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72 °C. The mRNA expression of target genes was normalized by
using the mRNA level of GAPDH.

2.5. Effect of shRNA-expressing pDNAs on proliferation of BI16
cells

B16-BL6/dual Luc cells were transfected with pDNA as
described above. After the transfection of pDNAs for 4 h, cells
were washed with PBS and further incubated with the culture
medium for specified time periods up to 96 h. The cell numbers
at the indicated time points were evaluated by MTT assay as
described previously [25].

2.6. Flow cytometric determination of apoptosis

B16-BL6/dual Luc cells seeded on 6-well culture plates were
treated with pDNA as described above. At 3 days after
transfection, adherent cells were detached by trypsinization and
re-suspended in PBS. Aliquots of these cell suspensions were
centrifuged and the pellets were used for the flow cytometnic
determination of apoptosis using a commercial kit (Vybrant™
Apoptosis Assay Kit#2, Molecular Probes, Invitrogen). In brief, a
cell pellet was re-suspended in a binding buffer (10 mM HEPES,
140 mM NaCl, 2.5 mM CaCl., pH 7.4) 10 give a cell density of
approximately 2—10x 10°/ml. Aliquots (100 ul) of this cell
suspension were incubated with 5 pl recombinant annexin V
labeled with Alexa Fluor® 488 dye (Alexa Fluor 488 annexin V)
and 1 ul of a stock solution of propidium iodide (PI. 100 pg/ml)
for 15 min at room temperature. After the incubation period,
400 pl of the binding solution was added and the samples were
kept on ice until analysis in the flow cytometer. Samples were
analyzed on a flow cytometer (FACSCan, BD, Franklin Lakes,
NJ, USA) and electronic compensation was used to remove
spectraloverlap. Annexin V staining, DNA signals and side
scatter (SSC) signals were detected on a log scale. Forward (FSC)
signals were detected in a linear mode. The FL1 and FL2
photomultiplier (PMT) voltage settings were set using unstained
isotype samples. The threshold using FSC was set to exclude
debris without excluding any populations of interest. The flow
cytometric data were analyzed with WINMDI 2.8 software®.

2.7. Animals

Seven-week-old male C57/BL6 mice, purchased from
Shizuoka Agricultural Cooperative Association (Shizuoka,
Japan) were used in all the experiments. All animal experiments
were conducted in accordance with the principles and
procedures outlined in the US National Institutes of Health
Guide for the Care and Use of Laboratory Animals. The
protocols for animal experiments were approved by the Animal
Experimentation Committee of Graduate School of Pharma-
ceutical Sciences of Kyoto University.

2.8. Primary tumor model

B16-BL6 cells in an exponential growth phase were harvested
by trypsinization and suspended in Hanks’ balanced salt solution
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(HBSS, Nissui Pharmaceutical). The tumor cells (2x 10° cells)
were injected intradermally into the back of syngeneic C57/BL6
mice. When the tumor diameter reached 2—-3 mm (1 week after
tumor inoculation), mice received a single intratumoral injection
of 30 pg pDNA dissolved in 50 pl saline at a time followed by
twelve electric pulses (1000 V/ecm, 5 ms, 4 Hz) which were
delivered through a pair of l1-cm? forcep-type electrodes
connected to a rectangular direct current generator (CUY2I,
Nepagene, Chiba, Japan). In the growth inhibition experiment,
shRNA-expressing pPDNAs were administrated at day 7, 10 and
19 after tumor inoculation. Tumor growth was evaluated by
measuring the tumor size using calipers at indicated times, and
tunor volume (mm?>) was calculated from the following equation:
(longest diameters x shortest diameters)*” x 7/6.

2.9. Statistical analysis

Differences were statistically evaluated by Student’s t-test. A
P-value of less than 0.05 was considered to be statistically
significant.

3. Results

3.1. Reduction in mRNA by transfection of shRNA-expressing
pDNA to Bl6-F1 cells

Two candidate sequences were selected for each target gene.
Fig. 1 shows the mRNA levels of the target genes in B16-F1
cells 24 h after transfection of shRNA-expressing pDNA
targeting f3-catenin or HIF la measured by real-time RT-PCR.
The transfection of shRNA-expressing pDNA maximally
suppressed the mRNA expression of B-catenin and HIFla to
about 20% and 25% of each control value, respectively. For
each target gene, an shRNA-expressing pDNA (#2 in all cases)
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Fig. 1. Reduction of mRNA in BI16 cclls following transfection of shRNA-
cxpressing pDNA. B16-F1 cclls sceded on 12-well culture plates (at a density of
2% 10° cells/well) were transfected with shRNA-expressing pDNA or piGENE-
hU6. Amounts of mRNA were determined 24 h after transfection. The results arc
expressed as the mean£S.D. (n=3). *P<0.05 for Student’s ¢-tcst versus control
group.
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was selected based on the inhibitory effect, and was used in the
subsequent experiments. The selected shRNA-expressing
pDNAs were named as pshi-catenin and pshHIFla.

3.2. Growth inhibition of B16-BL6/dual Luc cells by shRNA-
expressing pDNA

To evaluate the inhibitory effect of shRNA-expressing
pDNA on tumor cell growth in vitro, the time course of the
number of B16-BL6/dual Luc cells after the transfection of
shRNA-expressing pDNAs was measured by MTT assay
(Fig. 2). Transfection of pshp-catenin or pshHIFla reduced
the number of viable B16 cells to about 50% and 60% of the
control value, respectively. A significant reduction in the viable
cell number was observed in the pshR-catenin- or pshHIFla-
treated cells as early as 1 and 2 days after transfection,
respectively. Therefore, these results indicate that psh3-catenin
and pshHIF L« are potent in inhibiting the proliferation of B16
cells.

3.3. Flow cytometric analysis of cell death induced by shRNA-
expressing pDNAs

Flow cytometric analysis of cells stained with fluorescein-
labeled annexin V and Pl was performed to detect apoptotic and
necrotic cells after transfection of shRNA-expressing pDNAs to
B16-BL6/dual Luc cells (Fig. 3). At 3 days after transfection of
shRNA-expressing pDNA, cells were stained with annexin-
FITC and PIL. Fig. 3A—C shows the typical results of the flow
cytometric analysis of the cells. Live cells (annexin-FITC and PI
double negative) occupy the lower left quadrant. early apoptotic
cells (annexin-FITC positive and Pl negative) occupy the lower
right quadrant and late apoptotic or necrotic cells (annexin-
FITC and PI double positive) occupy the upper right quadrant.
Fig. 3D summarizes the number of viable, early apoptotic, or
late apoptotic and necrotic cells. Transfection of pshf3-catenin
or pshHIF 1« increased the number of apoptotic cells compared
with that of control pDNA. The number of dead cells, which
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Fig. 2. Anti-proliferative effect of shRNA-cxpressing pDNA against B16 cells.
B16-BL6/dual Luc sceded on 24-well culture plates (at a density of 2 x 10 cells/
well) were transfected with shRNA-cxpressing pDNA or piGENE-hU6. Cell
populations at indicated time points were cvaluated by MTT Assay. The results
arc cxpressed as the mean=S.D. (n=3). *P<0.05 for Studcnt’s #-test versus
control group.
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Fig. 3. Induction of apoptosis and nccrosis in B16-BL6 cclls causced by
transfection of SiRNA-cxpressing pDNA. (A-C) Representative dot plots of the
flow cytometric quantification of intact, apoptotic and nccrotic cells. B16-BL6/
dual Luc secded on 6-well culture plates (at a density of 1 x 10° cells/well) were
transfected with piGENE-hU6 (A), pshfs-catenin (B) or pshHIFla (C). After
3 days incubation from the initiation of transfcction, cclls were processed and
stained with annexin-FITC and P1 as indicated in M&M. Live cells (anncxin-
FITC and PI double negative) occupy the lower left quadrant, early apoptotic
cells (annexin-FITC positive and PI negative) occupy the lower right quadrant
and latc apoptotic or necrotic cells (annexin-FITC and PI double positive)
occupy the upper right quadrant. (D) Percentage of viable, carly apoptotic and
latc apoptotic or nccrotic cells after transfection of SsSRNA-cxpressing pDNA, as
calculated from the dot plots as in panel (A—C). The results are cxpressed as the
meanzS.D. (n=3). *P<0.05 for Student’s s-test versus control group.

was roughly estimated as the total number of apoptotic and
necrotic cells, was about 20% of the total ceils in the case of
psh-catenin, 15% in the case of pshHIFla and 10% in the case
of control pDNA.
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Fig. 4. Reduction of mRNA cxpression in primary tumor tissuc by intratumoral
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followed by clectroporation. Amounts of mMRNA in fumor tissuc were determined
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3.4. Reduction of mRNA and growth inhibition of subcutaneous
tumor tissue of B16-BL6/dual Luc by intratumoral injection of
pshB-catenin or pshHIF |«

Fig. 4 shows the amount of p-catenin and HIF1ee mRNA in
B16 tumor tissue in mice 24 h after intratumoral injection of
pshp-catenin or pshHIFla followed by electroporation. A
single injection of each shRNA-expressing pDNA reduced the
amount of the corresponding target mRNA in the tumor tissue.
The mRNA level of 3-catenin and HIFla was reduced to 25
and 35% of the control value, respectively, demonstrating that
intratumoral injection of shRNA-expressing pDNA can effi-
ciently suppress the corresponding target gene expression in
tumor tissue in mice.

