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that shown in Fig. 4 (data not shown). Compared with
the control group treated with AdRGD-Luc, in which
about 90% of the mice had readily discernable lung
metastasis, only one of nine animals treated with
AdRGD-1IL-12 demonstrated metastasis.

Discussion

Viral vector-encoded chemokines and cytokines are
used widely in cancer gene therapy [22,23]. IL-12 has
demonstrated remarkable anti-tumor activity when used
directly as a recombinant protein or after various viral
and non-viral vectors have been used to transfer its
genes [24-26]. The development of an efficient vector is
pivotal for gene therapy. Because of its high transfection
efficiency and because it can transfect both dividing and
quiescent cells, Ad vectors are used widely in gene ther-
apy protocols: about 26% of gene therapy clinical trials
use Ad vectors as gene carriers [27,28). However, the
lack of Coxsackie adenovirus receptor (CAR), which is
an jmportant receptor for conventional Ad vector
infection, in many types of malignant cells impairs the
tranfection efficiency with Ad vector [29]. Meth-A fibro-
sarcoma has been confirmed by RT-PCR to be deficient
in expression of CAR but with expression of integrin
{data not shown). Qur previous reports have also shown
that insertion of the RGD peptide into the fiber se-
quences of Ad vectors induces enhanced gene transfec-
tion in CT26 and A2058 cells [30,31). The results of
our present study also demonstrate that the fiber-mutant
Ad vector induced enhanced expression of the encoded
luciferase gene in Meth-A fibrosarcoma cells compared
with the expression due to conventional vector (Fig.
2). Furthermore, we confirmed the presence of IL-12
p70 m the supernatant of Meth-A cells transfected with
AJRGD-IL-12 (Fig. 3).

Systemic administration of recombinant IL-12 at
high doses induces adverse effects associated with high
systemic peak concentrations [32,33]. Therefore, gene
transfer methods are designed to confine IL-12 produc-
tion to the tumor environment, thereby preventing sys-
temic toxicity. Tumor cells, dendritic cells, and
autologous fibroblasts have been transfected with re-
combinant adenoviruses or retroviruses to secrete IL-
12 Jocally and have shown favorable efficacy and safety
profiles [34,35]. Several groups have shown that intratu-
moral injection of an Ad vector encoding IL-12 effi-
ciently eradicates experimental gastrointestinal cancer
[36,37]. Disadvantages of direct topical administration
include tissue damage, and some tumor sites may be
inaccessible even to computed tomography-guided per-
cutaneous injection and radiographically directed deliv-
ery [38] However, these limitations favor those types of
gene therapy that do not require all tumor cells or tumor
masses that express the gene.

Meth-A has shown that it is an IL-12-insensitive tu-
mor cell, in that established tumors could not be treated
efficiently via systemic administration of IL-12 and
could not even be suppressed effectively (ie., only
42,5% of mice rejected the tumor) after transfection of
an IL-12-containing retroviral vector [12,39]. In our
present study, however, a single intratumoral injection
of a relatively low dose of AdRGD-IL-12
{2 x 107 PFU) elicited strong anti-tumor activity against
established tumors (i.e., diameter of about 10 mm at the
beginning of treatment; Fig. 4A). Treatment induced
complete tumor regression in about 70% of tumor-bear-
ing mice, and the growth rates of the remaining tumors
seem to have been retarded (individual data not shown).
Treatment also prolonged the survival of the mice signif-
icantly compared with that of the group injected with
AdRGD-Luc, a control vector {Fig. 4B), Meanwhile,
no detectable IL-12 and IFN-y existed in the sera after
treatment {data not shown)—findings that are consistent
with those other reports [40], Furthermore, intratumoral
injection of AdRGD-IL-12 induced a profound long-
term specific anti-tumor inununity in mice with complete
regression of the initial Meth-A lesion (Table 1).

Studies have shown that IL-12 elicits tumor regres-
sion after induction of T-cell migration to tumor sites
[41]. The failure of IL-12 therapy in Meth-A via systemic
administration is thought to be due to the inability to re-
cruit immune cell migration into tumor cells, and further
investigation has indicated a key role of the peritumoral
stroma/stromal vasculature in the acceptance of the tu-
mor-infiltrating T cells that are a prerequisite for IL-12-
induced tumor regression [12]. Our results similarly
demeonstrated the accumulation and uniform distribu-
tion of CD3* T cells in the tumor after intratumoral
injection, thus supporting the notion that the pro-
nounced anti-tumor effect is related to immune cell infil-
tration (Fig. 5). However, it remains unclear why
intratumoral injection but not systemic administration
induces immune cell accumulation in tumor tissue.

