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Figure 4. Transduction efficiency of RGD-PEGylated adenovirus vectors into A549 cells and B16BL6 cells. (A) A549 (2 x 10%)
cells and (B) B16BL6 cells (2 x 10%) were transduced with 300, 1000, 3000 or 10000 particles/cell of unmodified Ad, PEG-Ad,
RGD-PEG-Ad or Ad-RGD, respectively. Luciferase expression was measured after 24 h. Each point represents the mean % S.D.

(n=23)

RGD-PEG-Ad retained more than one-tenth of its activity,
whereas Ad-RGD lost more than 99% of its activity in the
absence of antibody.

RGD-PEG-Ad possessed high gene
expression in vivo

Unmodified Ad, Ad-RGD, and RGD-PEG-Ad mediated
luciferase activity predominantly in the liver after
intravenous administration. No significant difference in
liver transduction was found between unmodified Ad and
RGD-PEG-Ad (Figure 7). Biodistribution of Ad-RGD and
RGD-PEG-Ad was similar in lung, spleen, kidney, heart
and brain (data not shown).

Discussion

Ads are widely used as vectors for gene therapy
experiments. To date, several methods including gutless
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Ads, which address the decrease in antigenicity [35-37],
and fiber mutant Ads {25,38,39], have been developed. In
the present study, we initially focused on the modification
of Ads by PEG because of its relative ease of development
and many other merits such as evasion of neutralizing
antibodies. However, as is well known, the conjugation
of an Ad with high molecular weight material hinders its
interaction with its receptor and subsequently influences
the introduction of the virus. Therefore, our aim was to
develop novel vectors that exhibit high gene expression
while at the same time maintaining the other merits of
PEGylated-Ads.

PEGylation of proteins and liposomes has already
been widely employed and increased blood stability and
mitigation of side effects have been reported [10,11].
PEGylation of the surface of Ads has several advantages.
We and other groups have previously demonstrated
that modification of an Ad with PEG protects it from
neutralizing antibodies [15,16,31]. Likewise, PEGylation
has been reported to extend the half-life of Ads in blood

control

RGD peptide
(200 pg/ml)

RGD-PEG-Ad

Figure 5. Transduction efficiency of RGD-PEGylated adenovirus vectors in the presence or absence of RGD peptide. BI6BL6 cells
(2 x 10%) were transduced with 3000 particles/cell of unmodified Ad, Ad-RGD or RGD-PEG-Ad in the presence or absence of RGD
peptide (200 pg/ml). Luciferase expression was measured after 24 h. Each point represents the mean + S.D. (n = 3). *P < 0.05

(Student’s t-test)

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 6. Transduction efficiency of RGD-PEGylated adenovirus vectors in the presence of adenovirus vector antiserum. B16BL6
cells (2 x 10*) were transduced with 1000 particles/cell of RGD-PEG-Ad or Ad-RGD in the presence or absence of Ad antiserum.
Luciferase expression was measured after 24 h. Each point represents the mean + S.D. (n = 3). *P < 0.05 (Student’s t-test)
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Figure 7. The gene expression in liver induced by RGD-PEG-Ad. 1.5 x 10'° particles of unmodified Ad, Ad-RGD, or RGD-PEG-Ad
were injected intravenously. After 2 days, the liver was harvested and homogenized. Luciferase activity was then measured using
the kit according to the manufacturer’s instructions. Each point represents the mean # S.D. (n = 4)

[17]. Steric hindrance by PEG chains and masking of the
Ad surface electric charge were expected to reduce uptake
by Kuppfer cells. In the present study, we established a
method that can control the rate of Ad modification, and
the results confirmed that PEGylation notably reduced
gene expression efficiency in A549 cells. The data also
suggest that increased modification with PEG induced
lower gene expression (Figure 1).

In a clinical setting, the most serious problem associated
with PEG-Ads is the decrease in transduction. We
determined that this decrease results from the inhibition
of Ad and CAR interaction due to steric hindrance by PEG
chains (Figure 2). This suggests that high gene expression
can be achieved if PEGylated-Ads can be transduced into
cells. Therefore, in the present study, we focused on the
RGD motif, which mediates the entrance of Ads into
cells following the interaction with integrin [23,24]. We
initially constructed RGD-PEG, which contains the RGD
peptide at the tip of PEG, and reacted it with Ad to form

Copyright © 2004 John Wiley & Sons, Ltd.

RGD-PEG-Ad. The data in Table 1 demonstrate that the
vector size of RGD-PEG-Ad was 12 nm bigger than that of
unmodified Ad, and the same tendency was observed in
the case of PEG-Ads. The size of Ads increased to about
10-15 nm at a PEG modification rate of 30-40% (data
not shown). We thereby succeeded in developing a novel
PEG-Ad, the efficacy of which was not influenced by the
combination with PEG.

RGD-PEG-Ad gene expression in AS549 cells was
significantly higher than that of PEG-Ad, and was
equivalent to conventional Ad and Ad-RGD (Figure 4).
In CAR-negative B16BL6 cells, RGD-PEG-Ad also showed
enhanced gene expression, which was much higher
than that of PEG-Ads or conventional Ads. Because
CAR is expressed at low levels in certain cells, such
as hematopoietic stem cells, peripheral blood cells,
differentiated airway epithelium, muscle cells, most
mouse-derived cells, and many tumor cells, this novel
PEGylated Ad is attractive for gene therapy. In addition,

J Gene Med 2005; 7; 604-612.
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our RGD-PEG-Ad was very stable under —80°C storage
conditions, despite several cycles of freezing and thawing
(data not shown).

We also checked the specificity of RGD-PEG-Ad
infection; we measured the gene expression of unmodified
Ad, Ad-RGD, and RGD-PEG-Ad in the presence or absence
of competitive RGD peptide (Figure 5). Koizumi et al.
[25] have already reported the specificity of infection
of Ad-RGD through integrin. In the present study, RGD-
PEG-Ad gene expression was significantly inhibited by
RGD peptide, GRGDTP, and, because RGD-PEG-Ad gene
expression in CAR-negative, integrin-positive cells was
notably enhanced compared to that of PEG-Ad, we suggest
that the transduction of RGD-PEG-Ad was integrin-
dependent.

Moreover, we determined whether RGD-PEG-Ad
improved resistance to neutralizing antibodies (Figure 6).
The expression of Ad-RGD genes fell remarkably in the
presence of Ad antiserum. However, we demonstrated
that RGD-PEG-Ad gene expression was far higher than
that of Ad-RGD in the presence of the antiserum. This
ability to evade antibodies is essential for clinical appli-
cations because nearly 80% of human patients possess
anti-Ad antibodies, and re-administration is indispens-
able in some cases. Therefore, RGD-PEG-Ad minimizes the
amount of medication required and reduces side effects.