To suppress the tumor growth in mice, tumor-bearing mice
received intratumoral injection of shRNA-expressing pDNA
followed by electroporation at day 7, 10 and 19 days after tumor
inoculation. The injection of control pDNA followed by
electroporation retarded the growth of tumor tissue compared
with the no treatment group (data not shown). Intratumoral
delivery of pshp3-catenin or pshHIF L« significantly reduced the
growth of the tumor tissue compared with the delivery of control
pDNA (Fig. 5A); the tumor volume was significantly suppressed
by intratumoral delivery of pshp-catenin or pshHIFla 18 or
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Fig. 5. Effccts of intratumoral delivery of shRNA-cxpressing pDNAs on the
growth of primary tumor tissuc. (A) Mice received an intratumoral injection of
30 pg piGENE-hU6 or shRNA-cxpressing pDNAs followed by clectroporation.
shRNA-expressing pDNAs were administrated at day 7, 10 and 19 after tumor
inoculation. Arrows indicatc the timing of pDNA administration. The results are
expressed as the mean+S.EM. (n=4). *P<0.05 for Student’s s-test versus
control group. (B-D) Photographic image of tumor tissuc of mice who reccived
an intratumoral injection of piGENE-hU6 (B), pshB-catenin (C) or pshHIF e
(D) at 18 days after initiation of therapeutic treatment.
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15 days after initiation of the therapeutic treatment, respectively.
Tumor growth was suppressed in all mice treated with pshp-
catenin or pshHIFlqa, and the tumor regressed markedly in two
and one out of the four mice treated with pshp-catenin or
pshHIF1a, respectively, as shown in Fig. 3B-D.

4. Discussion

When B16 cells were transfected with pDNA expressing
enhanced green fluorescent protein (EGFP) in vitro, a flow
cytometric analysis demonstrated that about 80% of cells were
EGFP positive at 24 h after transfection (unpublished data).
Therefore, pPDNA expressing shRNA can also be delivered to
about 80% of cells in the transfection condition used, because
the two plasmids are not quite different in size (3 kb for pDNA
expressing shRNA and 4 kb for pDNA expressing EGFP).
Transfection of pshp-catenin and pshHIFla was effective in
suppressing corresponding target mRNA expression to about 20
or 25% of control value, respectively. Reduction in the mRNA
expression of 3-catenin or HIF 1 o was associated with a reduced
number of viable cells. There are two different mechanisms
goveming the reduction in the proliferation of B16 tumor cells
by the suppression of 3-catenin or HIF 1 expression: one is a
reduced proliferation rate of B16 cells [21,22], and the other is
an increased number of dead cells. To investigate whether the
transfection of pshp-catenin or pshHIF l a increases the number
of dead cells, B16 cells were double-stained with annexin V
conjugated with tluorescein and PI, and analyzed by flow
cytometry to detenmine the ratio of dead cells to total cells. To
analyze the growth and death rate of the transfected B16 cells,
we assumed that cells proliferate and die according to first-order
rate processes. The death rates of cells were calculated based on
the data shown in Fig. 3D. To calculate the proliferation rates,
the time course of the viable cell number after transfection was
evaluated by simultaneously performing an MTT assay (data
not shown). The calculated proliferation rates were 0.485
(control pDNA), 0.270 (pshpB-catenin) and 0.412 (pshiHIFla),
and the death rates of the cells were 0.0286 (control pDNA),
0.0948 (pshp-catenin) and 0.0621 (pshHIFla). These results
suggest that both the increase in cell death and the decrease in
cell proliferation rate contribute to the decrease in the number of
B16 cells caused by the transfection of pshp-catenin and
pshHIF .

We have reported that electroporation significantly (about
10-fold) increases transgene expression in tumor tissues after
intratumoral injection of pDNA expressing firefly luciferase
[19]. Electroporation was also effective in suppressing target
gene expression after intratumoral injection of shRNA-expres-
sing pDNA. Intratumoral injection of shRNA-expressing
pDNA suppressed target gene (firefly luciferase) expression to
about 30% of the control value when combined with
electroporation [19], but to about 80% without electroporation
(unpublished data). Therefore, the delivery efficiency of
shRNA-expressing pDNA can also be significantly increased
by electroporation. An intratumoral injection of psh3-catenin or
pshHIFl o followed by electroporation successfully suppressed
the corresponding target gene expression to the level below
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30% of the control. Moreover, intratumoral delivery of pshf3-
catenin or pshHIFla also retarded in vivo tumor growth
although the mRNA expression was not completely suppressed.
Intratumoral injection of shRNA-expressing pDNAs followed
by electroporation reduced target gene expression to about 30%
of the control values, and the intensity of inhibitory cffect was
comparable with that of in vitro transfection, in which about
80% of cells receive plasmid DNA as mentioned above.
Therefore, these results suggest that about 80% of the tumor
cells receive the shRNA-expressing pDNA injected intratumo-
rally, and that the delivery efficiency is enough to suppress
tumor growth. Large tumor tissues with a diameter of over
6 mm were less sensitive to the same treatment than small ones
of 2-3 mm in diameter (data not shown), suggesting the
importance of the delivery efficiency of the shRNA-expressing
pDNA. A combination with other therapeutic treatments, such
as enhancing host immune response to tumor cells, could be an
effective approach to further suppressing tumor growth.

5. Conclusion

We found that the silencing of B-catenin or HIFla is
effective in reducing the proliferation of melanoma cells. The
delivery of pshp-catenin or pshHIFla to intradermal tumor
tissues suppressed the corresponding mRNA expression and the
growth of tumor tissue. These results indicate that strategies
targeting j3-catenin or HIF le, including the use of RNAi, may
be of use in the future treatment of cancer.
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Abstract

DNA vaccination is an attractive approach with various advantages over conventional vaccination. The present study was undertaken to
examine whether polyplex-based DNA vaccination could be used to modulate immune responses by plasmid DNA (pDNA). Methylated
bovine serum albumin (mBSA) was used as a model of a cationic macromolecular carrier of pDNA encoding obalbumin (OVA) and the effects
of polyplex formation of pDNA with mBSA on the antigen-specific immune responses were examined. Anti-OVA IgG antibody production
was significantly increased following intradermal immunization with the polyplex compared with naked pDNA, although the induction of
cytotoxic T lymphocyte activity was lowered by polyplex formation. We also demonstrated that the disposition and gene expression of pDNA
following intradermal injection could be manipulated by polyplex formation. Intriguingly, we also found that the migration of dendritic cells
to the injected site could be induced by polyplex formation probably due to a high level of tumor necrosis factor @ production from the
keratinocytes treated with mBSA/pDNA complexeses. Thus, the present study has demonstrated that the immune responses could be biased
towards a Th2-type response by polyplex-based DNA vaccination through manipulation of not only pDNA disposition but also dendritic cell
migration.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: DNA vaccine; Polyplex; Dendritic cell

1. Introduction DC appear to play at least three distinct roles in genetic immu-
nization: (1) MHC class Il-restricted presentation of antigens
DNA vaccination is the approach that can induce both that are secreted by the neighboring, transfected somatic
humoral and cellular immune responses against various dis- cells; (2) MHC class I-restricted, “cross-presentation” of anti-
eases by injection of plasmid DNA (pDNA) encoding antigen gens that are released by the transfected somatic cells; and
[1,2]. These responses include protective neutralizing anti- (3) direct presentation of antigens that are produced endoge-
bodies and antigen-specific cytotoxic T lymphocytes (CTL). nously in the transfected DC themselves. We hypothesized
Professional antigen presenting cells, such as dendritic cells that antigen-specific immune responses depending on these
(DC), most likely play a key role in initiating primary immune processes could be modulated by manipulation of the profiles
responses after DNA vaccination [3,4]. The induction of of local disposition of pDNA and subsequent protein expres-
antigen-specific immune responses occurs through the pre- sion following immunization by polyplexation with cationic
sentation of appropriate peptides in the context of major histo- macromolecules.
compatibility polyplex (MHC) molecules on DC. In general, In this study, we investigated the effect of polyplex for-

mation on the antigen-specific immune responses induced
* Corresponding author. Tel.: +81 75 753 4615; fax: +81 75 753 4614. by DNA vaccination to test this hypothesis. We prepared
E-mail address: takakura@pharm.kyoto-u.ac.jp (Y. Takakura). a pDNA/cationic polymer polyplex, i.e., polyplex, using

0264-410X/$ — see front matter © 2006 Elsevier Ltd. All rights reserved.
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pDNA encoding ovalbumin (OVA) expressing plasmid [3]
and methylated bovine serum albumin (mBSA), which has
been shown to act as an adjuvant [6,7].

