Immunological characteristics of DCs cotransduced
with gp100 and IL-12

We first analyzed the expression levels of MHC/costimu-
latory molecules by flow cytometry in DCs prepared with
various combinations of AARGD-gpl100 and AdRGD-
IL12 (Fig 3). In comparison with mock DCs, DCs
transduced with AARGD-gpl100 alone exhibited upregu-
lated expression of all tested surface marker molecules,
which play critical roles in the sensitization/activation of
T cells, as was seen in mature LPS/DCs. This result
agreed with our previous report demonstrating that
transduction using AARGD, irrespective of the type of
inserted transgene, could enhance the expression of
MHC/costimulatory molecules on DCs.” In addition,
enhanced expression of MHC class I, CD40 and CD86
was observed as a characteristic change in DCs cotrans-
duced with AARGD-gp100 and AARGD-IL12 as well as
DCs transduced with AJRGD-IL12 alone. As upregula-
tion of these molecules was dependent on MOI of
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combined AdRGD-IL12, the results suggested that the
secreted IL-12 promoted maturation of DCs by an
autocrine mechanism. '

Next, we compared antigen presentation levels via
MHC class I molecules by bicassay using T-T hybrido-
ma, CD8-OVA 1.3 cells, between DCs transduced with
various combinations of AJRGD-OVA, AdRGD-IL12,
and AdRGD-Luc (Fig 4). In comparison with DCs
transduced with AJRGD-OVA alone, DCs cotransduced
with AARGD-OVA and AJRGD-IL12 showed a slight
decrease in IL-2 released from CD8-OVA 1.3 cells by
vector dose-increase of combined AJRGD-IL12. The
OVA-presentation levels in AdRGD-OVA-transduced
DCs were not affected by the addition of exogenous
recombinant murine IL-12 into culture media during
the antigen-presentation assay (data not shown). In
addition, an obvious decline in the OVA-presentation
level was observed in DCs cotransduced with AARGD-
OVA and AdRGD-Luc, suggesting that competition
may occur during a particular step of the MHC class I

AdRGD-gp100 AJRGD-IL12 H-2K®/DP I-Ab D40 CcDso Cbs86
5130t 17413 158 + B¢ 804 6%
TOB 17 10828 204 £ 11 21914
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A
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__AJ— __A [
920 £ 144 220 £ 131 1764 9% 1927 402117 B
E
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_.L_‘A___L__A E
1004 + 24+ 262 1 20% 2124 6 18715 408 & 13#
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Figure 3 Flow cytometric analysis of surface markers in DCs cotransduced with gp100 and lL-12 gene by AdRGD. DCs were cotransduced with
AJRGD-gp100 and AJRGD-1L12 at the indicated MO for 2 hours. DCs treated with 1 pg/mi LPS for 24 hours were used as positive controls for
phenotypical DC maturation. At 24 hours after transduction, cells were stained by indirect immunoflusrescence using biotinylated mAbs of the
indicated specificities (solid histogram). Dotted histograms represent cells stained by phycoerythrin-conjugated streptavidin alone. The data are
representative of three indspendent experiments, and vafues indicated in the upper part of each panel represent MF! {mean+SD) of flow
cytometric analysis. The statistical analysis was carried out by Student's ttest. tP<.05, 1P<.01 versus DCs transduced with AARGD-gp100

alone at 25 MOI.
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Figure 4 Antigen presentation on MHC class | molecules by DCs
cotransduced with OVA and IL-12 gene by AdRGD. DCs were
cotransduced with ARGD-OVA and either AARGD-IL12 or AdRGD-
Luc at the indicated MOI for 2 hours. The levels of OVA peptide
presentation via MHC class | molecules by transduced DCs were
determined by bicassay using CD8-OVA 1.3 cells. The data
represent the mean+SD of three independent cultures. ND: IL-2
secreted from CD8-OVA 1.3 cefls was not detectable.

antigen-presentation pathway in DCs simultaneously
expressing distinct proteins due to the presence of
multiple AARGDs. The variation in effects of coexpressed
endogenous antigens in DCs might be induced by proteins
accumulating in the cytoplasm and secreted to extra-
cellular fluid, such as luciferase and IL-12, respectively.
Taken together, antigen-presenting levels via MHC class I
molecules on DCs transduced with AARGD encoding
antigen were slightly decreased by increasing dose of
combined AdRGD-IL12.

T-cell-stimulating ability of DCs cotransduced with
gpl00 and IL-12

We performed allogeneic and syngeneic MLR to compare
T-cell proliferation-stimulating ability of DCs transduced
with AdRGD-gpl00 alone or a combination of AARGD-
gp100 and AARGD-IL12. DCs transduced with AARGD-
gp100 alone at 25 MOI (gp100(25MOI)}/DCs), AARGD-
IL12 alone at 25 MOI (IL12(25MOI)/DCs), AARGD-Luc
alone at 25 MOI (Luc(25MOI)/DCs), or various combi-
nations of AdRGD-gpl00 and AdRGD-IL12 (gpl00
(25MOI) + IL12(25MOI)/DCs, gp100(25MOI) + IL12(12.5
MOI/DCs, and gpl00(25MOI) + IL12(3MOI)/DCs)
could equally stimulate proliferation of allogeneic naive
T cells used as responder cells (Fig 5a). In addition, T-cell
proliferation levels in these groups were higher than those
not only in mock DCs but also LPS/DCs. These data
indicated that DCs transduced by using AARGD could
sufficiently provide proliferative stimuli to T cells through
allogeneic interaction of MHC molecules/T-cell receptors
and costimulatory signals, regardless of the quantity of
IL-12 secreted from DCs. On the other hand, IL12(25-
MOI)/DCs, gpl00(25MOI) +IL12(25MOD)/DCs, gpl00
(25SMOI)+1IL12(12.5MOQI)/DCs, and gpl00(25MOI) +
IL12(5MOI)/DCs could more strongly stimulate syn-
geneic naive T-cell proliferation as compared with
gpl00(25MOI}/DCs or Luc(25MOIL)/DCs (Fig 5b), sug-
gesting that in vitro syngeneic naive T-cell proliferation by
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Figure 5 Allogeneic and syngeneic T-cell proliferation-stimulating
ability of DCs cotransduced with gp100 and IL-12 gene by AdRGD.
C57BL/6 DCs were transduced with the indicated combinations of
various AJRGDs at the indicated MO! for 2 hours. Naive BALB/c T
lymphocytes (a), naive C57BL/E T lymphocytes (b), or gp100-primed
C57BL/6 T lymphocytes (c), were cocultured with transduced, LPS-
stimulated, or mock DCs at different responder/stimulator ratios for 3
days. Cell cultures were pulsed with BrdU during the last 18 hours,
and then T-cell proliferation was assessed by BrdU-ELISA. Results
are expressed as mean+ SE of three independent cultures using T
celis prepared from three individuai mice.

DCs cotransduced with AdRGD-gpl00 and AdRGD-
IL12 was greatly influenced by secreted IL-12 rather than
antigen-presentation via MHC molecules. Furthermore,
in comparison with gp100(25MOI}/DCs, DCs transduced
with AdRGD-IL12 alone or in combination with
AdRGD-gpl00 could induce considerable proliferation
of syngeneic gpl00-primed T cells, which were purified
from C57BL/6 mice vaccinated beforehand with 10°
gplG0(25MOI)/DCs (Fig 5c). However, proliferation
levels of syngeneic gpl00-primed T cells stimulated by
DCs transduced with AdRGD-IL12 alone or in combina-
tion with AdJRGD-gpl00 decreased at high responder/
stimuiator ratios, and this suppressive effect became
remarkable at high AdRGD-IL12 MOI during gene
transduction. These observations suggested that excessive
IL-12 secreted from transduced DCs might inhibit
proliferation or induce cell death in activated T cells.

In addition, we assessed by ELISA the Thl/Th2
cytokine balance in media of syngeneic naive T cells
cocultured with various transduced DCs for 5 days at a
responder/stimulator ratio of 10 in the presence of 10U/
mil recombinant murine IL-2 (Table 1). TL12(25MOI)/
DCs, gpl00(25MOI) + IL12(25MOI)/DCs, gpl00(25MOI) +
IL12(12.5MOI)/DCs, and gpl00(25MOI) 4+ IL12(5MOT)/
DCs could markedly enhance Thl-skewing IFN-y secre-
tion from syngeneic naive T cells as compared with mock



Table 1 Cytckine secretion from syngeneic naiva T cells cocuttured
with various transduced DCs

DC treatment

AdRGD-gp100  AdRGD-IL12 IL-4 110
(MOI) (MO 1N~y (ng/ml)  (pg/ml)  (pg/mi)
—_ _— 0.25+0.05 <15 <30
25 —_ 1.00+0.19 <15 <30
- 25 17174048 <15 <30
25 25 25784184 <15 <30
25 125 18.61+1.47 <15 <30
25 5 20.23+2.96 <15 <30

Data are expressed as mean+SD of three independent
cultures.

DCs, whereas only a slight increase in IFN-y levels was
observed during cocultivation with gp100(25MOI)/DCs.
We confirmed that IFN-y secretion was undetectable in
control wells in which only transduced or mock DCs were
cultured. On the other hand, secretion of the Th2
cytokines, IL-4 and IL-10, was not detectable in any
syngeneic T cells stimulated by transduced or mock DCs.
These results suggested that DCs cotransduced with
gpl00 and IL-12 could more efficiently differentiate
sensitized T cells at the Thi-biasing state (the cellular

immunity-dominant state), which is required for the

induction of efficacious tumer immunity.

