size was in the micron range.
Table I also shows the surface charge, determined by
the measurement of zeta potential, of prepared
PMMA particles. Reasonably, PMMA 1, 3, and 5,
prepared from anionic initiators, exhibited a negative
zeta potential, whereas PMMA 2 and 4, prepared
from cationic initiators, exhibited a positive zeta
potential.

Gel retardation of PMMA/CRT-E7 DNA complexes

Two micrograms of CRT-E7 was incubated with
equivalent weight of various PMMA particles and
the formation of stable PMMA /plasmid DNA
complexes was checked by the gel retardation assay.
As shown in Figure 2, PMMA 4 could retard the
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Figure 1. TEM photographs of PMMA particles: PMMA 1, PMMA 2, PMMA 3, PMMA 4, and PMMA 5.

migration of CRT-E7 DNA completely whereas
other PMMA particles failed to do so. This result
indicates that the PMMA 4 may form the most stable
complex with plasmid DNA when compared with
the other PMMA particles under such experimental
conditions.

MTT assay

To investigate if PMMA particles and PMMA/
CRT-E7 DNA complexes affect the survival of
J774A.1 cells, 3.375 mg of PMMA particles without
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or with 10 pug of CRT-E7 DNA were incubated with
2 X 10* J774A.1 cells for 7 days and then assayed
the cells” metabolic activity by the MTT test. Control

TABLE I
Size and Surface Charge of Synthesized PMMA Particles

Surface Charge (mV)

Particle Size (nm)

PMMA 1 50 = 14 —30.6 = 45
PMMA 2 150 = 15 +105 £ 1.9
PMMA 3 340 = 80 —373 £22
PMMA 4 460 = 160 +115 =18
PMMA 5 1000 *= 250 —28.7 £ 3.1
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Figure 2. Gel retardation of PMMA/CRT-E7 DNA com-
plexes. C: plasmid DNA only.

cells were cultivated without adding PMMA par-
ticles and DNA. As shown in Figure 3, the mean
formazan absorbance obtained was comparable for
all prepared PMMA particles and was not signifi-
cantly different from the control cell population,
regardless of the presence or absence of CRT-E7
DNA. When MTT assay was measured for 1 and
3 days of incubation, it also showed the similar
result (not shown here). This indicated that the
PMMA particles, even in the presence of CRT-E7
DNA, did not affect the survival of J774A.1 cells.

In vivo tumor protection

To assess the feasibility of using the gene gun to
propel prepared PMMA particles to deliver DNA
vaccine, we performed an in vivo tumor protection
experiment using a previously characterized tumor
model and vaccination strategy.'> All of the mice
without treatment developed tumors within 10 days
after tumor challenge (data not shown). Similarly,
mice only receiving PMMA particles also developed
tumors within 10 days after tumor challenge, indi-
cating PMMA itself did not show an antitumor effect
(data not shown). Figure 4 shows that 20% of the
mice receiving CRT-E7 DNA alone or PMMA 5/
CRT-E7 DNA complex vaccination, and 40% of the
mice receiving either PMMA 1/, PMMA 2/, or
PMMA 3/CRT-E7 DNA complex vaccination
remained tumor-free 60 days after TC-1 challenge.
The best result was observed in mice vaccinated
with the PMMA 4/CRT-E7 DNA complex. Sixty per-
cent of the mice were still tumor-free at the end of
this study, which was significantly better than the
control group (p = 0.0027)."° The operating parame-
ters used in the gene gun of this study were for the
delivery of gold particles. Therefore, better tumor
protection effects are anticipated if appropriate oper-

1.2 A I without DNA
[ with DNA

1.0 4 T _ . . .
0.8 1

0.6 1

0.4 1

02 1

00 . . . .

control  PMMA1 PMMA2 PMMA3 PMMA4 PMMAS

formazan absorbance

Figure 3. The metabolic activity, determined by the MTT
assay, of J774A.1 cells exposed to PMMA particles without
and with CRT-E7 DNA after incubation for 7 days. Data
are presented as mean * standard deviation (n = 6). Sta-
tistical significance was calculated using one way analysis
of variance (ANOVA) followed by Student’s t test (p <
0.05 was considered significant).

ating parameters for PMMA particles are developed.
As shown in Figure 4, the protection rate can be up
to 100% by using gold particle-mediated DNA vacci-
nation, which is consistent with the result of the pre-
viously characterized cervical cancer animal model.'?
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Figure 4. In vivo tumor protection experiments in mice

vaccinated with various DNA vaccines. Mice were immu-
nized with naked DNA alone, PMMA 1-5/plasmid DNA,
and gold/plasmid DNA (five per group) as indicated and
challenged as described in the “Materials and Methods”
section to assess the antitumor effect generated by each
DNA vaccine. The Kaplan-Meier product-limit method for
survival was assessed for significance using the log-rank
test.
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Figure 5. The level of IL-6 (a) and TNF-a (b) released by J774A.1 cells exposed to PMMA particles without and with
CRT-E7 DNA after incubation for 1 day. Data are presented as mean = standard deviation (n = 4). Asterisk and double
asterisks denote significant differences of p < 0.05 and p < 0.01 of the cytokine release compared with control cells, respec-
tively, which were calculated using one-way analysis of variance (ANOVA) followed by Student’s t test.

Cytokine production

We next investigated the release of inflammatory
cytokines TNF-a and IL-6 by ]J774A.1 cells to gain
further insights as to how PMMA particles and
PMMA /CRT-E7 DNA complexes were involved in
regulating the immune responses. We still used
3.375 mg of PMMA particles and 10 pg of plasmid
DNA, five times the concentrations of in vivo tumor
protection tests were added, to enhance the response
of J774A.1 cells. As shown in Figure 5(a), all PMMA
particles tested in this study did not induce signifi-
cant IL-6 release by ]774A.1 cells in the absence of
CRT-E7 DNA. However, in the presence of CRT-E7
DNA, PMMA 2 significantly increased the level of
IL-6 secretion by J774A.1 cells when compared with
control cells (p < 0.01). On the contrary, Figure 5(b)
shows PMMA 3 and PMMA 4 significantly induced
the TNF-a secretion by J774A.1 cells even in the ab-
sence of CRT-E7 DNA, compared with control cells
(p < 0.05). After coupling with CRT-E7 DNA, the
levels of TNF-a in the culture supernatants of
PMMA 2/, PMMA 3/, and PMMA 4/CRT-E7 DNA
complexes treated cells were significantly higher
than the control cells (p < 0.01). In this study,
PMMA 4/CRT-E7 DNA complex was the most
potent inducer of TNF-a secretion by J774A.1 cells.

Transfection of macrophages

Taken together, our data showed that the combi-
nation of PMMA 4 particles and CRT-E7 DNA had
the best tumor protection effect to augment the host
immune responses, but we did not know whether
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PMMA 4/plasmid DNA complexes could be taken
up into macrophages and expressed. To assess this
possibility, we used another plasmid DNA encoding
EGFP to complex with PMMA 4 particles to transfect
J774A.1 macrophages. For comparison, another non-
viral vector PEI with superior transfection perform-
ance and another cell type HeLa cells with good
transfection activity were used in this study. Figure
6 shows J774A.1 macrophages were very resistant to
transfection that could be ascribed to EGFP expres-
sion, regardless of using PMMA 4 particle or PEI re-
agent to complex with EGFP DNA. After 24 h of
transfection, we could not observe any cells showing

80

60 -

40+

% EGFP-positive cells

20

i || .

J774A1-PMMA 4 J774A 1-PEl  Hela-PMMA 4

Hela-PEI

Figure 6. Transfection of J774A.1 macrophages and Hela
cells with EGFP DNA using PMMA 4 particles and PEI re-
agent as the DNA vector. The assessment of EGFP expres-
sion using a fluorescent microscope equipped with green
fluorescent filter set, and cell counts were manually taken
(100-200 cells) from three independent wells to determine
the percentage of cells displaying EGFP expression.
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EGFP fluorescence using PMMA 4 particles and only
a small fraction (<3%) of transfected cells were
found using PEL In contrast, we could observe
obvious EGFP fluorescence of HeLa cells using PEI
reagent. However, PMMA 4 still had no detectable
gene transfer activity in HeLa cells. These results
suggested that PMMA 4 particles were not a potent
DNA delivery vehicle in gene transfection. In addi-
tion, compared with that HeLa cells could be trans-
fected using PEI reagent, J774A.1 macrophages
exhibited very low transfection efficiency, which was
in agreement with previous reports.'”'®

DISCUSSION

Currently, DNA vaccines have been safely admin-
istered in several human studies. Intramuscular
injection and transdermal particle bombardment are
the two routes commonly used for DNA vaccination.
Intramuscular injection results in plasmid DNA
uptake by myocytes, which present antigen through
MHC-I pathways."” However, the efficiency of trans-
fection is probably low, because the requirement for
cellular uptake of DNA and myocytes do not pro-
mote costimulatory molecules to function as efficient
APCs. Unlike vaccination by intramuscular injection
of DNA, vaccination by particle bombardment trans-
fects cells of the epidermis and dermis by direct
deposition of DNA-coated particles. The skin is a
rich source of somatic cells such as keratinocytes
and fibroblasts as well as potent bone-marrow-
derived APCs such as Langerhans cells, the resident
“professional APCs” of the skin. These APCs are
directly transfected and then migrate to the draining
lymph nodes.” Tt has been proposed that this mech-
anism is the predominant means of priming cyto-
toxic T-lymphocytes of using gene gun to deliver
DNA vaccine into the epidermis and dermis.*!