We performed the immunization via the intradermal route
because skin contains numerous, readily accessible cuta-
neous DC [epidermal Langerhans cell (LC) and dermal DC]
and the keratinocytes (KC) which account for 90-95% of the
cells in the epidermis are known to produce proinflammatory
cytokines, such as interleukin (IL)-1, tumor necrosis factor
a (TNF-a) and granulocyte-macrophage colony stimulating
factor (GM-CSF) in response to allergens, infection, or injury
[8]. These cytokines can promote DC and LC maturation, and
are taken up from the blood and migrate to regional lymph
nodes where antigenic peptides presented to naive T cell and
primary T cell responses are triggered (9,10].

The present study suggests that the anti-OVA IgG antibody
response, the Th2-type response, is enhanced by polyplex
formation. We have also shown that polyplex formation sig-
nificantly affects the local disposition and subsequent trans-
gene expression of pDNA following intradermal injection.
Intriguingly, we have also found that polyplex administration
induces DC accumulation in the injection site. It was found
that the disposition of pDNA and DC in treated skins could
be modified by polyplex formation. Thus, the present study
demonstrates that the immune responses can be modulated
by polyplex-based DNA vaccination through manipulation of
not only pDNA disposition but also dendritic cell migration.

2. Materials and methods
2.1. Mice

Five- to six-week old female ddY or C5S7BL/6 (immuniza-
tion experiment) mice were purchased from Japan SLC Co.
(Shizuoka, Japan) and maintained under conventional hous-
ing conditions. Mice were anesthetized by inhalation of ether
and euthanized by cervical dislocation.

2.2. Plasmid DNA

In the immune response experiments, we used pDNA
encoding ovalbumin (OVA), pOVA, as a model antigen-
expressing pDNA. pOVA was a kind gift from Dr. Shoshana
Levy (Department of Medicine/Oncology, Stanford Univer-
sity Medical Center, Stanford USA). In the gene expression
experiments, we used pLuc containing the firefly luciferase
gene under the control of the CMV promoter. The pDNA was
constructed by subcloning the HindIlI/Xbal firefly luciferase
cDNA fragment from pGL3-control vector into the polylinker
of the pcDNA3 vector. In the confocal microscopic study, we
used pGeneGrip™ (Rhodamine/GFP) (Gene Therapy Sys-
tems, San Diego, CA, USA) to observe co-localization of
pDNA and transgene expression.

The pDNA amplified in the DH5a strain of Escherichia
coli was extracted and purified using a QIAGEN Endofree™
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Plasmid Giga Kit (QIAGEN GmbH, Hilden, Germany). The
purity was checked by 1% agarose gel electrophoresis fol-
lowed by ethidium bromide staining. The pPDNA concentra-
tion was measured by UV absorption at 260 nm. To mini-
mize activation by contaminated lipopolysaccharide (LPS)
for in vitro experiments (Fig. 10), DNA samples were puri-
fied extensively with Triton X-114 (Nacalai Tesque, Kyoto,
Japan), a non-ionic detergent [11,12). DNA samples were
purified by extraction with phenol: chloroform: isoamyl alco-
hol (25:24:1) and ethanol precipitation. DNA (10 mg) was
diluted with 20 mL pyrogen-free water, and then 200 uL
Triton X-114 was added followed by mixing. The solution
was placed on ice for 15min and incubated for 15 min at
55 °C. Subsequently, the solution was centrifuged for 20 min
at 25°C, 600 x g. The upper phase was transferred to a
new tube, 200 uL Triton X-114 was added, and the previ-
ous steps were repeated three or more times. The activity of
LPS was measured by limulus amebocyte lysate (LAL) assay
using the Limulus F Single Test kit (Wako, Tokyo, Japan).
After Triton X-114 extraction, the endotoxin levels of DNA
samples could no longer be determined by LAL assay; i.e.,
1 wg/mL DNA contained less than 0.001 EU/mL. Without
extraction of endotoxin by Triton X-114, 100 pg/mL naked
pDNA, which contains 1-5 EU/mL endotoxin, could release
521 4 73 pg/mL TNF-a over 24 h.

2.3. Preparation of mBSA/pDNA complexeses

mBSA was synthesized from BSA (96-99%, standard
grade) (Sigma, St. Louis, MO, USA) according to an earlier
report [13]. Briefly, BSA was mixed with absolute methyl
alcohol under acidic conditions (hydrochloric acid). In this
process, the carboxyl group of the acidic amino acids in BSA
was esterified and BSA was converted to a cationic macro-
molecule; the yield from this reaction was virtually 100%.
mBSA/pDNA complexeses were prepared by adding var-
ious amounts of mBSA to pDNA to give different charge
ratios (+/—). The final concentration of pDNA was adjusted
to 0.1 pg/pL in 5% dextrose.

2.4. Immunization

Female C57BL/6 mice were injected intradermally in the
dorsal region with 20, 40 (Fig. 2) or 100 ug (Figs. 2 and 4)
pOVA or pOVA polyplexed with mBSA at biweekly inter-
vals or only a single application was given. Control animals
received 100 pg OVA protein (Sigma, St. Louis, MO, USA)
emulsified in complete Freund’s adjuvant (CFA) [14] (ICN
Biomedicals Inc. Aurora, OH, USA) intraperitoneally.

2.5. Determination of total 1gG and IgG1 or IgG2a
subclass of anti-OVA antibodies titers by enzyme-linked
immunosorbent assay

Serum samples were collected from the tail vein of mice to
determine anti-OVA IgG, IgG1 and IgG2a antibodies titers.
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The levels of antibodies were measured by enzyme linked
immunosorbent assay (ELISA). OVA (1 mg/mL) in carbon-
ate/bicarbonate buffer (0.1 M, pH 9.6) was distributed to each
well of 96-well flat-bottom polystyrene plates (100 pL/well).
Following overnight incubation at 4 °C, wells were blocked
with 5% BSA-containing Tween-20 phosphate buffered
saline (T-PBS) (0.5% (w/w) Tween-20 (ICN Biomedicals
Inc. Aurora, OH, USA) in PBS] for 30 min at 37 °C. After
the wells were washed three times with T-PBS, serially
diluted 100 pL. serum samples were added to the wells.
After 2h incubation at 37°C, the wells were washed five
times with T-PBS and 100 uL anti-IgG, IgGl or IgG2a-
HRP conjugate (Sigma, St. Louis, MO, USA), diluted 2000:1
with 5% BSA-containing T-PBS, was add to each well.
After a 2h incubation, each well was washed with T-PBS
and then 200 L freshly prepared o-phenylenediamine dihy-
drochloride (Wako, Tokyo, Japan) solution in phosphate-
citrate buffer (0.05M, pH 5.0) was added to each well.
After a 30 min incubation, S0 pnL 10% H,SO4 was added
and then the absorbance was measured at 490 nm. Serum
total I1gG, IgGl and IgG2a titers were estimated by the
dilution ratio at which an absorbance value of 0.1 was
obtained.