The method described here is also applicable to other
virus vectors and other target molecules. We are currently
screening the use of peptides or antibodies as antigens or
tissue-specific targeting molecules using the phage display
system. These approaches will promote the development
of a virus vector that exhibits enhanced safety and
applicability.
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Abstract

Therapeutic agents based on DNA or RNA oligonucleotides (e.g., antisense DNA oligonucleotide, small interfering RNA)
require a regulation of their kinetics in cytoplasm to maintain an optimal concentration during the treatment period. In this
respect, delivery of functional nanoparticles containing these drugs into cytoplasm has been thought to have a potential for the
cytosolic controlled gene release. In this study, we establish a protocol for the encapsulation of nanoparticles into liposome,
which is further fused with ultra violet-inactivated Sendai virus to compose fusogenic liposomes. When nanoparticles were
encapsulated in conventional liposomes, endocytosis-mediated uptake of nanoparticles was observed. In contrast, numerous
amounts of nanoparticles were delivered into the cytoplasm without any cytotoxicity when the particles were encapsulated in
fusogenic . liposomes. Additionally, fusogenic liposome showed a high ability to deliver nanoparticles containing DNA
oligonucleotides into cytoplasm. These results indicate that this combinatorial nanotechnology using fusogenic liposome and
nanoparticle is a valuable system for regulating the intracellular pharmacokinetics of gene-based drugs.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Fusogenic liposome; Nanoparticle; Nanotechnology; Drug delivery; Antisense oligonucleotide DNA
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them are already in clinical use [1-3]. The major aim
of these delivery systems is to regulate “systemic
pharmacokinetics” such as drug absorption, distribu-
tion (e.g., tissue-specific targeting), metabolism and
elimination in vivo [4.5]. However, recent advance-
ments on drug design have proposed that the regula-
tion of “intracellular pharmacokinetics” is also
important for drugs targeting intracellular components
[6.7].

Novel gene-based therapies using an antisense
DNA and small interference RNA (siRNA) represent
an enormously promising approach to decrease or
modulate an expression of their target molecules |7-
11]. Since the main physiological target of these drugs
is messenger RNA, it is pivotal to deliver them into
cytoplasm. Although there are systems, including
ours, that can achieve the delivery of soluble drugs
into cytoplasm [12-15], a novel delivery system to
introduce NPs containing gene-based drugs into cyto-
plasm will provide further advantages for the main-
tenance of the optimal concentration by protecting the
genes from hydrolytic and enzymatic degradation.

We previously developed fusogenic liposome (FL)
having Sendai virus envelope glycoproteins on the
surface and reported that FL could efficiently intro-
duce encapsulated nucleotides and/or proteins into the
cytoplasm through its direct fusion to the plasma
membrane without cytotoxicity [12.16]. We also
demonstrated an application of FL to gene therapy,
cancer chemotherapy and vaccine development [17—
22]. These progressive results lead us to suppose that
FL would also be able to transport NP into the cyto-
plasm if NP would be encapsulated in FL. In the
present study, we determine an optimal protocol to
encapsulate a NP into conventional liposome (Lipo)
and to fuse them subsequently with Sendai virus to
formulate FL. We also present that FL shows a high
ability to introduce the encapsulated NPs into cyto-
plasm, which is applicable to cytosolic controlled
gene release.

2. Materials and methods
2.1. Preparation of FL encapsulating NP

Lipo was prepared by a dehydration-rehydration
method [23). Briefly; a lipid mixture, composed of

phosphatidylcholine, L-a-dimyristoyl phosphatidic
acid, and cholesterol (NOF Corporation, .Tokyo,
Japan) in a 4:5:1 molar ratio, was suspended in
solution containing chloroform, methanol and water
(65:25:4) and evaporated to remove chloroform and
methanol. To label liposomal membrane with rhoda-
mine, rhodamine-labeled diacylphosphatidyl ethano-
lamine (Molecular Probes, Eugene, OR) was added to
the mixture. The lipid mixture was further frozen in
liquid nitrogen and lyophilized overnight. The result-
ing lipid powder was hydrated with solution containing
FITC-labeled NP (Molecular Probes) or oligonucleo-
tide-adsorbed NP (about 0.5-3 x 10" particles/ml).
Conventional liposome (Lipo) was prepared from the
hydrated mixture by a hand-held extruder with two
layers of cellulose acetate membranes (pore size, 800
nm in diameter) (Advantec, Osaka, Japan) and washed
with phosphate-buffered saline (PBS).

For preparation of FL, NP encapsulated in Lipo
(NP-Lipo) was mixed- with UV-inactivated Sendai
virus and incubated with vigorous shaking for 2 h at
37 °C. FL was finally purified by stepwise sucrose-
density centrifugation (77,000 xg, 2 h, 4 °C) as
described previously [16].

2.2. Preparation of poly (vinyl amine) NP

Preparation of poly (vinyl amine) NP was
described previously [24]. Briefly, poly (vinyl aceta-
mide) macromer was prepared from monomers by free
radical polymerization, in which 2,2’-azobisisobutyr-
onitrile (AIBN) and 2-mercaptoethanol were used as
an initiator and a chain transfer agent, respectively,
and then p-chloromethyl styrene was used to intro-
duce a vinyl benzyl group. Nonionic poly (vinyl
acetamide) NP was produced by copolymerization
between the macromonomers and styrene after initia-
tion with AIBN. Surface cationized poly (vinyl amine)
NP was prepared by hydrolyzing poly (vinyl aceta-
mide) NP in 4 N HCI at 80 °C. The resulting poly
(vinyl amine) NP was dialyzed to remove unreacted
substances and then was lyophilized.

To prepare oligonucleotide-adsorbed NP, poly
(vinyl amine) NP (6 x 10'° particles/ml) was mixed
with FITC-labeled phosphorothioate oligo deoxynu-
cleotides (GCCCAAGCTGGCATCCGTCA, 3 x 10"°
copies/ml, Geneset, Kyoto, Japan) for 1 h at room
temperature.
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2.3. Transmission electron microscopy (TEM)

To visually examine liposome structure, Cryo-
TEM was employed. Specimens were prepared by
depositing a small droplet of liposome suspension
on a TEM grid coated with poly-lysine, vitrified by
plunging it into liquid ethane, and observed by TEM
(TECNAI F20TWIN; Phillips, Mahwah, NJ).

For the analysis of intracellular distribution of NP,
LLCMK2 cells cultured on collagen-coated plates
were treated with NP-FL for 30 min. After washing
three times with PBS, the cells were fixed with 2%
glutaraldehyde for 2 h at 4 °C and then post-fixed with
1% osmium tetroxide for 2 h at 4 °C. After dehydra-
tion by immersing in serially diluted aqueous ethanol
solutions, the specimens were embedded in epoxy
resin, sectioned to 80-100 nm thick, stained with
uranyl acetate, and examined by TEM.

2.4. Confocal microscopy and flow cytometry

LLCMK2, HelLa, HL-60, HUVEC or DC2.4 cells
(kindly gifted from Dr. K. Rock, University of Mas-
sachusetts Medical School) (10° cells/well) were pla-
ted in a 24-well plate and were cultured overnight for
subsequent experiments. To measure NP delivery, the
cells were treated with NP-alone, NP-Lipo, or NP-FL
(300 particles/cell) for 30 min, washed, and observed
by confocal microscopy (Bio-Rad, Hercules, CA).
Simultaneously, nucleus was stained with 1 mM
SYTO64 (Molecular Probes).