We also evaluated the anti-metastasis activity associ-
ated with a single intratumoral injection of AdRGD-
IL-12. Metastasis is a challenge for cancer treatment,
especially because almost all immunotherapy performed
in the clinical setting is adjuvant treatment given after
surgical reduction of the primary tumor mass for con-
trolling recurrence and metastasis. Interestingly, the sin-
gle intratumoral injection of AdRGD-IL-12 did induce
anti-tumor activity toward disseminated tumors in the
lung: histopathology confirmed the complete absence
of metastatic tumors in eight of the nine mice tested
{and only sporadic residual tumor in the remaining ani-
mal). In contrast, all mice that received intratumoral
injection of the control vector developed metastases,
suggesting that local expression of 11.-12 also stimulates
the systemic immune response to subsequently affect dis-
tant malignant cells.
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All the results of our present study indicate that a
single intratumoral injection of an IL-12-encoding fi-
ber-mutant Ad vector induces T-cell infiltration into
stroma-deficient Meth-A fibrosarcoma and is effective
in the treatment of, and protection against challenge
with, syngeneic tumors. Our results also suggest that a
single intratumoral administration of AJRGD-IL-12
can induce a curative immune response in the face of a
micrometastasizing tumor.
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Immunological properties and vaccine efficacy of murine
dendritic cells simultaneously expressing melanoma- assoaated
antigen and interleukin-12
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Interleukin (IL)-12 is a key factor for inducing cellular immune responses, which play a central role in the eradication of cancer. In
the present study, in order to create a dendritic cell (DC)-based vaccine capable of positively skewing immune response toward a
cellular immunity-dominant state, we analyzed immunological characteristics and vaccine efficacy of DCs cotransduced with
melanoma-associated antigen (gp100) and IL-12 gene (gp100 + 1L12/DCs) by using RGD fiber-mutant adenovirus vector (AdRGD),
which enables highly efficient gene transduction into DCs. gp100 + 1L12/DCs could simultaneously express cytoplasmic gp100 and
secretory IL-12 at levels comparable to DCs transduced with each gene alone. In comparison with DCs transduced with gp100
alone (gp100/DCs), upregulation of major histocompatibility complex class I, CD40, and CD86 molécules on the cell surface and
more potent T-cell-stimulating ability for proliferation and interferon-y secretion were observed as characteristic changes in
gp100+1L12/DCs. In addition, administration of gp100 + IL12/DCs, which were prepared by a relatively low dose of AdRGD-IL12,
could induce more potent tumor-specific cellular immunity in the murine B16BL6 melanoma model than vaccination with gp100/
DCs. However, antitumor effect and B16BL6-specific cytotoxic T-lymphecyte activity in mice vaccinated with gp100 +1L12/DCs
diminished with increasing AARGD-IL12 dose during gene transduction, and paralleled the decrease in presentation levels via MHC
class | molecules for antigen transduced with another AARGD. Collectively, our results suggested that optimization of combined
vector dose was required for development of a more efficacious DC-based vaccine for cancer immunotherapy, which relied on
genetic engineering to simultaneously express tumor-associated antigen and {L-12.
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endritic cells (DCs} are potent professional antigen-
Dpresenting cells (APCs) that play a pivotal role in
directing and amplifying the adaptive immune response to
pathogens and infected/mutated cells.'"? The ability of
DCs to stimulate naive T cells has long been thought to be
crucial in initiating an effective immune response, and
DCs are uniquely situated at the interface between the
innate and adaptive immune systems. Because of these
immunological properties, DCs are currently under
intense scrutiny as potential adjuvants for vaccines in
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many clinical settings. Studies in healthy volunteers and
patients with cancer have shown that tumor-associated
antigen (TAA)-pulsed DCs can boost both CD8™ and
CD4% T-cell responses in vivo.>™

Although these promising findings encourage the
development of DC-based immunotherapy for cancer.
the establishment of DC-manipulation capable of supple-
menting optimal vaccine function is required for the
achievement of sufficient efficacy in current therapy. We
previously established a highly efficient gene transduction
technique into DCs by applying RGD fiber-mutant
adenovirus vector (AdRGD).%" and demonstrated that
DCs transduced with TAA gene using AARGD are
effective vaccine carriers for induction of tumor-specific
immune responses in mice.** These results suggested that
the AdRGD system is very useful for DC-manipulation



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
humeoral 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 35 kDa (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,'sY7 [IJroduction of interferon (IFN)-y from acti-
vated cells,”"® and promotion of differentiation of helper
T-type | (Thl) cells from ThO cells.'”?*%! IFN-y is
involved in IL-12-mediated tumor regression,*? and IL-12
also exhibits an anfiangiogenic 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
TL-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
gpl00, a melanoma-associated antigen, and IL-12, and
investigated its immunological characteristics and vaccine
efficacy.

Materials and methods
Celf 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-ME2, 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 4M 2-ME, and
antibiotics, Female CS7BL/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 AJRGD 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.® AdRGD-IL12,2¢
AdRGD-gp100,” AdRGD-OVA® and AJdRGD-Luc®
were previously constructed by an improved in vitro
ligation method,>*?"*® and encoded the murine IL-12
gene derived from mlIL12 BIA/pBluescript II 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 AJRGDs were propagated in 293
cells, purified by two rounds of cesium chloride gradient
ultracentrifugation, dialyzed, and stored at —80°C. Titers
of infective ARGD 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 fernurs 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 10ml of
culture medium was added to the dish for medium
replenishment. On day 6, 10ml 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 | ug/ml lipopolysaccharide (LPS; Nacalai
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 § x 10° cells/ml
in FBS-free RPMI 1640 and placed in a 15-ml conical
tube. Each AdRGD 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 50zl reaction mixture containing 5ug total RNA
treated with DNase I, 104l 5 x RT buffer, 5SmM MgCl,,
ImM dNTP mix, 1 uM random primer (9-mer), 1M
oligo(dT)p, and 100U ReverTra Ace (TOYOBO Co.,
LTD, Osaka, Japan). PCR amplification of the gp100, IL-
12p35, IL-12p40, and B-actin transcripts was performed
in 50yl of a reaction mixture containing 14l of RT-
material, Sul 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, ¥-cct aga act tge cag tat
tgg c-3'; murine IL-12p35: forward, §'-tgt tta cca ctg gaa
cta cac aag a-3'; reverse, 5'-aga get tca ttt tca cte tgt aag g-
¥; murine IL-12p40: forward, 5'-ctc ace tgt gac acg cct ga-
¥, reverse, 5'-cag gac act gaa tac ttc te-3'; murine f-actin:
forward, 5'-tgt gat got ggg aat ggg tca g-3; reverse, 5'-ttt
gat gtc acg cac gat ttc c-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 gp100 and f-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 (B-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 ul staining
buffer (PBS containing 0.1% bovine serum albumin and
0.01% NaNlN,) containing the anti-FeyRIIIII monoclonal
antibody (mAb), 2.4G2 (rat IgGyy, »; 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 100! staining buffer
containing the HMBS50 mAb against human gp100
(mouse IgGs.; Neomarkers, Fremont, CA), and then
resuspended in 100 gl staining buffer containing fluor-
escein isothiocyanate-conjugated anti-mouse Ig, (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.