2.6. CTL assay

In the CTL assay, we used EL4 and E.G7 (EL4 express-
ing OVA) as target cells. EL4 cells were cultured in Dul-
becco’s modified Eagle medium (Nissui Pharmaceutical,
Tokyo, Japan) supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Thermo Trace, Melbourne, Australia),
2mM L-glutamine and antibiotics. E.G7 cells were cul-
tured in RPMI 1640 medium supplemented with 10% heat-
inactivated FBS, 50 nM 2-mercaptoethanol (2-ME) (Sigma,
St. Louis, MO, USA), 2mM L-glutamine, glucose, sodium
pyruvate, HEPES (Nacalai Tesque, Kyoto, Japan) and G418.
Immunization was performed three times at biweekly inter-
vals. One week after the last immunization, spleen cells
were isolated from the immunized mice and restimulated in
vitro for 5 days with mitomycin C-treated E.G7. Target cells
were labeled with 3!Cr by incubating with Nay3!'CrO4 (Dai-
ichi Radioisotope Labs, Tokyo, Japan) in culture medium
for 45min at 37°C. After washing, 2 x 10% of the 3!Cr-
labeled target cells and serially diluted spleen cells were
coincubated in 200 pL culture medium for4 hat 37 °C. Spon-
taneous release of ! Cr without effector cells and maximal
release in the presence of 1% NP40 were also evaluated.
Cells were centrifuged (1500 rpm) for 5 min, and 100 nL
of each supernatant was collected for radioactivity mea-
surements. The cytolytic activity of CTL was calculated as
[15]:

% killing

(observed release — spontaneous release)

= 100 x - .
(maximal release — spontaneous release)
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2.7. Determination of cytokine production from spleen
cells and proliferation of antigen-specific T cells

At 4 weeks after the final immunization, spleen cells
isolated from immunized mice were cocultured with OVA
protein in RPMI 1640 medium supplemented with 10% heat-
inactivated fetal FBS, 10 mM HEPES, 1 mM sodium pyru-
vate, 0.1 mM non-essential amino acids, 2 mM L-glutamine
and 50 mM 2-ME at 37 °C for 3 days. The levels of cytokines
(IL-12, IL-10 and IL-4) released into the culture medium
were measured by a suitable ELISA kit (ANALYZA mouse
IL-12, IL-10 and IL-4, genzyme TECHNE, Minneapolis,
MN, USA). The proliferation of antigen-specific T cells
was determined by Alamar Blue assay (Alamar BioSciences,
Sacramento, CA, USA), based on the bioreduction of a fluo-
rogenic substrate.

2.8. In vivo reporter gene assay after intradermal
administration

A 1.5cm x 1.5¢m area of skin was removed from each
mouse at 1 or 3 days after intradermal administration of
naked pLuc or mBSA/pLuc polyplexes. Tissues were homog-
enized with lysis buffer [0.1 M Tris (Wako, Tokyo, Japan),
0.05% Triton X-100 (Nacalai Tesque, Kyoto, Japan), 2 mM
EDTA (Wako, Tokyo, Japan), pH 7.8], and subjected to
three cycles of freezing (—190 °C) and thawing (37 °C). The
homogenates were centrifuged at 14,000 x g for 8 min at
4°C. Ten pL supematant was mixed with 100 wL luciferase
assay buffer (Picagene, Toyo Ink, Tokyo, Japan) and the
chemiluminescence produced was measured in a luminome-
ter (Lumat LB 9507, EG & G Berthold, Bad Wildbad,
Germany).

2.9. Confocal microscopic studies of localization of
pDNA and expressed proteins

Mice (female ddY) were injected with 20pg
pGeneGrip™ (Rhodamine/GFP) intradermally. We could
observe the disposition of both pDNA and expressed protein
because this pDNA is rhodamine-labeled pDNA encoding
GFP. At 1 or 24h after injection, mice were euthanized
and their skins were excised. Cryosections, 10 um thick,
were prepared using a cryostat (Jung Frigocut 3000E, Leica
Microsystems AG, Wetzlar, Germany) and fixed in 10%
neutral formalin. The sections were examined by confocal
microscopy (MRC-1024, BioRad, Hercules, CA, USA).

2.10. Flow cytometric analysis of the presence of
CDlIc* cells in skin

In this experiment, 20 p.g pOVA or pOVA polyplexed with
mBSA (8:1) was injected into the skin. After 6 h, the skin
was excised and treated with 1% trypsin (Invitrogen Corp.,
Carlsbad, CA USA) for 1 h at 37°C. Following removal of
the epidermis from the dermis, it was treated in 0.025%
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DNase I (Sigma, St. Louis, MO, USA) for 20 min. The cells
of the treated epidermis were extruded using a sterilization
stick and washed three times in RPMI 1640. After the super-
natant was removed, the obtained KC were resuspended in
150 w.L PBS containing 0.5% BSA per 108 total cells. The cell
suspension was mixed with 50 pL (2 p.g) fluorescein isothio-
cyanate (FITC)-conjugated anti-mouse CD11c antibody (BD
Biosciences, USA) and incubated for 15 min at 4 °C. After
adding 10 mL PBS, the supernatant was removed and the cells
were resuspended in 500 pL PBS. Flow cytometric analysis
to detect the presence of CD11c* cells in the skin was per-
formed using a FACSCalibur cytometer (Becton Dickenson,
SanJose, CA, USA) and cellquest software (Becton Dick-
enson, SanJose, CA, USA). We confirmed that there was a
significant difference between the histograms of pOVA and
that of mBSA/pOVA (8:1) by CellQuest software (Becton
Dickinson).

2.11. Accumulation of CD11c* cells in treated skins of
immunized mice

Injections of 20 ug of pOVA or pOVA polyplexed with
mBSA (8:1) were made into the skin and, after 6 h, the skin
cells were isolated. We used murine bone marrow-derived
dendritic cells (BMDC) after differentiation of cells iso-
lated from murine bone marrow. After the bone marrow was
flushed out from the bones of the murine hind legs, the cells
were cultured in RPMI 1640 medium supplemented with
10% FBS and 1000 U/mL rGM-CSF. After 4 to 5 days incu-
bation at 37 °C in 5% C0,-95% air, cells were collected and
centrifuged at 200 x g for 10 min. After the supernatant was
removed, the cells were resuspended in 400 pL of PBS con-
taining 0.5% BSA per 103 total cells. The cell suspension
was mixed with 100 pL mouse CD11c MicroBeads (Mil-
tenyi Biotec, Germany) and incubated for 15min at 4°C.
CDlIc is one of the differentiation antigens of DC. Cells
were washed, centrifuged at 200 x g for 10 min, and resus-
pendedin 500 L PBS containing 0.5% BSA. Then, magnetic
separation with magnetic cell sorting (MACS) (autoMACS,
Miltenyi Biotec, Germany) was carried out to isolate DC,
by selecting CD11c-positive (+) cells from all the cultured
cells. We confirmed that the recovery efficacy of the CD11c*
cells was not variable between preparations by preliminary
experiments.

2.12. Determination of TNF-a release from
cultured KC

KC isolated as described in the flow cytometric analy-
sis were cultured with Keratinocyte-SFM (Invitrogen Corp.,
Carlsbad, CA USA) in 24-well plates. After washing three
times with 0.5 mL Keratinocyte-SFM, 1.5 ng pOVA or pOVA
polyplexed with mBSA (8:1) was transfected. After 18 hincu-
bation, the supernatant was collected and the concentration of
TNF-a was analyzed by ELISA (ANALYZA mouse TNF-a,
genzyme TECHNE, Minneapolis, MN, USA).
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2.13. Statistics

Significant differences between mean values of the levels
of gene expression were estimated using the Student’s paired
t-test after ANOVA.,

3. Results

3.1. Determination of total IgG and IgG1 or IgG2a
subclass of anti-OVA antibodies titers

We investigated the effects of polyplex formation on the
types of immune responses induced by DNA vaccination.
Antigen-specific immunc responses induced following DNA
vaccination include CTL induction and antibody production.
To examine whether the antigen-specific antibody produc-
tion was affected by polyplex formation, we measured the

Serum total [gG titers Gog,,)

POVA

OVAin CFA
mBSA/POVA (R:1)

Fig. 1. Production of total anti-OVA IgG antibody at 6 weeks after single
immunization of pOVA or mBSA/pOVA polyplexes (8:1) via the intrader-
mal route. The serum samples from immunized mice were collected and
the antibody titers were measured by ELISA. The results are expressed as
mean +S.D. of four mice. "Indicates a significant difference between the
values of pOVA and mBSA/pOVA (8:1) (p<0.01).
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Fig. 2. Production of total anti-OVA IgG antibody after biweekly immunization of pOVA or mBSA/pOVA polyplexes via the intradermal route. The serum
samples from immunized mice were collected and the antibody titers were measured by ELISA. The results are expressed as mean +S.D. of four mice.
*Indicatcs a significant diffcrence between the values of pOVA and mBSA/pOVA (20:1) (p<0.01).