Gold particles are the most extensively used in
gene gun to accelerate DNA vaccines into the cyto-
plasm of cells, facilitating DNA delivery and gene
expression. In this study, we tried to use gene gun
to propel PMMA particles to deliver DNA vaccine.
A series of PMMA particles with different particle
size and surface charge were prepared. The concen-
trations of PMMA particles used in our in vitro stud-
ies were not toxic to mouse J774A.1 cells. Although
such particle concentrations were five times higher
than the concentrations used in our in vivo studies,
we still were not sure if the particle concentrations
in our in vivo studies would have any detrimental
effects to the mice. Nevertheless, PMMA is a bioma-
terial that has already been widely used in orthope-
dic implant devices. Furthermore, PMMA nanopar-
ticles have been used for DNA vaccination by the

route of intramuscular injection and already been
shown to be nontoxic for the cells and well tolerated
in vivo.”>® Tt might be argued that PMMA particle
preparation was not a new technique, but, to our
knowledge, this is the first report to show that the
gene gun can deliver DNA vaccine by propelling
PMMA particles mixed with DNA. The best result
was PMMA 4 particles with the size of 460 = 160
nm and surface charge of 11.5 * 1.8 mV. Sixty per-
cent of the vaccinated mice were still tumor-free 60
days after the tumor challenge. It is noted that the
protection rate can be up to 100% by using gold par-
ticle-mediated DNA vaccination. As mentioned ear-
lier, the operating parameters for the delivery of
PMMA particles used in the gene gun were for gold
particles. Therefore, better tumor protection effects
are anticipated if appropriate operating parameters
for PMMA particles are developed.

Because of the relatively poor immunogenicity of
DNA in humans, several strategies have been
employed to improve the immunogenicity of DNA
vaccines. Among them, the use of adjuvants (e.g.,
aluminum salts, cytokines, lipopolysaccharide)
alongside DNA immunization is effective in enhanc-
ing the level of immune response to a target anti-
gen.'” Adjuvants serve to activate innate immune
cell subsets in order to better promote adaptive im-
munity through T-cell interaction. In this study, we
took advantage of the proinflammatory cytokine
inducing effects of PMMA particles and test if this
property of PMMA could serve it as an effective ad-
juvant in DNA vaccination. As shown in Figure 5(b),
TNF-a production by macrophages was significantly
increased when the cells were treated with PMMA 3
and PMMA 4 particles. Coupling with CRT-E7 DNA
seemed to increase the TNF-a-stimulating effects of
all PMMA particles, although in PMMA 1 and
PMMA 5 the difference did not reach statistical sig-
nificance. PMMA 4/CRT-E7 DNA complexes
induced the highest level of TNF-a production by
mouse macrophage cells [Fig. 5(b)] and the best tu-
mor protection effects in vivo (Fig. 4). It is known
that TNF-a can promote antibody-dependent cyto-
toxicity and upregulate the expression of MHC class
IT molecules.” Thus, in this study, PMMA particles
serve as a potent adjuvant to enhance host immune
responses. In addition to the TNF-a, IL-6 is another
potent proinflammatory cytokine that has been
involved in a wide spectrum of biological events.
However, overproduction of IL-6 may have detri-
mental effects to DNA vaccination because IL-6 sup-
presses MHC-II expression on dendritic cells and
attenuates T-cell activation.” Our results showed
that, except for the PMMA 2/CRT-E7 DNA com-
plexes, PMMA particles and other PMMA /CRT-E7
DNA complexes did not induce significant IL-6 pro-
duction by mouse macrophage cells [Fig. 5(a)]. This
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might be another potential advantage of using
PMMA particles as adjuvants for DNA vaccination.
In fact, PMMA, in the form of nanoparticles, has
recently been shown to be very attractive as an adju-
vant in protein and DNA vaccine applications.”* 2
Therefore, phagocytic uptake of the PMMA /CRT-E7
DNA complexes by macrophages with subsequent
production of cytokines such as TNF-a shown in
this study might play an adjuvant role in enhancing
the immune responses toward the target antigen.

It is known that both direct transfection of epider-
mal APCs and cross-priming mechanisms that occur
between APCs and macrophages are involved in the
generation of antitumor immunity in gold particle-
mediated epidermal delivery of DNA vaccines.” In
addition to the direct transfection of DNA to APCs
by using the gene gun, it may be possible to increase
delivery of DNA to APCs by using a particulate for-
mulation of DNA because of the nonspecifically
phagocytic capacity of such cells. In support of this
hypothesis, Singh and coworkers showed that intra-
muscular injection of poly(lactide-co-glycolide)
microspheres of about 1 um diameter with surface-
adsorbed DNA substantially induced higher levels
of immune responses compared with that of naked
DNA.*' Theoretically, the PMMA 4/EGFP DNA
complexes can be easily phagocytosed by macro-
phages.”® However, Figure 6 shows that PMMA 4
particle-mediated transfection on macrophages was
not satisfactory. Therefore, the observed tumor pro-
tection in this study might not due to phagocytic
uptake of DNA with subsequent transfection of tar-
get antigen by the macrophages. The mechanism for
PMMA particle-mediated DNA vaccine in suppress-
ing cervical cancer is not clear at this time. It is
postulated that the increased cytokine production
after phagocytic uptake of the PMMA/CRT-E7
DNA complexes by macrophages [Fig. 5(b)] might
improve the “cross-priming” effects that occur
through the crosstalk between macrophages and pro-
fessional APCs. Direct delivery of PMMA /CRT-E7
DNA complexes into professional APCs through the
gene gun is another possible explanation for the
observed tumor protection effects in this study.

CONCLUSION

A series of PMMA particles (PMMA 1-5) were
synthesized in this study for a DNA vaccination
study. It was found that PMMA particles with differ-
ent sizes and surface charges could result in differ-
ent tumor protection effects. Among them, PMMA 4
particles (particle size: 460 £ 160 nm; surface charge:
+11.5 = 1.8 mV) stimulated the highest level of
TNF-a production by macrophages in vitro and
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yielded the best results of tumor protection in vivo.
Although the underlying mechanism remains elu-
sive, our results possess the potential for great trans-
lation and implementation of polymer particles in
DNA vaccination because the safety of many poly-
mer biomaterials has been approved by the FDA.
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Abstract

Atorvastatin has been shown to reduce resistin expression in macrophages after pro-inflammatory
stimulation. However, the mechanism of reducing resistin expression by atorvastatin is not known.
Therefore, we sought to investigate the molecular mechanisms of atorvastatin for reducing resistin
expression after proinflammatory cytokine, tumor necrosis factor-a (TNF-a)) stimulation in
cultured macrophages. Cultured macrophages were obtained from human peripheral blood
mononuclear cells. TNF-a stimulation increased resistin protein and mRNA expression and
atorvastatin inhibited the induction of resistin by TNF-a.. Addition of mevalonate induced resistin
protein expression similar to TNF-a stimulation. However, atorvastatin did not have effect on
resistin protein expression induced by mevalonate. SP600125 and JNK small interfering RNA
(siRNA) completely attenuated the resistin protein expression induced by TNF-a and mevalonate.
TNF-a induced phosphorylation of Rac, while atorvastatin and Rac-1 inhibitor inhibited the
phosphorylation of Rac induced by TNF-a.. The gel shift and promoter activity assay showed that
TNF-o increased AP-I-binding activity and resistin promoter activity, while SP600125 and
atorvastatin inhibited the AP-|-binding activity and resistin promoter activity induced by TNF-a..
Recombinant resistin and TNF-a significantly reduced glucose uptake in cultured macrophages,
while atorvastatin reversed the reduced glucose uptake by TNF-a. In conclusion, JNK and Rac
pathway mediates the inhibitory effect of atorvastatin on resistin expression induced by TNF-o.

Background

Resistin is an adipocyte-secreted molecule induced during
adipocyte differentiation. Recombinant resistin up-regu-
lates cytokines and adhesion molecule expression on
human endothelial cells [1,2], suggesting a potential role
in atherosclerosis. Resistin has been shown to have potent
proinflammatory properties [3]. Resistin promotes
endothelial cell activation and causes endothelial dys-
function of porcine coronary arteries [4]. Recently, resistin
was found to have a potential role in atherosclerosis
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because resistin increases MCP-1 and sVCAM-1 expres-
sion in vascular endothelial cells and resistin promotes
vascular smooth muscle cell proliferation [5,6]. More
recently, resistin was found to be secreted from macro-
phages in atheromas and promotes atherosclerosis [7].
Plasma resistin levels are correlated with markers of
inflammation and are predictive of coronary atherosclero-
sis in humans, independent of plasma C - reactive pro-
tein. Resistin may represent a novel link between
metabolic signals, inflammation, and atherosclerosis [8].
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The 3-hydroxy 3-methyl glutaryl-CoA reductase (HMG-
CoA reductase) inhibitors or statins have been proved to
reduce inflammation and exert beneficial effects in the
prevention of atherosclerosis progression [9]. The pleio-
tropic effect of statins, independent of their lipid-lowering
effects have been described to improve endothelial func-
tion, stabilize atheroslerotic plaque, inhibit vascular
smooth muscle cell proliferation as well as platelet aggre-
gation, and reduce vascular inflammation [9]. Ichida et al
reported that atorvastatin decreases resistin expression in
adipocytes and monocytes/macrophages [10]. Atorvasta-
tin decreased resistin mRNA expression in a dose- and
time-dependent manner. However, the mechanism of
reducing resistin expression by atorvastatin is not known.
Therefore, we sought to investigate the molecular mecha-
nisms of atorvastatin for reducing resistin expression after
proinflammatory cytokine, TNF-a stimulation in macro-
phages.

Materials and methods

Drugs

Atorvastatin, a calcium salt of a pentasubstituted pryole,
was supplied by Pfizer. A 10-mmole/l stock solution was
made in 100% DMSO. Recombinant TNF-a protein and
mevalonate were purchased from Sigma; Polyclonal Rac,
and polyclonal phospho-Racl (Ser71) antibodies from
Cell Signaling; Resistin antibody from R&D Systems; Rac
1 inhibitor, PD 98059, SB 203580, and anisomycin from
CALBIOCHEM; Resistin siRNA from Invitrogen.

Cell culture

Human peripheral mononuclear cells (PBMCs) were iso-
lated from heparinized whole blood obtained from nor-
mal healthy volunteers by Ficoll-Hypaque gradient
centrifugation. The cells were washed three times with
sterile PBS and resuspended in RPMI 1640 supplemented
with 10% fetal calf serum, 2 mmol/l L-glutamate and 1%
penicillin/streptomycin. Monocytes were purified from
PBMCs by positive selection using anti-CD14 magnetic
beads according to the manufacturer's instructions. The
cells were cultured for 4 days in RPMI 1640 supplemented
with 10% fetal calf serum, 2 mmol/l L-glutamate and 1%
penicillin/streptomycin. For experimental use, purified
monocytes/macrophages were changed to serum-free
RPMI-1640 supplemented with 2 mmol/l L-glutamate
and 1% penicillin/streptomycin for 6 h, then treated with
either 1 or 10 pmol/l of atorvastatin for 24 and 48 h.