Evaluation 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 IL-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/
DGCs, 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 100 ul 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 AdJRGD-OVA, AdRGD-IL12, and AdRGD-
Luc, and then seeded on a 96-well flat-bottom culture
plate at a density of 1x 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 IL-2
released into an aliquot of culture medium (100 ul) using a
murine IL.-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 C37BL/6 mice immunized intradermally with
1 x 10° DCs transduced with AARGD-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 1x10° 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 3% 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 L8 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 yuM 2-ME, 10 U/ml
recombinant murine IL-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 zul. 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 ul.
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/m! recombinant murine IFN-y (Pepro-
Tech EC LTD) for 24 hours and inactivated with 50 pg/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 pM 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. Spontancous 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
it-12

We examined the cytopathic effects of AARGD-IL12 and
AdRGD-gpl100 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 AARGD-IL12 alone or
AdRGD-ILI2 plus AARGD-gpl00 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 AARGD-gpl100 alone at 25 MOI (lane
1) or the combination of AARGD-gpl100 at 25 MOI and
AdRGD-IL]2 at various MOI (lanes 3, 4, and 5). PCR

gp100
IL-12p35
1L-12p40

p-actin

=
=
—
[
w
'S
o
o
~
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Figure 1 RT-PCR analysis of gp100, IL-12p35, and [L-12p40 in DCs
cotransduced with AJRGD-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-molecutar ruler, lana N H,O as
template, lane 1; DCs transduced with AJRGD-gp100 alone at 25
MOI, lane 2; DCs transduced with ADRGD-IL12 alone at 25 MO,
lane 3: DCs cotransduced with AdRGD-gp100 at 25 MOI and
AdRGD-1L12 at 25 MOI, lane 4; DCs cotransduced with AdRGD-
gp100 at 25 MO! and AJRGD-IL12 at 12.5 MO, lane 5; DCs
cotransduced with AARGD-gp100 at 25 MOI and AJRGD-IL12 at 5
MOI, fane 6; DCs transduced with AdRGD-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 AdRGD-IL12 in DCs
cotransduced with AdRGD-gpl00 and AdRGD-IL12
(lanes 3, 4, and 5), and their levels were equal in DCs
transduced with AARGD-ILI12 alone at 25 MOI (lane 2)
and DCs cotransduced with AARGD-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 IL-12p40 mRNA levels of LPS/DCs
(lane 7) were comparable with those of DCs cotransduced
with AAdRGD-gpl00 at 25 MOI and AJRGD-ILI2 at 5
MOI {lane 5).

In order to confirm cytoplasmic expression of human
gp100 protein, we performed flow cytometric analysis by
the intracellular staining method using HMB50mAb (Fig
2a). Under transductional conditions using AdRGD-
gp100 at 25 MOI, about 70% of DCs could express gp100
protein in their cytoplasm whether or not the DCs were

cotransduced individually with AdRGD-IL12 or
AdRGD-Luc at 25 MOL Gene expression intensity
(mean fluorescence intensity; MFI) of gpl100 in cotrans-
duced DCs was also comparable to that of DCs
transduced with AdRGD-gp100 alone. These data clearly
demonstrated that the expression level of endogenous
antigen transduced with AdRGD was not affected by
cotransduction of AARGD-ILI2 in DCs. Likewise, IL-12
secretion levels in DCs transduced with various combina-
tions of AdRGD-gp100 and AdRGD-IL12 were investi-
gated by ELISA (Fig 2b). MOI-dependent IL-12p70, the
biologically active form, and IL12p40 secretion into
cuiture media of DCs cotransduced with AdRGD-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.
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Figure 2 gp100 and IL-12 expression in DCs cotransduced with AdRGD-gp100 and AdRGD-IL12. (a) DCs were transduced with the indicated
combinations of various AdRGDs at the indicated MO for 2 hours. At 24 hours posttransduction, hurnan 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
AJRGD-IL12 and AdRGD-gp100 at the indicated MO for 2 hours, DCs treated with 1 #g/mi 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 mean+ 3D 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 AJRGD-
IL12 (Fig 3). In comparison with mock DCs, DCs
transduced with AJRGD-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 1, CD40 and CD8&6
was observed as a characteristic change in DCs cotrans-
duced with AJRGD-gp100 and AJRGD-ILI12 as well as
DCs transduced with AAdRGD-IL12 alone. As upregula-
tion of these molecules was dependent on MOI of

DC vaccine cotransduced with TAA and IL-12
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2

-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 biocassay using T-T hybrido-
ma, CD8-OVA 1.3 cells, between DCs transduced with
various combinations of AJRGD-OVA, AJRGD-IL12,
and AdRGD-Luc (Fig 4). In comparison with DCs
transduced with AARGD-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 AdRGD-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-presentafion
level was observed in DCs cotransduced with AAdRGD-
OVA and AdRGD-Luc, suggesting that competition
may occur during a particular step of the MHC class 1