The treated cells were also dissociated from plates
by treating with 0.25% trypsin and were analyzed by
FACScan flow cytometer (Becton Dickinson, Mans-
field, MA). To inhibit endocytosis, LLCMK2 cells
were treated with 5 pg/ml of cytochalasin B or 0.2
ug/ml of cytochalasin D (Sigma, St Louis, MO).
Following 1-h incubation, NP-Lipo (3000 particles/
cell) or NP-FL (300 particles/cell) were added and the
cells were cultured for 30 min. Uptake efficiency was
measured by flow cytometry.

2.5. Cytotoxic assay

To assess the cytotoxicity of NP-alone, NP—Lipo or
NP-FL, LLCMK2 cells were treated with the particles
(300 particles/cell) for 30 min. Following three times
washing with PBS, the cells were split into 96-well

plate (5 X 10? cells/well) and cultured for 1,2,4,0r6
days. The cell viability was determined by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT).

3. Results and discussion

3.1. Development and characterization of FL
containing NP

We firstly evaluated the encapsulation of NP into
Lipo using fluorescein isothiocyanate (FITC)-labeled
NP (500 nm in diameter) and rhodamine-labeled Lipo.
The different densities of empty Lipo (d=1.02) and NP
(d=1.12) allowed us to discriminate them by sucrose-
density gradient centrifugation. Fluorescence activity
derived from empty Lipo and that from NP were
detected in fractions 2—3 and fractions 14-15, respec-
tively (Fig. 1A). We also found intermediate fractions
(fractions 8-11) exhibiting both NP-derived FITC and
Lipo-derived rhodamine fluorescence, which sug-
gested that these fractions contained NP encapsulated
in or attached with Lipo (Fig. 1A). To elucidate
whether NP was attached with or encapsulated in
Lipo, we performed cryo-transmission electron micro-
scopy (Cryo-TEM). This analysis clarified that NP-
alone was detected in fractions 14-15 (Fig. IB) and
that NP in fractions 8-11 was surrounded with lipid
membrane, indicating that intermediate fractions con-
tained NP encapsulated in Lipo (Fig. 1C).

NP encapsulated in Lipo (NP-Lipo) was then
incubated with ultraviolet-inactivated Sendai virus
in order to make NP encapsulated in FL. (NP-FL).
To evaluate the formulation of NP-FL, we mixed
fluorescence labeled NP-Lipo with ultraviolet-inacti-
vated Sendai virus followed by analyzing the fluor-
escence activity after stepwise sucrose-density
gradient centrifugation (10%, 30% and 50%). The
gradient centrifugation of the mixture resulted in two
distinct peaks (Fig. 1D). Cryo-TEM analysis indi-
cated that fractions 8-9 are successfully identical to
NP-FL because lipid membrane in the fractions
exhibited a spiked structure of envelope proteins
derived from Sendai virus (Fig. 1E and F). This con-
clusion was further confirmed by their diameter and
zeta potential at the surface. The diameter of NP-FL
(880 nm) s bigger than that of NP-Lipo (750 nm) and
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Fig. 1. Characterization of NP-Lipo and NP-FL. (A) FITC-labeled NP was encapsulated in rhodamine-labeled Lipo. After stepwise
fractionation through sucrose-density centrifugation (6%, 10% and 30%), fluorescent intensity derived from FITC-NP (closed circle) or
thodamine-Lipo (open triangle) was measured. (B and C) Fractions 14-15 in A (B, NP-alone) or fractions 8-11 in A (C, NP-Lipo) were
visualized by Cryo-TEM. Bar corresponds to 100-nm length. (D) NP-FL was prepared by fusing ultraviolet-inactivated Sendai virus with NP—
Lipo. The resultant was purified by stepwise sucrose-density centrifugation (10%, 30% and 50%) and fluorescent intensity of each fraction was
analyzed as described in A. (E and F) Fractions 8-9 in D (E, NP~FL) or ultraviolet-inactivated Sendai virus (F) were observed by Cryo-TEM.

Bar is identical to 100 nm.

of Sendai virus (300 nm). Additionally, surface zeta-
potential of fractions 8-9 (—15 mV) was largely
different from that of NP-Lipo (—27 mV) because
they were affected by the different electronic charge of
Sendai virus (— 13 mV).

In this study, we used 500 nm NP in diameter. In
addition, we also successfully encapsulated 20 nm or
100 nm NP in Lipo as well as FL with equal efficiency
(only data using 500 nm NP are shown in this study).
Further, we are also capable of regulating the liposo-
mal size by selection of the membrane pore size for
the extrusion (the average size of NP-FL used in this
study is 880 nm in diameter). Also we can regulate
surface electronic characteristics of FL membrane by
selecting the lipid composition. These results suggest
that the protocol described in this study is a versatile
system to encapsulate various sizes of NP into FL
with various characteristics.

3.2. Efficient delivery of NP by FL

To examine the feasibility of Lipo and FL as a
vehicle to deliver NP, LLCMK2 cells were incubated
with FITC-labeled NP encapsulated in either Lipo or
FL and were observed by confocal microscopy. In
spite of the fact that only a few NPs were observed
in the cells incubated with NP-alone or NP-Lipo (Fig.
2A and B), a large number of NPs were detected when
the cells were treated with NP-FL (Fig. 2C and D).
Simultaneous staining of nucleus with SYTO64 indi-
cated that 500 nm NP was not noticed at the nucleus
(Fig. 2C and D). This is a predictable observation
because nuclear pore complex can transport a particle
within 40 nm in diameter [25].

As a next experiment, flow cytometry analysis was
employed to evaluate the efficiency of FL for delivery
of the encapsulated NP. Several fluorescent peaks




348 J. Kunisawa et al. / Journal of Controlled Release 105 (2005) 344-353

(A) NP-Alone (B) NP-Lipo

(C) NP-FL

10°

104 10° 10!

Fluorescent intensity

Fig. 2. FL-mediated effective delivery of NP. (A-D) LLCMK2 cells were incubated with FITC-labeled NP without encapsulation (A, NP-alone)
or encapsulated in either Lipo (B, NP-Lipo) or FL (C and D, NP-FL) for 30 min. After staining of nucleus with SYTO 64 (red), the cells were
observed by confocal microscopy (top). The same specimens were visualized by transmission microscopy (bottom). Bars indicate 50 pm at
X400 (A—C) or X800 (D) magnification. (E and F) LLCMK2 cells were incubated with NP-alone (green), NP-Lipo (blue), or NP-FL (red) for 5
min (E) or 30 min (F). Fluorescence originated from FITC-labeled NP was measured by a FACScan flow cytometer.

were observed 5 min after the treatment of the cells
with NP-FL, whereas fluorescence was barely detect-
able when the cells were incubated with NP-alone or
NP-Lipo (Fig. 2E). This is consistent with our pre-
vious result that delivery by FL is mediated by mem-
brane fusion but not by endocytosis, which is faster
and more efficient than that of endocytosis-mediated
Lipo uptake [16]. Thus, we could detect fluorescence
intensity of the cells treated with NP-Lipo after 30
min incubation (Fig. 2F), implying that this uptake
might occur through endocytosis. It should be noted

that a fluorescence intensity of the cells treated with
NP-FL was still much higher than that of the cells
incubated with NP-alone or with NP-Lipo after 30-
min incubation (Fig. 2F). These results suggested that
FL could deliver the encapsulated NPs into the cells in
an effective and fast manner.