Vaccine efficacy of DCs cotransduced with gp100 and
IL-12

In order to evaluate the potency of DCs cotransduced
with gpl100 and IL-12 as vaccine carriers, we investigated
protective efficacy against murine B16BL6 melanoma
challenge (Fig 6). C57BL/6 mice received a single
intradermal injection of 2x 10° DCs transduced with
various combinations of AJRGD-gpl100, AARGD-IL12,
and AdRGD-Luc, and then these mice were inoculated
with 2 x 10° B16BL6 melanoma cells at 1 week post-
immunization. Obvious growth suppression of the chal-
lenging B16BL6 tumor was achieved in mice vaccinated
with g})lOO(ZSMOI)/DCs, as shown in our previous
report,” whereas the mice immunized with IL12(25-
MOI)/DCs or Luc(25MOI)/DCs showed little or no
protective effect as compared with vehicle-injected mice.
In addition, a more potent inhibitory effect on tumor
growth could be observed in mice after vaccination with
gpl00(25MOI) + IL12(5MOI)/DCs than in mice vacci-
nated with gpl00(25MOI)/DCs. However, vaccine effi-
cacy of DCs cotransduced with gpl00 and IL-12 tended
to diminish with increasing AdRGD-IL12 MOI
during gene transduction, and immunization with
gpl100(25MOI) + Luc{25MOI)/DCs led to inferior anti-
tumor effects compared to those of the gpl00(25MOI)/
DCs group.

Furthermore, we investigated the cytolytic activities of
NK cells and CTLs in mice intradermally immunized with
DCs cotransduced with gpl100 and IL-12 by Eu-release
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Figure 6 Vaccing efficacy of DCs cotransduced with gp100 and {L-
12 gene by AJRGD against B16BL6 melanoma challenge. DCs were
transduced with the indicated combinations of various AJRGDs at
the indicated MOI for 2 hours. C57BL/6 mice were immunized by
intradermal injection of transduced DCs into the left flank at 2 x 10°
cells, and then 2 x 10% B16BL6 melanoma cells were inoculated into
the right flank of the mice 1 week postvaccination. The size of tumors
was assessed using microcalipers three times per week. Each point
represents the mean + SE of 6-12 mice. Statistical analysis of tumor
volume on day 22 after tumor challenge was carried out by Mann-
Whitney UHtest. P<.01 (l, &, O), P<.05 (@), not significant (<,
O, ¢) versus Luc(25MOTYOCs (A). P<.01 (x, &, O, <), not
significant (@, M, A) versus gp100(25MOIYDCs (O).

assay. At 1 week after immunization of C57BL/6 mice
with various DC vaccines, the splenocytes were used in a
cytolytic assay against YAC-1 and EL4 cells, and were
restimulated in vitro with inactivated B16BL6 cells, which
were treated with recombinant murine IFN-y to promote
the expression of their MHC class ] molecules, for CTL
expansion. As shown in Figure 7a, the splenic cytolytic
activity against YAC-1 cells markedly increased after
immunization with gpl00(25MOI)+ IL12(25MOI)/DCs
as well as IL12(25MOI)/DCs, whereas ELA4 cells were not
injured by splenocytes prepared from any groups.
Effector cells from mice immunized  with
gpl00(25MOI) + IL12(5MOI)/DCs exhibited equivalent
NK activity to those from mice immunized with
gpl00(25MOI)/DCs. These data indicated that the non-
specific NK. activity involved in the anti-B16BL6 mela-
noma response was enhanced with the increase in IL-12
secretion from the administered DC vaccine. On the other
hand, the cytolytic effects on B16BLé6 cells by in vitro
restimulated effector cells was promoted in mice immu-
nized with gpl00(25MOI) +IL12(5MOI)/DCs as com-
pared with mice immunized with gpl00(25MOI)/DCs
{Fig 7b). This cytolytic activity was caused by B16BL6-
specific CTLs because the effector cells prepared from
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mice immunized with IL12(25MOI)/DCs or mock DCs
did not injure the B16BL6 cells and no cytolytic effects
against syngeneic irrelevant EL4 cells were detected in any
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group. However, consistent with the protective effect
against BI16BL6 tumor challenge, mice vaccinated with
gpl00(25MOI) + IL12(25MOI)}/DCs  showed  lower
B16BL6-specific CTL activity than mice immunized with
gpl00(25MOI)/DCs.

Therefore, immunization with DCs genetically mod-
ified to express simultaneously gp100 and IL-12 exhibited
duplicity for the host’s immune response in our experi-
mental model. That is, as compared with DCs transduced
with AdRGD-gpl00 alone, DCs cotransduced with
AdRGD-IL12 at a relatively low ratic to AdRGD-
gpl0C were equal in inducibility of NK activity, but
could more efficiently induce anti-B16BL6 tumor effects
and antigen-specific CTL activity. In contrast, DCs
combined with a high dose of AARGD-IL12 during gene
transduction could enhance NK activity, but attenuated
B16BL6-protective efficacy and CTL activity.

Discussion

Since DCs are the most potent APCs and are uniquely
capable of presenting novel antigens to naive T cells to
initiate and modulate immune responses,’ various DC-
based vaccines for use in immune intervention strategies
against cancer have been designed and studied in many
research organizations. Antitumor CTLs play a central
role in the tumor-specific immune response, and the
efficient priming and subsequent activation of antitumor
CTLs requires the processing and presentation of TAAs
as peptide fragments in the context of appropriate MHC
class I molecules by APCs.*! In addition, a Thl-biased
cytokine balance is desirable for sensitization of CTLs
specific for TAA by APCs. IL-12 is the key factor that
skews the immune balance toward a Thl response and
that can promote a switch from an established Th2 to a
Thi response.***® In fact, potent antitumor effects of
DCs genetically engineered with IL-12 have been demon-
strated in several murine models by vaccination using
TAA-derived peptide pulsed DCs or intratumoral injec-
tion using unpulsed DCs.3*3¢ Therefore, we believe that,
as compared with DCs delivered with TAA gene alone,
DCs genetically manipulated to express simultaneously
TAA and IL-12 might be a promising vaccine carder

<

Figure 7 NK {a) and B16BL&-specific CTL (b) activity in mice
immunized with DCs cotransduced with gp100 and IL-12 gene by
AdRGD. DCs were transduced with the indicated combinations of
AdRGD-gp100 and AJRGD-IL12 at the indicated MOI for 2 hours.
Transduced or mock DCs were vaccinated once intradermally into
C57BL/6 mice at 2x 10° cells. At 1 week after immunization,
nonadherent splenocytes were prepared from these mice, and
directly used in cytolytic assays against YAG-1 and EL-4 cells (a). In
addition, the isolated splenocytes were restimulated in vitro for 5
days with IFN-y-stimulated and MMC-inactivated B16BL6 cells. A
cytolytic assay using the restimulated splenocytes was performed
against 1FN-y-stimulated B16BL6 and EL4 cells (b). Each point
represents the mean+SE of four independent cultures from four
individual mice.



capable of generating more efficacious antitumor re-
sponses because of their ability to induce Thl-polarized
responses.

A vector system, which can effectively deliver a foreign
gene to DCs, is required to create a genetically modified
DC vaccine having a potential to improve the efficacy of
DC-based immunotherapy. We have demonstrated that
AdRGD enabled highly efficient gene transduction into
murine and human DCs because of the targeting of av-
integrin by the RGD sequence inserted at the HI-loop in
their fiber knob.5® When mouse bone marrow-derived
DCs were cotransduced with AJdRGD-gpl0C and
AdRGD-IL12, their expression of gpl00 and IL-12 was
comparable to that in DCs transduced with each AARGD
alone (Figs 1 and 2). IL-12 secreted from these DCs is
biclogically active because direct intratumoral injection of
AdRGD-ILI2, used in the present study and whose
expression cassette was designed to be transcribed from
IL-12p35 ¢cDNA to the internal ribosome entry site
sequence to IL-12p40 cDNA under the control of the
cytomegalovirus promoter, could induce tumor regression
based on promotwn of tumor immunity in melanoma-
bearing mice.’” RT-PCR analysis (Fig 1) suggested that
LPS-driven maturation or irrelevant AJRGD transduc-
tion could moderately enhance expression of the IL-12p40
subunit mRNA in DCs, but not IL-12p35 subunit
mRNA. Several reports have demonstrated that the
production of the two IL-12 subunits is regulated by
different mechanisms, mainly at the level of mRNA
expression, and that the level of bioactive IL—12p70
production in APCs in response to LPS and cytokmes is
determined by the level of IL-12p35 expression.”®”
Therefore, DCs cannot attain sufficient IL-12p70 pro-
ductivity, which is based on enhancement of endogenous
gene expression of the two subunits, via a maturation
signal from LPS or AJRGD transduction alone. Taken
together, our results demonstrated that DCs cotransduced
with AAdRGD-gp100 and AdRGD-IL12 could simulta-
neously express gpl00 and IL-12 at levels equal to DCs
transduced with each vector alone, indicating that DCs
can obtain several additional functions by using a
combination of AARGDs carrying different genes.

Full analysis and understanding of immunological
characteristics of DC vaccine are imperative for the
development of DC-based immunotherapy because the
polarity of the immune response is greatly influenced by
the activated state of DCs during T-cell sensitization.
Flow cytometric analysis indicated that the expression of
MHC class I/I1, CD40, CD80, and CD86molecules was
enhanced only by AARGD-transduction, and that DCs
transduced with the IL-12 gene exhibited considerable
upregulation of MHC class I, CD40, and CD86 molecules
on their surface in response to autocrine effects of secreted
IL-12 as compared with DCs transduced with AJRGD-
gpl00 alone (Fig 3). On the other hand, DCs cotrans-
duced with OVA and IL-12 by AdRGDs exhibited lower
OVA-presentation levels via MHC class I molecules than
DCs transduced with AdRGD-OVA alone (Fig 4),
although the cytoplasmic expression of endogenous
antigen introduced into DCs was not affected by the
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combination with other AJRGDs (Fig 2a). In addition,
OVA-presentation levels in DCs transduced with
AdRGD-OVA were markedly decreased by combination
with AdRGD-Luc, which expresses luciferase as another
endogenous antigen (Fig 4). These inconsistent results
suggested that processing machineries in the MHC class I-
presentation pathway may compete with multiple proteins
transduced by the combination of AdRGDs, and that
localization characteristics, such as cytoplasmic accumu-
lation, extracellular secretion, and plasma membrane-
specific localization, of other proteins should be con-
sidered during the preparation of DCs expressing TAA
and other functional proteins by cotransduction with
multiple AdRGDs in an attempt to maintain sufficient
TAA-presenting capacity. With regard to T-cell-stimulat-
ing ability, DCs cotransduced with gp100 and IL-12 could
more effectively enhance proliferation of syngeneic naive
and gpl00-primed T cells than DCs transduced with
epl00 alone, although allogeneic T-cell proliferation did
not differ between the two types of transduced DCs (Fig
5). Furthermore, we could detect considerable IFN-y
secretion from syngeneic naive T cells stimulated by DCs
cotransduced with gpl00 and IL-12 (Table 1), as
expected. These data from in virro immunological analysis
suggested that DCs cotransduced with TAA and IL-12
using AdRGD can function as useful vaccine carriers
possessing TAA-presentation ability, sufficient T-cell-
stimulating ability, and Thl-dnving ability in vive.

