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The transfer of genes of interest is a useful method for studying placental biology. Recombinant adenovirus (Ad) vector is an
efficient vector for transgene expression. An interaction between the fiber of Ad and the coxsackievirus and adenovirus receptor on
the cell membrane is the first step in infection. We previously developed fiber-modified Ad vectors and showed that they improved
transgene activity in several cell lines when compared to wild-type vector. In the present study, we examined the ability of three
fiber-modified Ad vectors to transduce human choriocarcinoma cell lines (JEG-3, JAR and BeWo) and rat trophoblast cell lines
(Rcho-1, TR-TBT 18d-1 and TR-TBT 18d-2). We compared the transgene efficacy of wild-type Ad-L2 vector, Ad-RGD(HI)-
1.2 vector containing an Arg-Gly-Asp motif, Ad-K7(C)-1.2 vector containing a 7-tandem lysine motif, and Ad-RGD(HI)K7(C)-
1.2 vector containing both motifs in the fiber. We used the luciferase gene as a reporter gene. In the human and rodent trophoblast
cell lines, Ad-RGD(HI)-1.2 had the greatest infectious potential, followed by Ad-RGDHIK7(C)-L2, Ad-K7(C)-L2 and Ad-L2.
Compared to the amount of luciferase produced by wild-type vector, Ad-RGD(HI)-L2 mediated 8.1-fold the amount of luciferase
in JEG-3 cells, 13.5-fold in JAR cells, 76.8-fold in BeWo cells, 5.0-fold in Rcho-1, 19.4-fold in TR-TBT 18d-1 and 15.0-fold in
TR-TBT 18d-2. These results indicate that Ad-RGD(HI) is a potential recombinant Ad vector for transgene expression in some
trophoblast cell lines.

Placenta (2005), 26, 729—734 © 2004 Elsevier Ltd. All rights reserved.

Keywords: Adenovirus vector; Fiber; Gene delivery; Trophoblast

Abbreviations: Ad, adenovirus; HSV, herpes simplex virus; AAYV, adeno-associated vector; SV, sindbis vector; CAR,
coxsackievirus and adenovirus receptor; RT, reverse transcription; PCR, polymerase chain reaction; RT—PCR, reverse
transcription—polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase

INTRODUCTION

A technique to transfer genes to trophoblasts may be useful to
study the biological functions of placenta. It is important
to identify an appropriate vector system to deliver target genes
to trophoblast cells. Recombinant virus vectors are powerful
systems to transduce genes into trophoblasts [1]. The trans-
duction of genes into trophoblasts has been mediated by
adenovirus (Ad) vectors, herpes simplex virus (HSV) vectors,

* Corresponding author. Tel.: +81 42 721 1555; fax; +81 42 723
3585.
E-mail address: watanabe@ac.shoyaku.ac.jp (Y. Watanabe).

0143—4004/$—see front matter

adeno-associated virus vectors and sindbis virus (SV) vectors
[1]. The binding of vector to ligand on the cell surface is the
first step in infection. Coxsackievirus and adenovirus receptor
(CAR) is a ligand for Ad vector, proteoglycan is a receptor for
HSYV vector, and laminin is a receptor for SV vectors [1]. Since
Ad vectors are easy to prepare and have a high infectious
efficacy, they may be potential vectors for transducing genes
into trophoblasts. But, CAR is not expressed in some
trophoblast cells, making it difficult to transduce these cells
with Ad vectors [2—4]. An initial step of infection with Ad
virus is the interaction of the knob domain of the fiber on Ad
virus with CAR on the targeted cells [5,6]. Therefore,
modulation of the knob domain on Ad vectors may expand
their tropism.

© 2004 Elsevier Ltd. All rights reserved.
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To overcome the limited tropism of Ad vectors, our group
and other groups have developed mutated Ad vectors that
contain a modulated knob domain in the fiber. The Ad-
RGD(HI)-L.2 vector, which contains the RGD motif in the
knob domain of the fiber, can transduce cells by binding to av-
integrin on the cell surface. The Ad-RGD(HI)-L2 vector has
expanded tropism against CAR-negative human and murine
cells [7—15]. The Ad-K7(C)-L.2 vector, which has a 7-tandem
lysine peptide, can infect cells via heparan sulfate on the cell
surface [7,9—11,15—18]. Recently, the Ad-RGD(HDK7(C)-
L2 vector, which contains RGD and K7 in the fiber knob, was
developed [15,19]. We found that the efficacy of transgene
delivery mediated by Ad-RGD(HI)-1.2, Ad-K7(C)-L.2 and
Ad-RGD(HI)K7(C)-1.2 varied among different cell lines [15].
For example, the Ad-RGD(HDK7(C)-1.2 and Ad-K7(C)-L2
vectors efficiently delivered transgenes into rat skeletal muscle
myoblast L6 cells and rat liver epithelial cells, respectively.
Thus, it is important to select an Ad vector system that is
suitable for a particular cell line.