To show quantitative data for the effective NP
delivery, the number of NPs incorporated into a cell
after 30-min incubation was calculated by the mean
fluorescence intensity of 40 per NP in a cell (arrow,
Ifig. 2F). Consistent with the results of confocal
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The number of NPs incorporated in 1 cell was calculated by the
result that cells containing 1 NP presented 40 of mean fluorescence
intensity after 30 min incubation as described in Fig. 2F

Number NP-alone NP-Lipo NP-FL

0 97.8 £0.67 85.8+0.92 5.8+0.38
1-5 2.1+0.06 13.7+0.79 29.9+2.76
6-10 0.1+0.01 0.5+0.13 31241.19
11-25 Undetectable 0.1 +0.03 28.9+2.01
26-more Undetectable Undetectable 53+1.58

Results are expressed as the means & SE from three independent
experiments.

microscopy, NPs were not detected in most cells
(97.8%) incubated with NP-alone (Table 1). Similarly,
only 1-5 NPs were observed in about 15% of cells
incubated with NP—Lipo (Table 1). Conversely, about
95% of cells incubated with NP-FL had detectable

(A)HeLa

349

NP, with approximately ten NPs per cell on average.
Furthermore, about 5% cells contained more than 26
NPs with strong fluorescence intensity (Table | and
Fig. 2F). These results further emphasize the effec-
tiveness of FL for NP delivery into the cells.

We next investigated the FL-mediated NP delivery
into several cell lines to address the specificity. Simi-
lar efficiency was determined when NP-FL was incu-
bated with human-derived adherent (HeLa), non-
adherent (HL60), and primary culture (HUVEC)
cells, while these cells could not take NP-alone or
NP-Lipo effectively (Fig. 3A—C). However, murine
dendritic cell lines (DC2.4) showed slightly higher
uptake activity for NP-alone or NP-Lipo (Fig. 3D).
This is due to a high endo-phagocytosis ability of

. dendritic cell that is well known as an antigen sam-

100
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10!

10°

Counts

(C) HUVEC

10

100

10! 10°
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pling and presenting cells [26]. It should be noted

(B) HL60

100 +
80 §
60 1
40
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Fluorescent intensity

=== NO Treat === NP-Lipo
s NP-Alone == NP-FL

Fig. 3. FL effectively delivers the encapsulated NPs into various kinds of cells. HeLa cells (A), HL60 cells (B), HUVEC (C), or DC2.4 cells (D) .
were treated with none (black), NP-alone (green), NP-Lipo (blue), or NP-FL (red) for 30 min. Fluorescent intensity in the cell derived from

FITC-labeled NP was measured by a FACScan flow cytometer.
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again that the number of NPs delivered by FL is still
much higher than that of Lipo and the efficiency was
not altered in the cells showing high endocytosis
activity (Fig. 3D). This observation convinced us
that FL-mediated high efficient NP delivery was inde-
pendent on endocytosis activity. In our previous study,
the delivery to a wide variety of cells by FL was also
determined and seemed to depend on indiscriminative
fusion activity of Sendai virus [27].

3.3. Endocytosis-independent NP delivery into cyto-
plasm by FL

As mentioned above, FL can efficiently deliver the
encapsulated contents to the cytoplasm through its
direct fusion with the plasma membrane [16]. Thus,
we next tried to test whether NP delivery by FL was
also mediated through membrane fusion, rather than
through endocytosis. To address this, cells were trea-
ted with an endocytosis inhibitor, cytochalasin B or
cytochalasin D, followed by the addition of NP-FL or
NP-Lipo. While cytochalasin B treatment resulted in
a marked reduction of NP-Lipo uptake, no inhibition
of NP uptake was observed when cells were incubated
with NP-FL (Fig. 4A). Similar results were obtained
when cells were treated with the other inhibitors,
cytochalasin D (Fig. 4A), 2,4-dinitrophenol, nocoda-
zole or colchicine (data not shown). These results
indicated that FL could deliver the encapsulated NPs
into the cytoplasm by membrane fusion, rather than
by endocytosis. Based on these data, we supposed that
NPs delivered by FL was located in cytoplasm, not in
endosome. To prove this speculation, TEM analysis
was performed to show visually the distribution of NP
introduced by FL. The histological analysis showed
that NPs existed in the cytoplasm, not in the endo-
some, of cells treated with NP-FL (Fig. 4B and C).

Most of drug-delivery vehicles, including conven-
tional liposome, enter into cells via endocytosis and
then are delivered to lysosomes, where they as well as
their contents are degraded [28.29]. Thus, drugs deliv-
ered by NP-alone or NP-Lipo are likely degraded in
lysosome even if these vehicles are taken up. In con-
trast, NP-FL can deliver NP efficiently to the cyto-
plasm not via endocytosis (Figs. 2-4, Table 1). These
findings indicated that FL had a benefit not only to
deliver the numerous numbers of NP but also to
deliver the contents into cytoplasm without their

A
) 120

100 1
80
60 ;
40 1
20 1

% Control

A

NP-FL  NP-Lipo

B No treatment
O Cytochalasin B
Cylochalasin D

Fig. 4. Endocytosis-independent NP delivery into cytoplasm by FL.
(A) LLCMK2 cells were not pre-treated (solid) and pre-treated with
5 ug/ml cytochalasin B (open) or 0.2 ng/ml cytochalasin D (slashed)
for 1 h and incubated with NP-FL or NP-Lipo for additional 30
min. Then, the number of FITC-NP positive cells was analyzed by
FACScan flow cytometry. Error bars indicate the means + SE of
three independent experiments. (B) LLCMK2 cells were cultured
with NP-FL for 30 min and observed by Cryo-TEM. Mitochon-
drion and nucleus are marked with ‘Mt and ‘NC’, respectively.
Arrowheads indicate NPs. Bars are 1 um at X 7000 (B) or X20,000
(D) magnification.
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Fig. 5. Toxicity of NP-alone, NP-Lipo, or NP-FL. The NP-alone
(open), NP-Lipo (hatched), and NP-FL (closed) were incubated
with LLCMK2 cells for 30 min. Following washing with PBS, the
cells were cultured for 1, 2, 4, and 6 days. MTT assay was
performed to determine the cell viability.

degradation in endosome/lysosome pathway. Further-
more, MTT assay revealed that NP-FL did not show
any cytotoxicity against target cells for at least one
week after the transfection (Fig. 5).

In this study, we used non-degradable NPs as a
model NP. The experimental restriction in cell culture
made it difficult to determine the fate of the NPs after
the long culture. One possible hypothetical pathway
is that NP is excluded to extracellular compartments
by exocytosis pathway and/or cell death. Since the
non-degradable NPs are difficult to be applied to in
vivo use, our current study to expand this technology
to biodegradable NPs (e.g., poly lactic acid NPs) is
ongoing. Nevertheless, this study allows us to pro-
pose that the FL technology has the following advan-
tages over other vehicles: efficient delivery of its
contents to the cytoplasm of a wide range of target
cells, lack of cytotoxicity, and ease of encapsulation
of various NPs. »

3.4. Controlled release of DNA oligonucleotides from
NP in cytoplasm

To show a potential application of NP-FL sys-
tem for gene delivefy,. we examined delivery of
DNA oligonucleotides by NP-FL. FITC-labeled

phosphorothioate oligonucleotides were immobi-
lized on poly (vinyl amine) NP and were encapsu-
lated into FL. Similar to the above observations
(Figs. 2 and 3), flow cytometry analysis demonstrated
that delivery efficiency of NP-FL was superior to that
of NP-Lipo or NP-alone (Fig. 6). Inhibitor experi-
ments also convinced us that the FL-mediated NP
delivery depended on fusion activity of FL (data not
shown).