We attempted to compare vaccine efficacy of DCs
genetically modified with various combinations of
AdRGD-gpl00, AJRGD-IL12, and AdJRGD-Lue using
the murine B16BL6 melanoma model. Although mice
vaccinated with gp100(25MOI)+ IL12(5MOI)/DCs ex-
hibited more effective suppression of B16BL6 tumor
growth and efficient induction of B16BL6-specific CTLs
than those vaccinated with gpl00(25MOQI)/DCs, vaccine
efficacy of cotransduced DCs diminished with increasing
combined AAJRGD-IL12 MOI during gene transduction,
contrary to our expectation (Figs 6 and 7). We speculated
that this adverse effect might be caused by a decrease in
antigen presentation in DCs by coexpression of TAA and
IL-12 as shown in Figure 4, because the anti-B16BL6
effect of gpl00(25MOI)+ Luc(25MOI)/DCs was ob-
viously inferior to that by gpl00(25MOIL)/DCs. An
alternative explanation for the negative effect of
AJRGD-IL12-cotransduction includes an immunosup-
pressive effect of excess IL-12 on the host’s immune cells.
Several studies have demonstrated that IL-12 inhibits cell-
mediated immune respenses, such as clonal expansion of
CTLs, in a dose-dependent manner through IFN-y-
mediated nitric oxide production by macrophages in the
murine models.****? The in vivo bimodal effect of DCs
cotransduced with gpl100 and IL-12 in our model might
involve immunosuppression based on nitric oxide, be-
cause DCs transduced with AARGD-IL12 could drasti-
cally enhance IFN-y secretion from syngeneic naive T
cells in MLR (Table 1). In addition, Piccioli et al**
reported that an in virro interaction between activated NK
cells and DCs at high NK/DC ratios resulted in inhibition
of DC functions due to potent killing by NK cells,
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whereas this interaction at low NK/DC ratios led to
drastic increases in DC cytokine production. Therefore, a
remarkable increase in NK activity in mice that were
vaccinated with gp100(25MQI) + IL12(25MOI)/DCs, as
shown in Figure 7, might suppress the induction of the
B16BL6-specific immune response by the administered
DC vaccine.

To date, vaccine efficacy of DCs cotransduced with
TAA and 1L-12 has not been fully clarified because both
positive*> and negative®® effects of simultaneous expres-
sion of IL-12 in DC vaccine have been reported. Based on
the results of the present study, we concluded that
determination of the specific vector dose capable of
optimizing both TAA-presentation levels and IL-12-
secretion levels in DC vaccine is essential for improving
antitumeor efficacy based on active biasing of the immune
response toward a cellular immunity dominated state.
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Although dendritic cell (DC)-based immunotherapy is con-
sidered a promising approach for cancer treatment, a large
quantity of DC vaccine Is required for effective sensitizatiory/
activation of immune cells because of the poor migratory
ability of administered DCs into regional lymphoid tissue. In
this study, we created a DC vaccine sufficiently transduced
with CC chemokine receptor-7 gene (CCR7/DCs) by apply-
ing RGD fiber-mutant adenovirus vector (AJRGD), and
investigated its immunological characteristics and therapeu-
tic efficacy. CCR7/DCs acquired strong chemotactic activity
for CC chemokine ligand-21 (CCL21) and exhibited an
immunophenotype similar to mature DCs but not immature
DCs with regard to major histocompatibility complex/costi-
mulatory molecule-expression levels and allogenic T cell
profiferation-stimulating ability, while maintaining inherent

endocytotic activity. Importantly, CCR7/DCs injected inira-
dermally into mice could accumulate in draining lymph nodes
about 5.5-fold more efficiently than control AdRGD-appilied
DCs. Reflecting these properties of CCR7/DCs, DC vaccine
genetically engineered to simultaneously express endogen-
ous antigen and CCR7 could elicit more effective antigen-
specific immune response in vivo using a lower dosage than
DC vaccine transduced with antigen alone. Therefore, the
application of CCR7/DCs having positive migratory ability to
lymphoid tissues may contribute to reduction of efforts and
costs associated with DC vaccine preparation by consider-
ably reducing the DC vaccine dosage needed to achieve
effective treatment by DC-based immunotherapy.
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Introduction

Immunotherapy using dendritic cells (DCs), which play
a critical role in control of both acquired and innate
immune responses in the living body, is studied
energetically in many research organizations aiming to
immunologically eradicate cancer. In addition, several
cancer immunotherapy protocols using DC vaccine
introduced with tumor-associated antigen (TAA) ad-
vanced to the clinical study phase.’™ However, since
currently available DC-based immunotherapy has not
demonstrated exceptional therapeutic effects in these
clinical studies, the development of a novel approach
capable of improving the efficacy of this promising
strategy for cancer treatment is eagerly awaited.

DCs are widely distributed over peripheral tissues,
where they catch invading antigens by full endocytotic
activity, characteristic of an immature state. The pheno-
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type of DCs internalizing antigens changes to a mature
state in response to these inflammatory stimuli. Subse-
quently, they process the antigens into the peptides
presented on major histocompatibility complex (MHC)
molecules, migrate into draining lymph nodes (LNs) via
afferent lymphatic venules, and induce primary immune
responses through antigen presentation to T cells.>” On
the basis of these serial immune mechanisms, the degree
of administered DC vaccine accumulation in lymphoid
tissues is a factor in enhancing or restricting therapeutic
effects in DC-based immunotherapy.

In recent years, identification and functional analysis
of chemokines/chemokine receptors, which regulate
relevant leukocyte migration and invasion into tissues,
have progressed remarkably, and the chemokine-che-
mokine receptor coupling in DC migration from periph-
eral tissue to lymphoid tissue has been elucidated. Gunn
et al® found that DC migration to secondary lymphoid
tissues was inhibited in CC chemokine ligand-21
(CCL21) expression-defective pltfplt mice. Likewise,
Forster et al® reported that inhibition of DC migration
to secondary lymphoid tissues occurred in CC chemo-
kine receptor-7 (CCR7)-knockout mice. Based on these
results, the association between CCL21, which is pro-
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duced and secreted constitutively in lymphoid tissues
and lymphatic vessels, and CCR7, a seven-transmem-
brane domain G-protein-coupled receptor whose expres-
sion is enhanced on the surface of maturing DCs, has
been shown to play a central role in control of DC
migration from the peripheral tissue to lymphoid tissues.
Therefore, DCs, which are not only introduced with
antigens but also exhibit enhanced CCR7 expression,
may positively migrate to lymphoid tissue and efficiently
activate the host’s immune system after administration
to a living body. Efficient CCR7-gene transduction to
DCs is proposed as a preparatory method for this novel
Tymphoid tissue-directivity DC’ vaccine.

Efficient gene transduction to DCs is difficult in any
conventional vector system including adenovirus vector
{Ad), which could transfect in 2 wide variety of cells and
tissues.” In this regard, we succeeded in establishing
highly efficient gene transduction to DCs by applying
RGD fiber-mutant Ad (AdRGD)," % and clarified that
vaccination with DCs transduced with TAA gene using
AdRGD induced considerable antitumor effect based on
activation of TAA-specific cytotoxic T Iymphocytes
(CTLs) in mice.”*** Our results not only revealed that
AdRGD is very useful in antigen gene delivery to DCs,
but also opened up new potentiality for genetically
enhancing the immunological functions of DCs by
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making use of the predominance of AARGD in gene
transduction efficiency to DCs. Thus, in the present study,
we first constructed an AdRGD-carrying CCR7 gene
(AdRGD-CCR?7), and investigated the immunological
properties and vaccine efficacy of murine bone marrow-
derived DCs modified with AARGD-CCR?7 in order to
create a ‘lymphoid tissue-directivity DC’ vaccine,

Resuits

Gene transduction into DCs by AdRGD-CCR7

We examined the cytopathic effects of gene transduction
using AJRGD-CCR7 to DCs by MTT assay. AdRGD-
CCR7 did not injure DCs with a vector dose of 100
multiplicities of infection (MOI) or less, whereas viability
of DCs was slightly reduced by using AARGD-CCR?7 at
200 MOI (data not shown). Thus, CCR7 gene expression
was evaluated by semiquantitative reverse transcription-
polymerase chain reaction (RT-PCR) analysis in DCs
transduced with AARGD-CCR?7 at 100 MOI or less. The
CCR7 mRNA level of lipopolysaccharide-stimulated DCs
(LPS/DCs) or Luc/DCs transduced with AdRGD-Luc
(luciferase-expressing control vector) at 50 MOI did not
show a remarkable change in comparison with that of
mock (immature) DCs at 24 h post-treatment (Figure 1a).
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Figure 1 RT-PCR and flow cytometric analysis for mouse CCR7 expression levels. DCs were transduced with AARGD-CCR7 or AdRGD-Luc at 50 MOT
{2 and c) or the indicated MOI (b}, These transduced cells, LPS-stimulated DCs, and mock DCs were cultured for 24 h (a and ¢) or the indicated period (b)
in GM-CSF-free medium. (a and b) Total RNA was isolated from these DCs, and then mouse CCR7 mRNA expression was assessed by RT-PCR analysis.
Relative CCR7 mRNA expression was calculated as ratio of the densitometric units of PCR products derived from CCR7 transcripts to the densitometric
units of PCR products derived from B-actin transcripts. Data are presented as meants.d. of results from three independent experiments. (c} Flow
cytometric analysis was performed by using anti-mouse CCR7 antibody. Negative control represents mock DCs stained by second antibody alone. The data
are representative of two independent experiments, and the % value and the numerical value indicated in the upper part of each panel express % of M1-

gated cells and mean fluorescence intensity (MFI), respectively.
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On the other hand, CCR7/DCs prepared with AARGD-
CCR?7 at 50 MOI were able to express CCR7 mRNA at a
level more than double that of mock DCs. In addition, we
analyzed the changes in CCR7 mRNA expression over
time in CCR7/DCs transduced at various vector doses
(Figure 1b). It was revealed that CCR7 mRNA expression
in CCR7/DCs increased in a vector dose-dependent
manner, and highest levels were observed at 24 h after
gene transduction. Moreover, flow cytometric analysis
using anti-mouse CCR7 polyclonal antibody showed that
most of the CCR7/DCs, which were prepared with
AdRGD-CCR7 at 50 MOI and then cultured for 24 h,
expressed CCR7 protein on their surface, whereas few
CCR7-positive cells were detected in mock DCs, LPS/
DCs, and Luc/DCs (Figure 1c).

