through transduction of genes encoding immunofunc-
tional molecules as well as for antigen gene delivery into
DCs.

The immune system is roughly classified into cellular
immunity and humoral immunity, and optimal immune
response is achieved by balanced activation of both
systems. Cellular immune response, based on the activa-
tion of natural killer (NK) cells and TAA-specific
cytotoxic T lymphocytes (CTLs), plays a more important
role in elimination of tumor cells by tumor immunity than
humoral immune response accompanied by antibody
production from B cells.'®!? Therefore, an approach that
biases immune balance toward the cellular immune
response would enhance the efficacy of DC-based
immunotherapy for cancer. Interleukin (IL)-12 is a
70kDa (p70) heterodimer protein in which the 40kDa
(p40) and 35kDa (p35) subunits are connected by one S-S
bond.!*!* IL-12 plays a key role in the induction of
cellular immune responses, such as enhancement of
proliferation and cytotoxic activity in NK cells and
CTLs,'®" groduction of interferon (IFN)-y from acti-
vated cells,"” ' and promotion of differentiation of helper
T-type 1 (Thl) cells from ThO cells.'”?*?! IFN-y is
involved in IL-12-mediated tumor regression,”* and I1L-12
also exhibits an antiangiogenic effect that can account for
some antitumor activity.” Thus, it was strongly predicted
that DCs cotransduced with the TAA and IL-12 genes
may be efficacious vaccine carriers that can drastically
improve effectiveness of DC-based immunotherapy for
cancer by positively biasing immune balance toward
cellular immunity, the Thl-dominant state, by inducing
IL-12 secretion as well as by sensitizing TAA-specific
CTLs via TAA-peptide presentation on major histocom-
patibility complex (MHC) molecules.

In the present study, by using AdRGD, which is
superior in gene transduction efficiency to DCs, we
created a DC vaccine that simultaneously expressed
gpl100, a melanoma-associated antigen, and IL-12, and
investigated its immunological characteristics and vaccine
efficacy.

Materials and methods
Cell lines and mice

The helper cell line, 293 cells, was obtained from JCRB
cell bank (Tokyo, Japan) and cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal
bovine serum (FBS) and antibiotics. CD8-OVA 1.3
cells,” a specific T-T hybridoma against ovalbumin
(OVA)* H-2K" (kindly provided by Dr CV Harding;
Department of Pathology, Case Western Reserve Uni-
versity, Cleveland, OH), were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS,
50 uM 2-mercaptoethanol (2-ME), and antibiotics. Mur-
ine melanoma B16BL6 cells (H-2”; JCRB cell bank) were
grown in minimum essential medium supplemented with
7.5% FBS and antibiotics. EL4 cells, a T-lymphoma cell
line of C57BL/6 origin, and YAC-1 cells, a lymphoma cell
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line highly sensitive to NK cells, were purchased from
ATCC (Manassas, VA) and maintained in RPMI 1640
medium supplemented with 10% FBS, 50 uM 2-ME, and
antibiotics. Female C57BL/6 mice (H-2°) and female
BALB/c mice (H-2%), ages 7-8 weeks, were purchased
from SLC Inc. (Hamamatsu, Japan). All mice were held
under specific pathogen-free conditions and the experi-
mental procedures were in accordance with the Osaka
University guidelines for the welfare of animals in
experimental neoplasia.

Vectors

Replication-deficient AARGD was based on the adeno-
virus serotype 5 backbone with deletions of regions El
and E3. The RGD sequence for av-integrin-targeting was
inserted into the HI loop of the fiber knob using a two-
step method as 7previously described.*® AJRGD-IL12,%
AdRGD-gp100,” AJRGD-OVA?® and AdRGD-Luc®
were previously constructed by an improved in vitro
ligation method,?"*® and encoded the murine IL-12
gene derived from mIL12 BIA/pBluescript I KS(-)
(kindly provided by Dr H Yamamoto; Department of
Immunology, Graduate School of Pharmaceutical
Sciences, Osaka University, Suita, Japan), the human
gpl00 gene derived from pAx1-CA h-gpl00 (kindly
provided by Dr H Hamada; Department of Molecular
Medicine, Sapporo Medical University, Sapporo, Japan),
the OVA gene derived from pAc-neo-OVA (kindly
provided by Dr MJ Bevan; Department of Immunology,
Howard Hughes Medical Institute, University of Wa-
shington, Seattle, WA), and the luciferase gene derived
from pGL3-Control (Promega, Madison, WI), respec-
tively. All recombinant AARGDs 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.

Generation and viral transduction of 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 mice were
seeded at 0.5-1 x 107 cells per sterile 100-mm bacterial
grade culture dish in 10 ml of RPMI 1640 containing 10%
FBS, 40ng/ml recombinant murine granulocyte/macro-
phage colony-stimulating factor (GM-CSF; kindly pro-
vided by KIRIN Brewery Co., LTD, Tokyo, Japan),
50 uM 2-ME, 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 minutes at
room temperature, and the pellet was resuspended in
10ml of fresh culture medium, and then returned to the
original dish to conserve unattached cells. On day 8,
nonadherent cells were harvested and used as immature
DCs. DCs cultured for another 24 hours with media
containing 1 pg/ml lipopolysaccharide (LPS; WNacalai
Tesque, Inc., Kyoto, Japan) were used as phenotypically
mature DCs (LPS/DCs). In transduction using AARGDs,
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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 AARGD was added at various multiplicity of
infections (MOIs), the suspension was mixed well, and the
tube was incubated at 37°C for 2 hours with occasional
gentle agitation. The cells were washed three times with
phosphate-buffered saline (PBS) and resuspended in a
suitable solution for subsequent experiments.

Reverse transcription-polymerase chain reaction
(RT-PCR) analysis

Transduced DCs and mock DCs were cultured on 100-
mm bacterial grade culture dishes in GM-CSF-free
culture medium for 24 hours. Total RNA was isolated
from these cells and LPS/DCs using Sepasol-RNA I
Super (Nacalai Tesque, Inc.) according to the manufac-
turer’s instructions. RT proceeded for 60 minutes at 42°C
in a 50 ul reaction mixture containing 5ug total RNA
treated with DNase I, 10 g1 5 x RT buffer, SmM MgCl,,
ImM dNTP mix, 1M random primer (9-mer), 1 uM
oligo(dT)y, and 100U ReverTra Ace (TOYOBO Co.,
LTD, Osaka, Japan). PCR amplification of the gp100, IL-
12p35, IL-12p40, and fB-actin transcripts was performed
in 50l of a reaction mixture containing 1yl of RT-
material, 5ul 10 x PCR buffer, 1.25U Tag DNA poly-
merase (TOYOBO Co., LTD), 1.5mM MgCl,, 0.2mM
dNTP, and 0.4 uM primers. The sequences of the specific
primers were as follows: human gpl00: forward, 5'-tgg
aac agg cag ctg tat cc-3'; reverse, 5'-cct aga act tge cag tat
tgg c-3'; murine 1L-12p35: forward, 5'-tgt tta cca ctg gaa
cta cac aag a-3'; reverse, 5'-aga gct tca ttt tca cte tgt aag g-
3'; murine IL-12p40: forward, 5'-ctc acc tgt gac acg cct ga-
3'; reverse, 5'-cag gac act gaa tac ttc tc-3'; murine f-actin:
forward, 5'-tgt gat ggt ggg aat ggg tca g-3'; reverse, 5-ttt
gat gtc acg cac gat ttc ¢-3'. After denaturation for 2
minutes at 95°C, 20 cycles of denaturation for 30 seconds
at 95°C, annealing for 30 seconds at 48°C (for IL-12p40),
58°C (for IL-12p35), or 60°C (for gpl00 and S-actin), and
extension for 30 seconds at 72°C were repeated and
followed by completion for 4 minutes at 72°C. The PCR
product was electrophoresed on a 3% agarose gel, stained
with ethidium bromide, and visualized under ultraviolet
radiation. EZ Load (BIO-RAD, Tokyo, Japan) was used
as a 100 bp-molecular ruler. The expected PCR product
sizes were 362 bp (gp100), 334 bp (IL-12p35), 431 bp (IL-
12p40), and 514 bp (f-actin).