AdRGD-gp100 AJRGD-IL12 H-2K*D* I-At CcD40 cDso cDs6
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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-1L12 at the indicated MOI for 2 hours. DCs treated with 1 xg/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 #test. 'P<.05, 'P<.01 versus DCs transduced with AdJRGD-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 AJRGD-OVA and either AdRGD-IL12 or AJRGD-
Luc at the indicated MO for 2 hours. The levels of OVA peptide
presentation via MHC class | molacules by transduced DCs were
detemined 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 detectahle.

antigen-presentation pathway in DCs simultaneously
expressing distinct proteins due to the presence of
multiple AdRGDs. 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 AdRGD encoding
antigen were slightly decreased by increasing dose of
combined AARGD-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 AdRGD-gp100 alone or a combination of AJRGD-
gp100 and AdRGD-IL12. DCs transduced with AdRGD-
gp100 alone at 25 MOI (gp100(25MOI)/DCs), ARGD-
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 (gpl100
(25MOI) + IL12(25MOI)/DCs, gp100(25MOT) +IL.12(12.5
MOI/DCs, and gpl00(25MOI) +IL12(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 AJRGD 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, gp100(25MOI)+ IL12(25MOI)/DCs, gpl00
(25MOI) +1L12(12.5MOI)/DCs, and gpl00(25MOI) +
IL12(SMOI)/DCs could more strongly stimulate syn-
geneic naive T-cell proliferation as compared with
gpl00(25MOI)/DCs or Lue(25MOI)/DCs (Fig 5b), sug-
gesting that in vitro syngeneic naive T-cell proliferation by
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Figure § Allogeneic and syngeneic T-cell proliferation-stimulating
ability of DCs cotransduced with gp100 and IL-12 gene by AJRGD.
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/6 T lymphocytes (b), or gp100-primed
CS57BL/6T 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 meanz+ SE of three independent cultures using T
cells prepared from three individual mice.

DCs cotransduced with AJRGD-gpl00 and AdRGD-
IL12 was greatly influenced by secreted IL-12 rather than
antigen-presentation via MHC molecules. Furthermore,
in comparison with gpl00(25MOI)/DCs, DCs transduced
with AdRGD-IL12 alone or in combination with
AdRGD-gp100 could induce considerable proliferation
of syngeneic gpl00-primed T cells, which were purified
from C57BL/6 mice vaccinated beforehand with 108
gpl00(25MOI)/DCs (Fig 5¢c). However, proliferation
levels of syngeneic gp100-primed T cells stimulated by
DCs transduced with AARGD-IL12 alone or in combina-
tion with AdRGD-gp100 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 10U/
ml recombinant murine IL-2 (Table 1). IL12(25MOI)/
DCs, gpl00(25MOL) + IL12(25MOI)/DCs, gpl00(25MOL) +
IL12(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
(MO} (MCI) IFN-y (ng/ml)  (pg/ml)  (pg/ml}

0.25+0.05 <15 <30

25 — 1.00+0.18 <15 <30
- 25 17.17+0.48 <15 <30
25 25 25.78+1.84 <15 <30
25 12.5 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 gpl00(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 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
in-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 AGRGD-gp100, AARGD-ILI12,
and AdRGD-Luc, and then these mice were inoculated
with 2x 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 IL]2(25-
MOI)Y/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(25MOD) + IL12(SMOI)/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
gpl00(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 IL-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 AJRGDs at
the indicated MO! 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 tha mean + SE of 6-12 mice. Statistical analysis of tumor
volume on day 22 after tumor challenge was carried cut by Mann-
Whitney {Hest. P<.01 (R, 4, O), P<.05 (@), not significant ( x,
0O, ¢) versus Luc(25MOI)/DCs (A). P<.01 (x, A, O, <€), not
significant (@, W, A} versus gp100{25MOI)/DCs (O).

assay. At | 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 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)+ IL12{25MOI)/DCs
as well as IL12(25MOI)/DCs, whereas EL4 cells were not
injured by splenocytes prepared from any groups.
Effector cells from  mice  Immunized with
gpl00(25MOI) + IL12(SMOI)/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 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 gpl00(2SMOI)/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 BI6BL6 tumor challenge, mice vaccinated with
gpl100(25MOT) + IL12(25MOI)/DCs  showed  lower
B16BL6-specific CTL activity than mice immunized with
2pl00(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 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-ILI2 during gene
transduction could enhance NK activity, but attenuated
BI6BL6-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
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 DCs.**%¢ 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

4
Figure 7 NK (a) and B16BL6-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
AJRGD-gp100 and AARGD-IL12 at the indicated MO 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 splenccytes 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 B16BLS cells. A
cytolytic assay using the restimulated splenocytes was performed
against [FN-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
IESpOonses.

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 Hl-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 c¢cDNA to the internal ribosome entry site
sequence to IL-12pd4( cDNA under the contrel 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 IL-12p40
subunit mRNA in DCs, but not IL-12p35 subunit
mRNA. Several reports have demonstrated that the
production of the two JL-12 subunits is regulated by
different mechanisms, mainly at the level of mRNA
expression, and that the level of bicactive IL-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-gpl100 and AdRGD-IL12 could simulta-
neously express gpl00 and 1L-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 AJRGD-transduction, and that DCs
transduced with the [L-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 [L-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 AdRGDs (Fig 2a). In addition,
OVA-presentation levels in DCs transduced with
AdRGD-OVA were markedly decreased by combination
with AARGD-Luc, which expresses luciferase as another
endogenous antigen (Fig 4). These inconsistent resuits
suggested that processing machineries in the MHC class I-
presentation pathway may compete with multiple proteins
transduced by the combination of AARGDs, and that
localization characteristics, such as cytoplasmic accumu-
latton, 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 AARGDs 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 vive.