Next, we evaluated the chemotactic activity of CCR7/
DCs for CCL21 by in vitro chemotaxis assay in order to
confirm functional CCR7 expression on the cell surface.
Under transductional conditions at an MOI of 50, the
number of migrating CCR7/DCs cultured for 24h
markedly increased with increasing CCL21 concentra-
tion, whereas Luc/DCs, LPS/DCs, and mock DCs
remained at low levels despite CCL21 stimulation
(Figure 2a). Furthermore, as was observed for RT-PCR
analysis in Figure 1b, the chemotactic activity of CCR7/
DCs for CCL21 was enhanced with increasing AARGD-
CCR7 dose during transduction (Figure 2b). These
results clearly demonstrated that functional CCR7, which
could promote migration of DCs in response to a CCL21
concentration gradient, was expressed on the CCR7/DC
surface, and that transduction of the chemokine receptor
gene by AARGD could modify chemokine responsive-
ness of DCs.

Immunological properties of CCR7/DCs

We analyzed the immunological characteristics of CCR7/
DCs prepared with AdRGD-CCR? at 50 MOL. At first, the
expression levels of MHC/costimulatory molecules in
CCR7/DCs cultured for 24 h were analyzed by flow
cytometry (Figure 3a). In comparison with mock DCs,
CCR7/DCs and Luc/DCs exhibited upregulated expres-
sion of all tested surface marker molecules, which play
critical roles in the sensitization /activation of T cells, as is
seen in mature LPS/DCs. In particular, the expression
levels of CD40 and CD86 were dramatically enhanced by
gene transduction using AdRGD. This result agreed with
our previous report demonstrating that transduction
using AdRGD, irrespective of the type of inserted
transgene, could enhance the expression of MHC/
costimulatory molecules on DCs.** Moreover, CCR7/
DCs were able to stimulate proliferation of allogenic
naive T cells in mixed leukocyte reaction {(MLR) more
effectively than mock DCs, and the stimulatory ability of
CCR7/DCs, Luc/DCs, and LPS/DCs was equal at a
responder/stimulator ratio of 5 (Figure 3b).

The level of flucrescein isothiocyanate (FITC)-dextran
uptake in CCR7/DCs was estimated as an index of their
endocytotic activity (Figure 3c). Excellent endocytosis for
FITC-dextran was observed in mock DCs incubated at
37°C, whereas fluorescence intensity derived from
internalized FITC-dextran was drastically decreased by
4°C incubation or LPS-driving maturation. On the other
hand, FITC-dextran-uptake levels in CCR7/DCs and
Luc/DCs, which were cultured for 24h after gene
transduction, were comparable to those in mock DCs.
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Figure 2 Chemotactic activity of CCR7/DCs in response to CCL21. DCs
were transduced with AARGD-CCR7 or AARGD-Luc at 50 MOI (a) or the
indicated MOI (b). These transduced cells, LPS-stimulated DCs, and mock
DCs were cultured for 24 h in GM-CSF-free medium. In vitro chemotaxis
assay was performed by a Chemotaxicell-24 installed on a 24-well culture
plate. CCL21 solution was added in the lower compartment at the
indicated concentration, and DCs were placed in the upper chamber at 10°
cells. After 4 h incubation, the number of cells that migrated to the lower
compartment was counted on a NucleoCounter. Data are presented as
mean +5.d. of four independent cultures.

Taken together, these results demonstrate that gene
transduction using AdRGD-CCR7 did not eliminate the
antigen-presenting cell (APC) function of DCs; rather,
CCR7/DCs acquired an immunophenotype similar to
mature DCs while maintaining high endocytotic capa-

city. Additionally, these immunological characteristics of

CCR7/DCs were similar at 48 h post-transduction (data
not shown).

Accumulation of CCR7/DCs in regional LN

DCs derived from enhanced green fluorescent protein-
transgenic (EGFP-Tg) mice were transduced with
AdRGD-CCR7 or AARGD-Luc at 50 MOI and then
cultured for 24h. These EGFP-positive CCR7/DCs,
Luc/DCs, and mock DCs were intradermally injected
into the flank of wild-type mice, and their accumulation
in the draining inguinal LN was compared at 48 h post-
administration by flow cytometric analysis (Figure 4). In
all mice, the EGFP-positive DCs were not detected in the
inguinal LNs contralateral to the DC-administration site
(data not shown). More than double the number of
EGFP-positive DCs was detected in regional LN cells
prepared from mice injected with Luc/DCs, as compared

Gene Therapy
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Figure 3 Imnunological characteristics of CCR7{DCs. C57BL{6 DCs were transduced with AARGD-CCR7 or AdRGD-Luc at 50 MO, and then were
cultured for 24 k. (a) These transduced cells, LPS-stimulated DCs, and mock DCs were stained by indirect immunofluorescence using monoclonal
antibodies of the indicated specificities (solid histogram). Dotted histograms represent cells stained by phycoerythrin-conjugated streptavidin alone. Values
indicated in the upper part of each panel represent MFI of flow cytometric analysis. The data are representative of firee independent experiments. (b} Naive
BALB/c T lymphocytes were co-cultured with CCR7/DCs, Lue/DCs, LPS/DCs, or mock DCs af the indicated responder/stirudlator ratio for 3 days. Cell
cultures were pulsed with BrdU during the last 18 k, and then T-cell proliferation was assessed by BrdU-ELISA. Results are expressed as nean +s.e. of
three independent cultures using T cells prepared from three individual mice. (c) CCR7/DCs, Luc/DCs, LP5/DCs, and mock DCs were incubated with PBS
containing 1 mgfml FITC-dextran at 4 or 37°C. After 1 h, cells were washed five times with ice-cold PBS and uptake of FITC-dextran was assessed by flow
cytometry. MEI of the flow cytometric analysis is presented in the bar chart. Data are presented as the mean +s.d. of four independent cultures.

with the mock DC-treated group. This phenomenon
probably reflected the maturation status of Luc/DCs as
shown in Figure 3a and b. Importantly, CCR7/DCs could
migrate approximately 5.5- and 15-fold more efficiently
into the regional LN than Luc/DCs and mock DCs,
respectively, clearly demonstrating that CCR7 gene
transduction using AARGD was useful technology to
accelerate the accumulation of DC vaccine in regional
LN.

Vaccine efficacy of DCs co-transduced with antigen
and CCR7

In order to evaluate the potency of CCR7/DCs as vaccine
carriers, we prepared the DC vaccine co-transduced with
CCR?7 gene and ovalbumin (OVA), model antigen, gene
using AARGD. As shown in Figure 5, DCs combined

Gene Therapy

with AdRGD-OVA and AdRGD-CCR7 could present
OVA peptides via MHC class I molecules at levels equal
to DCs transduced with AARGD-OVA alone. On the
other hand, the OVA-presentation level in DCs co-
transduced with AdRGD-OVA and AdRGD-Luc de-
creased by half. These data revealed that CCR7 gene
transduction did not affect the MHC class I-presentation
pathway for antigens endogenously and simultaneously
expressed in DCs, and suggested that the proteins
accumulating in the cytoplasm and the membrane-
localized receptors, such as luciferase and CCR7,
respectively, might induce different methods for proces-
sing co-expressed endogenous antigens in DCs.

We compared the antitumor effects of DCs co-
transduced with gpl00, a melanoma-associated antigen,
and CCR7 (gpl100+CCR7/DCs) and DCs transduced
with AdRGD-gp100 alone {gp100/DCs) in the murine
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Figure 4 Migration of CCR7/DCs fram administration site to draining
LN. EGFP-Tg DCs were transduced with AdRGD-CCR7 or AGRGD-Luc
at 50 MOI, and then were cultured for 24 h. These transduced cells and
mock DCs were intradermally injected into the left flank of C57BL/6 mice
at 2 x 10 cells/50 pl. After 2 days, the draining inguinal LNs were
collected from these mice, and & single-cell suspension was prepared and
stained by indirect immunofluorescence using anti-CD1lc monoclonal
antibody. The abundance of EGFP*CD11c* DICs was assessed by flow
cytomefric analysis acquiring 500 000 events. The number of DCs that had
migrated into draining LNs was calculated by multiplying the
EGFP*CD1Ic* DC frequency by the fotal number of isolated LN cells.
Data are presented as mean +s.e. of results from four mice.
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Figure 5 Antigen presentation on MHC class I molecules by CCR7/DCs.
DCs were transduced with the indicated combination of AARGD-OVA,
AARGD-CCR7, and AARGD-Luc. These cells were co-cultured with CD8-
OVA 1.3 cells for 20 h. IL-2 levels released from stimulated CD8-OVA 1.3
cells into culture supernatants were determined by ELISA, and relative
OVA-presentation level via MHC class I molecules in each transduced DC
was expressed as a percentage of the group wsing DCs transduced with
AJRGD-OVA alone. Data represent the mean+s.d. of three independent
cultures, ND: IL-2 secreted from CD8-OVA 1.3 cells was not detectable.