Intracellular staining method for human gp100 protein
in transduced DCs

Transduced DCs were cultured on 100-mm bacterial
grade culture dishes in GM-CSF-free culture medium for
24 hours. Cells (1 x 10%) were fixed by incubation for 10
minutes in 2% paraformaldehyde, and then cell mem-
branes were permeabilized by incubation for 5 minutes in
1% saponin. The cells were incubated with 100 pl staining
buffer (PBS containing 0.1% bovine serum albumin and
0.01% NaNj3) containing the anti-FcyRII/III monoclonal
antibody (mAb), 2.4G2 (rat 1gGay,; BD Biosciences, San
Jose, CA), to block nonspecific binding of the subse-
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quently used mAbs. After 30 minutes, the cells were
incubated for 60 minutes with 100ul staining buffer
containing the HMBS50 mAb against human gpl00
(mouse IgG,,; Neomarkers, Fremont, CA), and then
resuspended in 100 ul staining buffer containing fluor-
escein isothiocyanate-conjugated anti-mouse lg,. (187.1;
BD Biosciences). After incubation for 30 minutes, 30,000
events of the stained cells were analyzed for human gp100
protein expression by a FACScalibur flow cytometer
using CellQuest software (BD Biosciences). Between all
incubation steps, cells were washed three times with
staining buffer.

FEvaluation of IL-12 secretion level in transduced DCs

Transduced DCs, LPS/DCs, and mock DCs were cultured
on 24-well plates at 5 x 10° cells/500 ul in GM-CSF-free
culture medium for 24 hours. The supernatants were
collected and the TL-12 level was measured using a murine
IL-12p40 ELISA KIT and a murine IL-12p70 ELISA
KIT (Endogen, Rockford, IL).

Analysis of surface marker-expression

All immunoreagents used in this experiment were
purchased from BD Biosciences. Transduced DCs, LPS/
DCs, and mock DCs were cultured on 100-mm bacterial
grade culture dishes in GM-CSF-free culture medium for
24 hours. Cells (1 x 10% in 1004l staining buffer were
incubated for 30 minutes on ice with the 2.4G2 mAb.
Then, cells were resuspended in 100 pl staining buffer and
incubated for 30 minutes on ice using the manufacturer’s
recommended amounts of biotinylated mAbs: 28-8-6
(anti-H-2K°/D), AF6-120.1 (anti-I-A®), 3/23 (anti-
CD40), 16-10A1 (anti-CD80), and GL1 (anti-CD86).
The cells were then resuspended in 100 ul staining buffer
containing phycoerythrin-conjugated streptavidin at a
1:200 dilution, and nonspecific binding was measured
using phycoerythrin-conjugated streptavidin alone. After
incubation for 30 minutes on ice, 30,000 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.

Antigen-presentation assay

C57BL/6 DCs were transduced with various combina-
tions of AdRGD-OVA, AdRGD-IL12, and AdRGD-
Luc, and then seeded on a 96-well flat-bottom culture
plate at a density of 1 x 10° cells/well. These cells were
cocultured with 1 x 10° cells/well CD8-OVA 1.3 cells at
37°C for 20 hours. The response of stimulated CD8-OVA
1.3 cells was assessed by determining the amount of 1L-2
released into an aliquot of culture medium (100 ul) using a
murine 1L-2 ELISA KIT (Amersham Biosciences, Piscat-
away, NJ).

Mixed leukocyte reaction (MLR)

Three kinds of T cells, including allogeneic naive T cells
from intact BALB/c mice, syngeneic naive T cells from
intact C57BL/6 mice, and syngeneic gp100-primed T cells



from C57BL/6 mice immunized intradermally with
1 x 10° DCs transduced with AdRGD-gp100 at 25 MOI
1 week earlier, were purified from the splenocytes of each
mouse as nylon wool nonadherent cells, and were used as
responder cells at 1 x 10° cells/well in 96-well plates.
Transduced DCs, LPS/DCs, or mock DCs (stimulator
cells) were inactivated by 50 ug/ml mitomycin C (MMC)
for 30 minutes and added to responder cells in varying cell
numbers. Cells were cocultured in 100l RPMI 1640
supplemented with 10% FBS, 50uM 2-ME, and anti-
biotics 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'-deox-
yuridine (BrdU) during the last 18 hours, and then
proliferation of responder cells was evaluated by Cell
Proliferation ELISA, BrdU (Roche Diagnostics Co.,
Indianapolis, IN).

Analysis of Th1/Th2 cytokine secretion from syngeneic
T cells stimulated by transduced DCs

C57BL/6 naive T cells were purified from splenocytes as
nylon wool nonadherent cells, and were used as responder
cells at 5x 10° cells/well in 24-well plates. Transduced
DCs (stimulator cells) were added to responder cells at
5% 10° cells/well. Cells were cocultured in 1ml RPMI
1640 supplemented with 10% FBS, 50 uM 2-ME, 10 U/ml
recombinant murine 1L-2 (PeproTech EC LTD, London,
England) and antibiotics at 37°C and 5% CO, for 5 days.
The supernatants were collected and the IFN-y, IL-4, and
IL-10 levels were measured using a murine IFN-y ELISA
KIT, a murine IL-4 ELISA KIT, and a murine IL-10
ELISA KIT (Biosource International, Camarillo, CA),
respectively.

Tumor protection assay

Transduced DCs were intradermally injected into the left
flank of C57BL/6 mice at 2 x 10° cells/50 ul. At 1 week
after the vaccination, 2 x 10° B16BL6 melanoma cells
were intradermally inoculated into the right flank of the
mice. The major and minor 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 measure-
ments was greater than 20 mm.

Europium (Eu)-release assay for cytolytic activity of NK
cells and CTLs

Transduced or mock DCs were administered once
intradermally into C57BL/6 mice at 2 x 10° cells/50 pl.
At 1 week after immunization, nonadherent splenocytes
were prepared from these mice and directly used as NK
effector cells. The splenocytes were restimulated in vitro
using B16BL6 cells, which were cultured in media
containing 100 U/ml recombinant murine IFN-y (Pepro-
Tech EC LTD) for 24 hours and inactivated with 50 ug/ml
MMC at 37°C for 30 minutes, at an effector:stimulator
ratio of 10:1 in RPMI 1640 supplemented with 10% FBS,
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50 uM 2-ME, and antibiotics. After 5 days, the spleno-
cytes were collected and used as CTL effector cells. Target
cells (YAC-1 and EL4 cells for NK assay; IFN-y-
stimulated B16BL6 and IFN-y-stimulated EL4 cells for
CTL assay) were Eu-labeled and an Eu-release assay
was performed as previously described.®® 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 detergent in all
assays.