We used in this study single type of NP for gene
delivery experiment. Progresses on particle technol-
ogy in the last decade allow us to select NPs exhibit-
ing a different drug release profile by their
characteristics (e.g., surface electron characteristics,
hydrophile-lipophile balance) [30-32]. Since FL can
encapsulate and deliver various kinds of NP into cells,
NPs with different drug release profiles can be intro-
duced into a cell, which may present the “timing drug
release”. This system is now under investigation. In
addition to the modification of encapsulated NPs, our
present effort is aimed to demonstrate the feasibility of
FL-mediated NP delivery for gene therapy using
bioactive DNA and/or RNA oligonucleotides (e.g.,
RNA interference). )

Some groups have already demonstrated the cyto-
solic particle delivery. Panyam et al. reported that
poly (DL-lactide-co-glycolide) NPs were delivered
into cytosol by endo-lysosomal escape mechanism
[33]. Although they showed an application of that

100
. NN P- Alone

10° 10! 10? 103 10¢
Fluorescent intensity

Fig. 6. Efficient delivery of NP containing DNA oligonucleotides
into cytoplasm by FL. LLCMK2 cells were cultured with oligonu-
cleotide-immobilized NPs without encapsulation (green) or encap-
sulated in either Lipo (blue) or FL (red) for 30 min. Fluorescent
intensity of the cells were analyzed by a FACScan flow cytometer.
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system to intracellular drug release (e.g., dexametha-
sone and plasmid) from the NPs, we can assert that
our NP delivery system is more efficient than their
system because the efficacy of FL-mediated NP
delivery was much higher than that of endocytosis-
mediated uptake even in dendritic cells having a
high ability to do endocytosis or phagocytosis
(Fig. 3D). In the other approach, HIV-derived TAT
peptide was employed for cytoplasmic NP delivery. It
was demonstrated that TAT peptide-attached liposome
was delivered into cells [34]. Additionally, the group
also illustrated the application of TAT-attached lipo-
some to DNA delivery in vitro and in vivo [35]. This
is an interesting approach, but they have not unfortu-
nately been succeeded in sustained drug release
because the liposome was degraded quickly (within
24 h). Thus, we emphasize that this study demon-
strated for the first time that NP is delivered by FL
into cytoplasm for the possible application to sus-
tained gene release.

4. Conclusion

In conclusion, we establish a protocol to encapsu-
late NP into FL and demonstrate that FL is an effec-
tive delivery vehicle to introduce the encapsulated NP
into cytoplasm. We propose here that the combinator-
ial nanotechnology, NP-FL, will provide an opportu-
nity for the kinetics regulation of genetic drugs in the
cytoplasm.
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Considerable attention has recently been paid to the application of chemokines to cancer immunotherapy
because of their chemotactic affinity for a variety of immune cells and because several chemokines are strongly
angiostatic. In the present study, the recombinant adenovirus vectors encoding chemokine CCL19 or XCL1 in an
E1 cassette (AARGD-mCCL19 and AJRGD-mXCL1) were developed. The constructed fiber-mutant adenovirus
vector, which contained the integrin-targeting Arg-Gly-Asp (RGD) sequence in the fiber knob, notably enhanced
the transfection efficiency to OV-HM ovarian carcinoma cells compared to that induced by conventional aden-
ovirus vector. The results of an in vitro chemotaxis assay for chemokine-encoding vector demonstrated that beth
AdRGD-mCCL19 and AJRGD-mXCL1 could induce the migration of cells expressing specific chemokine recep-
tors. Of the two chemokine-encoding vectors evaluated in vivo, AARGD-mCCL19 showed significant tumor-sup-
pressive activity in B6C3F1 mice via transduction into OV-HM cells, whereas XCL1 did not exhibit any notable
anti-tumor effects, suggesting that CCL19 may be a candidate for cancer immunotherapy.

Key words

Chemokines attract a variety of immune cells and function
at inflammatory disease sites as well as lymphoid tissue."?
Considering the eradication of tumor cells as a consequence
of interaction with immune cells that have migrated and ac-
cumulated in tumor tissue, the usefulness of chemokines for
cancer immunotherapy has received considerable attention.”
By now, more than 40 chemokines have been well character-
ized, but only a few have been identified as candidates for
cancer therapy either independently or with an adjuvant.
Tumor-suppressive activity of several chemokines has been
observed after transduction into a variety of experimental tu-
mors.*” Tumor cells that were transduced with the CC
chemokine gene, CCL3, had reduced tumorgenicity and sig-
nificantly increased infiltration of macrophages and neu-
trophils.¥ Another CC chemokine, CCL22, was also strongly
chemoattractive to dendritic cells, NK cells and T cells,
which resulted in tumor regression in a murine lung carci-
noma model due to its efficient induction of anti-tumor im-
munity.” In the present study, we constructed the recombi-
nant viral vector for efficient gene transfection and evaluated
the CC family chemokine, EBI1-ligand chemokine {(CCL19),
and C family chemokine, lymphotactin (XCL1). CCL19 has
been shown to chemoattract CD4*, CD8* T cells and den-
dritic cells,'""'® whereas XCL1 is chemotactic for T cells and
NK cells but not for monocytes, neutrophils or dendritic
cells.!»!*) We anticipated that if tumor cells could be geneti-
cally modified by an efficient gene transfer system in vitro to
produce chemokines in vivo, the chemokines could induce
accumulation of immune cells in the tumor. The in vivo inter-
action of T cells with the tumor cells should induce anti-
tumor immunity, resulting in suppression of tumor growth.

* To whom correspondence should be addressed.
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In the present study, we used the adenovirus vector, which
exhibits very high gene transduction efficiency.'” Because a
variety of tumor cells contain few Coxsackie adenovirus re-
ceptors (CAR),'® we used a recombinant adenovirus vector
with a fiber mutation containing the Arg-Gly-Asp (RGD) se-
quence in the fiber knob. This fiber-mutant vector possesses
higher transduction and anti-tumor activities compared to
conventional adenovirus vectors when used in cytokine-gene
therapy against melanoma.!”'® In the present study, ovarian
carcinoma OV-HM cells were transfected with a chemokine-
encoding recombinant vector, AARGD-mCCL19 or AdRGD-
mXCL1, and both the in vitro chemotactive activity and the
in vivo tumor-suppressive response were investigated.