B16BL6 melanoma model. Obvious growth suppression
of B16BL6 tumor challenge was achieved in mice
vaccinated with gp100/DCs, as shown in our previous
report,* whereas immunization with mock DCs or
CCR7/DCs was not effective (Figure 6). This vaccine
efficacy of gpl00/DCs depended on the administered
DC dosage. Notably, equal antitumor effects were
observed in groups vaccinated ~with 2x10°
gp100+CCR7/DCs and with 5x10° gp100/DCs, and
vaccination with 5 x 10° gpl00+CCR7/DCs caused ex-
tensive inhibition of B16BL6 tumor growth. Thus, we
assessed B16BLé-specific CTL activity in mice vaccinated
with gpl00+CCR7/DCs or gpl00/DCs by europium
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Figure 6 Vaccine efficacy of DCs co-transduced with CCR7 and gp100
gene against B16BL6 melanoma challenge. CCR7/DCs, gpl00{DCs, and
gp100+CCR7/DCs were prepared using corresponding vectors at 25 MOI,
and then cultured for 24 k. C57BL/6 mice were immunized by intradermal
injection of transduced DCs into the left flank at the indicated cell dosage,
and then 4 x 10° B16BL6 melanoma cells were inoculated info the right
flank of the mice af 1 week post-vaccination. The tumor sizes were assessed
using microcalipers three times per week. Each point represents the
mean+s.e. of 5-10 mice.

(Ew)-release assay (Figure 7a). The effector cells prepared
from mice vaccinated with gp100/DCs could strongly
injure B16BL6 cells, as we reported previously™® In
addition, the effector cells in all groups did not induce
lysis of YAC-1 cells, which are highly susceptible to
NK activities, and H-2 haplotype-matched irrelevant
EL4 thymoma cells (data not shown). B16BL6-specific
cytotoxic activity increased in splenocytes from mice
vaccinated with gpl00+CCR7/DCs, depending on ad-
ministered DC-dosage, and cytotoxicity exceeded that
observed in the group treated with gp100/DCs at same
dosage (5 x 10° cells/mouse). Furthermore, re-stimulated
splenocytes from mice vaccinated with gpl00+CCR7/
DCs at 2 or 5x10° cells/mouse exhibited higher
frequency of interferon-y (IFN-y)-producing cells in
ELISPOT assay in comparison with those from 5 x 10°
gp100/DCs-immunized mice (Figure 7b). Taken together,
these data indicated that the induction of a TAA-specific
immune response can be potentiated by the improved
migration of TAA-loaded DC vaccine from the admin-
istration site to lymphoid tissue.

Discussion

The development of a vaccine for cancer treatment aims
for sufficient induction of the tumor-specific immune
response, in which antitumor CTLs play a central role,
to a level capable of tumor rejection and regression. The
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Figure 7 CTL activity and the frequency of IFN-y-producing cells in
splenocytes from mice imemunized with DCs cotransduced with CCR7 and
gp100 gene by AdRGD. gp100/DCs and gpl00+CCR7/DCs were prepared
using corresponding vectors at 25 MOI, and then cultured for 24 h. These
transduced cells and mock DCs were vaccinated once intradermally into
C57BL{6 mice at the indicated cell dosage. Af 1 week after immunization,
nonadherent splenocytes were prepared from these mice, and then were re-
stimulated in vitro for 5 days with IEN-y-stimulated and MMC-
inactivated B16BL6 cells. (a) A cyfolytic assay using the re-stimulated
splenocytes (effector cells) was performed against IFN-y-stimulated
B16BL6 cells (target cells). The data represent the mean +s.e. of four
independent cultures from four individual mice. (b) IFN-y-producing ceils
in re-stimulated splenocytes were evaluated by mouse IFN-y ELISPOT
assay. The data represent the mean+s.d. of results from four mice.

efficient priming and subsequent activation of antitumor
CTLs requires the processing and presentation of TAAs
as peptide fragments in the context of appropriate MHC
class I molecules by APCs.' DCs are the most potent
APCs and are uniquely capable of presenting novel
antigens to naive T cells to initiate and modulate immune
responses.’>’” Owing to these properties, TAA-loaded
DCs are considered promising vaccine carriers in
immune intervention strategies against cancer. However,
very few DCs in currently available DC-based immu-
notherapies are capable of migrating from an adminis-
tration site to regional lymphoid tissue,'*'® where they
present MHC class I- and Il-restricted peptides to naive T
cells, because optimal DC conditioning for enhancing
migratory ability is not yet established. Therefore,
increasing the migratory ability of a DC vaccine toward
lymphoid tissues would remarkably improve the efficacy
of DC-based immunotherapy because priming/activa-
tion of immune effector cells would be significantly
promoted. In the present study, we focused on the
chemokine receptor, CCR7, which manages facilitated
DC migration to lymphoid tissues, and attempted to
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create a DC vaccine that sufficiently expressed CCR7 on
the surface by gene transduction.

A vector system that can effectively dehver a foreign
gene to DCs is essential for preparing a genetically
modified-DC  vaccine. We have demonstrated that
AdRGD can enhance gene transduction efficiency
against murine and human DCs as compared with
conventional Ad because of the expression of the RGD
sequence, the av-integrin-targeting peptide, at the HI
locp in the fiber knob."** Therefore, we constructed
AdRGD-CCR7, which carried the expression cassette
containing mouse CCR7 cDNA under the control of the
cytomegalovirus promoter, and confirmed the vector’s
performance. RT-PCR analysis indicated that transfection
using AdRGD-CCR? allowed murine bone marrow-
derived DCs to express abundant CCR7 mRNA, and
CCR?7 mRNA expression in CCR7/DCs was the highest
at 24 h after gene transduction. Furthermore, CCR7/DCs
cultured for 24h exhibited sufficient CCR7 protein
expression on the cell surface in flow cytometric analysis
and demonstrated strong migratory ability toward
CCL21, a CCR7 ligand secreted constitutively from
Iymphoid tissues, depending on both CCL21 concentra-
tion in a 4 h chemotaxis assay and AARGD-CCR?7 dose in
transfection. That is, efficient CCR7-gene transduction
into DCs by AdRGD reinforced surface expression of
CCR7, which sensed a CCL21 concentration gradient and
transmitted intracellular signals associated with migra-
tion in their original biologically active form. Although
DCs generally enhance the expression of CCR7 and
acquire migratory ability to lymphoid tissues by various
maturation stimuli, an increase in CCR7 mRINA levels
and enhancement of migratory activity toward CCL21
were not observed in LPS/DCs, contrary to our expecta-
tion. Granucci et al*® reported that DCs stimulated with
LPS significantly decreased their intrinsic migratory
ability and increased the antigen uptake function at 1-
2 h post-stimulation. This phenomenon probably repre-
sents the in vivo stage during which DCs remain at an
inflammation site caused by the components of invading
bacteria, such as LP5, and capture antigens by full
endocytosis. In addition, Granucci ef al*®* demonstrated
that, at around 4 h after LPS activation, DCs recovered
their migratory ability and started to progressively lose
antigen uptake function until they reached the mature
stage in which LPS/DCs showed poor antigen uptake
and migratory activity. Therefore, because in the present
study we tested the responses 24 h after LPS stimulation,
low CCR7 mRNA levels and poor migratory response to
CCL21 by LPS/DCs may have been observed because
tests were run after the optimal time point, suggesting
that the control of DC-migratory activity by LPS
stimulation is difficult.

DCs are strong initiators of defense mechanisms that
combat infectious diseases and cancer, but, in their role
as APCs, DCs are also involved in immune suppression
and immune tolerance®** In their induction of a
positive immune response, immature DCs capture
invading antigens at peripheral locations and are then
activated by inflammatory stimuli, such as interleukin
(IL)}-1B, tumor necrosis factor-u, and bacterial compo-
nents, to migrate to T-cell-rich areas in regional LN. In
these processes, DCs enhance the expression of MHC/
costimulatory molecules, which is essential for T-cell
surface sensitization for effective induction of T-cell-



dependent primary immune responses. On the other
hand, in negative immune regulation, immature DCs
take up resident biological materials or apoptotic bodies
and present processing peptides without acquiring
activated phenotypes during migration to regional
LN.%25 Therefore, a full analysis and understanding of
immunological characteristics of DC vaccine is impera-
tive for the development of DC-based immunotherapy
because the polarity of the immune response is greatly
influenced by the activated state of DCs during T-cell
sensitization. CCR7/DCs created in the present study
maintained inherent endocytotic activity, suggesting that
CCR7/DCs administered into tumor tissue can capture
necrotic or apoptotic tumor cell fragments and may
induce TA A-specific immune responses. Yanagawa et al*
reported that internalization of FITC-dextran in murine
mature DCs increased in the presence of CCR7 ligand,
CCL19 or CCL21. These results support the notion that
CCL21, secreted from lymphatic vessels located near a
tumor, may encourage uptake of tumor cell fragments by
CCR7/DCs injected into the tumor tissue. Although high
endocytotic activity is a characteristic feature of imma-
ture DCs, flow cytometric analysis indicated that CCR7/
DCs enhanced expression of MHC/ costimulatory mole-
cules and allo-MLR suggested the reinforcement of T-cell
proliferation-stimulating ability. These results agreed
with our previous report demonstrating that transduc-
tion using AARGD could enhance the maturation status
of DCs,*® strongly suggesting that CCR7 gene transduc-
tion using AdRGD did not inhibit the original APC
characteristics of DCs and that CCR7/DCs can function
as a useful vaccine possessing sufficient T-cell activation
ability in vive.