Results

Gene expression in DCs cotransduced with gp100 and
1-12

We examined the cytopathic effects of ARGD-IL12 and
AdRGD-gpl00 on gene transduction into DCs by using
the Cell Counting Kit-8 (DOJINDO LABORATORIES,
Kumamoto, Japan). At 48 hours posttransduction,
viability of DCs transduced with AdRGD-IL12 alone or
AdRGD-IL12 plus AdRGD-gpl100 remained more than
90% at a vector dose of 200 MOI or less (data not
shown). Expression levels of human gpl00 and murine
IL-12 subunit mRNAs in various transduced DCs were
analyzed by RT-PCR at 24 hours after gene transduction
(Fig 1). Human gpl00-specific PCR products were
detected at the same level only in DCs that were
transduced with AdRGD-gpl00 alone at 25 MOI (lane
1) or the combination of AARGD-gpl100 at 25 MOI and
AdRGD-IL12 at various MOI (lanes 3, 4, and 5). PCR

ap100 e
112035 [,
He12p40

Bractin | s

Figure 1 RT-PCR analysis of gp100, IL-12p35, and IL-12p40 in DCs
cotransduced with AARGD-gp100 and AdRGD-IL12. Total RNA was
prepared from transduced, LPS-stimulated, or mock DCs, and then
RT-PCR was performed as described in the Materials and methods
section. The PCR products were - electrophoresed through a 3%
agarose gel, stained with ethidium bromide, and visualized under
ultraviolet light. Lane M; 100bp-molecular ruler, lane N; H,O as
template, lane 1; DCs transduced with AdRGD-gp100 alone at 25
MOI, lane 2; DCs transduced with AARGD-IL12 alone at 25 MOI,
lane 3; DCs cotransduced with AdRGD-gp100 at 25 MOI and
AdRGD-IL12 at 25 MOI, lane 4; DCs cotransduced with AARGD-
gp100 at 25 MOI! and AdRGD-IL12 at 12.5 MOI, lane 5; DCs
cotransduced with AJRGD-gp100 at 25 MOI and AdRGD-IL12 at 5
MOI, lane 6; DCs transduced with AJRGD-Luc alone at 25 MO, lane
7; LPS-stimulated (mature) DCs, lane 8; mock (immature) DCs.
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products of IL-12p35 and IL-12p40 mRNA increased in
an MOI-dependent manner for AARGD-IL12 in DCs
cotransduced with AdRGD-gp100 and AdRGD-IL12
(lanes 3, 4, and 5), and their levels were equal in DCs
transduced with AARGD-IL12 alone at 25 MOI (lane 2)
and DCs cotransduced with AdRGD-gpl00 at 25 MOI
and AARGD-IL12 at 25 MOI (lane 3). In addition, DCs
transduced with AdRGD-gpl00 alone (lane 1) or
AdRGD-Luc (control vector) alone (lane 6) exhibited
slightly higher IL-12p40 mRNA expression than mock
DCs (lane 8), and 1L-12p40 mRNA levels of LPS/DCs
(lane 7) were comparable with those of DCs cotransduced
with AARGD-gp100 at 25 MOI and AdRGD-1L12 at 5
MOI (lane 5).

In order to confirm cytoplasmic expression of human
gpl100 protein, we performed flow cytometric analysis by
the intracellular staining method using HMB50 mAb (Fig
2a). Under transductional conditions using AdRGD-
gpl00 at 25 MOI, about 70% of DCs could express gpl00
protein in their cytoplasm whether or not the DCs were

AdRGD-Lug (50 MOY)

AJRGD-gp100 (25 MOI)

cotransduced individually with AdRGD-IL12 or
AdRGD-Luc at 25 MOIL Gene expression intensity
(mean fluorescence intensity; MFI) of gpl00 in cotrans-
duced DCs was also comparable to that of DCs
transduced with AARGD-gp100 alone. These data clearly
demonstrated that the expression level of endogenous
antigen transduced with AdRGD was not affected by
cotransduction of AARGD-IL12 in DCs. Likewise, IL-12
secretion levels in DCs transduced with various combina-
tions of AARGD-gp100 and AARGD-IL12 were investi-
gated by ELISA (Fig 2b). MOI-dependent [L-12p70, the
biologically active form, and ILI12p40 secretion into
culture media of DCs cotransduced with AARGD-gp100
and AdRGD-IL12 was detected at levels equivalent to
those of DCs transduced with AdRGD-IL12 alone.
Although LPS/DCs could secrete a large quantity of IL-
12p40 into culture media, secretion of the active form, IL-
12p70, was maintained at low levels, reflecting the low
levels of IL-12p35 mRNA expression in RT-PCR
analysis.

AdRGD-gp100 (25 MOI) AdRGD-gp100 (25 MOI)
+ AdRGD-IL12 (25 MOI)  + AdRGD-Luc (25 MOI)
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Figure 2 gp100 and IL-12 expression in DCs cotransduced with AJRGD-gp100 and AJRGD-IL12. (a) DCs were transduced with the indicated
combinations of various AJRGDs at the indicated MOI for 2 hours. At 24 hours posttransduction, human gp100 gene expression was assessed
by flow cytometric analysis. The percentage value and the numerical value in the parenthesis express percentage of M1-gated cells and mean
fluorescence intensity (MFI), respectively. The data are representative of two independent experiments. (b) DCs were cotransduced with
AdRGD-IL12 and AdRGD-gp100 at the indicated MOI for 2 hours. DCs treated with 1 ug/ml LPS for 24 hours were used as positive controls for
phenotypical DC-maturation. After 24 hours cultivation, concentration of murine IL-12p70 and IL.-12p40 in culture supernatants was measured by
ELISA. The data are presented as mean4-SD of three independent cultures. ND: IL-12p70 secreted from DCs was not detectable.
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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-gpl00 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 AdRGD, 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-gpl100 and AARGD-ILI12 as well as
DCs transduced with AARGD-IL12 alone. As upregula-
tion of these molecules was dependent on MOI of
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combined AdRGD-ILI12, 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 bioassay using T-T hybrido-
ma, CD8-OVA 1.3 cells, between DCs transduced with
various combinations of AARGD-OVA, AdRGD-IL12,
and AdRGD-Luc (Fig 4). In comparison with DCs
transduced with AARGD-OVA alone, DCs cotransduced
with AdRGD-OVA and AdRGD-IL12 showed a slight
decrease in IL-2 released from CDS-OVA 1.3 cells by
vector dose-increase of combined AdRGD-IL12. The
OVA-presentation levels in AJRGD-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 AJRGD-
OVA and AdRGD-Luc, suggesting that competition
may occur during a particular step of the MHC class I