amount of anti-OVA IgG antibodies in immunized mice.
Fig. 1 shows the total anti-OVA IgG antibody level after
a single immunization. A significantly increased level of
total anti-OVA IgG antibody was obtained in mice immu-
nized with mBSA/pOVA polyplexes (8:1), whereas little
antibody response was detected in mice immunized with
naked pOVA. We also examined the total IgG level following
biweekly immunization with polyplexes with different charge
ratios (Fig. 2). A marked increase in IgG titers was obtained
by biweekly intradermal administration of mBSA/pOVA
polyplexes, particularly at the higher charge ratios. In the
mBSA/pOVA polyplexes (8:1) or (20:1), the levels of anti-
body were increased up to 4.0 or 15.7 times at 6 wecks and
up to 11.5 or 11.0 times at 8 weeks, respectively, compared
with that of naked pOVA. It was also found that the levels of
IgG antibody production in mice treated with mBSA/pOVA
polyplexes were higher than those in mice treated with higher
doses (40 or 100 pg) of naked pOVA. These results show
that the required dose of pDNA and the required number
of immunizations to induce an antibody response can be
reduced by polyplex formation. Further, we examined the
subclass of anti-OVA IgG antibody to determine the type of
promoted immune responses (Fig. 3). The levels of anti-OVA
1gG2a antibody production were similar in mice treated with
polyplexes and naked pDNA. On the other hand, a signif-
icant production of anti-OVA IgG1 antibody was detected
in mice treated with mBSA/pOVA polyplexes but not in
mice treated with naked pOVA at the same dose, indicating
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Fig. 3. Production of IgG! or IgG2a subclasses of anti-OVA antibody at 8
weeks after biweekly immunization of pOVA or mBSA/pOVA polyplexes
via the intradermal route. The serum samples from immunized mice were
collected and the antibody titers were measured by ELISA. The results are
expressed as mean % S.D. of four mice.
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Fig. 4. Generation of OVA-specific CTL by immunization with pOVA or
mBSA/pOVA polyplexes via the intradermal route. Mice were immunized
four times with 100 g pOVA or pOVA polyplexed with mBSA. Seven days
after the last immunization, spleen cells were isolated and a standard SCr-
release assay was performed using the spleen cells cultured for 5 days.

that Th2-type immune responses are promoted by polyplex
formation.

3.2. CTL assay

As the effect of polyplex-based DNA vaccination on
antibody responses was demonstrated, we next examined
whether this approach could affect the CTL response. In the
experiment involving the CTL assay, we used mBSA/pOVA
polyplexes (8:1) and (20:1) which showed an enhanced anti-
body response (Fig. 2). The activities of antigen-specific CTL
response against E.G7 obtained by these polyplexes were
slightly reduced compared with that obtained by naked pOVA
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(Fig. 4). We confirmed the antigen specificity by the minor
degree of cell killing detected in EL4 (data not shown). The
cpm values of spontaneous release and maximal release were
540.4 and 6568, respectively.

3.3. Determination of cytokine production from spleen
cells and proliferation of antigen-specific T cells

To clarify the effect of polyplex-based DNA vaccination
on immune responses, we investigated the responsiveness
of spleen cells from immunized mice against OVA protein,
although the analysis of sentinel lymph node also may pro-
vide additional information. We determined the levels of
cytokine production from the spleen cells pulsed with OVA
protein in Fig. 5A. The levels of IL-10 and IL-4 (Th2-
type cytokines) released from spleen cells were increased by
polyplex formation although the levels of IL-12 (Thl-type
cytokine) scarcely changed. Fig. 5B shows that the prolifera-
tion of antigen-specific T cells was also promoted by polyplex
formation, suggesting that the immune system was activated
following polyplex-based DNA vaccination.

3.4. Reporter gene assay after intradermal
administration

We demonstrated that the immune responses induced by
DNA vaccination could be modulated by polyplex formation.
We assumed that the gene expression and the disposition of
pDNA following local injection were significantly altered
by polyplex formation and these alterations would affect the
immune responses. To examine whether the levels of trans-
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Fig. 5. (A) production of cytokines from spleen cells and (B) proliferation of antigen-specific T cells after immunization of pOVA or mBSA/pOVA polyplexes
(A; 20:1. B; 6:1). (A) At 4 weeks after the final immunization. spteen cells isolated irom immunized mice were co-cultured with OVA protein at 37 °C for 3
days. The levels of cytokines release into the culture medium were measured by ELISA. The results are expressed as mean = S.EM. of three wells. (B) The
proliferation of antigen-specific T cells was determined by Alamar Blue assay. The results are expressed as mean £ S.D. of three wells.
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gene expression were affected by polyplex formation, we
carried out in vivo quantitalive gene expression experiments
using pDNA encoding luciferase (pLuc). We measured the
levels of gene expression in the skin at 1 or 3 days after
administration (Fig. 6). Intradermal administration of naked
pLuc resulted in a relatively high level of gene expression.
A similar level of gene expression was obtained by intra-
dermal administration of mBSA/pLuc polyplexes (1:1). On
the other hand, the levels of gene expression were dramati-
cally reduced in mBSA/pLuc polyplexes (3:1), (6:1), (8:1)
and (20:1) depending on the mixing ratio, indicating that
polyplex formation significantly reduced transgene expres-
sion at the injection site (Fig. 6).

3.5. Confocal microscopic studies of localization of
PDNA and expressed protein

The disposition of pDNA and expressed proteins is impor-
tant for the induction of immune responses. To investigate
whether the localization of pDNA and expressed protein
was affected by polyplex formation, we examined the tissue
sections by confocal microscopy at 1 and 24 h following intra-
dermal administration of pGeneGripTM (Rhodamine/GFP) or
mBSA/pGeneGrip™ polyplexes (8:1) which showed a high
antibody response (Figs. 1 and 2) and a very low level of
gene expression (Fig. 6). Red signals derived from naked
rhodamine-labeled pDNA were observed in the dermis at 1 h
(Fig. 7A and B). In the case of the mBSA/pGeneGripTM poly-
plexes (8:1), we observed that a greater number of red signals
remained in the vicinity of the injection site (Fig. 7B). This
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Fig. 6. Gene expression at 1 or 3 days after intradermal administration of
pLuc or mBSA/pLuc at various charge ratios. The luciferase assay was per-
formed on a 1.5cm x 1.5 cm area of skin removed from each mouse. Four
mice were used per group and the results are expressed as the mean £ S.D.
“Indicatcs a significant difference (p <0.01).
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Fig. 7. Confocal microscopic images of a tissue section of mouse dorsal skin 1 or 24 h after intradermal administration of 20 g pGeneGrip™ (rhodamine/GFP)

(A) (x400) or pGeneGripTM polyplexed with mBSA (3:1) (B) (x400).
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Fig. 8. Flow cytometric analysis of the presence of CD11c* cells in skin.
Mice were given injections of 20 ug of pOVA or mBSA/pOVA polyplexes
(8:1) into the skin. After 6h, the isolated epidermis cells were treated with
FITC-conjugated anti-mouse CD11¢ antibody and subjected flow cytometric
analysis.

result suggests that the elimination of pDNA from the treated
site was retarded by polyplex formation probably due to the
electrostatic interaction with the tissue and the prevention of
pDNA degradation there. At 24 h, green signals derived from
GFP were observed in both images (Fig. 7C and D). A higher
amount of GFP protein was observed in naked pGeneGripTM
(Fig. 7C). This result shows that the level of gene expression
at the injection skin was reduced by polyplex formation and
this agrees with the results shown in Fig. 6.

3.6. Accumulation of CDIIc* cells in treated skins of
immunized mice

DC migration is one of the key events in the induction of
immune responses. We speculated that polyplex formation
might affect not only pDNA disposition/gene expression but
also DC migration to the treated skin, which may be another
factor modulating the immune responses. We investigated
the effect of polyplex formation on the accumulation in the
treated skin of endogenous DC after intradermal administra-
tion. Fig. 8 shows the results of the flow cytometric analysis.
The ratio of CD11c* cells per 10,000 cells in the skin treated
with mBSA/pOVA (8:1) was higher than that of the control
or naked pOVA. We also measured the number of CD11c*
cells in the treated skins using the MACS procedure (Fig. 9).

OVAin CFA
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Accumulation number (CD1ic* cells/mg tissue)

Fig.9. Accumulation of CD1lc* cells in the treated skin of immunized mice
at 6 h after intradermal administration of pPOVA or mBSA/pOVA polyplexes.
*Indicates a significant difference (p <0.01). N.S.; not significant.
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Fig. 10. Production of TNF-a from KC at 12h after transfection of
5.0 ug pOVA, mBSA/pOVA polyplexes (8:1). The results are expressed as
mean + S.D. of six wells. “Indicates a significant difference (p <0.01). N.S.;
not significant.

In the case of naked pOVA, the number of CD11c* cells
was not significantly increased compared with no treatment.
The number of accumulated CD11c* cells was confirmed
to increase significantly following injection of the polyplex.
These results indicate that the number of DC in the treated
skin was increased by polyplex formation, suggesting that
mBSA/pDNA complexeses are efficiently taken up by these
migrating DC.