Western blot analysis

Cells were homogenized in modified RIPA buffer. Equal
amounts of protein (15 pg) were loaded into a 12.5%
SDS-polyacrylamide minigel, followed by electrophore-
sis. Protein samples were mixed with sample buffer,
boiled for 10 min, separated by SDS-PAGE under denatur-
ing conditions, and electroblotted to nitrocellulose mem-
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branes. The blots were incubated overnight in Tris-
buffered saline (TBS) containing 5% milk to block non-
specific binding of the antibody. Proteins of interest were
revealed with specific antibodies as indicated (1:1000
dilution) for 1 hour at room temperature followed by
incubation with a 1:5000 dilution of horseradish peroxi-
dase-conjugated polyclonal anti-rabbit antibody for 1 h at
room temperature. Signals were visualized by chemilu-
minenescent detection. Equal protein loading of the sam-
ples was further verified by staining monoclonal antibody
GAPDH. All Western blots were quantified using densit-
ometry.

RNA isolation and reverse transcription

Total RNA was isolated from cultured macrophages using
the single-step acid guanidinium thiocyanate/phenol/
chloroform extraction method. Total RNA (1pg) was incu-
bated with 200U of Moloney-Murine Leukemia Virus
reverse transcriptase in a buffer containing a final concen-
tration of 50 mmol/L TrisCl (pH 8.3), 75 mmol/L KCl, 3
mmol/MgCl,, 20 U of RNase inhibitor, 1 umol/L polydT
oligomer, and 0.5 mmol/L of each ANTP in a final volume
of 20 pL. The reaction mixture was incubated at 42°C for
1 h and then at 94°C for 5 min to inactivate the enzyme.
A total of 80 puL of diethyl pyrocarbonate treated water was
added to the reaction mixture before storage at -70°C.

Real-time PCR

A Lightcycler (Roche Diagnostics, Mannheim, Germany)
was used for real-time PCR. cDNA was diluted with nucle-
ase-free water. 2 pL of the solution was used for the Light-
cycler SYBR-Green mastermix (Roche Diagnostics): 0.5
pmol/L primer, 5 mmol/L magnesium chloride, and 2 puL
Master SYBR-Green in nuclease-free water in a final vol-
ume of 20 pL. The primer used for mouse resistin was: for-
ward, 5'-d(GTACCCACGGGATGAAGAACC)-3'; reverse,
5'-d(GCAGACCCACAGGAGCAG)-3'. The primer used for

human resistin was: forward, 5'-d(TAAGCAGCATT-
GGCCTGG)-3"; reverse, 5'-d(CTGTGGCTCGT-
GGGATGT)-3'. GAPDH: forward, 5'-

d(CATCACCATCITCCAGGAGC)-3'; reverse, 5'-d(GGAT-
GATGTTCTGGGCTGCC)-3". The initial denaturation
phase was 10 min at 95°C followed by an amplification
phase as detailed below: denaturation at 95°C for 10 sec;
annealing at 55°C for 5 sec; elongation at 72°C for 15 sec
and for 30 cycles. Amplification, fluorescence detection,
and post-processing calculation were performed using the
Lightcycler apparatus. Individual PCR products were ana-
lyzed for DNA sequence to confirm the purity of the prod-
uct.

Electrophoretic mobility shift assay (EMSA)

Nuclear protein concentrations from macrophages were
determined by Biorad protein assay. Consensus and con-
trol oligonucleotides (Santa Cruz Biotechnology Inc.)
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were labeled by polynucleotides kinase incorporation of
[y32P]-ATP. Oligonucleotides sequences included the acti-
vating protein 1 (AP-1) consensus 5'-CGCTTGATGACT-
CAGCCGGAA-3'. The AP-1 mutant oligonucleotides
sequences were 5'-CGCTTGATGACTTGGCCGGAA-3'.
After the oligonucleotide was radiolabeled, the nuclear
extracts (4 pg of protein in 2 pl of nuclear extract) were
mixed with 20 pmol of the appropriate [y32P]-ATP-labeled
consensus or mutant oligonucleotide in a total volume of
20 pl for 30 min at room temperature. The samples were
then resolved on a 4% polyacrylamide gel. Gels were dried
and imaged by autoradiography. Controls were per-
formed in each case with mutant oligonucleotides or cold
oligonucleotides to compete with labeled sequences.

Promoter activity assay

A-741 to +22 bp rat resistin promoter construct was gen-
erated as follows. Rat genomic DNA was amplified with
forward primer (ACGCGTCTCAGCGGTAGAGCTCITG)
and reverse primer (AGATCTGGAGAAATGAAAGGTTCT-
TCATC). The amplified product was digested with Mlul
and BglII restriction enzymes and ligated into pGL3-basic
luciferase plasmid vector (Promega Corp. Madison, Wis-
consin, USA) digested with the same enzymes. The resis-
tin promoter contains AP-1 conserved sites (CT) at -51 to
-52 bp. For the mutant, the AP-1 binding sites were
mutated using the mutagenesis kit (Stratagene, La Jolla,
California, USA). Site-specific mutations were confirmed
by DNA sequencing. Plasmids were transfected into mac-
rophages using a low pressure-accelerated gene gun (Bio-
ware Technologies, Taipei, Taiwan) essentially following
the protocol from the manufacturer. Test plasmid at 2 pg
and control plasmid (pGL4-Renilla luciferases) 0.02 pg
were cotransfected with gene gun in each well, and then
replaced by normal culture medium. Following 4 hours of
TNF-a stimulation, cell extracts were prepared using Dual-
Luciferase Reporter Assay System (Promega) and meas-
ured for dual luciferase activity by luminometer (Turner
Designs).

Measurement of resistin concentration

Conditioned media from cultured macrophages under
TNF-a stimulation and those from control cells were col-
lected for resistin measurement. The level of resistin was
measured by a quantitative sandwich enzyme immu-
noassay technique (R&D Systems). The lower limit of
detection of resistin was 5 pg/mL. Both the intra-observer
and inter-observer coefficient of variance were < 10%.

Glucose uptake in macrophages

Macrophages were seeded on ViewPlate for 60 min (Pack-
ard Instrument Co., Meriden, Connecticut, USA) at a cell
density of 5 x 103 cells/well in serum free medium with
transferring 5 pg/ml, insulin 5. pg/mL for overnight.
Recombinant TNF-o. protein or conditioned medium
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were added to the medium. Glucose uptake was per-
formed by adding 0.1 mmol/L 2-deoxy-D-glucose and
3,33 nCi/mL 2- [1,2-3H]-deoxy-D-glucose for various
periods of time. Cells were washed with PBS twice. Non-
specific uptake was performed in the presence of 10 uM
cytochalasin B and subtracted from all of the measured
value. MicroScint-20 50 ul was added and the plate was
read with TopCount (Packard Instrument Co.). The radi-
oactivity was counted and normalized to protein amount
measured with a protein assay kit.

Statistical analysis

The data were expressed as mean+S.E.M. Statistical signif-
icance was performed with analysis of variance followed
by Dunnett's test for experiments consisting of more than
two groups and with Student's t test for stretch at 10% and
20%. A value of P < 0.05 was considered to denote statis-
tical significance.

Results

TNF-c increases resistin expression in human
macrophages

Western blot was used first to investigate the effect of TNF-
o on resistin expression in human macrophages. As
shown in Fig. 1, resistin protein expression was signifi-
cantly induced at 4 h after TNF-a (1 ng/mL) stimulation,
maximally induced at 18 h, and remained elevated for 48
h. The expression of resistin messenger RNA was signifi-
cantly induced by TNF-a from 4 to 18 h of stimulation
(Fig. 1C).

Atorvastatin inhibited the effect of TNF-c on resistin
expression

To test whether atorvastatin can inhibit the effect of TNF-
o on resistin expression in human macrophages, different
doses of atorvastatin was added before TNF-a stimula-
tion. As shown in Fig. 2, atorvastatin inhibited the resistin
protein expression induced by TNF-a in a dose-dependent
manner. Addition of mevalonate at 200 uM for 18 h
induced resistin protein expression similar to TNF-a stim-
ulation (Fig. 3A and 3B). However, atorvastatin did not
have effect on resistin protein expression induced by
mevalonate. Atorvastatin alone had neutral effect on resis-
tin expression similar to control cells. Exogenous meval-
onate did not reverse the resistin protein expression
induced by TNF-a stimulation. This finding implicated
that mevalonate has proinflammatory effect on resistin
expression in human macrophages and atorvastatin
inhibited the TNF-a-induced resistin expression not via
HMG-CoA reductase pathway. SP600125, a potent inhib-
itor of JNK, completely attenuated the resistin protein
expression induced by TNF-a and mevalonate (Fig. 4A
and 4B). PD98059, a potent inhibitor of p42/p44 MAP
kinase, and SB203580, a potent inhibitor of p38 MAP
kinase, partially attenuated the resistin protein expression
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Effect of pro-inflammatory cytokine, tumor necrosis factor-o. (TNF-o) on resistin expression in cultured mac-
rophages. (A) Representative Western blots for resistin in macrophages treated with TNF-a. for different periods of time. (B
and D) (B) Quantitative analysis of resistin protein levels. The values from treated macrophages have been normalized to val-
ues in control cells. (n = 4 per group). *P < 0.01 vs. control. (C) Quantitative analysis of resistin mMRNA levels. The mRNA level
was measured by real-time PCR. The values from treated macrophages have been normalized to matched actin measurement
and then expressed as a ratio of normalized values to mRNA in control cells (n = 3 per group). *P < 0.0l vs. control.

induced by TNF-o. and mevalonate. NAC, an antioxidant
scavenger, did not affect the resistin protein expression
induced by TNF-o. and mevalonate. TNF-a stimulation
increased phosphorylation of JNK (Additional file 1),
while TNF-a stimulation did not increase phosphoryla-
tion of p38 kinase and increased phosphorylation of ERK
only after stimulation for 2 h. SP 60025 and Rac1 inhibi-
tor significantly attenuated the phosphorylation of JNK
induced by TNF-a stimulation. Atorvastatin also signifi-
cantly reduced the phosphorylated JNK induced by TNF-
a stimulation. These findings indicate that JNK pathway is

the main signal pathway mediating the induction of resis-
tin protein expression by TNF-a.. Our data also demon-
strated that Rac was also involved in TNF-a induced JNK
activation.