AdRGD-gp100 AARGD-IL12 H-2Kb/DP 1-AP CD40 CD80 CD&s
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Figure 3 Flow cytometric analysis of surface markers in DCs cotransduced with gp100 and IL-12 gene by AdRGD. DCs were cotransduced with
AdRGD-gp100 and AdRGD-IL12 at the indicated MOI for 2 hours. DCs treated with 1 ug/ml LPS for 24 hours were used as positive controls for
phenotypical DC maturation. At 24 hours after transduction, cells were stained by indirect immunofluorescence 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 independent experiments, and values indicated in the upper part of each panel represent MFI (mean+SD) of flow
cytometric analysis. The statistical analysis was carried out by Student’s ttest, "P<.05, *P<.01 versus DCs transduced with AdRGD-gp100

alone at 25 MOI.
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Figure 4 Antigen presentation on MHC class | molecules by DCs
cotransduced with OVA and [L-12 gene by AJRGD. DCs were
cotransduced with AJRGD-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 bioassay 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 cells 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 1
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
gp100 and IL-12

We performed allogeneic and syngeneic MLR to compare
T-cell proliferation-stimulating ability of DCs transduced
with AARGD-gp100 alone or a combination of AARGD-
gpl100 and AARGD-1L12. DCs transduced with AJRGD-
gpl00 alone at 25 MOI (gp100(25MOI1)/DCs), AdRGD-
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) + 1L12(25MOI)/DCs, gp100(25SMOI) + IL12(12.5
MOI)/DCs, and gpl00(25MOI) + 1L12(5MOI)/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 AdRGD 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(25MOT) -+ IL12(25MOI)/DCs, gpl00
(25MOI) +IL12(12.5MO1)/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(25MOI)/DCs (Fig 5b), sug-
gesting that in vitro syngeneic naive T-cell proliferation by

Cancer Gene Therapy

~O~ gp100(25 MOI/DCs

—00- IL12(25 MOIYIDCs

—@- gp100{25 MOI)+IL12(25 MOI)DCs
—B- gp100(25 MOI)+IL12(12.5 MOIYDCs
—&— gp100(25 MOYHL12(5 MOIYDCs
—f— Luc(25 MON/DCs

—0— LPSIDCs

=3~ Mock DCs

Relative proliferation of responder T cells (0D 50 1)

0.0 28 bt i
5 10 20 40 80 160 320
Responder/stimulator ratio

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 MOI for 2 hours. Naive BALB/c T
lymphocytes (a), naive C57BL/6 T lymphocytes (b), or gp100-primed
C57BL/6 T lymphocytes (¢), 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 individual mice.

DCs cotransduced with AdRGD-gpi00 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  AARGD-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°
gpl00(25MOI)/DCs (Fig 5c). However, proliferation
levels of syngeneic gpl00-primed T cells stimulated by
DCs transduced with AARGD-ILI12 alone or in combina-
tion with AARGD-gpl00 decreased at high responder/
stimulator 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 10 U/
ml recombinant murine IL-2 (Table 1). IL12(25MOI)/
DCs, gpl00(25MOI) + IL12(25MOI)/DCs, gpl00(25MOI) +
[L12(12.5MOI)/DCs, and gpl00(25MOI) + IL12(5MOI)/
DCs could markedly enhance Thl-skewing IFN-y secre-
tion from syngeneic naive T cells as compared with mock



Table 1 Cytokine secretion from syngeneic naive T cells cocultured
with various transduced DCs

DC treatment

AdRGD-gp100  AdRGD-IL12 IL-4 IL-10
(MOI) (MOI) IFN-y (ng/ml)  (pg/ml}  (pg/ml)

0.25+0.05 <15 <30

25 — 1.00+0.19 <15 <30
— 25 17.17+0.48 <15 <30
25 25 25.78+1.84 <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 gpl100(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, 1I.-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 Thl-biasing state (the cellular
immunity-dominant state), which is required for the
induction of efficacious tumor immunity.

Vaccine efficacy of DCs cotransduced with gp100 and
IL-12

In order to evaluate the potency of DCs cotransduced
with gpl00 and I1.-12 as vaccine carriers, we investigated
protective efficacy against murine B16BL6 melanoma
challenge (Fig 6). CS57BL/6 mice received a single
intradermal injection of 2x 10° DCs transduced with
various combinations of AARGD-gp100, 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 BI6BL6 tumor was achieved in mice vaccinated
with g9p100(25MOI)/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) 4 IL12(5SMOI)/DCs than in mice vacci-
nated with gpl100(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 gpl00 and 1L.-12 by Eu-release
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Figure 6 Vaccine efficacy of DCs cotransduced with gp100 and IL-
12 gene by AdRGD against B16BL6 melanoma challenge. DCs were
transduced with the indicated combinations of various AdRGDs 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 calls 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 U-test. P<.01 (B, A, O), P<.05 (@), not significant ( x,
O, <) versus Luc(25MOI)DCs (A). P<.01 (x, A, 1O, <), not
significant (®, B, A) versus gp100(25MOI)/DCs (O).

assay. At I 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 vifro with inactivated B16BL6 cells, which
were treated with recombinant murine IFN-y to promote
the expression of their MHC class I molecules, for CTL
expansion. As shown in Figure 7a, the splenic cytolytic
activity against YAC-1 cells markedly increased after
immunization with gpl00(25MOI) + I1.12(25MOI)/DCs
as well as IL12(25MOTI)/DCs, whereas EL4 cells were not
injured by splenocytes prepared from any groups.
Effector cells from  mice  immunized  with
gpl00(25MOI) + IL12(5MOI1)/DCs exhibited equivalent
NK activity to those from mice immunized with
gpl00(25MOT)/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 B16BL6 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 gp100(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 1L12(25MOI)/DCs or mock DCs
did not injure the B16BL6 cells and no cytolytic effects
against syngeneic irrelevant EL4 cells were detected in any

a
40 | Target: YAC-1
30
20
N 10 ™
2 i
2 0 L ] I | £ [ 1 ] 1 L )
kS =T t: EL4
2 40 ., arget:
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b
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group. However, consistent with the protective effect
against B16BL6 tumor challenge, mice vaccinated with
gpl00(25MOI) + IL12(25MOI)/DCs  showed  lower
B16BL6-specific CTL activity than mice immunized with
gp100(25MOI1)/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 ratio to AdRGD-
gpl00 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. 1L-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
Thl 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 D(Cs.**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 carrier

<
Figure 7 NK (a) and B16BL6-specific CTL (b) activity in mice
immunized with DCs cotransduced with gp100 and [L-12 gene by
AdRGD. DCs were transduced with the indicated combinations of
AdRGD-gp100 and AdRGD-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 YAC-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 IFN-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.*® When mouse bone marrow-derived
DCs were cotransduced with AdRGD-gpl00 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
biologically active because direct intratumoral injection of
AdRGD-IL12, 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 promotion of tumor immunity in melanoma-
bearing mice.”” RT-PCR analysis (Fig 1) suggested that
LPS-driven maturation or irrelevant AARGD transduc-
tion could moderately enhance expression of the 1L-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 1L-12p70
production in APCs in response to LPS and cytokines 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 AARGD transduction alone. Taken
together, our results demonstrated that DCs cotransduced
with AdRGD-gp100 and AdRGD-1L12 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/II, CD40, CD80, and CD86 molecules was
enhanced only by AdRGD-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 AARGD-
gpl00 alone (Fig 3). On the other hand, DCs cotrans-
duced with OVA and IL-12 by AARGDs 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 AdRGDs (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
gpl00 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 vitro 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-driving ability in vivo.