3.7. Determination of TNF-«a release from cultured
KC

It is known that various cytokines, including TNF-a and
IL-1B, are involved in DC migration. In particular, TNF-a
mainly acts by producing accumulation of DC in the skin.
We carried out an in vitro experiment using ketatinocytes
(KC) in primary culture to examine whether TNF-a release
occurs from KC in Fig. 10. pOVA or mBSA alone did not
induce any significant level of TNF-a from the cultured KC.
In contrast, mnBSA/pOVA polyplexes (8:1) stimulated the KC
to produce a significant amount of TNF-a. It is likely that this
TNF-a production from KC is one of the important factors
governing the induced accumulation of DC in treated skins
in vivo.

4. Discussion

DNA vaccines produce both CTL induction and anti-
body production against encoded antigens. Each response
also exerts a mutual action to control the balance of the
immune responses [16,17]. To optimize immunotherapy, it
is important to adjust the appropriate immune responses for
various diseases. In this study, we investigated the effect
of polyplex-based DNA vaccination on immune responses
based on the consideration that the disposition and subse-
quent gene expression after local administration of pDNA are
important factors determining the immune responses. Little
information is available on polyplex-based DNA vaccination
[18,19). We used mBSA as a model cationic macromolecule
and prepared the corresponding polyplex.

The present study has demonstrated that the anti-OVA
IgG antibody responses are significantly increased in mice
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immunized with the polyplex (Figs. 1 and 2), indicating that
mBSA is a useful carrier for production of antibody. On the
other hand, CTL activity induced by the polyplex is reduced
(Fig. 4). It has been also shown that productions of IgGl
subclass of anti-OVA antibody (Fig. 3) and IL-10 and IL-4
from the spleen cells (Fig. 5) are increased. Our results sug-
gest that the antigen-specific antibody production by polyplex
immunization was increased under Th2 cytokine environ-
ment. Recent report has also demonstrated that CD8* and
CD8~ DC subsets could induce CTL response with higher
Th2 cytokines [20].

The present study also demonstrated that the levels of gene
expression in the injection site were dramatically reduced
compared with naked pDNA (Figs. 6 and 7). This observation
was somewhat unexpected because antibody production was
increased. We previously reported the effects of complex for-
mation on the disposition and gene expression after intramus-
cular injection [21]. Similar effects would be expected in the
case of intradermal injection. We consider that the increased
antibody production would be ascribed to (1) improvement
of retention of pDNA in the treated skins and disposition of
pDNA in the regional lymph nodes, (2) elevation of the accu-
mulation of DC to the treated skins, (3) prevention of pDNA
from degradation.

Our previous in vitro study demonstrated that pDNA com-
plexed with mBSA enhanced transfection efficiency in DC2.4
cells, murine DC cell line [21]. However, in vivo pDNA deliv-
ery by cationic complex would lead to restricted distribution
of pDNA in the skin compared with naked pDNA that could
widely distribute throughout the skin and show a higher gene
expression in keratinocytes, but not in DC. We speculated
that the levels of gene expression in DC were increased by
complex formation in not only in vitro but also in vivo con-
dition. However, the levels of gene expression of DC in the
skin did not contribute to the overall level of gene expres-
sion in the entire skin because the number of DC in skin is
very low. Therefore, overall gene expression in the injection
site in vivo was significantly decreased compared with naked
pDNA (Figs. 6 and 7).

Increased antibody production might be explained, at least
in part, by the interesting phenomenon that significant accu-
mulation of DC in the treated skin occurred following poly-
plex injection (Figs. 8 and 9). In vitro experiments using
cultured KC suggest that TNF-a production from KC upon
stimulation with the polyplex is one of the important factors
governing the induction of DC accumulation. In addition to
the prolonged retention of the polyplex at the injection site
(Fig. 7), this DC accumulation would be advantageous for
direct interaction of pDNA with DC. We speculated that
the efficiency of pDNA uptake by DC was improved at
the injection site treated with mBSA/pDNA complexeses.
In our previous study, we showed that the levels of in vitro
gene expression and cytokine induction in DC2.4 cells were
increased by polyplex formation [21]. Although attention has
to be paid to the interpretation of the data obtained under in
vivo and in vitro conditions, it is possible that pPDNA would
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be efficiently delivered to DC in vivo by polyplex forma-
tion and the efficiency of direct priming in the induction of
immune responses might be improved. Our previous study
also demonstrated prolonged retention of pDNA in the treated
skins and enhanced accumulation of pDNA in the regional
lymph nodes, which might be involved in increased direct
interaction of pDNA with DC.

Another possible factor for improved antibody produc-
tion may be induction of substance P in the treated skins.
It is reported that cationic peptide/molecules stimulate sen-
sory nerves in dermis, resulted in releasing substance P and
stimulating mast cells [22-24]). Therefore, mBSA, cationic
macromolecule used in this study, might have similar biolog-
ical functions. Substance P can stimulate keratinocytes and
activation of mast cells also may affect induction of immune
responses. Even if this was the case, the level of Substance P
or mast cell activation was not so high because we observed
little edema or damage in the treated skins under the micro-
scope.

The detailed mechanism for the accumulation of DC and
LC induced by polyplex injection is unknown. KC partic-
ipates in cutaneous immune responses by producing var-
ious cytokines. Topical exposure of mice to contact aller-
gens and skin irritants is known to stimulate the upregulated
expression of various epidermal cytokines, including IL-183,
IL-6, TNF-a, GM-CSF and macrophage inflammatory pro-
tein 2 (MIP-2). Among them, IL-13, TNF-a and IL-6 are
known to provide mandatory signals for the mobilization
of DC and LC. In the epidermis, KC is the main source
of TNF-a, although other cell types may also produce a
small amount of this cytokine. Immature DC express CC
chemokine receptor 6 (CCR6). The ligands for CCR6, MIP-
3a and defensins-f3, are expressed in KC and migration of DC
occurs depending on the ligand-receptor interaction. It has
been reported that the expression of MIP-3a and defensins-f3
are enhanced by TNF-a from KC [25,26]. TNF-a also stim-
ulates vascular endothelial cells in inflammatory sites and
increases the expression of vascular cell adhesion molecule-
1 (VCAM-1), which can facilitate DC accumulation in
local tissue from the blood circulation. These processes
would be involved in the DC accumulation observed in the
present study.

A number of mechanisms of TNF-a production from KC
have been reported [27-29]. KC constitutively express vari-
ous members of the toll-like receptor (TLR) family, such as
TLR1, TLR2, TLR3, TLRS and TLR9 but not TLR4, TLR6,
TLR7, TLR8 or TLR10. It is well known that the so-called
CpG motifs in bacterial DNA, such as pDNA, are recog-
nized by TLR9 and trigger signaling pathways that activate
various transcription factors, including NF-kB and activator
protein-1. These results suggest that the production of TNF-a
might be due to CpG motif recognition by TLR9 expressed
by KC. Polyplex formation would enhance cellular uptake
of pDNA and its stability compared with naked pDNA. This
effect would not be specific to mBSA, the cationic carrier
used in this study, because the production of TNF-a from
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KC was also detected when we use other cationic macro-
molecules, such as poly L-lysine (data not shown), to prepare
the polyplex in our preliminary study.

Endogenous and exogenous antigens in DC followed by
processing to antigen peptide are present on MHC class 1
and II molecule, respectively. The presentation of antigen
peptide on MHC class 1I leads to antibody production fol-
lowing proliferation of CD4* helper T cells. We believe that
enhanced antibody production by polyplex-based DNA vac-
cination might be due, at least in part, to increased direct
delivery of pDNA to DC in the treated skin. After endoge-
nous antigen is expressed and secreted from DC, the DC
itself or surrounding DC would be taken up by the antigen
in the injection site and presented to MHC class 1L It is also
known that the endogenous antigen is also directly deliv-
ered via the MHC class Il-restricted pathway in the cells
[30-35].

It has been reported that the routes and methods of pPDNA
delivery affect the immunological consequences following
DNA vaccination [36-38). For example, intradermal admin-
istration has been shown to be more efficient than intra-
muscular administration as far as the induction of humoral
immune response is concerned. pDNA delivered to the skin
by intradermal injection or gene gun appears o activate the
Th2 polarized response, whereas intramuscular injection of
pDNA predominantly induces the Th1 response. The selec-
tion of pDNA formulations is also one of the most impor-
tant factors for the determination of immune responses. It
has been reported that adjuvants and delivery systems, such
as cationic macroparticles [39,40], chitosan (in a case of
mucosal vaccination) {41,42] and lipid vesicles [43,44], can
be used not only to increase the strength of the immune
response, but also to influence the types of induced cellu-
lar and antibody responses. Manipulation of DC migration
using various chemokines, such as MIP-la, regulated on
activation normal T cell expressed and secreted (RANTES)
is also a promising approach [45,46]. The present study
has demonstrated that polyplex-based DNA vaccination is
another option for manipulating antigen-specific immune
responses.