Rac pathway mediates the inhibitory effect of atorvastatin
on resistin expression induced by TNF-«

To investigate the atorvastatin inhibitory mechanism on
induction of resistin by TNF-q, rac pathway was studied.
As shown in Fig. 5, TNF-a induced phosphorylation of
Rac in a dose-dependent manner. TNF-a did not have
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Atorvastatin inhibits the resistin protein expression induced by TNF-a in a dose-dependent manner. A, Repre-
sentative Western blots for resistin in macrophages treated with TNF-o with or without atorvastatin. B, Quantitative analysis
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Figure 3

Atorvastatin inhibits the TNF-a-induced resistin expression not via HMG-CoA reductase pathway. A. Repre-
sentative Western blots for resistin in macrophages treated with TNF-o, mevalonate with or without atorvastatin. B, Quanti-
tative analysis of resistin protein levels. The values from treated macrophages have been normalized to values in control cells.
(n = 4 per group). *P < 0.001 vs. TNF-a.
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Figure 4

JNK pathway is the main signal pathway mediating the induction of resistin protein expression by TNF-o and
mevalonate. A. Representative Western blots for resistin in macrophages treated with TNF-a with or without different
inhibitors. B, Quantitative analysis of resistin protein levels. The values from treated macrophages have been normalized to val-
ues in control cells. (n = 4 per group).
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Figure 5

TNF-a induces phosphorylation of rac protein expression in cultured macrophages. A. Representative Western
blots for phospho-rac and total rac in macrophages treated with TNF-a with or without atorvastatin. B, Quantitative analysis
of phospho-rac protein levels. The values from treated macrophages have been normalized to values in control cells. (n = 4 per
group). *P < 0.001 vs. control.
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Figure 6

Rac pathway mediates the inhibitory effect of atorvastatin on resistin expression induced by TNF-a. A. Repre-
sentative Western blots for resistin in macrophages treated with TNF-o. with or without atorvastatin and different inhibitors.
B, Quantitative analysis of resistin protein levels. The values from treated macrophages have been normalized to values in con-

trol cells. (n = 3 per group). *P < 0.001 vs.*P < 0.01 vs. TNF-o..

effect on total Rac. Addition of atorvastatin inhibited the
phosphorylation of Rac induced by TNF-a.. Rac-1 inhibi-
tor almost completely attenuated the effect of TNF-a on
resistin induction (Fig. 6). Anisomycin, an agonist of Rac,
significantly increased the resistin protein expression sim-
ilar to TNF-a.. Racl inhibitor attenuated the induction of
resistin protein expression by TNF-a, while racl inhibitor
did not alter the resistin protein expression induced by
anisomycin. As shown in Additional file 2, addition of
mevalonate did not induce phosphorylation of Rac and
total rac protein expression.

TNF-¢ increases AP-1-binding activity and resistin
promoter activity

The EMSA assay showed that TNF-a increased AP-1 DNA-
protein binding activity (Fig. 7). An excess of unlabeled
AP1 oligonucleotide competed with the probe for binding
AP1 protein, whereas an oligonucleotide containing a 2-

bp substitution in the AP1 binding site did not compete
for binding. Addition of SP600125 and atorvastatin 30
min before TNF-a stimulation abolished the DNA-protein
binding activity induced by TNF-a.. DNA-binding com-
plexes induced by TNF-a could be supershifted by a mon-
oclonal AP-1 antibody, indicating the presence of this
protein in these complexes.

To study whether the resistin expression induced by TNF-
o is regulated at the transcriptional level, we cloned the
promoter region of rat resistin (-741~+22), and con-
structed a luciferase reporter plasmid (pGL3-Luc). The
resistin promoter construct contains Stat-3, SRE, NF-«B,
and AP1 binding sites. As shown in Fig. 7B and 7C, tran-
sient transfection experiment in macrophages using this
reporter gene revealed that TNF-a stimulation for 4 h sig-
nificantly caused resistin promoter activation. This result
indicates that resistin expression is induced at transcrip-
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Figure 7

TNF-a increases AP-1-binding activity and resistin promoter activity. A. Representative EMSA showing protein bind-
ing to the AP-I oligonucleotide in nuclear extracts of macrophages after TNF-a treatment in the presence or absence of ator-
vastatin or JNK inhibitor. Similar results were observed in another two independent experiments. A significant supershifted
complex (super) after incubation with AP-| antibody was observed. Cold oligo means unlabeled AP-1 oligonucleotides. B. Con-
structs of resistin promoter gene. Positive +| demonstrates the initiation site for the resistin transcription. Mutant resistin pro-
moter indicates mutation of AP-1 binding sites in the resistin promoter as indicated. C. Quantitative analysis of resistin
promoter activity. Cultured macrophages were transiently transfected with pResistin-Luc by gene gun. The luciferase activity in
cell lysates was measured and was normalized with renilla activity (n = 3 per group). *P < 0.001 vs. control. *P < 0.01 vs. 4 h.

tional level by TNF-a.. When the AP1 binding sites were
mutated, the increased promoter activity induced by TNF-
o was abolished. Moreover, addition of SP600125 and
atorvastatin caused an inhibition of transcription. These
results suggested that AP1 binding site in the resistin pro-
moter is essential for the transcriptional regulation by

TNF-a and that TNF-a regulates resistin promoter via JNK

pathways.

TNF-¢ stimulates secretion of resistin from macrophages

and reduces glucose uptake

As shown in Fig. 8A, TNF-a significantly increased the
resistin secretion from cultured macrophages from 4 to 24
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Figure 8

TNF-o stimulates secretion of resistin from macrophages and reduces glucose uptake. (A) TNF-a at | ng/mL sig-
nificantly increasesd release of resistin from cultured macropghes at different stimulation periods. SP600125 and atorvastatin
attenuated the effect induced by TNF-a. (n = 3). *P < 0.01 vs. control. **P < 0.001 vs. control.*P < 0.001 vs. 18 hr. (B) Resistin
and conditioned medium (CM) after TNF-a. treatment had similar effect on reducing glucose uptake. Glucose uptake was meas-
ured in macrophages treated for 90 min with 20 pg/mL recombinant resisitn protein or conditioned medium from cultured
macrophages after | ng/mL TNF-a stimulation with or without TNF-a antibody (TNF-a. Ab). *P < 0.05 vs. control. **P < 0.01

vs. control. Data are from 3 independent experiments.

h. The mean concentration of resistin rose from 98 + 13
pg/mL before TNF-a stimulation to 542 + 64 pg/mL after
TNF-o stimulation for 18 h (P < 0.01). Pretreatment with
atorvastatin or SP600125 significantly attenuated the
secretion of resistin induced by TNF-a

Recombinant TNF-a protein at 1 ng/mL significantly
reduced glucose uptake at various periods of incubation
as compared to control macrophages without treatment

(Additional file 3). As shown in Figure 8B, exogenous
addition of conditioned medium from TNF-a stimulated
macrophages and resisitn also increased glucose uptake in
cultured macrophages. To eliminate the TNF-a effect on
glucose uptake, anti-rat TNF-a antibody (5 pug/ml, pur-
chased form R&D Systems) was added to the medium 1
hour before 2- [1,2-3H]-deoxy-D-glucose was added. The
effect of cultured medium obtained from macrophages
after TNF-a antibody treatment on reducing glucose
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uptake was similar to that of resistin. Addition of resistin
siRNA or atorvastatin before recombinant resistin treat-
ment reversed the glucose uptake to baseline levels (Addi-
tional file 3). This data indicates that resistin secreted
from macrophage after TNF-a stimulation is functional.

Discussion

Atherosclerosis has been considered an inflammatory dis-
ease. Inflammatory mediators such as TNF-q, interleukin-
1 and C-reactiv protein paly an important role in atheo-
genesis. Resistin could stimulate expression of TNF-q,
interleukin-1, 6 and 12 in cultured macrophages [3,11].
We have previously demonstrated a remarkable induction
of resistin protein level even after stimulation with low
level of TNF-a in vascular smooth muscle cells [12]. In
this study, we further demonstrated that resistin protein
and mRNA levels can be induced by TNF-a in cultured
human macrophages. Macrophages and vascular smooth
muscle cells are important components in the atheroma.
These findings indicate that resistin is a promising target
for controlling atherosclerotic disease.

Biomarkers that integrate metabolic and inflammatory
signals are attractive candidates for defining risk of athero-
sclerotic cardiovascular disease [13]. Hyperresistinemia
impairs glucose tolerance and induces hepatic insulin
resistance in rodents [14], whereas mice deficient in resis-
tin are protected from obesity associated insulin resistance
[15]. In this study, we also demonstrated that recom-
binant resistin protein and TNF-a reduced glucose uptake
in human macrophages and atorvastatin reversed the
abnormal glucose uptake induced by resistin and TNF-a.
Resistin may represent a novel link between metabolic sig-
nals, inflammation, and atherosclerosis [16].

Norata et al. have reported that plasma resistin levels are
increased in the presence of metabolic syndrome and are
associated with increased cardiovascular risk [17]. Lubos
et al. have also reported that resistin levels are elevated in
patients with acute coronary syndrome and might play a
role as a diagnostic marker [18]. Recently, resistin was
found to induce lipolysis and re-esterification of triacylg-
lycerol stores and increase cholesteryl ester deposition in
human macrophages [19]. Therefore, resistin contributes
macrophage form cell formation. Statins have been
shown to reduce lipid lowering effects as well as pleio-
tropic properties. Although statin cannot alter resistin lev-
els in patients with type 2 diabetic and in healthy men
[20-22], statins have been shown to reduce resistin expres-
sion in human monocytes and adipocytes [10,23]. These
data implicate that statins may control inflammatory
responses by inhibiting resistin expression.