We attempted to compare vaccine efficacy of DCs
genetically modified with wvarious combinations of
AdRGD-gpl100, AdRGD-IL12, and AARGD-Luc using
the murine B16BL6 melanoma model. Although mice
vaccinated with gplO0(25MOT) + IL12(5MOI)/DCs ex-
hibited more effective suppression of Bi6BL6 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 AdRGD-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 gplOO(25MOI) + Luc(25MOI)/DCs was ob-
viously inferior to that by gpl00(2SMOI)/DCs. An
alternative explanation for the negative effect of
AdRGD-IL!12-cotransduction includes an immunosup-
pressive effect of excess IL-12 on the host’s immune cells.
Several studies have demonstrated that [L-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 i 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 AJRGD-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 JL-12 has not been fully clarified because both
positive*® and negative*S 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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2-ME, 2-mercaptoethanol; AdRGD, RGD fiber-mutant
adenovirus vector; APC, antigen-presenting cell; BrdU, 5-
bromo-2'-deoxyuridine; CTL, cytotoxic T lymphocyte;
DC, dendritic cell; Eu, europium; FBS, fetal bovine
serum; GM-CSF, granulocyte/macrophage colony-stimu-
lating factor; IFN, interferon; IL, interleukin; LPS,
lipopolysaccharide; mAb, monoclonal antibody; MHC,
major histocompatibility complex; MLR, mixed leuko-
cyte reaction; MMC, mitomycin C; MOI, multiplicity of
infection; NK, natural killer; OVA, ovalbumin; PBS,
phosphate-buffered saline; RT-PCR, reverse transcrip-
tion-polymerase chain reaction; TAA, tumor-associated
antigen; Th, helper T cell.

Acknowledgments

We are grateful to Dr Hiroshi Yamamoto (Department of
Immunology, Graduate School of Pharmaceutical
Sciences, Osaka University, Suita, Japan) for providing
mIL12 BIA/pBluescript II KS8(-), to Dr Hirofumi
Hamada (Department of Molecular Medicine, Sapporo
Medical University, Sapporo, Japan) for providing pAx1-
CA h-gpl00, to Dr Michael J Bevan (Department of
Immunology, Howard Hughes Medical Institute, Uni-
versity of Washington, Seattle, WA) for providing pAc-
neo-OVA, to Dr Clifford V Harding (Department of
Pathology, Case Western Reserve University, Cleveland,
OH) for providing CD8-OVA 1.3 cells, to Yasushige
Masunaga, Masaya Nishida, and Aya Matsui (Depart-
ment of Biopharmaceutics, Kyoto Pharmaceutical Uni-
versity, Kyoto, Japan) for technical assistance, and to
KIRIN Brewery Co., Ltd (Tokyo, Japan) for providing
recombinant murine GM-CSF.

The present study was supported in part by the Research
on Health Sciences focusing on Drug Innovation from
The Japan Health Sciences Foundation; by the Science
Research Promotion Fund of the Japan Private School
Promotion Foundation; by grants from the Bioventure

Cancer Gene Therapy

Development Program of the Ministry of Education,
Culture, Sports, Science and Technology of Japan; and by
grants from the Ministry of Health, Labour and Welfare
in Japan.

References

1. Banchereau J, Steinman RM. Dendritic cells and the control
of immunity. Nature. 1998;392:245-252.

2. Kapsenberg ML. Dendritic-cell control of pathogen-driven
T-cell polarization. Nat Rev Immunol. 2003:3:984-993.

3. Nestle FO, Alijagic 8, Gilliet M, et al. Vaccination of
melanoma patients with peptide- or tumor lysate-pulsed
dendritic cells. Nat Med. 1998;4:328-332.

4. Thurner B, Haendle I, Roder C, et al. Vaccination with
mage-3A1 peptide-pulsed mature, monocyte-derived den-
dritic cells expands specific cytotoxic T cells and induces
regression of some metastases in advanced stage IV
melanoma. J Exp Med. 1999;190:1665—1678.

5. Yu IS, Wheeler CJ, Zeltzer PM, et al. Vaccination of
malignant glioma patients with peptide-pulsed dendritic
cells elicits systemic cytotoxicity and intracranial T-cell
infiltration. Cancer Res. 2001:61:842-847,

6. Okada N, Tsukada Y, Nakagawa S, et al. Efficient gene
delivery into dendritic cells by fiber-mutant adenovirus
vectors. Biochem Biophys Res Commun. 2001;282:173~179.

7. Okada N, Masunaga Y, Okada Y, et al. Gene transduction
efficiency and maturation status in mouse bone marrow-
derived dendritic cells infected with conventional or RGD
fiber-mutant adenovirus vectors. Cancer Gene Ther.
2003;10:421-431,

8. Okada N, Saito T, Masunaga Y, et al. Efficient antigen gene
transduction wsing Arg-Gly-Asp fiber-mutant adenovirus
vectors can potentiate antitumor vaccine efficacy and
maturation of murine dendritic cells. Cancer Res,
2001,61:7913-7519.

9. Okada N, Masunaga Y, Okada Y, et al. Dendritic cells
transduced with gpl00 gene by RGD fiber-mutant adeno-
virus vectors are highly efficacious in generating anti-
B16BL6 melanoma immunity in mice. Gene Therapy.
2003;10:1891-1902.

10. Hammerling GJ, Klar D, Pulm W, et al. The influence of
major histocompatibility complex class I antigens on tumor
growth and metastasis. Biochim Biophys Acta. 1987
907:245-259.