MATERJALS AND METHODS

Cell Lines and Animals OV-HM ovarian carcinoma cell
line'” were kindly provided by Dr. Hiromi Fujiwara (School
of Medicine, Osaka University, Japan) and were maintained
in RPMI 1640 supplemented with 10% heat-inactivated FBS.
A549 human lung carcinoma cells and human embryonic
kidney (HEK) 293 cells were cultured in DMEM supple-
mented with 10% FBS. Murine pre-B lymphoma L1.2 cells
and their stable transfectants, L1.2/mCCR7 and L1.2/mXCR
cells, which expressing specific receptor for CCL19 and
XCL1, respectively, were maintained in RPMI 1640 supple-
mented with 10% heat-inactivated FBS and 2-ME (50 um,
Life Technologies). All the cell lines were cultured at 37°C
in a humidified atmosphere with 5% CO,. Female B6C3F1
mice were purchased from SLC Inc. (Hamamatsu, Japan)
and used at 6—8 weeks of age. All of the experimental pro-
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cedures were in accordance with the Osaka University guide-
lines for the welfare of animals in experimental neoplasia.

Construction of Adenovirus Vectors The replication-
deficient adenovirus vectors containing a fiber mutation,
which were used in this study, were developed based on
the adenovirus type 5 backbone with deletions of the E1 and
E3 regions.”® The RGD sequence was inserted into the HI
loop of the fiber knob using a two-step method developed by
Mizuguchi et al.*") Murine chemokine genes derived from
pT7T3D-Pac-mCCL19 and pExCell-mCXL1 were used as
sources of cDNA. Recombinant adenovirus vectors with the
RGD fiber mutation, AdRGD-mCCL19 and AdRGD-
mXCL1, carrying the chemokine cDNA under the control of
the cytomegalovirus (CMV) promoter, were constructed by
an improved in vitro ligation method described previ-
ously.?®*? The luciferase expressing adenovirus vectors with
the RGD fiber mutation (AdRGD-luc), serving as a negative
control, is identical to the AJRGD-mCCL19 and AdRGD-
mXCL1 vectors and contains the luciferase gene in the ex-
pression cassette (Fig. 1). Conventional adenovirus vector
expressing lusiferase (Ad-Luc) was also developed by
Mizuguchi et al.?? The adenovirus vectors were propagated
in 293 cells and purified by cesium chloride gradient ultra-
centrifugation. Virus particle (VP) was accomplished spec-
trophotometrically.” The titer (tissue culture infectious
dosesy; TCIDs,) was determined by plaque-forming assay
using 293 cells.?**>

Gene Expression by AARGD-Luc or Conventional Ad-
Luc in OV-HM Ovarian Carcinoma Cells 2X10? of OV-
HM cells in a 96-well plate were treated  with Ad-Luc or
AdRGD-Luc at 1250, 2500, 5000, and 10000 viral particles/
cell for 1.5h, respectively. Cells were washed with PBS and
cultured for an additional 48 h. Subsequently, the cells were
washed, collected, and their luciferase activity was measured
using the Luciferase Assay System (Promega, U.S.A.) and
Microlumat Plus LB96 (Perkin Elmer, U.S.A.) after the cells
were lysed with the Luciferase Cell Culture Lysis (Promega,
U.S.A)) according to the manufacturer’s instruction.

In Vitro Chemotaxis Assay The AdRGD-Luc and indi-
cated AJRGD-chemokine were tranfected into A549 cells for
2h at a multiplicity of infection (MOI) of 50, and the cells
were washed twice with PBS and cultured in media contain-
ing 10% FBS. The cells were subsequently washed after 24 h
cultivation, and incubated with an assay medium (phenol
red-free RPMI 1640 containing 0.5% bovine serum albumin
and 20 um HEPES, pH 7.4) for another 24 h. The resulting
conditioned medium was collected, and its chemoattractant
activity was measured by an in vitro chemotaxis assay across
a polycarbonate membrane with 5-um pores (Chemotaxicell-
24; Kurabo, Osaka, Japan) using L1.2 transfectants express-
ing the specific receptor for chemokines. The culture super-
natants of intact A549 cells, AARGD-Luc-transfected A549
cells, and chemokine gene-transduced A549 cells were pre-
pared. These samples and recombinant chemokines dissolved
in the assay medium were added to a 24-well culture plate.
Cells expressing specific receptors for CCL19 (L1.2/CCR7)
or XCL1 (L1.2/XCR1) were suspended in the assay medium
(1X10° cells) and placed in a Chemotaxicell-24 installed on
each well. Likewise, parental L1.2 cells for these transfec-
tants were prepared and added to the Chemotaxicell-24. Cell
migration was allowed for 2h at 37°C in a 5% CO, atmos-
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Fig. 1. Schematic Representation of Conventional Ad and AJRGD Used
in This Study

phere. The cells that migrated to the lower well were lysed
and quantitated using a PicoGreen dsDNA quantitation
reagent (Invitrogen, Tokyo, Japan). The data are expressed as
mean=*S.E. of the triplicate results and the migration activity
was expressed in terms of the percentage of the input cells.
Recombinant chemokines (mouse: mCCL19 and mXCL1)
corresponding to each specific receptor (CCR7 and XCR1)
were purchased from DakoCytomation (Kyoto, Japan) and
used as a positive control.

Evaluation of Growth of OV-HM Cells Transfected
with Chemokine-Encoding Adenovirus Vectors in Im-
munocompetent Mice OV-HM cells were transfected with
AdRGD-mCCL19, AdRGD-mXCL1, or AJRGD-Luc as a
control, at a MOI of 10 for 24 h. The cells were then har-
vested and washed with PBS three times and 1X10° cells
were inoculated intradermally into the flank of B6C3F1
mice. An aliquot of the OV-HM cells infected with AJRGD-
mCCL19, AARGD-mXCL1 or AJRGD-Luc at a MOI of 10
were cultured for an additional 48 h, and cell viability was
examined by MTT assay. For in vivo evaluation of OV-HM
cell growth, tumor volume was calculated by measuring the
length and width of the tumor, twice a week. The mice were
euthanized when one of the two measurements was greater
than 15 mm.

RESULTS

OV-HM Tumor Cells Transfected with Fiber-Mutant
Adenovirus Vector Induced Higher Gene Expression
Than That Induced by Conventional Vector To evaluate
the gene transfection efficiency of the fiber-mutant aden-
ovirus vector developed for this study, OV-HM cells were
transfected with conventional adenovirus vector or fiber-mu-
tant adenovirus vector at indicated particles/cell and lu-
ciferase activity was measured. The results shown in Fig. 2
demonstrated that luciferase gene expression induced by
fiber-mutant vector was much higher than that induced by
conventional adenovirus vector. For example, at 10000
VP/cell ransfection, 16-fold greater gene expression was ob-
tained in response to fiber-mutant vector than to Ad-Luc.
This demonstrated that the insertion of the RGD peptide into
the viral fiber enhanced transfection efficiency to OV-HM
cells via the adenovirus vector.

Expression of Murine CCL19 and XCL1 by Transfec-
tion with Chemokine-Encoding Adenovirus Vector To
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Fig. 2. Luciferase Expression by Ad-Luc or AARGD-Luc Transfected OV-
HM Cells

2X 10° OV-HM cells were inoculated in a 96-well plate for 12 h, and were transfected
with Ad-Luc (left) or AdRGD-Luc (right), respectively, at the indicated viral
particles/cell for 1.5h. The cells were then washed and incubated for another 48h.
After incubation, cells were collected and luciferase activity was measured. Data are
presented as mean*S.E. of relative light units (RLU)/well determined from three ex-
periments.