We attempted to compare vaccine efficacy of DCs
genetically modified with various combinations of
AdRGD-gpl100, AARGD-IL12, and AdRGD-Luc using
the murine B16BL6 melanoma model. Although mice
vaccinated with gp100(25MOI) +IL12(5MOT1)/DCs ex-
hibited more effective suppression of BI16BL6 tumor
growth and efficient induction of B16BL6-specific CTLs
than those vaccinated with gpl00(25MOI)/DCs, vaccine
efficacy of cotransduced DCs diminished with increasing
combined AARGD-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(25MOI)/DCs. An
alternative explanation for the negative effect of
AdRGD-IL12-cotransduction includes an immunosup-
pressive effect of excess 1L-12 on the host’s immune celis.
Several studies have demonstrated that IL-12 inhibits cell-
mediated immune responses, 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 gpl00 and IL-12 in our model might
involve immunosuppression based on nitric oxide, be-
cause DCs transduced with AdRGD-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 vitro 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 gpl00(25MOI) + 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 IL-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
antitumor efficacy based on active biasing of the immune
response toward a cellular immunity dominated state.
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Abstract

To generate insulin-producing cells in the liver, recombinant adenovirus containing a constitutively active mutant of PDX1
(PDX1-VP16), designed to activate target genes without the need for protein partners, was prepared and administered intrave-
nously to streptozotocin (STZ)-treated diabetic mice. The effects were compared with those of administering wild-type PDX1
(wt-PDX1) adenovirus. Administration of these adenoviruses at 2 x 108 pfu induced similar levels of PDX1 protein expression
in the liver. While wt-PDX1 expression exerted small effects on blood glucose levels, treatment with PDX1-VP16 adenovirus effi-
ciently induced insulin production in hepatocytes, resulting in reversal of STZ-induced hyperglycemia. The effects were sustained
through day 40 when exogenous PDX1-VP16 protein expression was undetectable in the liver. Endogenous PDX] protein came to
be expressed in the liver, which is likely to be the mechanism underlying the sustained effects. On the other hand, albumin and trans-
ferrin expressions were observed in insulin-producing cells in the liver, suggesting preservation of hepatocytic functions. Thus, tran-
sient expression of an active mutant of PDX1 in the liver induced sustained PDX1 and insulin expressions without loss of
hepatocytic function.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Insulin; PDX1; Gene therapy; Diabetes; Adenovirus; Transdifferentiation

Type 1 diabetes mellitus is characterized by progres-
sive loss of pancreatic § cells, leading to a lifelong
dependency on insulin treatments. Recently, marked ad-
vances have been made in transplanting pancreatic islets
from human cadavers into type 1 diabetics [1]. However,
immune rejection and donor supply are still major chal-
lenges in islet cell transplantation. In this context, gener-
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ation of insulin-producing cells by somatic gene therapy
may represent a viable alternative for the treatment for
diabetes.

The liver is a possible target organ for generation of
insulin-producing cells. Pancreatic and hepatic tissues
both express several transcription factors such as
HNFlo and C/EBPp. In addition, these tissues also
have similar glucose sensing machinery consisting of
the GLUT2 glucose transporter and glucokinase. Fur-
thermore, during embryogenesis, the liver and the ven-
tral pancreas appear to arise from the same cell
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population located within the embryonic endoderm
[2]. The gene most likely to be responsible for the differ-
ence between the liver and pancreas is pancreatic and
duodenal homeobox gene 1 (PDXI1), also known as
IDX1/IPF1/STF1. PDXI1 is expressed in pancreatic
buds in the endoderm prior to morphological develop-
ment of the pancreas {3,4] and has been shown to play
a fundamental role in regulating pancreatic develop-
ment. Gene disruption of PDX1 has been shown to in-
hibit pancreatic bud maturation and outgrowth,
resulting in complete absence of the pancreas [5]. In
addition, conditional inactivation of PDX1 in insulin-
producing cells results in a progressive loss of B cells,
suggesting PDX1 to play an essential role in maintaining
B cells [6].

Therefore, to generate insulin-producing cells, several
groups have overexpressed PDX1 in various sites [7-11].
Adenovirus-mediated transfer of the PDX1 gene report-
edly ameliorates streptozotocin (STZ)-induced hyper-
glycemia in a short time (within 10 days) [7] as well as
for longer periods [12] via production of insulin in the
liver. However, helper-dependent adenovirus (HDAD)-
mediated PDX1 gene transfer into the liver reportedly
results in severe hepatitis and functional failure due to
production of pancreatic exocrine enzymes [10]. In addi-
tion, transgenic mice overexpressing PDXI1 in the liver
also develop liver failure [11].

PDX1 has been shown to activate target genes by
association with several co-factors such as PBX [13]
and the expressions of these protein partners are absent
in the liver. To produce a version of PDX1 that would
activate target genes without the need for protein part-
ners, the VP16 activation domain from herpes simplex
virus was fused to the C-terminus of PDX1 (PDXI-
VP16). In PDX1-VP16 transgenic Xenopus tadpoles,
part or all of the liver is converted to pancreatic tissue,
while hepatic differentiation products are lost from the
regions converted to pancreas [14].

Therefore, in the present study, we prepared
PDX1-VP16 adenovirus and compared the effects of
PDX1-VP16 expression with those of wt-PDX1 in
the adult murine liver in vivo. These recombinant
adenoviruses were administered at a titer of
2 x 10® pfu, which is one to two orders of magnitude
lower than those used in previous reports [7,12]. Here-
in we demonstrate PDX1-VP16 gene transduction to
induce hepatocytic production of insulin, but not glu-
cagon or amylase, more efficiently than wt-PDXI,
resulting in reversal of STZ-induced hyperglycemia.
We found that PDXI1-VP16 gene therapy induced
endogenous PDX1 expression in the liver, and hence
sustained expression of insulin. In contrast to trans-
genic tadpole experiments, the conversion was partial
and liver-specific gene expressions including those of
albumin and transferrin were maintained in insulin-
producing cells.

Materials and methods

Recombinant adenoviruses. Murine PDX1 ¢cDNA was cloned from
a MING6 cDNA library by PCR. Using PCR, the Clal site was added to
murine PDX1 ¢cDNA, which was digested with Clal and subcloned
into VP16-N (kind gift from Dr. H. Kanamori) as described [14].
Recombinant adenoviruses containing wt-PDX1 and PDX1-VPI6
cDNA were prepared as reported previously [15-17]. LacZ adenovirus
was used as a control [18]

Animals. Male C57BL/6N mice were purchased from Clea (Tokyo,
Japan), housed in an air-conditioned environment, with a 12-h light-
dark cycle, and fed a regular unrestricted diet. Diabetes was induced by
intraperitoneal injection of 160-170 mg/kg STZ (Sigma St. Louis, MO)
in citrate buffer at 5-6 weeks of age. Blood glucose was determined
after a 10 h fast at 6 days after STZ injection; mice with fasting glucose
levels of 300-600 mg/d! were used for the experiments. The mice were
treated with 2 x 10® plaque-forming units of recombinant adenovirus
by systemic injection into the tail vein and killed 40 days after ade-
novirus injection. Serum insulin concentrations were measured using a
rat insulin ELISA Kit Ultra Sensitive (Morinaga, Tokyo, Japan).

Oral glucose tolerance tests. Oral glucose tolerance tests were per-
formed 40 days after adenovirus infusion. Serum glucose levels were
determined before, and 15, 30, 60, 90, and 120 min after, administra-
tion of oral glucose (1 g/kg body weight).