11. Moller P, Hammerling GJ. The role of surface HLA-AB.C
molecules in tumour immunity, Cancer Surv. 1992;13:
101-127,

12. Khanna R. Tumour surveillance: missing peptides and
MHC molecules. fmmunol Cell Biol. 1998;76:20-26.

13. Nishimura T, Nakui M, Sato M, et al, The critical role of
Thl-dominant immunity in tumor immunology. Cancer
Chemother Pharmacol. 2000;46(Suppl):$52-S61.

14. Gubler U, Chua AO, Schoenhaut DS, et al. Coexpression of
two distinct genes is required to generate secreted bioactive
cytotoxic lymphocyte maturation factor. Proe Nat! Acad Sci
USA4. 1991;88:4143-4147.

15, Wolf SF, Temple PA, Kobayashi M, et al. Cloning of
cDNA for natural killer cell stimulatory factor, a hetero-
dimeric cytokine with multiple biologic effects on T and
natural killer cells. J Imnumol. 1991;146:3074-3081.

16. Robertson MIJ, Soiffer RJ, Wolf SF, et al. Response of
human natural killer (NK) cells to NK cell stimulatory



17.
18.

19.

20.

21.

22.

23.

24.

2s.

26.

27.

28.

29.

30.

3L

32.

factor (NKSF): cytolytic activity and proliferation of NK
cells are differentially regulated by NKSF. J Exp Med.
1692;175:779-788.

Brunda MJ. Interleukin-12. J Leukoc Biol. 1994;55:280-288.
Chan SH, Perussia B, Gupta JW, et al. Induction of
interferon gamma production by natural killer cell stimula-
tory factor: characterization of the responder cells and
synergy with other inducers. J Exp Med 1991;173:
869-875.

Chan SH, Kobayashi M, Santoli D, et al. Mechanisms of
[FN-y induction by natural killer cell stimulatory factor
(NKSF/IL-12). Role of transcription and mRNA stability in
the synergistic interaction between NKSF and IL-2,
J Immunol. 1992;143:92-98,

Hsieh C8, Macatonia SE, Tripp CS, et al. Development of
THI1 CD4" T cells through IL-12 produced by Listeria-
induced macrophages. Science. 1993;260:547-549.

Seder RA, Gazzinelli R, Sher A, et al. Interleukin 12 acts
directly on CD4* T cells to enhance priming for inter-
feron y production and diminishes interleukin 4 inhibition
of such priming. Proc Natl Acad Sci USA. 1993;90:
10188-10192.

Nastala CL, Edington HD, Mc¢Kinney TG, et al. Recombi-
nant IL-12 administration induces tumor regression in
association with JEN-y production. J Immunol. 1994
153:1697-1706.

Voest EE, Kenyon BM, O'Reilly MS, et al. Inhibition of
angiogenesis in vivo by interleukin 12. J Natl Cancer Inst.
1995;87:581-586.

Pfeifer JD, Wick MJ, Roberts RL, et al. Phagocytic
processing of bacterial antigens for ¢lass I MHC presenta-
tion to T cells. Nature. 1993;361:359-342.

Mizuguchi H, Koizumi N, Hosono T, et al. A simplified
system for comstructing recombinant adenoviral vectors
containing heterologous peptides in the HI loop of their
fiber knob. Gene Therapy. 2001;8:730-735.

Okada Y, Okada N, Nakagawa S, et al. Fiber-mutant
technique can augment gene transduction efficacy and anti-
tumor effects against established murine melanoma by
cytokine-gene therapy using adenovirus vectors. Cancer
Lett. 2002;177:57-63.

Mizuguchi H, Kay MA. Efficient construction of a
recombinant adenovirus vector by an improved in vitro
ligation method. Hum Gene Ther. 1998;9:2577-2583.
Mizuguchi H, Kay MA. A simple method for constructing
El- and EI1/E4-deleted recombinant adenoviral vectors.
Hum Gene Ther. 1999;10:2013-2017.

Lutz MB, Kukutsch N, Ogilvie AL, et al. An advanced
culture method for generating large quantities of highly pure
dendritic cells from mouse bone marrow. J Immunol
Methods. 1999;223:77-92.

Okada N, Tsujino M, Hagiwara Y, et al. Administration
route-dependent vaccine efficiency of murine dendritic cells
pulsed with antigens. Br J Cancer. 2001;84:1564-1570.
Lanzavecchia A. Identifying strategies for immune inter-
vention. Science. 1993,260:937-944.

Scott P, Trinchieri G. IL-12 as an adjuvant for cell-mediated
immunity. Semin Immunol. 1997,9:285-291,

DC vaccine cotransduced with TAA and IL-12
N Okada et af

33

34.

3s.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Shurin MR, Esche C, Peron JM, et al. Antitumor activities
of JL-12 and mechanisms of action. Chem Immunol.
1997;68:153-174.

Zitvogel L, Couderc B, Mayordomo JI, et al. IL-12-
engineered dendritic cells serve as effective tumor vaccine
adjuvants in vivo, Ann NY Acad Sci. 1996;795:284-293.
Nishioka Y, Hirao M, Robbins PD, et al. Induction of
systemic and therapeutic antitumor immunity using intra-
tumoral injection of dendritic cells genetically modified to
express interleukin 12. Cancer Res. 1999;59:4035-4041.
Melere I, Duarte M, Ruiz J, et al. Intratumoral injection of
bone-marrow derived dendritic cells engineered to produce
interleukin-12 induces complete regression of established
murine transplantable colon adenocarcinomas. Gene Ther-
apy. 1999;6:1779-1784.