Indeed, our study demonstrated that TNF-a induced resis-
tin protein and mRNA expression in human macrophages
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and atorvastatin decreased TNF-a-induced resistin expres-
sion in a dose-dependent manner. The induction of resis-
tin protein by TNF-o was largely mediated by JNK kinase
pathway because the specific and potent inhibitors of an
upstream JNK kinase, SP600125, inhibited the induction
of resistin protein. Atorvastatin also inhibited the phos-
phorylation of rac induced by TNF-a. In this study, we
demonstrated that TNF-a stimulation of AP-1-DNA bind-
ing activity required at least phosphorylation of the JNK
since JNK inhibitor abolished the AP-1 binding activity.
Atorvastatin also attenuated the AP-1 binding activity
induced by TNF-a. The promoter activity of wild resistin
promoter after TNF-a was significantly higher than that of
AP-1 mutant resistin promoter. This finding indicates that
TNEF-o regulates resistin in human macrophages at tran-
scriptional level and that AP-1 binding sites in the resistin
promoter is essential for the transcriptional regulation.
Taken together, our results indicate that TNF-o may
increase the AP-1 transcriptional activity in macrophages.
Resistin induced by TNF-a was largely though JNK, rac
and resistin promoter pathways and atorvastatin could
inhibit resistin expression through inhibition of rac phos-
phorylation, reduced AP-1 binding activity and resistin
promoter activity.

In our study, we demonstrated that inhibition of the TNF-
a-induced resistin expression by atorvastatin was inde-
pendent of HMG-CoA reductase. Downregulation of
resistin expression induced by CRP by simvastatin was
independent of HMG-CoA reductase [23]. Rac pathway
mediates the signal trasndcution by isoprenoid intermedi-
ates, such as farnesylpyrophosphate and geranylgeranyl-
pyrophosphate. In this study, we did not test the effect of
isoprenoid intermediate on inhibition of TNF-a-induced
resistin expression by atorvastatin. We demonstrated that
TNF-a and mevalonate induce resisitn at the similar level.
However, atorvastatin only blocks TNF-a but not meval-
onate induced resistin. TNF-a but not mevalonate induces
rac phosphorylation in cultured macrophages. JNK spe-
cific inhibitor S600125 blocked both TNF-a and meval-
onate induced resistin expression. This data suggests that
mevalonate plays a proinflammatory role and atorvasta-
tin attenuates resistin expression induced by TNF-a is
independent of HMG-CoA reductase but through inhibi-
tion of Rac and JNK pathway.

In conclusion, our study confirmed previous findings that
TNF-a could induce resistin expression in human macro-
phages and atorvastatin could inhibit the resistin expres-
sion induced by TNF-a. The inhibitory effect of
atorvastatin on TNF-o-induced resistin expression was
mediated by rac and resistin promoter. Our findings pro-
vide another evidence of pleiotropic effect of statin. Statin
therapy may become another therapeutic strategy for con-
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trolling resistin-associated pathologic cardiovascular dis-
ease in humans.
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Additional material

Additional file 1

Figure S1. Expression of INK, ERK and p38 MAP kinase in cultured mac-
rophages. (A) Representative Western blot for phosphorylated and total
JNK, ERK, and p38 MAP kinase in macrophages after treatment with
TNF-« for various periods of time with or without inhibitor. (B) Quanti-
tative analysis of phosphorylated protein levels. The values from treated
macrophages have been normalized to matched GAPDH and correspond-
ing total protein measurement and then expressed as a ratio of normalized
values to each phosphorylated protein in control cells (n = 3 per group).
**P < 0.001 vs. control. *P < 0.01 vs. control. P < 0.001 vs. 6 hr.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1423-
0127-16-50-S1.ppt]

Additional file 2

Figure S2. Expression of Rac in cultured macrophages. (A) Representa-
tive Western blot for phosphorylated and total Rac in macrophages after
treatment with mevalonate for various periods of time. (B) Quantitative
analysis of phosphorylated protein levels. The values from treated macro-
phages have been normalized to matched GAPDH and corresponding
total protein measurement and then expressed as a ratio of normalized val-
ues to each phosphorylated protein in control cells (n = 3 per group).
Click here for file
|http://www.biomedcentral.com/content/supplementary/1423-
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Figure S3. Effect of recombinant resistin and TNF-« on glucose uptake in
macrophages. Glucose uptake was measured in macrophages treated for
90 min with 20 ug/mL recombinant mouse resistin or 1 ng/mL TNF-c
with or without resistin siRNA or atorvastatin. *P < 0.001. Data are from
3 independent experiments.
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Cancer Therapy: Preclinical

A Novel Cancer Therapy by Skin Delivery of Indoleamine
2,3-Dioxygenase siRNA

Meng-Chi Yen,"* Chi-Chen Lin,° Yi-Ling Chen,® Shih-Shien Huang," Huei-Jiun Yang,’
Chih-Peng Chang,?*® Huan-Yao Lei,>® and Ming-Derg Lai"3*

Abstract

Purpose: Indoleamine 2,3-dioxygenase (IDO), an enzyme that degrades tryptophan, is a
negative immune regulatory molecule of dendritic cells. IDO-expressing dendritic cells suppress
Tcell responses and may be immunosuppressive /in vivo.We hypothesized that silencing the IDO
expression in skin dendritic cells /in vivo could elicit antitumor activity in tumor-draining lymph
nodes.

Experimental Design: The efficiency of IDO-specific small interfering RNA (siRNA) was eva-
luated in vitro and in vivo. The therapeutic effect was evaluated in MBT-2 murine bladder tumor
model and CT-26 colon tumor models.

Results: IDO expression was down-regulated in CD11c-positive lymphocytes after IDO siRNA
treatment. /n vivo skin administration of IDO siRNA inhibited tumor growth and prolonged sur-
vival in both tumor models. The number of infiltrated T cells and neutrophils increased at tumor
sites, which are correlated with therapeutic efficacy. The T cells may be mainly responsible for the
immunologic rejection because the effect was abolished by depletion of CD8-positive T cells.
Adoptive transfer of CD11c-positive dendritic cells from vaccinated mice delayed tumor progres-
sion. The cancer therapeutic effect was reproducibly observed with another IDO siRNA targeting
at different site, suggesting the effect was not due to off-target effect. In a neu-overexpressing
MBT-2 tumor model, IDO siRNA enhanced the therapeutic efficacy of Her2/Neu DNA vaccine.
Down-regulation of IDO2, an IDO homologue, with siRNA also generated antitumor immunity
invivo.

Conclusions: Antitumor immunity can be effectively elicited by physical delivery of siRNAs
targeting immunoregulatory genes in skin dendritic cells in vivo, as shown by IDO and IDO2 in

this report.

Dendritic cells are specific immune cells that can present
antigens and affect T cell differentiation and activation. Den-
dritic cells are divided into two subpopulations: myeloid den-
dritic cells or conventional dendritic cells and plasmacytoid
dendritic cells. Conventional dendritic cells are subtyped
according to their tissue distribution into Langerhans cells
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in the epidermis, dermal dendritic cells in the dermis, liver
dendritic cells, lung dendritic cells, etc. Dendritic cells process
antigen at their local tissue sites and migrate to lymphoid
organs where they present the antigens to naive T cells and
induce primary T cell and B cell responses (1-4). In addition,
dendritic cells are important regulators of tolerance to self-
antigens (5). Tumors develop through the accumulation of
multiple genetic mutations, which leads to the production of
mutated proteins. Despite their potential as tumor-associated
antigens, these mutated proteins rarely induce sufficient
immunity to eradicate the tumor (6). Many mechanisms have
been proposed to explain the ineffectiveness of the immune
response against cancer. One important mechanism is the
modulation of dendritic cells in the tumor microenvironment
and lymph nodes by cancer cells (7).
Indoleamine-2,3-dioxygenase (IDO) catalyzes the first step in
the kynurenine pathway, the main pathway of tryptophan
metabolism (8). It is involved in many activities including
microbial infectivity and maternal T-cell immunity during
pregnancy (5, 9). The establishment of tolerance may be
mediated through either localized depletion of tryptophan or
accumulation of toxic metabolites. Tryptophan catabolism also
affects naive T cell proliferation and memory CD8 T cell
generation (10). IDO also plays an important role in immune
escape in cancer (5, 11-13). Overexpression of IDO is
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Translational Relevance

Dendritic cells are usually prepared ex vivo and pulsed
with tumor antigens to generate antitumor immunity. In this
article, we have shown that physical delivery of small inter-
fering RNA (siRNA) targeting indoleamine 2,3-dioxyge-
nase (IDO) /in vivo can produce an effective antitumor
immune response without loading specific tumor antigens.
This simple nonviral method reduces lengthy work in prep-
aration of dendritic cells ex vivo, and may be useful in treat-
ing various types of tumors because the immune response
is not limited to a particular tumor antigen. Furthermore, the
immune response can be directed to a tumor-associated
antigen as shown by codelivery of neu DNA vaccine and
IDO siRNA. Based on these preclinical data, skin delivery
of siRNA targeting IDO has the therapeutic potential in
treating many cancers by itself and can function as an adju-
vant to boost other immunotherapy.

observed in tumors of many organs and tissues and in tumor-
draining lymph nodes (11, 14-17). The induction of IDO in
tumor is linked to the mutation of a tumor suppressor gene,
Bin 1. Inactivation of the Bin 1 gene results in superinduction
of the IDO gene by IFN-y. Treatment with the IDO inhibitor
1-methyl-tryptophan suppressed the growth of Bin1-null tumor
in immunologically intact mice, but not in nude mice (18).
Expression of IDO in tumor endothelial cells also correlates
with disease progression (19). A subset of dendritic cells
expressing IDO was identified in tumor-draining lymph nodes.
These dendritic cells can activate resting CD4-positive CD25-
positive Foxp3-positive regulatory T cells that can mediate
immunosuppression (16, 20). The induction of IDO in
dendritic cells seems to be mediated through the noncanonical
nuclear factor-kB pathway, which is strictly dependent on IKKa
homodimers (21). IDO may not be essential for self-tolerance
because IDO-knockout mice did not develop spontaneous
autoimmune diseases (16, 22). IDO may serve as a good
immunologic target for cancer therapy.

The IDO competitive inhibitor L-1-methyl-tryptophan (L-
1IMT) significantly reduced tumor size in animal experiments
(15). On the other hand, the dextro stereoisomer (D-1MT) had
better antitumor activity (23). It was also shown that the small
interfering RNA (siRNA) against IDO in tumor cells can restore
antitumor immunity (24). However, the effects of silencing
IDO in dendritic cells have not been investigated in vivo.
Recently, an IDO homologue protein, IDO2, was identified and
may be the preferred target of the antitumor compound D-1MT
(25, 26). Interestingly, D-1IMT had no antitumor activity in
IDO-knockout mice (23). Furthermore, L-1MT, but not D-1MT,
blocked tryptophan catabolism through abrogation of IDO
activity in dendritic cells (27). IDO and IDO2 may have
different biological interactions in various cell types (28). Some
discrepancies in these previous results may also be attributed to
the broad effects of 1-MT, which can interfere with Toll-like
receptor signaling in dendritic cells, independent of IDO
activity (29).