Immunoblotting. Liver samples were homogenized in buffer
(100 mM Tris, pH 8.5, 250 mM NaCl, 1% BP-40, and 1 mM EDTA).
Tissue homogenates were centrifuged at 14,000g for 10 min at 4 °C.
Supernatants including tissue protein extracts (180 pg total protein)
were then boiled in Laemmli buffer containing 10 mM dithiothreitol.
Aliquots of proteins (15 pg) were subjected to SDS-PAGE. Immu-
noblot analyses were performed using ECL plus a Western Blotting
Detection System Kit (Amersham Buckinghamshire, UK). Antibodies
to PDX1 (A-17, Santa Cruz Biotechnology, Santa Cruz, CA}) and
HSV-1 VP16 (vA-19, Santa Cruz Biotechnology) were commercially
obtained.

Immunohistochemistry. Livers of mice were excised 40 days after
adenoviral treatment and fixed overnight in 10% paraformaldehyde.
Fixed tissues were processed for paraffin embedding and 3 pm sections
were prepared. For immunohistochemistry, the streptavidin-biotin
(SAB) method was performed using a Histofine SAB-PO kit (Nichirei,
Tokyo, Japan) for insulin, glucagon, and amylase, and a MAX-PO kit
(Nichirei) for somatostatin, and an EnVision kit/HRP (DAKO,
Glostrup, Denmark) for pancreatic polypeptide. Slides were depa-
raffinized, and then were either autoclaved in citrate buffer for antigen
retrieval before being incubated in blocking solution (for amylase,
somatostatin, and pancreatic polypeptide detection), or immediately
exposed to the blocking solution (for insulin and glucagon detection).
For insulin detection, sections were incubated for 18 h at 4 °C with
monoclonal antibody against human insulin (Sigma) diluted 1:1000 in
PBS. For detection of glucagon, sections were incubated for 18 h at
4 °C with antiserum raised against human glucagon (DAKO) diluted
1:3000 in PBS. For detection of somatostatin, sections were incubated
overnight at 4 °C with rat anti-somatostatin monoclonal antibody
(Chemicon, Temecula, CA) diluted 1:100 in PBS. For detection of
pancreatic polypeptide, sections were incubated overnight at 4 °C with
antiserum raised against rat pancreatic polypeptide (LINCO, St.
Charles, MO) diluted 1:100 in PBS. For detection of amylase, sections
were incubated for 18 h at 4 °C with antiserum raised against the C-
terminus of human amylase (Santa Cruz Biotechnology) diluted 1:1000
in PBS. Slides were then incubated with the biotinylated IgG for 1 h
and next with peroxidase-conjugated streptavidin for 30 min at room
temperature. Finally, immunoreactivity was visualized by incubation
with a substrate solution containing 3,3’-diaminobenzidine tetrahy-
drochloride (DAB).

Fluorescent immunocytochemistry. The 3 pm sections of paraffin-
embedded liver were processed as follows. For double staining of
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insulin and transferrin or albumin, the sections were incubated over-
night with antibodies against insulin and transferrin (goat polyclonal;
Santa Cruz Biotechnology) or albumin (rabbit polyclonal; Biogenesis,
Kingston, New Hampshire) at 4°C. Antibodies against insulin,
transferrin, and albumin were diluted 1:1000, 1:5000, and 1:5000,
respectively, in PBS. For double staining of insulin and transferrin, the
sections were then incubated for 1 h at room temperature in a mixture
of TRITC-conjugated sheep anti-mouse IgG and FITC-conjugated
donkey anti-goat IgG (Jackson Immuno Research, West Grove, PA)
diluted 1:1000 in PBS. For double staining of insulin and albumin, the
sections were incubated in a mixture of Alexa Fluor 488 goat anti-mose
IgG (Molecular Probes, Eugene, OR) and Alexa Fluor 546 goat anti-
rabbit 1gG diluted 1:1000 in PBS. Sections were observed under a
fluorescence microscope (Leica DM RXA, Leica Microsystems,
Wetzlar, Germany). The image was analyzed with a Q-fluoro analyzing
system (Leica).

Results

To express a PDX1 mutant, in the liver, which is con-
stitutively active without association with protein part-
ners, we prepared a recombinant adenovirus encoding
the VP16 activation domain from herpes simplex virus
[19,20] fused to the C-terminus of murine PDXI
(PDX1-VP16). For comparison, we also prepared re-
combinant adenoviruses encoding the wild-type PDX1
(wt-PDX1) and LacZ. These recombinant adenoviruses,
at 2 x 108 pfu, were injected intravenously 6 days after
STZ administration, when hyperglycemia had already
developed; blood glucose levels after a 10 h fast were
approximately 400 mg/dl (Fig. 1B). Mice given the LacZ
adenovirus were used as controls (LacZ-mice). Systemic
infusion of recombinant adenoviruses into mice through
the tail vein caused transgene expression primarily in the
liver, with no detectable expression in peripheral tissues
such as muscle, fat, kidney or brain (data not shown), as
reported previously [21].

As shown in Fig. 1A, immunoblotting of hepatic ly-
sates on day 3 after adenoviral administration with
anti-PDX1 antibody revealed that ectopic expression
of wt-PDX1 or PDX1-VP16 was obtained in the liver.
Administration of recombinant adenoviruses at the
same titer induced similar levels of PDX1 protein
expression.

We next examined the effects of treatment with these
adenoviruses on STZ-induced hyperglycemia (Fig. 1B).
Administration of wt-PDX1 adenovirus did not signifi-
cantly decrease fasting blood glucose levels through
day 20. Although, interestingly, fasting blood glucose
levels were slightly but significantly decreased after day
30 as compared with those in STZ-treated LacZ-mice,
administration of wt-PDXI1 adenovirus at such a low
titer exerted only very small effects in terms of reversal
of hyperglycemia.

In contrast, administration of PDX1-VP16 adenovi-
rus more effectively reversed STZ-induced hyperglyce-
mia (Fig. 1B). Hepatic expression of PDXI1-VP16

induced significant, profound decreases in fasting blood
glucose levels. Although fasting blood glucose levels
rose slightly between day 10 and day 15, the therapeutic
effects were sustained throughout the experiments. As
shown in Table 1, some variation in results was ob-
served. Thirteen percent of PDX1-VP16-mice exhibited
almost no decrease in blood glucose levels, although
the proportion of these mice was significantly lower than
that of wt-PDX1-mice. In contrast, in 27% of PDX1-
VP16-mice, fasting blood glucose levels were lower than
200 mg/dl. No such normalization of glucose levels was
obtained by wt-PDX1 adenovirus administration (Table
1). Thus, PDX1-VP16 expression in the liver more effec-
tively lowered blood glucose levels and these effects per-
sisted even after adenoviral-mediated gene expression
had declined.

To examine the mechanism whereby administration
of PDX1-VP16 adenovirus efficiently and persistently
lowered blood glucose levels in STZ-treated mice, liver
sections from these mice on day 40 after adenoviral
administration were immunostained with anti-insulin
antibody (Fig. 1C). No insulin staining was detectable
in the livers of LacZ-mice. In wt-PDX1-mice, very faint
staining with anti-insulin antibody was detected in the
liver. In contrast, in PDX1-VP16 mice, strong insulin
staining was detected in the cytoplasm of hepatocytes
in scattered portions of the liver. The insulin positive
cells were seen mostly around vessels. The scant residual
insulin-positive cells in the pancreas did not differ signif-
icantly among these mice (data not shown). Thus, insu-
lin secretion from hepatocytes is likely to contribute to
lowering blood glucose levels in PDX1-VP16-mice.