Table 1. Specific Chemoattractant Activity in Virro Induced by Transfec-
tion of AARGD-mCCL19 or AARGD-mXCL1 into A549 Cells

L1.2 L1.2/XCR1
% of input cells % of input cells
(mean*S.E.) (mean*S.E.)
Medium 0.2%0.0 0.1+0.0
10nM mXCL1 0.320.0 9.2+0.8
A549 1.2x0.1 1.6£0.1
Luc/AS549 1.5+0.0 2.0%0.2
mXCL1/A549 3.7+0.3 11.6+0.7
L12 L1.2/CCR7
% of input cells % of input cells
(mean*S.E.) {mean*S.E.)
Medium 0.2+0.0 0.7+0.1
10aM mCCL19 0.2%0.0 16.3x1.2
A549 1.2*0.1 2.0%0.1
Luc/A549 1.5£0.0 22%0.2
mCCL19/A549 2.5%+0.1 8.2+0.5

Chemotaxis assay was performed using L1.2 cells expressing specific receptors for
CCL19 (L1.2/CCR7) or XCL1 (L1.2/XCR1).

verify that the CCL19 and XCL1 produced by AdRGD-
mCCL19 and AJRGD-mXCL1, respectively, were biologi-
cally functional, A549 cells were infected with the vectors
for 2 h, and the culture supernatants were harvested after an
additional 48 h. In the present study, human lung carcinoma
A549 cells were used instead of murine tumor cells because
of the very strong background chemotactic activity in the
culture supernatant of the latter.'® Using an in vitro chemo-
taxis assay, we investigated whether A549 cells transfected
with each chemokine gene-carrying AdRGD could secrete
chemokine protein in its biologically active form into culture
supernatants. As shown in Table 1, the culture supernatants
of A549 cells transfected with AJRGD-mCCL19 (mCCL19/
A549) or AdRGD-mXCL1 (mXCL1/A549) could induce
greater migration of cells expressing the corresponding
chemokine receptors than those from intact A549 cells or
A549 cells transfected with AARGD-Luc (Luc/A549). The
migration of L1.2 cells was not observed in wells containing
recombinant chemokines, and only low-level migration was
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observed in culture supernatants from intact A549, Luc/
A549, mXCL1/A549, and mCCL19/A549. These results
demonstrated that all AARGDs could deliver their encoded
chemokine gene to target cells, and that transfected cells
could secrete the chemokine protein, which maintained its
original chemoattractant activity.

Anti-tumor Effect in Vivo by Transfection of
Chemokine CCL19 into OV-HM Cells via Fiber-Mutant
Adenovirus Vector OV-HM ovarian carcinoma cells trans-
fected with 10 MOI of AJRGD-mCCL19, AARGD-mXCLI1
or AdRGD-Luc as the control vector, were intradermally in-
oculated into B6C3F1 immunocompetent mice to evaluate
their effects on tumor growth in vivo. In the present study, 10
MOI of Ad vectors were chosen for transfection because that
higher MOI induced the cytotoxicity of OV-HM cells (data
not shown). As shown in Figs. 3A and B, the transfection of
AdRGD-mCCL19 resulted in significant suppression of
tumor growth, while that of AARGD-mXCL1 did not show
any difference from that with AJRGD-Luc. To exclude the
possibility that the suppression of tumor cell growth by
AdRGD-mCCL19 was due to the cytotoxicity of the aden-
ovirus or chemokine, OV-HM cells transfected with AARGD-
mCCL19, AARGD-mXCL1 or AJRGD-Luc were cultured
for 48 h, and cell viability was measured by the MTT assay.
The in vitro growth of the cells infected with these vectors
was essentially identical to that of control cells (Fig. 3C).

DISCUSSION

Cytokines or chemokines encoded by a viral vector are
currently regarded as intriguing options for cancer gene im-
munotherapy. Adenovirus vector, which shows high gene
transduction efficiency and which can infect both dividing
and non-dividing cells, is widely used as a carrier for gene
therapy. It has been reported that the initial process of adeno-
virus infection involves at least two sequential steps. The first
step is the attachment of the virus to the cell surface, which
occurs by binding of the fiber knob to the Coxsackie virus
and Adenovirus Receptor (CAR).2?” Following this, in the
second step, the interaction between the RGD motif of the
penton base with ov integrins, the secondary host-cell recep-
tors, facilitates internalization through receptor-mediated en-
docytosis.?®?? In other words, if the host cell surface lacks
CAR, efficient gene transfer using a conventional adenovirus
vector is difficult. Unfortunately, some malignant cells, in-
cluding ovarian carcinoma, exhibit a resistance to adeno-
virus-mediated gene transduction due to low CAR expression
on their surface. To overcome the low gene expression levels
in CAR negative cells by adenovirus vectors, we constructed
a fiber-mutant Ad vector with an integrin-targeting RGD
peptide by a simple in vitro method.?” The results of gene
transfection in vitro (Fig. 2) demonstrated that OV-HM trans-
fected using AARGD-Luc carrying the luciferase gene signif-
icantly induced gene expression compared to that induced by ,
the conventional Ad-Luc, suggesting that the recombinant
adenovirus vector is a better option for cancer gene therapy.

We also inserted the murine chemokine cDNA of the CC
family chemokine, CCL19, and C family chemokine, XCL1,
into the E1 cassette of this fiber-mutant adenovirus vector,
and AdRGD-mCCL19 and AdRGD-mXCL1 were devel-
oped. The expression of chemokine mRNA was reported pre-
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Fig. 3.

Growth of OV-HM Tumor Cells in B6C3F1 Mice Transfected with Chemokine-Encoding Adenovirus Vectors

Mice were inoculated intradermaily in the flank with 1X10° OV-HM cells (100 u! in RPMI 1640) at a MOI of 10 and with AJRGD-mCCL19 or ARGD-mXCLI for 24 h.
Tumor volume was calculated after measuring the length and width of the tumor at indicated periods of time. Data are expressed as the mean=$.E. Intact OV-HM cells were used
as contro} (untreated), and the OV-HM cells infected with AdRGD-Luc were inoculated into B6C3F1 mice for vector-control. Animals were euthanized when one of the two mea-
sured values were greater than 15 mm. At least six mice were used in each group. (A) Individual tumor size in each group and (B) average size in each group. (C) MTT assay re-
sults that evaluated the growth of chemokine-gene-transduced OV-HM cells in vitro. OV-HM cells were infected with AJRGD-mCCL19, AJRGD-mXCL] or AJRGD-Luc at a
MOI of 10 for 24 b, and then cultured for 48 h. Cell viability was examined by MTT assay. Data are expressed as the means = S.E. of triplicate results. Each of the analyses were

performed at least three times.

viously.’® A chemotaxis assay of chemokine-encoding vec-
tors was conducted in vitro to evaluate the biological activity
of these vectors. The results demonstrated that the produced
protein in the culture supernatants of cells infected with these
vectors could efficiently cause migration of the specific re-
ceptor-expressing cells (Table 1).