In conclusion, we have demonstrated that the immune
responses can be biased towards the antibody production by
polyplex-based DNA vaccination through manipulation of
not only pDNA disposition and expression but also dendritic
cell migration. We also considered that the inducibility for
Th-2 type response is the advantage of polyplex-based DNA
vaccination.
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Hepatocyte-targeted gene transfer by combination
of vascularly delivered plasmid DNA and in vivo

electroporation
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To increase transgene expression in the liver, electric pulses
were applied to the left lateral lobe after intravenous injection
of naked plasmid DNA (pDNA) or pDNA/liver targeting vector
complex prepared with galactosylated poly(L-lysine} or
galactosylated polyethyleneimine. Electroporation (250

V/cm, 5 ms/pulse, 12 pulses, 4 Hz) after naked pDNA injection
dramatically increased the expression up to 200 000-fold, the
expression level obtained was significantly greater than that
achieved by the combination of pDNA/vector complex and
electroporation. We clearly demonstrated that the expression
was dependent on the plasma concentration of pDNA at the
time when the electric pulses were applied. Separation of

liver cells revealed that the distribution of naked pDNA as
well as transgene expression was largely selective to
hepatocytes in the electroporated lobe. The number of cells
expressing transgene product using vascularly administered
naked pDNA followed by electroporation was significantly
(P<0.01) greater and more widespread than that oblained
by local injection of naked pDNA. These results indicate that
the application of in vivo electroporation to vascularly
administered naked pDNA is a useful gene transfer approach
to a large number of hepatocytes.
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Introduction

The success of in vivo gene therapy relies on the
development of vectors that can selectively and effec-
tively deliver a therapeutic gene to the target with
minimal toxicity. Nonviral vectors such as naked
plasmid DNA (pDNA) and its complex with a cationic
vector, with or without a specific ligand, has advantages
over viral vectors in terms of the simplicity of use, ease
of large-scale production and lack of a specific immune
response.” However, the low efficiency of transgene
expression needs to be improved. We have developed
various delivery systems for pDNA, incorporating
galactose®? or mannose* to achieve cell-specific targeting
to hepatocytes or liver nonparenchymal cells (NPC),
respectively. These vectors were highly effective in
delivering pDNA to the cells, but the transfection
efficiency still needs to be improved.

A major barrier for successful in vivo gene transfer is
the poor membrane permeability of pDNA as well as its
lysosomal degradation within cells after entrance via
endocytosis. Recently, various physical approaches such
as electroporation,® sonoporation,® and hydrodynamic or
hydrostatic pressure by large-volume injection”® have
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been developed for improving transgene expression by
nonviral vectors. Among these approaches, in wvivo
electroporation, which is suggested to transiently create
pores on cell membranes® and has been tested in clinical
trials for cancer chemotherapy,’®!* has been extensively
studied as a method to increase transgene expression by
naked pDNA after local injection into the interstitial
spaces of tissues. In vivo electroporation has been applied
to various tissues including skin,® liver,’*>’> melanoma,'*
and muscle.’® Generally speaking, electroporation in-
creases transgene expression up to 1000-fold compared
with that obtained with simple naked pDNA injection.
However, the application of in vivo electroporation has
been limited to locally injected pDNA, where the
distribution of transgene-expressing cells is limited to a
narrow area around the injection site.'* Although the
application of electric pulses to locally injected pDNA
can increase the area of those cells, the spread is still
limited due to the huge size of pDNA.

Vascularly administered pDNA can be distributed to
a greater number of cells than locally injected pDNA.
Therefore, the application of electroporation to vascu-
larly administered pDNA could achieve transgene
expression in a large target cell population. Gene therapy
for the deficiency of an intracellular enzyme or structural
protein requires functional restoration at the cell level, so
the number of cells producing the transgene would be
a major factor determining the therapeutic efficacy of the
gene transfer approach. Although the application of
electroporation after systemic administration of pDNA
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can be a promising technique to achieve this, it has
received little attention so far. Recently, Liu and Huang'’
published a report on electroporation-mediated gene
transfer to the liver after intravenous injection of naked
pDNA. They found that electroporation combined with
intravenous naked pDNA can be a good method of
achieving gene transfer to a larger number of liver cells
compared with locally injected pDNA. However, the
characteristics of gene transfer and its underlying
mechanism need to be investigated to optimize this
technique, in which electroporation is applied to a tissue
after vascularly administered pDNA. Due to its strong
negative charge, naked pDNA is rapidly taken up by the
liver NPC after intravenous injection,'®'® which results
in no significant transgene expression in the organ. This
uptake rapidly reduces the concentration of pDNA
within the circulation. Although the results obtained by
Liu and Huang'” suggest that the distribution of pDNA
would be altered by electroporation, little is known about
the tissue distribution of pDNA. Targeted delivery of
pDNA to hepatocytes can be achieved by galactosylated
vectors, but the combined use of targeted delivery of
pDNA using vectors and electroporation has not been
examined so far.

We hypothesized that the application of electric pulses
alters the distribution of pDNA at the site of electropora-
tion. The liver is composed of various types of cells
including hepatocytes, sinusoidal endothelial cells and
Kupffer cells, and, in many genetic deficiencies such as
ornithine transcarbamylase deficiency, hepatocytes can be
the target of gene transfer. Therefore, we tried to achieve
efficient gene transfer to hepatocytes by applying electro-
poration to intravenously administered pDNA. We
injected pDNA into the tail vein of mice in the free form
(naked pDNA) or in the complex form with a hepatocyte-
targeted vector: galactosylated poly(L-lysine) (Gal-PLL)*
or galactosylated polyethyleneimine (Gal-PEI).” First, the
effect of electroporation was examined on the whole-body
distribution of naked pDNA and pDNA/Gal-PLL using
32P-labeled pDNA. Then transgene expression in the liver
was evaluated after administering intravenous pDNA or
its complex followed by electroporation onto the liver. As
naked pDNA showed the greatest transgene expression
among the vectors examined, the characteristics of the
expression by naked pDNA with electroporation were
investigated in detail in terms of the distribution of
pDNA and transfected cells within the electroporated
lobe. We report here that intravenous naked pDNA
injection followed by hepatic electroporation is a good
way of achieving selective gene transfer to a number of
hepatocytes with a higher transfection efficiency than that
offered by vector-targeted gene transfer. Hepatocytes are
found to be more susceptible to the effects of electropora-
tion than other liver NPC, and the delivery of pDNA and
transgene expression are selectively improved in hepato-
cytes by electroporation.

Results

Effect of electroporation on pharmacokinetics of pDNA
and its complex

After intravenous injection, 3*P-pDNA is preferentially
taken up by liver NPC,'®'® whereas a large fraction of
32P.pDNA /Gal-PLL is delivered to hepatocytes through
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asialoglycoprotein  receptor-mediated  endocytosis.”
Without electroporation, both naked *?P-pDNA and
32p.pDNA/Gal-PLL showed similar pharmacokinetic
profiles to those reported previously; **P-radioactivity
quickly disappeared from the blood circulation and
accumulated in the liver (Figures 1 and 2). When naked
2p-pDNA was injected, the radioactivity in the liver
quickly decreased with time (Figure 1), reflecting its
degradation by the organ. A set of electric pulses (250
V/cm, 5 ms/pulse, 12 pulses, 4 Hz) was applied to the
left lateral lobe of the liver at 30s after intravenous
injection of either naked *?P-pDNA (Figure 1) or *P-
pDNA/Gal-PLL (Figure 2). No significant changes in the
plasma concentration and liver accumulation of *?P-
radioactivity were detected in either case.
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Figure 1 Plasma concentration (a) and liver accumulation (b) of 2P-
radioactivity after injection of naked *P-pDNA with or without
electroporation. Naked 3*P-pDNA was injected into the tail vein at a dose
of 25 pg/mouse, and electric pulses (250 Vfcm, 5 msfpulse, 12 pulses,
4 Hz) were applied to the left lateral lobe of the liver at 30 s after injection.
Results are expressed as the mean+s.d. of three mice. (O) injection only;
(@) electroporated.
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Figure 2 Plasma concentration (a) and liver accumulation (b) of 3P-
radioactivity after injection of *2P-pDNA/Gal-PLL complex with or
without electroporation. 3?P-pDNA[Gal-PLL complex (N/P ratio of 2.4)
was injected into the tail vein at a dose of 25 ug/mouse, and electric pulses
(250 Vfcm, 5 ms[pulse, 12 pulses, 4 Hz) were applied to the left lateral lobe
of the liver at 30 s after injection. Results are expressed as the mean +s.d.
of three mice. (O) Injection only; (@) electroporated.