To confirm that the hepatocytes were secreting insu-
lin, serum levels of immunoreactive insulin in these mice
on day 40 after adenoviral administration were mea-
sured. In LacZ-mice, STZ treatment induced severe
insulinopenia: fasting serum insulin levels were less than
40 pg/ml (Fig. 1D), resulting in severe hyperglycemia.
Adenoviral administration of the wt-PDX1 gene slightly
increased serum insulin levels. In contrast, PDX1-VP16
adenoviral administration resulted in a substantial in-
crease in serum insulin levels, i.e., more than 6-fold
(Fig. 1D). On the other hand, fasting serum insulin lev-
els in the control C57BI/6N mice of the same age, with-
out STZ treatment, were 340.7 +29.9 pg/ml (n=06).
Thus, hepatic PDX1-VP16 expression improved fasting
serum insulin levels to approximately two-thirds those
in normal mice. These data suggest that transient
PDX1-VPI16 expression in the liver exerted sustained
and stronger effects in terms of production and secretion
of insulin as compared with wt-PDX1 expression, result-
ing in the reversal of STZ-induced hyperglycemia.

Oral glucose tolerance tests were performed using
LacZ-mice, wt-PDX1-mice, and PDX1-VP16-mice on
day 40 (Fig. 2A). STZ-treated LacZ-mice exhibited
hyperglycemia: more than 450 mg/dl throughout the
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Fig. 1. Effects of wt-PDX1 and PDXI1-VP16 adenoviral gene therapy on STZ-induced diabetic mice. (A) Liver lysates from STZ-mice infused with
2% 108 pfu/body of adenovirus containing wt-PDX1 (left lane) or PDX1-VP16 (right lane) were immunoblotted with anti-PDX]1 antibody. (B)
Fasting blood glucose levels of STZ-mice treated with LacZ adenovirus (closed circle; n = 13), wt-PDX1 adenovirus (open square; # = 8) or PDX1-
VP16 adenovirus (open circle; n = 15). Amount of injected adenoviruses was 2 x 10%pfu/body in all experiments. (C) Liver sections from LacZ-mice
(left panels), wt-PDX1-mice (middle panels), and PDX1-VP16-mice (right panels) on day 40 after adenoviral treatment were immunostained with
anti-insulin antibody. Original magnification 100x (upper panels) and 200x (lower panels). (D) Fasting serum insulin levels 40 days after adenoviral
treatment with LacZ (open bar; n=7), wt-PDX1 (gray bar; n=_8), or PDX1-VP16 (black bar; n=7) adenovirus. Data are presented as
means &= SEM., *P < 0,05, ¥*P < 0.01 versus wt-PDX1, #p < 0.05, and #p < 0.01 versus LacZ, assessed by unpaired ¢ test.

tests. In PDX1-VP16-mice, glucose levels throughout
the tests were significantly lower than those in wt-
PDX1-mice. The blood glucose levels peaked at 30 min
after glucose load and thereafter tended to fall, although
the reversal was incomplete at 120 min. These findings
suggest that, in PDX1-VP16-mice, glucose-responsive
insulin secretion from the liver is involved in lowering
post-prandial blood glucose levels but is not enough to

rapidly reverse a rise in blood glucose levels after a glu-
cose load, in contrast to that from the pancreas by B
cells.

Using HDAD, PDXI1 expression in the liver report-
edly induces expression of exocrine enzymes in insulin-
producing cells in the liver and causes severe hepatitis.
It has also been reported that, in transgenic mice express-
ing PDX1 ectopically in the liver, not only insulin but
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Table 1

Distribution of blood glucose levels in each treatment group

Blood glucose (mg/dl) 100-200 200-300 300-400 400-500 500-600
LacZ (%) 0 0 8 69 23
wt-PDX1 (%) 0 12 50 38 0
PDXI1-VP16 (%) 27 47 13 13 0

Blood glucose levels were determined 40 days after each adenoviral treatment. Blood glucose levels of mice before the adenoviral treatment (6 days
after STZ injection) were all above 300 mg/dl. (Lac Z; n = 13, wt-PDX1; n =8, and PDX1-VP16; n = 15.)
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Fig. 2. Effects of wi-PDX1 and PDX1-VP16 adenoviral gene therapy on blood glucose levels after a glucose load, and glucagon, somatostatin,
pancreatic polypeptide, and amylase expressions. (A) Blood glucose levels during oral glucose tolerance testing (I g/kg body weight) in LacZ-mice
(closed circle; n = 7), wt-PDX1-mice (open square; n = 8), and PDX1-VP16-mice (open circle; n=7) on day 40 after adenovirus administration.
Data are presented as means == SEM. (B) immunohistochemical staining of livers from LacZ-mice (b,f,j,n), wt-PDXI-mice (c,g,k,0), and PDX1-
VPI16-mice (d,h,},p) with glucagon (b-d), somatostatin (f-h), pancreatic polypeptide (j-1) or amylase (n-p) antibody. Sections of normal pancreas
were used as positive controls for each staining procedure (a,e,i,m). Original magnification 100x.

also other endocrine hormones as well as pancreatic exo-
crine genes are expressed, resulting in dysmorphogenesis
and hepatic failure [10]. In contrast, in the present study,
adenovirus-mediated transduction of the wt-PDX1 or

the PDX1-VP16 gene into the liver did not induce lobe
structural abnormalities or substantial infiltration of
inflammatory cells (Fig. 2B). Furthermore, using immu-
nohistochemistry, no immunoreactivity against glucagon



J. Imai et al. | Biochemical and Biophysical Research Communications 326 (2005) 402409 407

or somatostatin was detected in livers from wt-PDX1-
mice and PDX1-VP16-mice. In addition, in these livers
there was no detectable production of amylase, a pancre-
atic exocrine enzyme (Fig. 2B), which may explain the
normal morphogenesis in our experimental animals.
On the other hand, pancreatic polypeptide was expressed
in livers from PDXI1-VP16-mice, and in those from
wt-PDX1-mice though to a lesser extent. These results
demonstrate that transient expression of PDXI1-VP16
alters the character of hepatocytes to preferentially pro-
duce insulin and pancreatic polypeptide, but not other
endocrine hormones or exocrine enzymes.