The C family chemokine, XCL1, has been widely used for
cancer immunotherapy, but in general, XCL1 by itself did
not induce notable anti-tumor effects, even though it is a
chemoattractant for both T cells and NK cells.* The CC
chemokine, CCL19, reportedly induces T cell and dendritic
cell migration and exhibits tumor-suppressive effects in sev-
eral mouse malignant cell models.*>*® Hillinger et al. re-
ported that intratumoral injection of recombinant CCL19 led
to significant systemic reduction in tumor volumes. CCL19-
treated mice exhibited remarkably increased infiltration of
CD4* and CD8" T cell subsets as well as dendritic cells at
the tumor sites. These cell infiltrates were accompanied by
increases in several cytokines and chemokines such as IFN-
7, CXCL9, CXCL10, GM-CSF, and IL-12.3¥ We have also
shown that CCL19 and XCL1 elicited anti-tumor response,
to some extent, through transfection into B16BL6 melanoma
cells. But our study, which used eight chemokines to evaluate

. the anti-tumor effects in three tumor cell types, suggests that
the tumor-suppressive activity of chemokine gene im-
munotherapy is very complicated and is greatly influenced
by the type of tumor and activation state of the host’s im-
mune system.*® Moreover, as we previously reported,’®
transfection with the chemokine CCL27 induced tumor-sup-
pressive effects, whereas another chemokine, CX;CL1, did
not show any notable anti-tumor activity. However, both of

these chemokines induced the accumulation of T cells as
well as NK cells at the tumor site. Our results indicated that
the distribution of immune cells that have migrated to the
tumor and the angiogenic or angiostatic activity may play an
important role in the anti-tumor response.

Several groups have reported much stronger anti-tumor ac- -
tivity when using chemokines as adjuvants with other
agents.* % In the present study, CCL19 could not induce
complete tumor regression, but merely inhibited its growth.
On other hand, remarkable anti-tumor activity could be ob-
tained when XCL1 was combined with cytokines or tran-
fected into dendritic cells.*®*! A recent report showed that
combination of both XCL1 and CXCL10 can enhance the ef-
ficiency of adoptive T cell therapy for EG7 tumor cells vig
accumulation of effector T cells in tumor tissue.*? Many fac-
tors are likely to influence the tumor-suppressive effects of
chemokines, but the relatively weak anti-tumor activity and
long-term immuno-protective effects of chemokines may be
mainly related to the activation level of migrating immune
cells. In other words, not only the accumulation but also the
activation of immune celis migrating into tumors is impor-
tant in cancer immunotherapy using chemokines. Therefore,
combination therapy using both chemokines and cytokines
will increase the anti-tumor effects and improve cancer im-
munotherapy.
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Recent advances in tumor immunology have facilitated the development of cancer immunotherapy targeting
tumor-associated antigens (TAAs). However, because TAAs were identified in only a few types of human cancer,
novel vaccine strategies that utilize tumor cell-lysate (TCL), including unidentified TAAs as an antigen source,
are needed. Herein, we describe the utility of fusogenic liposomes (FLs) as TCL-delivery carriers for both ex vive
dendritic cell-based vaccination and in vivo direct immunization in the murine B16BL6 melanoma model. As a
result, both ir vivo direct immunization and ex vivo immunization induced anti-B16 melanoma prophylactic ef-
fects. Ex vivo dendritic cell (DC)-mediated vaccination strategy exert more potent anti-tumor effect than direct
immunization. Qur results suggest that this flexible system is a promising approach for the development of versa-

tile cancer immunotherapy regimes.
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Early studies in mice demonstrated that tumor-specific cy-
totoxic T lymphocytes (CTLs) could control tumor growth
and metastasis. The identification of T cell-recognizing
tumor-associated antigens (TAAs) in human cancer, particu-
larly in melanoma (i.e. MAGE, MART-1, gp100, tyrosinase,
and TRP),"? facilitated the development of cancer im-
munotherapy based on TAA-vaccination with adjuvants to
elicit tumor-specific CTLs.?» However, this immunological
approach limits the application of this system only to certain
cancer patients because TAAs are not yet identified for most
of human cancers. Additionally, the expression levels of
known TAAs that may be applicable for immunotherapy vary
between tumor cells isolated from patients with cancer.®
Therefore, it is very difficult to predict which TAA would
generate an effective anti-tumor immune response that would
make it appropriate for use as a vaccine component for a spe-
cific patient.

To overcome this limitation, several researchers have at-
tempted to develop a vaccine strategy using tumor cell-lysate
(TCL) as a possible source of TAA.” The use of TCL pre-
pared from surgically removed tumors is a promising ap-
proach to induce a broader T cell-immune response not only
to defined TAAs but also to unknown TAAs. In TCL-based
cancer immunotherapy, the development of both an antigen-
delivery system and an adjuvant that can efficiently prime
and propagate CTLs specific for TAAs included in the TCL
is required for achieving sufficient therapeutic effect. CTLs
are activated by antigen-presenting cells (APCs), including
dendritic cells (DCs), through the major histocompatibility
complex (MHC) class I-restricted antigen presentation path-
way. Peptides presented on MHC class I molecules are de-
rived in most situations exclusively from endogenous anti-
gens synthesized by cells. Antigens in the extracellular fluids
fail to gain access to the MHC class I-pathway in most cells,

* To whom correspondence should be addressed.

e-mail: nakagawa@phs.osaka-u.ac.jp

vaccine carrier; tumor cell lysate; liposome; melanoma

although class I-presentation of endocytosed antigens also
occurs in APCs under certain circumstances.5” Therefore, if
we can introduce the TAA-containing TCL directly into the
cytoplasm, the TAAs would be definitively delivered to the
MHC class I-antigen presentation pathway, much like cyto-
plasmic proteins.

Fusion active liposomes (fusogenic liposomes; FLs),
which are composed of conventional liposomes (CLs) dis-
playing Sendai virus-accessory proteins, retain membrane-
fusion activity derived from Sendai-virus and efficiently in-
troduce its contents into cytoplasm.®’ We have previously re-
ported that direct antigen loading into cytoplasm by FLs is an
efficient approach for enhancing antigen-specific CTL induc-
tion in mice.>~'" In the present study, in order to evaluate the
usefulness of FLs as antigen-delivery carriers for TCL-based
cancer immunotherapy, we investigated anti-tumor efficacy
of ex vivo vaccination using TCL-containing FLs (TCL/FLs)-
pulsed DCs and in vivo direct TCL/FLs-immunization in the
murine B16BL6 melanoma model.

MATERIALS AND METHODS

Cells and Mice BI6BL6 cells, a C57BL/6-origin
melanoma cell line, were grown in Eagle’s minimum essen-
tial medium supplemented with 10% fetal bovine serum
(FBS), and antibiotics. DC2.4 cells, a C57BL/6-derived DC
line,' were generously provided by Dr. K. L. Rock (Depart-
ment of Pathology, University of Massachusetts Medical
School, Worcester, MA, US.A.), and were cultured in
RPMI1640 medium supplemented with 10% FBS, 2mm L-
glutamine, 100 1M non-essential amino acid, 50 um 2-mer-
captoethanol, and antibiotics. CD8-OVA 1.3 cells, a T-T hy-
bridoma against OVA+ H-2Kb,"” were kindly provided by
Dr. C. V. Harding (Department of Pathology, Case Western
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