Effect of electroporation on transgene expression

by vascular pDNA and its complex

Transgene expression was detected at 6 h after injection
of 25 pg pDNA or its complex in the following experi-
ments. The electroporation parameters were fixed
as follows unless otherwise indicated: electric field,
250 V/cm; duration of each pulse, 5 ms; number of pulses,
12; frequency of pulses, 4 Hz; timing of pulses, 30s after
injection; site of electroporation, the left lateral lobe.

No significant transgene expression was detected in
the liver after intravenous injection of naked pDNA
(Figure 3). pDNA /Gal-PLL or pDNA /Gal-PEI complex
showed detectable transgene expression in the liver.
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Figure 3 Transgene expression after injection of naked pDNA, pDNA/
Gal-PLL or pDNA/Gal-PEI complex with or without electroporation.
pDNA complex was injected into the tail vein at a dose of 25 pg/mouse,
and electric pulses (250 Vjem, 5 msfpulse, 12 pulses, 4 Hz) were applied to
the left lateral lobe of the liver at 30 s after injection. Results are expressed
as the mean+s.d. of at least three mice. (open bar) injection only; (closed
bar) electroporated. ***Statistically significant difference compared to the
expression without electroporation (*P <0.01, **P <0.001). *Statistically
significant difference between naked pDNA and all other groups
(P<0.001).

However, the expression level obtained was not very
high, probably due to the small dose of pDNA injected.
The application of electric pulses increased the expres-
sion in the electroporated lobe of the liver against any
vector used (Figure 3). However, the enhancement ratio
and the final level of transgene expression varied among
the vectors. Naked pDNA showed the greatest enhance-
ment ratio in transgene expression and the greatest
expression level. The expression in the electroporated
lobe increased up to 200 000-fold. The level of expression
(about 2x10°RLU/mg protein) was about 100-fold
greater than that obtained after the injection of pDNA
complex followed by electroporation.

To confirm the effect of electroporation on the
receptor-mediated gene transfer, transgene expression
by naked pDNA or pDNA/Gal-PLL was examined in
HepG2 cells, a human hepatoma cell line expressing
asialoglycoprotein receptors. Again, electroporation in-
creased the expression to 4500-fold for naked pDNA and
nine-fold for pPDNA /Gal-PLL (data not shown), suggest-
ing that the free form of pDNA is more effective than its
complexed form for transgene expression once it enters
into the cytoplasm of cells.

Effect of strength of electric field on transgene
expression by vascular naked pDNA

Figure 4 shows the transgene expression in the electro-
porated lobe and other lobes after intravenous injection
of naked pDNA followed by electroporation with
various electric fields from 50 to 500 V/cm. At any
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Figure 4 Effect of the strength of electric field on transgene expression
after injection of naked pDNA followed by electroporation. Naked pDNA
was injected into the tail vein at a dose of 25 ug/mouse, and electric pulses
(50-500 V/cm, 5 msfpulse, 12 pulses, 4 Hz) were applied to the left lateral
lobe of the liver at 30s after injection. Results are expressed as the
mean+s.d. of at least three mice. (closed bar) electroporated lobe; (open
bar) nonelectroporated lobes.

electric field examined, high transgene expression was
obtained in the electroporated lobe, with a peak value at
250 V/cm. The expression in the nonelectroporated lobes
was greater than that in the mouse liver receiving no
electroporation shown in Figure 3. These results suggest
that the electric pulses applied to the left lateral lobe of
the liver have some influence on transgene expression in
other lobes. However, there was no significant transgene
expression in other organs such as the kidney, spleen,
lung and heart (<100 RLU/mg protein; data not shown).
Glutamic pyruvic transferase (GPT) activity in plasma
rose slightly as the electric field of the pulses increased
(Figure 5). However, the activity was still low even at the
highest electric field of 500 V/cm. The liver surface
receiving the pulses did not show any significant
changes following electroporation (data not shown).

Correlation between transgene expression and plasma
concentration of pDNA

Figure 6 shows the effect of the time interval between the
intravenous injection of naked pDNA and electropora-
tion on transgene expression in the electroporated lobe.
Transgene expression decreased with the interval, and
became undetectable when electric pulses were applied
with an interval of 20 min or longer.

Figure 7a shows the agarose gel electrophoresis of
PDNA recovered from mouse plasma after intravenous
injection of naked pDNA. The amounts of pDNA in
supercoiled (5C), open circular (OC) and linear (L) forms
were measured by densitometric analysis, and the results
are summarized in Figure 7b. pDNA within the blood
circulation rapidly changed its structure and decreased
with time. No intact pDNA could be detected in plasma
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Figure 5 GPT activity in mouse plasma after injection of naked pDNA
followed by electroporation. Naked pDN A was injected into the tail vein at
a dose of 25 ug/mouse, and electric pulses (50-500 V/em, 5 ms/pulse, 12
pulses, 4 Hz) were applied to the left lateral lobe of the liver at 30 s after
injection. Results are expressed as the mean+s.d. of at least three mice.
*Statistically significant difference compared to the injection only group
(P <0.01). C, control, electrodes were not applied to the liver; E, electrodes
were applied, but pulses were not delivered.
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Figure 6 Effect of time interval between naked pDNA injection and
electroporation on transgene expression. Naked pDNA was injected into
the tail vein at a dose of 25 ug/mouse, and electric pulses (50-500 V/cm,
5 msfpulse, 12 pulses, 4 Hz) were applied to the left lateral lobe of the liver
at different intervals. Results are expressed as the mean+s.d. of at least
three mice.

at 5min and beyond. The concentration of pDNA in
plasma at electroporation correlated well with the final
expression in the liver (Figure 8), suggesting that pDNA
in the circulation, not captured by liver cells, is
responsible for transgene expression.
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Figure 7 Stability of naked pDNA after injection into mice. (a) Naked
pDNA was injected into the tail vein at a dose of 25 ugfmouse, and pDNA
was recovered from mouse blood at indicated time points after injection,
electrophoresed on agarose gel and visualized with ethidium bromide. (b)
The amounts of pPDNA in supercoiled, open circular and linear forms were
measured by densitometric analysis. SC (closed bar), supercoiled; OC
(open bar), open circular; L (striped bar), linear; S, standard pDNA (0.5 ug
pDNA).
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Figure 8 Relation between transgene expression and the plasma
concentration of pDNA at electroporation. Transgene expression in the
electroporated lobe of the liver (Figure 6) was plotted against the total
concentration of pDNA (Figure 7b). Experimental details are described in
the legends of Figures 6 and 7.

Cellular distribution of radioactivity and transgene
expression in mouse liver after injection of naked

PDNA followed by electroporation
Naked pDNA is extensively taken up by liver NPC via
mechanism(s) like scavenger receptors.'®?' In the none-
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Figure 9 Distribution of **P-radioactivity (a) and luciferase activity (b) in
the electroporated and nonelectroporated lobes after injection of naked
pDNA followed by electroporation. Naked **P-pDNA or pDNA was
injected into the tail vein at a dose of 25 pg/mouse, and electric pulses
(250 V/em, 5 ms|pulse, 12 pulses, 4 Hz) were applied to the left lateral lobe
of the liver at 30 s after injection. PC (closed bar) and NPC (open bar) were
separated and 32P-radioactivity (a) or luciferase activity (b) in these cell
fractions was assayed. Results are expressed as the mean +s.d. of at least
three mice.

lectroporated lobes of the liver, **P-radioactivity prefer-
entially distributed to NPC rather than hepatocytes
(parenchymal cells, PC) (Figure 9a). NPC uptake was
about three-fold greater than PC uptake on a cell number
basis, with a PC/NPC ratio of 0.35. The PC/NPC ratio
increased in the electroporated lobe to 0.78, indicating
that the distribution of pDNA shifted from NPC to PC by
electroporation.

As shown in Figure 4, transgene expression was very
high in the electroporated lobe. Separation of the cells in
the lobe clearly demonstrated that the expression in PC
was significantly (P<0.01) greater than that in NPC
(Figure 9b).

Analysis of the number of cells expressing transgene
product

Figure 10b and ¢ shows typical liver tissues receiving an
intravenous injection of naked B-galactosidase-expres-
sing pDNA followed by electroporation. For comparison,
naked pDNA was directly injected into the left lateral
lobe of the liver (Figure 10a), which resulted in a very
localized distribution of P-galactosidase-positive cells
near the injection site (arrow). Greater numbers of
hepatocytes in a large area around the site of electro-
poration were transfected by intravenous naked pDNA
followed by electroporation (Figure 10b and ¢).

To quantitatively evaluate the number of B-galactosi-
dase-positive cells, we isolated hepatocytes from the
left lateral lobe of the liver after administration of
B-galactosidase-expressing pDNA to mice (Figure 10d).
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