Because IDO is expressed in dendritic cells in tumor-draining
lymph nodes, modulating this expression may have antitumor
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effects. Modulation can be achieved by ex vivo loading and
in vivo targeting. Directly modifying the dendritic cells in vivo
has several advantages, including low cost, uniformity of the
products of dendritic cell synthesis, and activation of dendritic
cells within their natural environment (30). In our previous
study, supersonic flow was used effectively to deliver DNA into
skin dendritic cells (31). Therefore, we hypothesized that
delivery of IDO siRNA into skin dendritic cells may stimulate
low-IDO-expressing dendritic cells to migrate into tumor-
draining lymph nodes, activate the antitumor immune
response, and thereby delay progression of established tumors
(Fig. 1). In this report, we show that delivery of IDO siRNA into
skin dendritic cells can generate antitumor immune responses
in two different murine tumor models. Furthermore, IDO
siRNA combined with other gene therapy regimens can further
increase cancer therapeutic efficacy.

Materials and Methods

Animals. Female 4- to 6-wk C3H/HeN and BALB/c mice were
obtained from the Laboratory Animal Center at National Cheng Kung
University. All study protocols involving mice were approved by the
Animal Welfare Committee at National Cheng Kung University. L-1MT
(Sigma-Aldrich) was dissolved in sterile water (5 mg/mL) and adjusted
to pH 9.9 by NaOH. Animal water bottles were filled with L-1MT-
supplemented water, and replaced with fresh L-1MT water every 2 to 3 d
until mice were sacrificed.

Cell lines and antibodies. The MBT-2 murine bladder carcinoma cell
line has been described (32). The CT-26 colon tumor cell line was a
kind gift from Dr. Huan-Yao Lei. The following antibodies were used in
Western blotting: neu (Ab-20; Lab Vision Corp.) against extracellular
domain of neu; ¢-MYC (OP10; Calbiochem) against the myc-tag of
pcDNA3.1-IDO and pcDNA3.1-IDO2; and p-actin-specific mouse
monoclonal antibody (Chemicon).

Plasmid construction and preparation of DNA vaccine. siRNA was
constructed within pHsUG vector as described previously (33). The
targets were 5-GCA CTG CAC GAC ATA GCT A-3’ (for IDO siRNA); 5
GCA ATA TTG CTG TTC CCT A-3’ (for IDO siRNA-2); 5-GCA ATA GTA
GAT ACT TAC A-3’ (for IDO siRNA-3); 5-GCA GAT TCC TAA AGA GIT
A (for IDO2 siRNA); 5-GGC CAT CTA CCC ATG AAG A-3’ (for scramble
IDO siRNA). IDO and IDO?2 full-length genes were cloned from C3H/
HeN mouse lymph node lymphocytes and liver, respectively, and sub-
cloned into pcDNA3.1/myc-His-B(+) vector (Invitrogen). The resulting
plasmids were named IDO-myc and IDO2-myc. Neu-IDO-siRNA
plasmid was constructed by subcloning U6 promoter/IDO siRNA frag-
ment into the plasmid containing the extracellular domain of human
neu driven by CMV promoter (Invitrogen). Plasmid DNA was purified
with Endofree Qiagen Plasmid Mega Kits (Qiagen). DNA was preci-
pitated and suspended in sterile water at the concentration of 1 mg/mL.

IDO activity. Cos-7 cells (2 x 10°) were transfected with 2 ug of
IDO-myc, and cells were harvested from 18-h cultures. Cells were
subjected to three freeze/thaw cycles in 200 pL of PBS buffer and the
supernatant was removed after centrifugation at 3000 X g. The reaction
solution for measuring IDO activity contained potassium phosphate
buffer (50 mmol/L, pH 6.5), ascorbic acid (20 mmol/L, neutralized with
NaOH), catalase (200 pg/mL), methylene blue (10 pmol/L),
L-tryptophan (400 pmol/L). One hundred microliters of reaction
solution and 100 pL of cell lysate were mixed and incubated at 37°C for
60 min. Twenty microliters of 30% w/v trichloroacetic acid were added
to stop reaction at 65°C for 15 min, and the reaction mixture was cen-
trifuged at 6000 X g for 5 min. Twenty microliters of supernatants were
analyzed by a high performance liquid chromatography system with a
reverse-phase column (Mightysil RP-18 GP 4.6 X 250 mm; Kanto
Chemical Co. Inc). L-Kynurenine (5-100 pmol/L) was used as the standard.
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Histologic analysis of lymphocytes infiltrating tumor. One week after
the third vaccination, the mice were sacrificed and the tumors were
removed and cryosectioned (5 um). The immune cells in cryosections
were detected with anti-CD4 (GK 1.5; Pharmingen), anti-CD8 (53-6.7;
Pharmingen), anti-pan-NK (DX5; Pharmingen), or anti-neutrophil
(GR-1; Pharmingen) antibodies.

Therapeutic efficacy of IDO siRNA on established tumor. Mice were
injected s.c. in the flank with 1 x 10° MBT-2 cells or 1 x 10° CT-26 cells
in 0.5 mL of PBS. At day 8, the same flank was bombarded with 10 pg
of plasmid DNA diluted in 20 pL of water, using a low-pressure-
accelerated gene gun (BioWare Technologies Co. Ltd.) at 50 psi of
helium gas pressure. Tumor size was measured using a caliper twice a
week. Tumor volume was calculated using the formula: volume = (A% x
B X 0.5236), where A and B represent the shortest and longest
diameter, respectively. Mice were sacrificed when the volume of tumor
grew larger than 2,500 mm> or the mouse was in poor condition and
expected shortly to become moribund. Significant differences were
revealed by Kaplan-Meier analysis of survival rates.

Depletion of CD8-positive T cells. Five hundred micrograms of
murine antimouse CD8 (2.43) or control antibody (purified rat IgG)
was injected i.p. into mice. The depletion was done at weekly intervals
until the end of the experiment. The specific depletion was >90% as
determined by flow cytometric analysis.

Isolation of CD11c-positive cells. Inguinal lymph nodes were
collected from mice 48 h after vaccination. Cd11c-positive cells were
enriched with CD11c (N418) microbeads (Miltenyi Biotec). The
enriched cells were routinely >90% CD11c positive.

Detection of IDO expression in IDO siRNA transfected cells in inguinal
lymph nodes. The protocol was based on the previous report (31)
with minor modification. C3H/HeN mice were inoculated with 5 pg of
pEGFP-N1 plasmid (Clontech) and 15 pg of IDO siRNA or scramble
IDO siRNA. Lymphocytes were harvested from inguinal lymph nodes
48 h later. Lymphocytes were stained with IDO polyclonal antibody
(Adipogen) and then stained with Alexa Fluor goat antirabbit IgG
(Invitrogen Life Technologies). FACS Calibur flow cytometry (BD
Bioscience) was used to determine expression of IDO. Briefly, the
lymphocytes were gated according to side-scatter and forward-scatter
characteristics of monocytes. Enhanced green fluorescence protein
fluorescence-positive cells were further gated according to their FL-1
intensity and forward scatter. IDO expression was shown in histogram
plots, and the IDO quantitative analysis was done on geometric
means.

Fig. 1. Outline of anticancer therapy with skin
delivery of the immune regulator IDO siRNA.

A, tumor implantation induced increase of
IDO-positive cells in tumor-draining lymph node
which may cause tumor tolerance. B, skin
delivery of IDO siRNA repressed the expression
of IDO in dendritic cells and some skin cells. C,
IDO-negative (low-expression) dendritic cells
migrated to lymph node. D, IDO-negative dendritic
cells produced antitumor immune response and
delayed tumor progression.
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CD11c-positive cells adoptive transfer. CD11c-positive dendritic cells
were isolated from the inguinal lymph nodes of mice vaccinated three
times with IDO siRNA or scramble siRNA. Recipient mice were
challenged with 1 x 10° MBT-2 cells, and 5 x 10" dendritic cells were
injected s.c. into each recipient on the same flank where tumor cells
were injected.

Reverse transcription-PCR and quantitative reverse transcription-
PCR. CD1l1c-positive cells were harvested for RNA extraction with
TRIZOL (Invitrogen Life Technologies). cDNA was synthesized from
2 ug of RNA using MMLV-Reverse Transcriptase (Promega) according to
the manufacturer’s directions. Primers were as follows: IDO forward: 5
TGT GGC TAG AAA TCT GCC TGT-3"; and reverse: 5-CTG CGA TIT
CCA CCA ATA GAG-3’; IDO2 forward: 5-GGC TIT CTC CIT CCA AAT
CC-3" and reverse: TTG TCA GCA CCA GGT CAG AG-3’; hypoxanthine
phosphoribosyltransferase forward: 5-GTT GGA TAC AGG CCA GAC
TIT GTT G-3 and reverse: 5-GAT TCA ACT TGC GCT CAT CIT AGG C-
3’; IDO primer of quantitative PCR forward: 5-CGG ACT GAG AGG
ACA CAG GTT AC-3’ and reverse 5-ACA CAT ACG CCA TGG TGA TGT
AC-3’ (34). cDNA was amplified by Protag DNA polymerase (PROtech
Technology, Inc.). The PCR products were electrophoresed on 2.0%
agarose gels and visualized by ethidium bromide staining under UV
light. Quantitative PCR was done on ABI 7500 Fast Real-Time system
(Applied Biosystems) using SYBR Green PCR Master Mix (Applied
Biosystems). Cycling conditions were 95°C for 5 min, followed by
45 cycles of 95°C for 15 s and 60°C for 1 min.

In vitro CTL induction and activity. Spleen cells were harvested 7 d
after the third DNA vaccination. Spleen cells (2 X 10”) were incubated
with 10 ng of MBT-2 cell lysate for 48 h, and the suspended cells were
harvested as effector cells. MBT-2 luciferase cells were used as target cells
(35). Target cells (1 X 10* cells/well) were incubated for 6 h with serial
dilutions of effector cells in 200 pL of RPMI 1640 medium at 37°C. The
specific lysis of splenocytes was assessed in the supernatant using a
conventional luciferase detection system (Promega) in a Lumat LB9506
luminometer (Berthold Technologies).