Okada Y, Okada N, Mizuguchi H, et al. Optimization of
antitumor efficacy and safety of in wivo cytokine gene
therapy using RGD fiber-mutant adenovirus vector for
preexisting murine melanoma. Biochim Biophys Acta.
2004;1670:172-180.

Snijders A, Hilkens CM, van der Pouw Kraan TC, et al.
Regulation of bioactive IL-12 production in lipopolysac-
charide-stimulated human monocytes is determined by the
expression of the p35 subunit. J Immumol. 1996;156:1207-1212.
Kalinski P, Vieira PL, Schuitemaker JH, et al. Prostaglandin
E; is a selective inducer of interleukin-12 pd0 (IL-12p40)
production and an inhibitor of bioactive IL-12p70 hetero-
dimer. Blood. 2001;97:3466-3469.

Koblish HK, Hunter CA, Wysocka M, et al. Immune
suppression by recombinant interleukin (rIL)-12 involves
interferon gamma induction of nitric oxide synthase 2
(iNOS) activity: inhibitors of NO generation reveal the
extent of rIL-12 vaccine adjuvant effect. J Exp Med.
1998;188:1603~1610.

Medot-Pirenne M, Heilman MJ, Saxena M, et al. Augmen-
tation of an antitumor CTL response in vive by inhibition of
suppressor  macrophage nitric oxide. J Immunol.
1999;163:5877-5882,

Lasarte IJ, Corrales FJ, Casares N, et al. Different doses of
adenoviral vector expressing IL-12 enhance or depress the
immune response to a coadministered antigen: the role of
nitric oxide. J Intmunol. 1999;162:5270-5277.

Nishioka Y, Wen H, Mitani K, et al. Differential effects of
IL-12 on the generation of alloreactive CTL mediated by
murine and human dendritic cells: a critical role for nitric
oxide. J Leukoc Biol. 2003;73:621-629.

Piccioli D, Sbrana S, Melandri E, et al. Contact-dependent
stimulation and inhibition of dendritic cells by natural killer
cells. J Exp Med. 2002;195:335-341.

Chen Y, Emtage P, Zhu Q, et al. Induction of ErbB-2/neu-
specific protective and therapeutic antitumor immunity
using genetically modified dendritic cells: enhanced efficacy
by cotransduction of gene encoding IL-12. Gene Therapy.
2001;8:316-323.

Ribas A, Amarnani SN, Buga GM, et al. Immunosuppres-
sive effects of interleukin-12 coexpression in melanoma
antigen gene-modified dendritic cell vaceines. Cancer Gene
Ther. 2002;9:875-883.

Cancer Gene Therapy

83



RESEARCH ARTICLE

Gene Therapy (2005} 12, 129-139
© 2005 Nature Publishing Group All rights reserved $969-7128/05 $30.00

www.nature.com/gt

Augmentation of the migratory ability of DC-based
vaccine into regional lymph nodes by efficient CCR7

gene transduction

N Okada’, N Mori', R Koretomo', Y Okada®, T Nakayama® O Yoshie®, H Mizuguchi?, T Hayakawa®,
S Nakagawa®, T Mayumi®, T Fujita’ and A Yamamoto'

*Department of Biopharmaceutics, Kyoto Pharmaceutical University, Misasagi, Yamashina-ku, Kyoto, Japan; *Research Institute for
Microbial Diseases, Osaka University, Osaka, Japan; *Department of Microbiology, Kinki University School of Medicine, Osaka-Sayama,
Oksaka, Japan; *Division of Cellular and Gene Therapy Products, National Institute of Health Sciences, Setagaya-ku, Tokyo, Japan;
®National Institute of Health Sciences, Setagaya-ku, Tokyo, Japan; and *Department of Biopharmaceutics, Graduate School of

Pharmaceutical Sciences, Osaka University, Osaka, Japan

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 sensitization/
activation of immune cells because of the poor migratory
abifity 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
proliferation-stimulating abilty, while maintaining inherent

endocylotic activity. Importantly, CCR7/DCs injected intra-
dermally into mice could accumulate in draining lymph nodes
about 5.5-fold more efficiently than control AdRGD-applied
DCs. Reflecting these properties of CCR7/DCs, DC vaccine
genetically engineered lo simultaneously express endogen-
ous antigen and CCR7 could elicit more effective antigen-
specific immune response in vive 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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Published online 14 October 2004

Keywaords: dendritic celf-based vaccination; RGD fiber-mutant adenovirus vector; CCR7; migration; melanoma

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 chemockine 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
‘lymphoid tissue-directivity DC’ vaccine.

Efficient gene transduction to DCs is difficult in any
conventional vector system including adenovirus vector
(Ad), which could transfect in a 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 lymphocytes
(CTLs) in mice*™ Qur 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 AdRGD in gene
transduction efficiency to DCs. Thus, in the present study,
we first constructed an AdRGD-carrying CCR7 gene
(AdRGD-CCR?), and investigated the immunological
properties and vaccine efficacy of murine bone marrow-
derived DCs modified with AARGD-CCR7 in order to
create a ‘lymphoid tissue-directivity DC’ vaccine.

Results

Gene transduction into DCs by AJRGD-CCR7

We examined the cytopathic effects of gene transduction
using AARGD-CCR7 to DCs by MTT assay. AARGD-
CCR7 did not injure DCs with a vector dose of 100
multiplicities of infection (MOD) or less, whereas viability
of DCs was slightly reduced by using AARGD-CCR? 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? 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).