Although a technique to label DCs with radioisotopes
or fluorescent substances is frequently used for evaluat-
ing in wive kinetics of administered DC vaccines, 22
release via exosomes or leakage of the labeling material
from DCs complicates the analysis. Eggert et al** reported
that application of EGFP-Tg mouse-derived DCs avoided
this problem and enabled simple evaluation and analysis
of the kinetics of administered DCs without the need for
labeling. Thus, we investigated the migratory ability of
CCR7/DCs by flow cytometric analysis of regional LN
cells prepared from mice intradermally injected with
transduced EGFP-Tg mouse-derived DCs. At 48 h post-
injection, regional LNs that served as administration sites
for CCR7/DCs were obviously larger than contralateral
LNs under macroscopic observation, and the frequency
of EGFP*CD1lc* DCs in regional LN cells was
1.93+0.54, 0.574+0.19, and 0.12+0.04% {mean+s.e.) for
CCR7/DCs-, Luc/DCs-, and mock DCs-injected mice,
respectively. In addition, we could prepare more cells
from regional LN in CCR7/DCs-injected mice than from
the Luc/DC or mock DC groups, suggesting that not
only administered DCs but also other immune cells, such
as T cells, might accumulate in regional LN in mice
injected with CCR7/DCs.

Previously, we demonstrated that immunization with
DCs efficiently transduced with gp100 gene by AdRGD
could significantly inhibit the growth and lung metas-
tasis of murine B16BL6 melanoma in vivo.** In order to
actually evaluate the predominancy of CCR7-transduced
DCs as a vaccine carrier in vive, we investigated anti-
B16BL6 melanoma effects in mice vaccinated with DCs
genetically engineered to simultaneously express gp100
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and CCR7. Although antigen presentation via MHC class
I molecules in the experiment using AARGD-OVA was
the same for DCs transduced with OVA gene alone and
co-transduced with OVA and CCR7 gene, immunization
with gp100+CCR7/DCs could more effectively suppress
growth of B16BL6 tumors than vaccination with gp100/
DCs. Furthermore, DC vaccine co-transduced with the
TAA gene and the CCR7 gene effectively induced TAA-
specific and IFN-y-producing CTLs using a lower dosage
than conventional DC vaccine transduced with TAA
gene alone. These data suggest that augmentation of
Iymphoid tissue directivity of DCs by efficient CCR7-
gene transduction can reduce the DC vaccine dosage that
is needed to elicit efficacious therapeutic effects in DC-
based immunotherapy. In other words, this method may
considerably reduce the cost, time, and effort for DC
vaccine preparation and relieve the patient from the
burden of frequent blood drawing for DC isolation.

In conclusion, our data strongly suggested that in vivo
kinetic control of DC vaccine, namely the establishment of
an active DC delivery system to lymphoid tissues, was
very useful for improving the efficacy of DC-based
immunotherapy. We expect that superior lymphoid tissue
accumulation of DCs transduced with the CCR7 gene is
advantageous for a vaccine carrier because of efficient
activation of immune effector cells in regional LNs and a
rapid supply of activated effector cells to the whole body.
Recently, optimized DC conditioning, which includes
stimulation of anfigen-presenting DCs with various
cytokines or ligand molecules, has been investigated for
the development of more effective DC-based immu-
notherapy. Several reports demonstrated that DC stimula-
tion by prostaglandin E;**®¢ or the pre-induction of
inflammatory response at the DC-administration site™
was effective in promoting migration of administered DCs
to lymphoid tissues. Further research and development of
‘tymphoid tissue-directivity DC’' vaccine based on these
data and our results may greatly improve efficacy and
lead to clinical application of DC-based immunotherapy.

Materials and methods

Cell fines and mice

A murine B16BL6 melanoma cell line (H-2°) was
cultured in minimum essential medium supplemented
with 7.5% fetal bovine serum (FBS) and antibiotics. The
helper cell line, 293 cells, was grown in Dulbecco’s
modified Eagle medium supplemented with 10% FBS
and antibiotics. CD8-OVA 1.3 cells® specific T-T
hybridoma against OVA* H-2K” (kindly provided by
Dr CV Harding; Department of Pathology, Case Western
Reserve University, Cleveland, OH, USA), were main-
tained in Dulbecco’s modified Eagle medium supple-
mented with 10% FBS, 50 uM 2-mercaptoethanol, and
antibiotics. Female C57BL/6 mice (H-2°} and female
BALB/c mice (H-29), aged 7-8 weeks, were purchased
from SLC Inc. (Hamamatsu, Japan). EGFP-Tg mice,
C57BL/6 TgN(act-EGFP)OsbC14-Y01-FM131,%*  were
kindly provided by Dr M Okabe (Genome Information
Research Center, Osaka University, Suita, Japan). All
mice were held under specific pathogen-free conditions
and the experimental procedures were in accordance
with the Osaka University guidelines for the welfare of
animals in experimental neoplasia. '
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Vectors

Replication-deficient AARGD was based on the adeno-
virus serotype 5 backbone with deletions of E1 and E3
regions. The RGD sequence for av-integrin targeting was
inserted into the HI loop of the fiber knob using a two-
step method as described previously.*® The expression
cassette containing mouse CCR7 ¢DNA derived from
pBluescript SK(+)/mCCR7 under the control of the
cytomegalovirus promoter was inserted into the EI-
deletion site to construct AdRGD-CCR7Z, using an
improved in vitro ligation method as described pre-
viously.®*#? Luciferase-expressing AJdRGD (AdRGD-
Luc), OVA-expressing AARGD (AdRGD-OVA), and
gpl00-expressing AdRGD (AdRGD-gpl00) were con-
structed previously.’*** All recombinant AdRGDs were
propagated in 293 cells, purified by two rounds of
cesium chloride gradient ultracentrifugation, dialyzed,
and stored at —80°C, Titers of infective AARGD particles
were evaluated by the end-point dilution method using
293 cells.

Mouse bone marrow-derived DCs

DCs were prepared according to the method of Lutz et
al,®® with slight modification. Briefly, bone marrow cells
flushed from the femurs and tibias of C57BL/6 or EGFP-
Tg mice were seeded at 5 x 10° cells per sterile 100-mm
bacterial grade culture dish in 10ml of RPMI 1640
containing 10% FBS, 40ng/ml! recombinant murine
granulocyte/macrophage  colony-stimulating  factor
(GM-CSF; kindly provided by KIRIN Brewery Co., Ltd,
Tokyo, Japan), 50 uM 2-mercaptoethanol, and antibiotics.
On day 3, another 10 ml of culture medium was added to
the dish for medium replenishment. On day 6, 10 ml of
the culture supernatant was collected and centrifuged at
1500 rpm for 5 min at room temperature, and the pellet
was resuspended in 10 ml of fresh culture medium, and
then returned to the original dish to conserve unattached
cells. Eight-day-old DCs {nonadherent cells) were har-
vested and used as intact immature DCs in subsequent
experiments. DCs cultured for another 24 h with media
containing 1 pg/ml LPS (Nacalai Tesque, Inc., Kyoto,
Japan) were used as phenotypically mature DCs.

Viral tfransduction into DCs

DCs were suspended at a concentration of 5 x 10 cells/
ml in FBS-free RPMI 1640 and placed in a 15-ml conical
tube. Each AdRGD was added at various MO, the
suspension was mixed well, and the tube was incubated
at 37°C for 2 h with occasional gentle agitation. The cells
were washed three times with phosphate-buffered saline
(PBS) and resuspended in a suitable solution.

Semiquantitative RT-PCR analysis

CCR7/DCs, Luc/DCs, and mock DCs were cultured on
100-mm bacterial grade culture dishes in GM-CSF-free
culture medium. Mouse CCR7 gene expression was
assessed by semiquantitative RT-PCR analysis as follows.
Total RNA was isolated from these cells and LPS/DCs
using Sepasol-RNA 1 Super (Nacalai Tesque, Inc.)
according to the manufacturer’s instructions, and then
RT proceeded for 60 min at 42°C in a 50 pl reaction
mixture containing 5 pg total RNA treated with DNase I,
10 1l 5 x RT buffer, 5 m MgCl,, 1 mM dNTP mix, 1 um
random primer (9-mer), 1uM oligo(dT),, and 100U
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ReverTra Ace (TOYOBO Co., Ltd, Osaka, Japan). PCR
amplification of the CCR7 and P-actin transcripts was
performed in 50 pl of a reaction mixture containing 1 pul
of RT material, 5pl 10 xPCR buffer, 1.25U Tzg DNA
polymerase (TOYOBO Co., Ltd), 1.5 mM MgCl,, 0.2 mM
dNTP, and 0.4 pM primers. The sequences of the specific
primers were as follows; mouse CCR7: forward, 5'-aca
gcg gee tee aga aga aca geg g-3'; reverse, 5'-tga cgt cat agg
caa tgt tga gct g-3'; mouse P-actin: forward, 5'-tgt gat ggt
ggg aat ggg tea g-3'; reverse, 5'-ttt gat gte acg cac gat ttc c-
3. After denaturation for 2min at 95°C, 20 cycles of
denaturation for 30 s at 95°C, annealing for 30 s at 60°C,
and extension for 30s at 72°C were repeated and
followed by completion for 4 min at 72°C. The PCR
product was electrophoresed through a 3% agarose gel,
stained with ethidium bromide, and visualized under
UV radiation. The expected PCR product sizes were
345bp (CCR?7) and 514 bp (B-actin). Quantification of
PCR products was performed by densitometry analysis,
and the relative CCR7 mRNA expression level was
calculated as the ratio of the densitometric units of CCR7
PCR-products to the densitometric units of B-actin PCR
products.