Statistics. Graphs were generated and two-tailed t-tests were done
using GraphPad Prism version 4.00 for Windows (GraphPad Software).

Results

The efficacy of silencing IDO with IDO siRNA. We con-
structed U6 promoter plasmid-based siRNA targeting at
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nucleotides 607 to 625 on the IDO gene. To evaluate the
efficacy of IDO siRNA, liposome transfection was used to
deliver IDO siRNA and myc-tagged IDO (IDO-myc) into COS-7
cells in vitro. U6 vector or scramble IDO siRNA was used as a

Clin Cancer Res 2009;15(2) January 15, 2009

negative control. IDO siRNA significantly attenuated the mRNA
expression level of IDO, but not the mRNA expression level of
IDO2, a related enzyme of IDO (Fig. 2A and data not shown;
ref. 26). Decrease in IDO protein and total abolition of IDO

644

wwWw.aacrjournals.org



IDO in Skin Dendfritic Cells for Cancer Therapy

Fig. 3. Skin delivery of IDO siRNA had anticancer therapeutic effect in the C3H/HeN mouse tumor model. A, protocol for DNA vaccination. Eight days after s.c. tumor
implantation of 1 x 10° of MBT-2 cells, mice were vaccinated using a biolistic device at weekly intervals. B MBT-2 tumor volume in C3H/HeN mice; bars, + S.D.

*, a statistically significant difference when compared with the saline and scramble IDO siRNA groups (P < 0.05). C, Kaplan-Meier survival analysis of IDO siRNA — vaccinated
mice. The number in parentheses is the number of mice in the experiment. *, a statistically significant difference when compared with the saline and scramble IDO siRNA
groups (P < 0.05); **, a statistically significant difference when compared with the L-IMT groups (P < 0.05). D, adoptive transfer of dendritic cells from vaccinated mice
delayed tumor progression. CD11c-positive dendritic cells were isolated from IDO siRNA mice or scramble siRNA mice and assayed for delay of tumor progression in

naive tumor-bearing mice.

enzyme activity by IDO siRNA were shown on Western blots
and Kynurenine production, respectively (Fig. 2B).

To further examine the influence of IDO siRNA on the
expression of IDO in skin dendritic cells in vivo, IDO siRNA or
scramble IDO siRNA was codelivered with green fluorescence
protein (GFP)-encoding plasmid to C3H/HeN mice via
bombardment using gene gun, and GFP-positive CD11c-
positive lymphocytes were isolated from inguinal lymph nodes
48 hours after bombardment (Fig. 2C, top). IDO siRNA
significantly decreased the IDO-high-expression cells in total
GFP-positive cells (Fig. 2C, bottom). The expression of IDO
mRNA in CDI11c-positive lymphocytes was significantly
repressed by IDO siRNA, but not by scramble siRNA. IDO2
expression was only weakly affected (Fig. 2D). These data
indicate that IDO siRNA could significantly down-regulate
IDO expression in vitro and in vivo.

Therapeutic effect of IDO siRNA. To determine whether
silencing IDO expression in skin dendritic cells leads to an

antitumor effect, we first evaluated the therapeutic efficacy
of IDO siRNA in an animal tumor model (i.e., the MBT-2
bladder tumor model in syngeneic C3H/HeN mice; refs.
31, 35). Because the L isoform of 1-MT is reported to be a
specific inhibitor of IDO (26, 27), the therapeutic effect of
IDO siRNA was compared with that of L-1MT (5 mg/mL in
drinking water). The protocol of IDO siRNA vaccination is
shown in Fig. 3A. L-1MT and IDO siRNA significantly delayed
tumor growth when compared with scramble IDO siRNA
(Fig. 3B). Furthermore, mice vaccinated with IDO siRNA
or treated with L-1MT survived significantly longer than
control mice (P = 0.003 and 0.013, respectively; Fig. 3C).
It was interesting to note that skin delivery of IDO siRNA
was even better than systemic administration of L-1MT. To
further show that the therapeutic effects are mediated by
dendritic cells in lymph nodes, CD11c-positive cells from
vaccinated mice were harvested and transferred to recipient
mice with established MBT-2 tumors. Adoptive transfer of

Fig. 2. The expression of IDO was down-regulated by IDO siRNA in vitro and in vivo. A, left panel, COS-7 cells (2 x 10%) were cotransfected with different combinations
of 0.5 ng IDO-myc (c-myc-tagged) and 1.5 ug U6 vector, IDO siRNA, or scramble IDO siRNA. IDO expression was determined with reverse transcription-PCR (RT-PCR).
Hypoxanthine phosphoribosyltransferase was used as RNA internal control. Right panel, total cell lysates were subjected to Western blotting and detected with anti-myc
antibody. 3-Actin was used as internal control. B, tryptophan catabolism activity was repressed by IDO siRNA. Cells were harvested 24 h after transfection and the level

of kynurenine was determined by high performance liquid chromatography. *, a statistically significant difference when compared with the U6 vector control and scramble
IDO siRNA group (P < 0.05). C, IDO siRNA knockdown IDO expression in skin DC cells. Mice were vaccinated with plasmids encoding enhanced GFP (EGFP) plus IDO siRNA
or scramble IDO siRNA. The expression of IDO was analyzed by flow cytometry 48 h after vaccination. Upper panel, EGFP positive cells were gated. Lower panel, the IDO
expression in EGFP-positive cells. One representative of three independent experiments is shown. The IDO quantitative analysis was done on geometric means. D, IDO siRNA
inhibited IDO expression of CD11c-positive cells in lymph node. CD11c-positive cells were isolated from 2 x 107 inguinal lymph node 48 h after vaccination. The mRNA level
of IDO, IDO2, and hypoxanthine phosphoribosyltransferase was analyzed by RT-PCR (top). IDO mRNA was measured by quantitative real-time RT-PCR. Data were normal-
ized to hypoxanthine phosphoribosyltransferase expression in each sample (bottom). *, a statistically significant difference when compared with control or the scramble IDO
siRNA group (P < 0.05).
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Fig. 4. The immunologic mechanism of tumor rejection. A, cytotoxicity assay of lymphocytes. Effector cells were lymphocytes derived from mice with the indicated
treatments. MBT-2-luciferase cells (1 X 104) were used as target cells. Cytotoxicity was determined by the luciferase release. Each point represents the average of triplicate
wells. B, tumor volume of C3H/HeN mice bearing MBT-2 tumor without or with CD8 depletion. Data are means of the animals per group; bars, + S.D. C, the effects of
CD8-positive T cell depletion on the mouse survival. The survival data were subjected to Kaplan-Meier survival analysis. The number in parentheses is the number of mice in
the experiment. *, a statistically significant difference when compared with the scramble IDO siRNA and CD8-positive depletion group (P < 0.05).

CD11c-positive dendritic cells produced antitumor effects in
recipient mice (Fig. 3D).

Cellular immunity induction by IDO siRNA. To examine the
immunologic response induced by IDO siRNA, we determined
the number of lymphocytes infiltrating tumor sites (Supple-
mentary Table S1). CD4-positive, CD8-positive T cells and
neutrophils were significantly increased in both IDO siRNA-
and L-1MT-treated mice. We further evaluated the cytotoxic
activity of splenocytes of vaccinated mice. The cytotoxic lysis
activity in splenocytes was highest in the IDO siRNA-vaccinated
group compared with all other groups, including the L-1MT
group (Fig. 4A). The cytotoxic activity was significantly
correlated with the number of infiltrating CD8-positive T cells
in the IDO siRNA and L-1MT groups (P = 0.0034). This result
suggests that CD8-positive T cells may play an essential role in
the therapeutic effect of IDO siRNA vaccination. Depletion of
CD8-positive T cells with monoclonal antibody (hybridoma
2.43) completely abolished the therapeutic effect of IDO siRNA
(Fig. 4B and C).

Therapeutic effects of various IDO siRNA are correlated with
their silencing efficacy. Because the siRNA may have off-target
effects, i.e., attenuate other genes besides the target gene, we
constructed two other IDO siRNAs, i.e., IDO siRNA-2 and IDO
siRNA-3, targeting the sequences 326-344 and 1053-1072 of
mouse IDO, respectively. The relative silencing efficacy of IDO
siRNA-2 and IDO siRNA-3 was evaluated by cotransfection
with c-myc IDO in COS-7 cells. Similar silencing efficacy for
IDO siRNA-2 and IDO siRNA, and lower silencing efficacy for
IDO siRNA-3, were shown by Western blotting with c-myc tag
antibody (Fig. 5A). Likewise, the therapeutic effects of IDO
siRNA-2 and IDO siRNA-1 were similar. On the other hand,
IDO siRNA-3 had less efficacy in delaying tumor progression
and prolonging mouse survival (Fig. 5B and C). The therapeutic
effect of individual IDO siRNAs was thus correlated with its
silencing effects on IDO gene expression, which suggested that
the therapeutic effects of IDO siRNA is due to the reduction of
IDO expression in vivo.

IDO siRNA had therapeutic efficacy in another animal tumor
model. To determine whether IDO siRNA was functional in
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another animal tumor model, the CT-26 colon tumor in
BALB/c mice was used. IDO siRNA exerted similar antitumor
effects in mice bearing the CT-26 tumor. Vaccination with
IDO siRNA reduced tumor burden and prolonged survival.
Interestingly, L-1MT did not have a therapeutic effect in
this model (Supplementary Fig. S1). Histologic analysis
of infiltrating cells revealed that numbers of CD4-positive
and CD8-positive T cells were significantly elevated in
IDO siRNA-vaccinated mice (Supplementary Table S2).
Taken together, our results indicate that IDO siRNA has
antitumor therapeutic efficacy in BALB/c mice with CT-26
tumors.

IDO siRNA enhanced antitumor therapeutic efficacy of neu
DNA vaccine. 1IDO is an immune regulatory molecule of
dendritic cells, which are the main targets of the DNA vaccine.
We then tested whether IDO siRNA could be used as an
immunologic adjuvant to boost response to the DNA vaccine.
Previously, the antitumor effect of neu DNA vaccine on the
MBT-2 tumor (a tumor that endogenously overexpresses Her-
2/Neu) was shown in C3H mice (32). Fusion of the NH,-
terminal neu DNA vaccine with IDO siRNA or scramble IDO
siRNA had no effect on the IDO silencing by IDO siRNA and
no effect on the expression of the truncated neu in vitro (Fig.
6A). The fusion product of neu DNA vaccine and IDO siRNA
had significantly greater therapeutic efficacy than either
component (neu DNA or IDO siRNA) separately (Fig. 6B
and C).