Relative CCR7 mRNA expression
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Figure 1 RT-PCR and flow cytomelric analysis for mouse CCR7 expression levels. DCs were transduced with AARGD-CCR7 or AdRGD-Luc at 50 MOY
{a and c) or the indicated MOI (b). These transduced cells, LPS-stimulated DCs, and mock DCs were eultured for 24 b {a and c) or the indicated period (b)
in GM-CSF-free medium. (n and b) Total RNA toas 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 preducts derived from CCR7 transcripts to the densitometric
units of PCR products derived from B-actin transcripts. Data are presented as mean +5.d. of results from three independent experiments. (c) Flow
cytometric analysis was performed by using anti-monse CCR7 antibody. Negative control represents mock DCs stained by second antibody alove. The data
are representative of two independent experiments, and the % value and the mumerical 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-
CCRY 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 mRINA expression
in CCR7/D(Cs 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 1¢).

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 AdRGD could modify chemokine responsive-
ness of DCs.

Immunological properties of CCR7/DCs

We analyzed the immunological characteristics of CCR7/
DCs prepared with AARGD-CCR7 at 50 MOI. At first, the
expression levels of MHC/costimulatory molecules in
CCR7/DCs cultured for 24h 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 AARGD. 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, Lue/DCs, and LPS/DCs was equal at a
responder/stimulator ratio of 5 (Figure 3b).

The level of fluorescein 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 AGRGD-CCR7 or AdRGD-Luc at 50 MOI (a) or the
indicated MOI (b). These fransduced ceils, 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 @ 24-wel! culture
plate. CCL21 solution was added in the lower compartment af the
indicated concentration, and DCs were placed in the upper chamber at 106
cells. After 4 h incubation, the number of cells that migrated to the lower
compartment was counted on a NucleoCounter. Daka are presented as
mean+s.d. of four independent cultures.

Taken together, these results demonstrate that gene
transduction using AARGD-CCR?7 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
AJdRGD-CCR7 or AdRGD-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 Immunological characteristics of CCR7/DCs. C57BLf6 DCs were transduced with AARGD-CCR7 or AdRGD-Luc at 50 MOI, and then were

cultured for 24 h. (a) These fransduced cells, LPS-stimulated DCs, and mock DCs were stained by

indirect immunofiuorescence using monaclonal

antibodies of the indicated specificities (solid histogram). Dotted histograms represent cells stained by piycoerythrin-conjugated streptavidin alone, Values
indicated in the upper part of each panel represent MFI of flow cytometric analysis. The data are representative of three independent experiments. (k) Naive

BALB/e T lymphocytes were co-cultured with CCR7/DCs, Luc/DCs,

LPS/DCs, or mock DCs at the indicated responderfstimulator ratio for 3 days. Cell

cultures were pulsed with BrdUl during the last 18 h, and then T-cell proliferation was assessed by BrdlU-ELISA. Results are expressed as mean +s.e. of
three independent cultures using T cells prepared from three individual mice. (c) CCR7/DCs, Luc/DCs, LPS/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. MFI 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. Importantty, 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 AdRGD 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? gene and ovalbumin (OVA), model antigen, gene
using AdARGD. As shown in Figure 5, DCs combined
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with AdRGD-OVA and AdRGD-CCR7 could present
OVA peptides via MHC class [ molecules at levels equal
to DCs transduced with AJRGD-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 gp100, a melanoma-associated antigen,
and CCR7 (gp100+CCR7/DCs) and DCs transduced
with AdRGD-gp100 alone (gp100/DCs) in the murine



Number of migrated DCs

CCR7/DCs Luc/DCs MockDCs

Figure 4 Migration of CCR7{DCs from administration site to draining
LN. EGFP-Tg DCs were transduced with AARGD-CCR7 or AARGD-Luc
at 50 MO, and then were cultured for 24 h. These transduced cells and
mock DCs were intradermally injected into the left flank of C57BLJ6 mice
at 2 x 10% cells/S0 pl. After 2 days, the draining inguinal LNs were
collected from these mice, and a single-cell suspension was prepared and
stained by indirect immunofluorescence using anti-CDI1le monoclonal
antibody. The abundance of EGFP*CD11c* DCs was assessed by flow
cytometric analysis acquiring 500 000 events. The number of DCs that had
migrated into draining LNs was calculated by multiplying the
EGFP*CD11c* DC frequency by the total 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,
AdRGD-CCR?, and AARGD-Luc. These cells were co-cultured with CD3-
OVA 1.3 cells for 20 h. IL-2 levels released from stimulated CD8-OVA 1.3
cells info culture supernatants were determined by ELISA, and relative
OVA-presentation level via MHC class I molecules in ench transduced DC
was expressed as a percentage of the group using DCs transduced with
AARGD-OVA alone. Data represent the meant 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 oups vaccinated with 2x10°
gpl00+CCR7/DCs and with 5x10° gpl00/DCs, and
vaccination with 5x 10° gp100+CCR7/DCs caused ex-
tensive inhibition of BI6BL6 tumor growth. Thus, we
assessed B16BL6-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-fransduced with CCR7 and gp100
gene against B16BL6 melanoma challenge. CCR7{DCs, gp100{DCs, and
gp100+CCR7{DCs were prepared using corresponding vectors at 25 MOI,
and then cultured for 24 h. 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° BI16BL& melanoma cells were inoculated into the right
flank of the mice at 1 week post-vaccination. The tumor sizes were assessed
using microcalipers three times per weck. Ench point represents the
mean +s.e. of 5~-10 mice.

(Eu)-release assay (Figure 7a). The effector cells prepared
from mice vaccinated with gpl00/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). B16BLé-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 gp100+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 5x 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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