Flow cytometric analysis for mouse CCR7

CCR7/DCs and Luc/DCs were prepared by using
corresponding vectors at 50 MOI These transduced
DCs, LPS/DCs, and mock DCs were cultured on 100-mm
bacterial grade culture dishes in GM-CSF-free culture
medium for 24h. The cells (1 x10%) were fixed by
incubation for 10 min in 2% paraformaldehyde, and then
incubated with 100 pl staining buffer (PBS containing
0.1% bovine serum albumin and 0.01% NaN;) containing
the anti-FeyRII/IIl monoclonal antibody (2.4G2; rat
IgGa«; BD Biosciences, San Jose, CA, USA) to block
nonspecific binding of the subsequently used antibody
reagents, After 1h, the cells were incubated overnight
with anti-mouse CCR7 polyclonal antibody (goat Ig;
ImmunoDetect Inc., Fayetteville, NY, USA) at a 1:10
dilution. Successively, cells were incubated for 2 h with
FITC-conjugated rabbit anti-goat Ig (DakoCytomation,
Kyoto, Japan) at a 1:100 dilution. Finally, 30 000 events of
the stained cells were analyzed for mouse CCR7 protein
expression by a FACSCalibur flow cytometer using
CellQuest software (Becton Dickinson, Tokyo, Japan).
Between all incubation steps, cells were washed three
times with staining buffer.

In vitro chemotaxis assay

CCR7/DCs, Luc/DCs, and mock DCs were cultured for
24 or 48 h in GM-CSF-free medium. Chemotactic activity
of these DCs and LPS/DCs for CCL21 was measured by
an in vitro chemotaxis assay across a polycarbonate
membrane with 5-um pores (Chemotaxicell-24; Kurabo
Industries Ltd, Osaka, Japan). Recombinant murine
CCL21 (PeproTech EC Ltd, London, England) dissolved
in an assay medium (RPMI 1640 containing 0.5% bovine
serum albutnin and 20 mM HEPES) was added to a 24-
well culture plate. DCs were suspended with the assay
medium and were placed in a Chemotaxicell-24 installed
on each well at 10° cells. Cell migration was allowed for
4 h at 37°C in a 5% CO, atmosphere. Cells that migrated
into the lower compartment were counted using a
NucleoCounter™ (ChemoMetec, Allersd, Denmark),
and the chemotactic activity was expressed in terms of



the percentage of the input cells calculated by the
following formula: (% of input cells) = (the number of
migrated cells)/(the number of cells placed in Chemo-
taxicell-24; 10° cells) x 100.

Analysis of surface marker expression

All immunoreagents used in this experiment were
purchased from BD Biosciences. CCR7/DCs and Luc/
DCs were prepared by using corresponding vectors at 50
MOIL At 24 h after transduction, immunophenotype of
transduced DCs, LPS/DCs, and mock DCs was con-
firmed by flow cytometric analysis. Briefly, 10° cells in
100 yl staining buffer were incubated for 30 min on ice
with the 2.4G2 monoclonal antibody to block nonspecific
binding of the subsequently used immunoreagents. The
cells were resuspended in 100 pl staining buffer and
incubated for 30 min on ice using the manufacturer’s
recommended amounts of biotinylated monoclonal anti-
bodies: 28-8-6 (anti-H-2K?/D"), AF6-120.1 (anti-I-A"), 3/
23 (anti-CD40), 3E2 (anti-CD54), 16-10A1 (anti-CD80),
and GLI {anti-CD86). The cells were then resuspended in
100 ul staining buffer containing phycoerythrin-conju-
gated streptavidin at a 1:200 dilution, and nonspecific
binding was measured using phycoerythrin-conjugated
streptavidin alone. After incubation for 30 min on ice,
30000 events of the stained cells were analyzed for
surface phenotype by flow cytometry. Between all
incubation steps, cells were washed three times with
staining buffer.

Alfogenic MLR

C57BL/6 DCs were transduced with AARGD-CCR7 or
AdRGD-Luc at 50 MOI, and then cultured for 24 h.
Allogenic naive T cells were purified from BALB/c
splenocytes as nylon wool nonadherent cells, and were
used as responder cells at 1x10° cells/well in 96-well
plates. CCR7/DCs, Lue/DCs, LPS/DCs, or mock DCs
(stimulator cells) were inactivated by 50 ug/ml mitomy-
cin C (MMC) for 30 min and added to responder cells in
varying cell numbers. Cells were co-cultured in 100 pl
RPMI 1640 supplemented with 10% FBS, 50uM 2-
mercaptoethanol, and antibiotics at 37°C and 5% CO,
for 3 days. Control wells contained either stimulator cells
alone or responder cells alone. Cell cultures were pulsed
with 5-bromo-2'-deoxyuridine (BrdU) during the last
18 h, and then proliferation of responder cells was
evaluated by Cell Proliferation ELISA, BrdU (Roche
Diagnostics Co., Indianapolis, IN, USA).

Antigen uptake assay

CCR7/DCs and Luc/DCs were prepared by using
corresponding vectors at 50 MOL These cells, LPS/
DCs, and mock DCs were cultured for 24 h, and then
resuspended at 5 x 10° cells/ml in ice-cold PBS contain-
ing 1 mg/ml FITC-dextran (MW: 77 000; Sigma Chemical
Co., St Louis, MO, USA). The cells were incubated at 37
or 4°C to determine background uptake. After 1h, the
cells were washed extensively with ice-cold PBS and
analyzed by flow cytometry.

In vivo migration assay

EGFP-Tg mouse-derived DCs were transduced with
AdRGD-CCR7 or AARGD-Luc at 50 MOI, and then
cultured for 24 h. These transduced cells and mock DCs
were intradermally injected into the left flank of wild-
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type C57BL/6 mice at 2 x 10° cells/50 pl. After 2 days,
the draining inguinal LNs were collected from these
mice, and then a single-cell suspension was prepared.
The isolated LN cells were blocked by 2.4G2 monoclonal
antibody and stained by indirect immunofluorescence
with biotinylated anti-CD11c monoclonal antibody (HL3;
BD Biosciences) and PerCP-conjugated streptavidin. The
stained cells were analyzed by flow cytometry acquiring
500 000 events, and the number of migrated DCs into
draining LNs was calculated by multiplying the
EGFP*CD11c* cell frequency by the total number of
isolated LN cells.

Antigen-presentation assay

C57BL/6 DCs were transduced with various combina-
tions of AARGD-OVA, AARGD-CCR7, and AdRGD-Luc
each at 25 MOI, and then seeded on a 96-well flat-bottom
culture plate at a density of 1 x 10° cells/well. These cells
were co-cultured with 1x10° cells/well CD8-OVA 1.3
cells at 37°C for 20 h. The response of stimulated CDS8-
OVA 1.3 cells was assessed by determining the amount
of TL-2 released into an aliquot of culture medium
(100 W) using a murine IL-2 ELISA KIT (Biosource
International, Camarillo, CA, USA). Relative OVA-pre-
sentation level via MHC class I molecules in each
transduced DC was calculated by the following formula:
{relative OVA-presentation level) = (IL-2 level in tested
group)/ (IL-2 level in group using DCs transduced with
AdRGD-0OVA alone) x 100.

Tumor protection assay

DCs were transduced with AdRGD-CCR7 alone,
AdRGD-gpl100 alone, or a combination of AdRGD-
CCR7 and AdRGD-gpl00, each at 25MOI, and then
cultured for 24 h. These transduced DCs and mock DCs
were intradermally injected into the left flank of C57BL/
6 mice at 2 or 5x 10° cells/50 ul. At 1 week after the
vaccination, 4 x 10° B16BL6 melanoma cells were intra-
dermally inoculated into the right flank of the mice. The
major and rminor axes of the tumor were measured using
microcalipers, and the tumor volume was calculated by
the following formula: (tumor volume; mm?) = (major
axis; mm) X (minor axis; mm)? x 0.5236. The mice were
euthanized when one of the two measurements was
greater than 20 mm.

Eu-release assay and ELISPOT assay

for B16BL6-specific CTLs

DCs were transduced with AdRGD-gpl00 alone or a
combination of AARGD-CCR7 and AdRGD-gpl00 at
25 MO, and then cultured for 24 h. These transduced
DCs and mock DCs were administered once intrader-
mally into the left flank of C57BL/6 mice at 1, 2, or
5 x 10° cells /50 pl. At 1 week after immunization, non-
adherent splenocytes were prepared from these mice and
re-stimulated in vitro using B16BL6 cells, which were
cultured in media containing 100 U/ml recombinant
murine IFN-y (PeproTech EC Ltd) for 24 h and inacti-
vated with 50 pg/ml MMC at 37°C for 30 min, at an
effector/stimulator ratio of 10 in RFMI 1640 supplemen-
ted with 10% FBS, 50 pM 2-mercaptoethanol, and anti-
biotics. After 5 days, the splenocytes were collected and
used as CTL effector cells. Target cells, IFN-y-stimulated
B16BL6 cells, were Eu-labeled and a Eu-release assay
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was performed as described previously.** Cytolytic
activity was determined using the following formula:
(% of lysis) =((experimental Eu release—spontaneous Eu
release)/(maximum Eu release—spontaneous Eu re-
lease)} x 100. Spontaneous Eu release of the target cells
was <10% of maximum Eu release by the detergent. In
addition, IFN-y-producing cells in the re-stimulated
splenocytes were detected by using Mouse IFN-y ELI-
SPOT Kit (BD Biosciences) according to the manufac-
turer’s instruction. Splenocytes from unimmunized mice
had a frequency of three IFN-y spots/10% cells with or
without re-stimulation.
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Brief Report

Adenovirus Vector-Mediated Doxycycline-Inducible
RNA Interference

TETSUJL HOSONO,! HIROYUKI MIZUGUCHI,* KAZUFUMI KATAYAMA,? ZHI-LI XU,!
FUMINORI SAKURAL' AKIKO ISHI-WATABE,® KENJI KAWABATA,! TERUHIDE YAMAGUCHL!
SHINSAKU NAKAGAWA,2 TADANORI MAYUMI,? and TAKAO HAYAKAWA*

ABSTRACT

RNA interference (RNAI) is a powerful tool for the knockdown of gene expression. Here, e report on the
development of an adenovirus (Ad) vector-mediated doxycycline (Dox)-lnduclble small fiiterfering RNA
(siRNA) expression system. We used this siRNA system to control the expressnon of p53 and ¢-Myc in human
cancer cells, Coinfection of Ad vectors containing the siRNA expression system under the ¢otitrol of the Dox-
inducible H1 promoter and Ad vectors expressing a tetracycline repressor inhibited the expressmn levels of
p53 and c-Myc in a dose-dependent manner with both Dox and viral dose. Regulated silencitig of p53 and ¢-
Myc expression was obtained. Because an Ad vector-mediated inducible RNAIi system cari efficiently trans-
duce a variety of cell types in vifre and in vivo, and the degree of loss of gene expression tan be modulated
according to the dose of Dox, this expression system should be 2 useful tool for both basie research on the
analysis of gene function and therapentic applications of RNAi.