IDO2 siRNA. To investigate the role of IDO2-expressing
dendritic cells in tumor-bearing mice, we also treated C3H/
HeN mice with IDO2-specific siRNA. The silencing efficacy of
IDO2 siRNA was evaluated in COS-7 cells in vitro. IDO2
siRNA specifically suppressed IDO2 expression, but did not
affect IDO1 expression (Supplementary Fig. S2). The expres-
sion of IDO2 mRNA in CD11c-positive lymphocytes was
significantly repressed by skin delivery of IDO2 siRNA, but
not by scramble siRNA. IDO expression was only weakly
affected. Skin delivery of IDO2 siRNA had antitumor effects,
but was less efficacious than IDO in the MBT2/C3H model
(Supplementary Fig. S2).
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Discussion

In this report, we have shown that skin delivery of IDO siRNA
reduced the expression of IDO in dendritic cells and significantly
delayed tumor progression in vivo. Increased infiltration of T cells
and neutrophils were observed in mice vaccinated with IDO
siRNA. The increase in neutrophils might induce tumor-specific T
cell proliferation (36). The cancer therapeutic effects were
probably mainly due to the enhancement of T cell immune
responses against cancer because depletion of T cells abolished
the therapeutic response to IDO siRNA.

The antitumor effects are unlikely to be due to the leakage of
IDO siRNA to the tumor site because no GFP-positive cells were
detected at these sites when GFP-encoding plasmid was
delivered by gene gun to the skin.” Furthermore, adoptive
transfer of IDO-knockdown CD11c-positive lymph node
dendritic cells can provide antitumor immunity in naive mice.
These results support the notion that knockdown of IDO in
dendritic cells mediates the antitumor immunity. Plasmid DNA
delivered by biolistic device may transfect cells other than
dendritic cells in skin, such as keratinocytes. IDO siRNA could
down-regulate the expression of IDO in these cells. Because the
biolistic device, unlike the viral delivery, can only transfect a
limited amount of skin cells (31), the amounts of IDO
alteration and metabolite change are minimal, and may not
be sufficient to alter the skin environment to activate the
dendritic cells. Altogether, down-regulation of IDO in skin
dendritic cells is probably mainly responsible for the observed
antitumor response.

Dendritic cells are important for priming immune responses
to foreign antigen and can be recruited and activated by
coadministration of plasmids encoding the chemokine macro-
phage inflammatory protein 1-a. In addition, the fms-like
tyrosine kinase 3 ligand can potentiate the immunogenicity of
plasmid DNA vaccines in vivo (37). Our experiments further
expand the use of DNA as a tool for targeting regulatory genes
in dendritic cells. In the absence of codelivered antigen, IDO
siRNA alone can overcome immune tolerance and induce
immunity directed against tumor-associated antigens expressed

on MBT-2 or CT-26 cells. The enhancement of CTL responses to
whole MBT-2 cells has been observed, although the specific
tumor-associated antigens responsible for the cytotoxic
responses have not been identified. In the presence of
codelivered antigen, such as neu, IDO siRNA can further boost
the specific adaptive immunity toward the tumor-associated
antigen neu.

Skin dendritic cells are essential for mediating immune
responses to infectious agents and cancer, and our experimental
approaches can be used for other genes expressed in skin
dendritic cells as well. In this report, we showed that either IDO
or IDO-2 siRNA can produce antitumor effects in vivo. ATP has
been shown to induce IDO and down-regulate thrombospon-
din-1 in dendritic cells (38). Based on this rationale, skin
delivery of thrombospondin-1 siRNA can also be expected to
induce an antitumor immune response, although thrombo-
spondin-1 is classified as an antiangiogenesis molecule. Our
preliminary results indicate that thrombospondin-1 siRNA
indeed induces an antitumor immune response in vivo. Skin
delivery of immunoregulatory siRNA may be a novel therapeu-
tic method for treating cancer and other diseases. However, the
success of this application depends on two important
parameters. Firstly, down-regulation of a single immunoregu-
latory gene may not be sufficient to generate antitumor
response in certain cases because tumor cells may create
immune suppression through multiple pathways. One poten-
tial solution for this limitation is to inactivate several immune
regulatory genes by multiple siRNAs. Secondly, the strength of
antitumor immunity is determined by two factors: the efficacy
of siRNA and the amounts of transfected dendritic cells. An
IDO siRNA with less efficacy would not produce enough
antitumor immunity to prolong mouse survival (Fig. 5C). On
the other hand, optimization of immunization regimen or
delivery device may enhance the amounts of transfected
dendritic cells and the resultant antitumor immunity. Power-
Med delivery device has been reported to deliver several folds
more DNA into a larger delivery site than the conventional gene
gun, which may provide another alternative in the clinical trial
with human patients (39).

Fig. 5. The therapeutic effects of IDO siRNA are correlated with its silencing efficacy. A, the silencing effects of three IDO siRNAs. COS-7 cells were transfected with
IDO siRNA, IDO siRNA-2, or IDO siRNA-3 targeted to different sequences, and cell lysates were analyzed with Western blotting to evaluate the silencing efficacy. B,
MBT-2 tumor volume in C3H mice vaccinated with the three different IDO siRNAs. Data are expressed as group means. The number in parentheses is the number of mice
in the experiment; bars, + S.D. *, a statistically significant difference when compared with the saline and scramble IDO siRNA groups (P < 0.05). C, Kaplan-Meir analysis

of survival of mice vaccinated with different IDO siRNAs.
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Fig. 6. Enhancement of the therapeutic effect of neu DNA vaccine after fusion with IDO siRNA. A, the fusion plasmid expressed truncated neu product and silenced IDO
in vitro. COS-7 cells were transfected with neu, neu-IDO siRNA, or neu-scramble IDO siRNA. Cell lysates were subjected to Western blotting with respective antibodies.
B, tumor-bearing mice were inoculated with the indicated siRNAs, and the tumor sizes were measured. Data are expressed as group means; bars, = S.D. *, a statistically
significant difference when compared with the saline and scramble IDO siRNA groups (P < 0.05). C, survival data were subjected to Kaplan-Meier analysis. The number in
parentheses is the number of mice in the experiment. *, a statistically significant difference when compared with the saline group (P < 0.05); **, a statistically significant

difference when compared with the saline, IDO siRNA, and neu groups (P < 0.05).

IDO siRNA was apparently more effective than IDO-2 siRNA
in inducing antitumor immune responses. Because it is difficult
to assess the relative silencing efficiency in dendritic cells, it is
inappropriate to deduce that IDO is more effective than IDO2
in skin dendritic cells. In addition, the keratinocytes in skin
were also transfected with the DNA delivered by gene gun
inoculation. The activation of dendritic cells by either IDO or
IDO2 siRNA suppressed IDO in both dendritic cells and
surrounding skin keratinocytes. Our results clearly indicate,
however, that IDO plays an important immunologic role in
skin dendritic cells. Because the D-form of 1-MT has better
antitumor activity and preferentially inhibits IDO2 activity in
293T cells, the role of IDO in dendritic cells has been
questioned recently (26). Paradoxically, D-1MT loses its
therapeutic effect in IDO-knockout mice, indicating IDO is
required for D-1MT to exert its antitumor effects (23).
Prendergast has proposed that IDO2 acts upstream of IDO in
a common pathway, which would explain these discrepancies
(40). These discrepancies may also result from differences
between in vitro and in vivo observation. Moreover, the effect of
D- or L-IMT may vary among the many different types of
dendritic cells. Munn and Mellor have suggested that inappro-
priate antitumor responses may be largely due to plasmacytoid
dendritic cells with constitutive expression of IDO in tumor-
draining lymph nodes (16). In our experimental system,
change in the expression of IDO in Langerhan cells and dermal
dendritic cells are sufficient to reverse immune tolerance.
Although the role of IDO2 in tryptophan catabolism in human
dendritic cells may not be essential (27), skin delivery of IDO2
siRNA in mouse dendritic cells exerted a moderate anticancer
effect. Taken together, our results support the concept that both
IDO and IDO2 are important immune regulators in skin
dendritic cells (39), but do not show whether IDO2 acts
upstream of IDO.

Interestingly, epidermal gene gun administration of IDO
siRNA is more potent than systemic administration of L-1MT
(Fig. 3). Because three IDO siRNAs targeting different sites have
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been used in our experiments, the off-target effects of siRNA may
be less likely to occur in our animal experiment. There are four
possibilities for the observed effects. Firstly, the low palatability
of pH9 water containing L-1MT may decrease the water
consumption by mice, and the concentration of L-1MT in mice
may not reach the maximal effective therapeutic range.
Secondly, IDO inhibitor can diffuse systemically and therefore
its effects on other tissues and organs may affect its therapeutic
efficacy. Thirdly, 1-MT acts on other targets in addition to IDO1
or IDO2, and these side effects may affect its therapeutic efficacy.
1-MT interferes with toll-like receptor signaling in dendritic cells
independent of IDO activity and can affect tryptophan transport
through cell membranes (30, 41). Fourthly, part of IDO’s effect
may be independent of enzymatic activity. There are several
carbohydrate metabolism enzymes that may act similarly
(42, 43), and amino acid metabolism enzymes may do the
same. Microarray comparison of IDO siRNA with other IDO
inhibitors may help to resolve this difference (44).

[t is very interesting and important to note that transfection of
a small population of dendritic cells in lymph nodes can exert
antitumor effects at a different site. One possibility is that this
small population of dendritic cells presents the tumor-specific
antigen to both peripheral tissue and lymph nodes and activates
the immune response. Another possibility is that the small
population of activated dendritic cells alters the properties of
resident dendritic cells and other immune cells in lymph nodes.
Previous results from Robbiani’s group have indicated that
single intranodal administration of C274 produced local
and systemic effects on lymph node cell functions (45). In
conclusion, the skin administration of immune regulatory
molecules can induce a systemic antitumor immune response
without targeting specific tumor-associated antigens.
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