Adenoviral gene transfer induced gene expression for
1 week but, after 2 weeks, this expression reportedly dis-
appeared [22]. However, in the present study, the blood
glucose lowering effects and hepatic insulin expression
persisted for at least 40 days. Therefore, the time course
of PDXI1 protein expression levels was examined. As
shown in Fig. 3A, immunoblotting using anti-VP16 acti-
vation domain antibody revealed PDX1-VP16 protein
to be expressed on day 3 but expression was markedly
decreased on day 7, and undetectable on day 21. Thus,
even after disappearance of VP16-PDX1 expression,
hepatocytes expressed insulin, resulting in lowering of
blood glucose levels. Interestingly, immunoblotting
using anti-PDX1 antibody showed that endogenous
PDXI1 protein, which had the same molecular weight

A
blot:anti-VP16

PDX1-VP16

blot:anti-PDX wi-PDX1
{endogenous PDX1)
B insulin merge

albumin insulin

Fig. 3. Treatment with PDXI1-VP16 adenovirus induced persistent
expression of endogenous PDX1 but albumin and transferrin were co-
expressed in insulin-expressing cells. (A) Liver lysates from PDXI1-
VP16 mice at different time points after adenoviral treatment were
immunoblotted with anti-VP16 (upper panel) or anti-PDX1 (lower
panel) antibody. (B) Liver sections from PDX1-VP16 mice on day 40
were double-immunostained with insulin (middle panels) and trans-
ferrin (upper-left panels) or albumin (lower-left panels) antibodies.
Right panels represent the merged images.

as wt-PDX1, came to be expressed on day 21. Thus, tran-
sient expression of PDX1-VP16 endowed hepatocytes
with certain pancreatic  cell features and endogenous
PDXI1 expression is likely to maintain the insulin-pro-
ducing function of these cells.

To determine whether the insulin-producing cells in
the liver had completely transdifferentiated and lost their
hepatocytic character, liver sections from PDX1-VP16
mice on day 40 were immunostained with insulin and
transferrin (upper panels in Fig. 3B) or albumin (lower
panels in Fig. 3B). Fluorescence immunohistochemistry
revealed that insulin-producing cells in the liver also ex-
pressed transferrin and albumin. Expression levels of
these liver-specific proteins were not substantially de-
creased as compared with non-insulin-producing cells
around the insulin-producing cells. These findings sug-
gest functional hepatocyte-specific characteristics are
maintained in insulin-producing cells in the liver. Thus,
these hepatocytes were not completely converted to pan-
creatic cells.

Discussion

In the present study, administration of recombinant
adenovirus containing an activated form of PDX1 effi-
ciently induced insulin production in hepatocytes,
resulting in reversal of STZ-induced hyperglycemia.
The effects were sustained even when exogenous protein
expression was no longer detectable. In turn, endoge-
nous PDX1 protein came to be expressed in hepatocytes,
which is likely to be the mechanism underlying the sus-
tained effects. On the other hand, albumin and transfer-
rin expressions were observed in insulin-producing cells,
suggesting the maintenance of hepatocyte-specific
characteristics.

Ferber et al. [7] reported that administration of wt-
PDX1 adenovirus at 2x 10° pfu/mouse ameliorates
STZ-induced hyperglycemia but the observed period
was very short (no more than 10 days). The same re-
search group also reported the long-term effects of
PDX1 gene transfer but the titer of recombinant adeno-
virus used was relatively high (1-5 x 10'° pfu/mouse)
[12]. Such high titers may result in liver damage due to
adenoviral toxicity. In the present study, to avoid aden-
oviral toxicity, recombinant adenoviruses were injected
at a titer as low as 2 x 10% pfu. With such a small aden-
oviral delivery, the wt-PDX1 adenovirus exerted very
small effects on insulin and glucose levels, whereas
PDX1-VP16 adenovirus substantially increased insulin
levels and reversed STZ-induced hyperglycemia. These
findings suggest that constitutive activation of PDX1
overcomes the inefficiency associated with low expres-
sion levels of PDXI1 proteins. Thus, adenoviral transfer
of the PDX1-VP16 gene into the liver would presumably
be safer than wt-PDX1 gene therapy.
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HDAD-mediated PDX1 expression in the liver
reportedly causes severe hepatitis including marked
inflammatory cell infiltration with focal necrosis associ-
ated with expression of pancreatic exocrine genes [10]. In
addition, conditional transgenic mice generated by
crossing CAG-CAT-PDX|1 mice with alb-Cre recombin-
ase-mice also displayed functional liver failure with he-
patic expression of exocrine enzymes [11]. In these two
models, exogenous PDX1 expression is persistent.
Transgenes delivered by HDADs are expressed for long
periods exceeding several months. In conditional trans-
genic mice [11], cells, in which the albumin promoter
had once been activated, permanently expressed PDX1
driven by the CAG promoter. These findings suggest
that high and persistent expression of PDX1 induces
exocrine enzyme expression and thereby liver failure.
In the present study, exogenous gene expressions of
wt-PDX1 and PDX1-VP16 were transient and expres-
sion levels were relatively low on day 7 (Fig. 3A). Thus,
transient expression appears to be important for endow-
ing hepatocytes with certain features of pancreatic [
cells, but not of exocrine cells.

It is noteworthy that exogenous, transient expression
of PDX1-VP16 induced prolonged expression of endog-
enous PDX1 which apparently contributed to persistent
insulin production with hepatocytic features. Ber et al.
also reported that rat PDX1 gene transduction using
first-generation adenovirus induced persistent endoge-
nous (murine) PDX1 expression. Thus, transient expres-
sion of wt-PDX1, and more efficiently PDX1-VP16, may
induce persistent and low-level expression of endoge-
nous PDX1. In the adult pancreas, persistent but low-le-
vel expression of PDX1 is detected only in B cells [3] and
PDXI1 expression is required for maintaining normal
pancreatic f cell function [6]. These observations suggest
that persistent, low-level expression of PDX1 is involved
in preferential production of insulin and pancreatic
popypeptide in hepatocytes.

In transgenic Xenopus tadpoles expressing Xlhbox8
(Xenopus homolog of PDX1) carrying the VP16 activa-
tion domain under a transthyretin promoter, part or all
of the liver is reportedly converted to pancreatic tissue
without expression of liver-specific gene products,
suggesting complete conversion of hepatocytes to pan-
creatic cells [14]. In contrast, in the present study, insu-
lin-producing cells in the liver in PDX1-VP16 mice also
expressed albumin and transferrin, which suggests pres-
ervation of hepatocytic functions. This discrepancy may
be explained by the differences between amphibian and
mammalian cells. Alternatively, the conversion may oc-
cur during embryonic differentiation, while, in adult and
differentiated hepatocytes, complete transdifferentiation
into pancreatic endocrine or exocrine cells would be dif-
ficult to achieve even with PDXI1-VP16 expression.
Although intensive research is necessary to unravel the
precise mechanisms underlying transdifferentiation, the

partial conversion induced by PDX1-VP16 expression
in adult hepatocytes has practical applications, since loss
of hepatocytic functions may result in liver failure. Fur-
thermore, incomplete transdifferentiation could prevent
the generated insulin-producing cells from being at-
tacked by a destructive autoimmune response in type 1
diabetics.
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Abstract

Adenovirus (Ad) vectors have been expected to play a great role in gene therapy because of their extremely high
transduction efficiency and wide tropism. However, due to the intrinsic deficiency of their immunogenic toxicities, Ad vectors
are rapidly cleared from the host, transgene expression is transient, and readministration of the same serotype Ad vectors is
problematic. As a result, Ad vectors are continually undergoing refinement to realize their potential for gene therapy
application. Even after 1999, when a patient fatally succumbed to the toxicity associated with Ad vector administration at a
University of Pennsylvania (U.S.) experimental clinic, enthusiasm of gene therapists for Ad vectors has not waned. With great
efforts from various research groups, significant advances have been achieved through comprehensive approaches to improving
the kinetics of Ad vector-delivered genes and gene products.
© 2005 Elsevier B.V. All rights reserved.
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