INTRODUCTION

NA inTERFERENCE (RNAi) mediates the sequence-specific
uppression of gene expression in a wide varety of eu-
karyotes by double-stranded RNA homologies to the target gene
(McManus and Sharp, 2002). In mammalian cells, small inter-
fering RNA (siRNA; 19- to 29-mucleotide RNAY) leads to the
inhibition of target gene expression in a sequence-specific man-
ner (Eibashir et al., 2001). Vector-based siRNA systems have
also been developed with RNA polymerase I (Pol III) pro-
moters, such as the small nuclear RNA U6 promoter or the hu-
man RNase P RNA H1 promoter, to express siRNA (Brum-
melkamp et al., 2002; Lee et al., 2002; Miyagishi and Taira,
2002; Paddison ef al., 2002; Paul o1 al., 2002; Sui et al., 2002;
Yu et al., 2002). Because Pol Il promoters, however, are con-
stitutive and ubiquitous, knockdown of the target gene in an in-
ducible or cell-specific manner is more difficult than with the

RNA polymerase H (Pol IT) promoters. An itiducible RNAI sys-
tem becomes a more powerful toel for the dnialysis of gene func-
tion, becanse the loss-of-function or pheitolype change can be
analyzed according to the degree of loss of gene expression.

In the present study, we developed a doxycycline (Dox)-in-
ducible siRNA expression system utilizing the H1 promoter
containing a tetracycline operator (tet) Zeqjuence. This vector
system was constructed by modifying the Pol I promoter-based
gene regulation system, using the tetracyclifie repressor (TetR),
which was developed by Yao et al. (1998). In the absence of
Dox, TelR binds the 1etO sequence in the modified H1 pro-
moter, thus preventing transeription. In cofitrast, TetR does not
bind the tefO sequence in the presence of Dex, thus allowing
transcription, Therefore, target gene expréssion is turmed off in
the absence of Dox, but is turned on in its presence.

As adelivery system for the inducible-sIRNA expression cas-
sette, the adenovirus (Ad) vector was employed becanse of its
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numerous attractive characteristics. Recombinant Ad vector has
been extensively used to deliver foreign genes to a variety of
cell types and tigsues both in vitre and in vive. Ad vector can
be easily grown to high titer, and can efficiently transfer genes
into both dividing and nondividing cells. Furthermore, several
types of improved Ad vector systems, such as tropism-modi-
fied vectors, bave been developed (Curel, 1999; Wickham,
2000; Koizumi ef al., 2003ab). An Ad vector-mediated in-
ducible siRNA expression system would be an effective strat-
egy to use for the basic analysis of gene function and have po-
tential for therapeutic use, In the present study, we demonstrate
the efficiency of Ad vector-mediated inducible RNAi against
two endogenous genes: p53 and c-myc.

MATERIALS AND METHODS

Cells

293 cells were cultured with Pulbeceo’s modified Eagle's
medium supplemented with 10% fetal calf serum (FCS). A549
cells were cultured with F12-K nutrient mixture (Kaighn's mod-
ification) mediom supplemented with 10% FCS. HepG2 cells
were cultured with minimum essential medium supplemented
with 10% FCS.
Plasmid and virus '

HI promoter was amplified from human genomic DNA (BD
Biosciences Clontech, Palo Alto, CA), using the fellowing
prmers: 5'-ccatggaattcgaacgetgacgte-3’ and 5'-gcaagcttagatcet-
glgteteatacagaactiataaattcce-3'. The amplified polymerase
chain reaction (PCR) product was inserted into the FcoRI-Bgill
site of pHM3 (Mizuguchi and Kay, 1999), generating pHMS-
H1. H1 promoter containing the etO sequence was amplified
from pHMS5-H1, using the following primers: 5'-ttigccagaattc-
gaacgetgacgicaicaacceg-3" and 5'-ttggaagatetctatoacigatasgea
citataagattcccaaatccaaagacatticacgtitatg-3" (tesQ sequence is
undedined). The amplified PCR product was inseried into the
EcoRI-Bgill site of pHMS-HI1, generating pHMS5-HItetO.
pHM3-H1 and pHMS5-H1tetO are designed to express short
hairpin RNA (shRNA) on the insertion of an appropriate se-
quence into the Bglfl-Xbal site. To insert the {arget sequence
that encodes p53 and c-myc shRNA, oligonucleotides for p53
(5’-gatcecegactecagtggtaatctacitcaagagaptagattaccactg-
gagtclittiggaaat-3’ and 5'-ctagatticcaaaaagactecagiggtaatetactc-
ictigaagtagattaccactggagtegge-3') (Brummelkamp et al,, 2002)
and c-mye (5'-gatcccegatgaggaagaaategatoticangagacatogatt-
tettecteatetttttggaaat-3'  and  5'-ctagafticcasmaagatgaggaag-
azategatgieictigaacaicgalticticeteateggg-3") (loop sequences are
undedined) (van de Wetering et al., 2003) were synthesized,
annealed, and cloned into the BglIl and Xbal sites of pHMS5-
H1 and pHM3-H1itetO, generating pHMS5-H1-p53, pHMS5-H1-
Myc, pHMS-HltetO-p53, and pHMS3-HitetO-Mye, respec-
tively. The sequence was verified with a DNA sequencer (ABI
PRISM 310; Applied Biosystems, Foster City, CA).

Ad vectors were constructed by an improved in virre liga-
tion method (Mizuguch: and Kay, 1998, 1999). Brefly, pHMS-
H1-p53, pHMS-HI-Mye, pHMS-HltetO-p53, and pHMS5-
HitetO-Mye were digested with I-Ceul and PI-Scel, and then
ligated with I-Cenl- and Pl-Scel-digested pAdHMI15-RGD
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(Mizuguchi e al., 2001). The resulting plastnids were digested
with Pael and transfected into 293 cells plited in a 60-mm dish
with SuperFect (Qiagen, Valencia, CA), adtording to the man-
ufacturer’s instructions. Virases (Ad-H1-p33, Ad-H1-Myc, Ad-
HltetO-p53, and Ad-H1tetO-Myc) were prepared as described
previously (Mizuguchi and Kay, 1998). Ad vectors containing
only the H1 promoter sequence (without a titget sequence) (Ad-
H1 and Ad-H11etO) were similarly prepaféd. Ad-TR, the Ad
vector expressing TetR, had been previcusly prepared (Xu et
al., 2003a). Ad-nul] contains no transgesé in the E1 deletion
region. Virus was purified by CsCl, gradiéiit centrifugation, di-
alyzed with a solution containing 10 mM Tis (pH 7.5), 1 mM
MgCly, and 10% glycerol, and stored in alitjtiots at —70°C, De-
termination of vims particle titer and infectious titer (plague-
forming units; PFU) was accomplished spéctrophotometrically
by the method of Maize] er al. (1968) aid by the methed of
Kanegae er al. (1994), respectively. The PFU-to-particle ratio
was 1:56 for Ad-H1-p53, 1:58 for Ad-H1-Myc, 1:56 for Ad-
HitetO-p53, 1:65 for Ad-HltetO-Myc, 1:36 for Ad-H1, 1:50
for Ad-H1tetO, 1:24 for Ad-TR, and 1:57 for Ad-nuil.

Adenovirus-mediated gene transduction

A549 and HepG2 cells (2 X 10° ¢ells) Were seeded into a
12-wel dish. The next day, they were tratiduced with the Ad
vectors for 1.5 hr. The cells were culturéd with medium con-
taining various concentrations of Dox (BI) Biosciences Clon-
tech), a derivative of tetracycline, Tet s¥Stem-approved FCS
{BD Biosciences Clontech), a tetracycling-free serum that has
been determined to be optimal for the tetidcycline-controllable
expression system, was used as the FCS,

Western blotting for p53 and c-Myc proteins

Cell extracts were prepared in lysis buffer (25 mM Tris [pH
7.5), 1% Trton X-100, 0.5% sodium déoxycholate, 5 mM
EDTA, 150 mM NaCl) containing a cocktail of protease inhib-
itors (Sigma, St. Louis, MO). The protein cdtitent was measured
with an assay kit from Bio-Rad (Hercules, CA), using bovine
seram albumin as the standard. Protein samiples (10 pg) were
electrophoresed on 12.5% sodium dodecyl sulfate (SDS)-poly-
acrylamide gels under reducing conditions, followed by elec-
trotransfer to Tmmobilon-P membranes (Millipore, Bedford,
MA). After blocking in Block Ace (Daitippon Pharmaceuti-
cals, Osaka, Japan), the filters were incubaled with antibodies
against p53 (Santa Cruz Biotechnology, 8anta Cruz, CA), ¢
Myc (Santa Cruz Biotechnology), and actin (Oncogene Re-
search Products, San Diego, CA), followed by incubation in the
presence of peroxidase-labeled goat anti-fiouse IgG antibody
(American Qualex Antibodies, San Clemétite, CA) or peroxi-
dase-labeled goat anti-mouse IgM antibady (Oncogene Re-
search Products). The filters were developéd using chemilomi-
nescence (ECL Western blotting detectiofi system; Amersham
Biosciences, Piscataway, NI). Signals were fead with an LAS-
3000 (Fujifilm, Tokyo, Japan), and quantified by Image Gauge
software (Pujifilm).

Northern blot for p53 and c-myc siRNAs

Total RNA was isolated with ISOGEN reagent (Nippon
Gene, Tokyo, Japan) according to the maiitfacturer’s instrc-