To the best of our knowledge, there are only two rat
trophoblast cell lines, Rcho-1 cells and TR-TBT (18d-1 and
18d-2) cells. Cultured Rcho-1 cells differentiate into tropho-
blast giant cells, which play an important role in endocrinology
of the rat placenta [20]. Therefore, Rcho-1 cells have been
widely used for analysis of differentiation in the placenta
[20—23]. TR-TBT 18d-1 and 18d-2 cells are syncytiotropho-
blast cells that were established by Kitano and colleagues [24].
There are two syncytiotrophoblast layers in the labyrinth zone
of the placenta. TR-TBT 18d-1 and 18d-2 cells are
syncytiotrophoblasts in layer I and layer II, respectively.
Thus, TR-TBT cells are also useful models of trophoblasts in
vitro. In the present study, we compared the efficacy of
transgene delivery mediated by wild-type Ad-L2, Ad-
RGD(HI)-1.2, Ad-K7(C)-1.2 and Ad-RGD(HI)K7(C)-1.2 in
well-used human trophoblast cell lines as an in vitro model
(JEG-3, JAR and BeWo cells) and rat trophoblast cell lines
(Rcho-1, TR-TBT 18d-1 and 18d-2).

MATERIALS AND METHODS

Cells

The human trophoblast cell line BeWo clone (b30) was kindly
provided by Dr. A. Schwarts (Washington University, MO,
USA). BeWo cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% heat-inactivated fetal
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bovine serum (FBS) containing 1% MEM non-essential amino
acid solution (Gibco, MD, USA), 1.6 g/1 sodium bicarbonate,
0.584 g/1 L-glutamine, 3.5 g/1 D-glucose, 100 pg/ml penicillin
G, 100 pg/ml streptomycin and 50 pg/ml gentamicin. Human
trophoblast JAR and JEG-3 cells were cultured with minimum
essential Eagle’s medium with 10% FBS and RPMI-1640 with
10% FBS, respectively. Rat trophoblast Rcho-1 and TR-TBT
(18d-1, 18d-2) were cultured in RPMI-1640 and DMEM
supplemented with 10% FBS, respectively.

Preparation of wild-type Ad vectors and the
fiber-modified Ad vectors

We used wild-type Ad vector, Ad-1.2, and three types of fiber-
modified Ad vectors, Ad-RGD(HI)-1.2, Ad-K7(C)-L.2 and
Ad-RGD(HI)K7(C)-1.2 (Table 1). Ad-RGD(HI)-L.2 contains
RGD peptide in the HI loop of the fiber knob, Ad-K7(C)-L2
contains K7 peptide in the C-terminal of the fiber knob, and
Ad-RGD(HIK7(C)-L2 contains RGD and K7 peptides in the
HI loop and the C-terminal of the fiber knob, respectively
[14,15,25,26]. These Ad vectors were prepared by ultracen-
trifugation in CsCl gradient {25,26]. The virus particle titer
and infectious (plaque forming unit: PFU) titer were
calculated by the methods of Maizel et al. [27] and Kanegae
et al. [28], respectively. The particle-to-PFU ratio and foreign
peptide sequence (core sequence is bold letters) of each vector
is shown in Table 1.

Adenovirus-mediated gene transduction
into cultured cells

Cells (1 X 10%) were seeded onto a 96-well dish. On the fol-
lowing day, they were transduced with 300 vector particles per
cell of Ad-L2, Ad-RGDHI)-L.2, Ad-K7(C)-1.2 or Ad-
RGD(HI)-K7(C)-1.2 for 1.5 h. After culture for 48 h, the lucif-
erase production was measured using a commercially available
luciferase assay kit as follows (PicaGene L'T2.0, Toyo Inki Co.,
Ltd., Tokyo, Japan). Luminescence was converted to luciferase
production using luciferase protein as a standard, and the
production of luciferase was corrected by the number of cells.

RT-PCR analysis

There are two main steps in Ad infection: (1) binding of the
fiber knob on Ad to a ligand on the cell membrane, followed by
(2) the interaction between the RGD motif on Ad with

Table 1. Ad vectors used in this study

Foreign peptide

Particle-to-PFU

Ad vectors HI loop C-terminal ratio (PT/PFU)
Ad-1.2 - — 14
Ad-RGD(HI)-L.2 CDCRGDCFC — 21
Ad-K7(C)-1.2 - (GSLKKKKKKK 75
Ad-RGD(HDK7(C)-L2 CDCRGDCFC (GS): KKKKKKK 32
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avB3- and avP5-integrins on the cell membrane [5,29].
Therefore, we examined the expression of CAR, av-integrin,
B3-integrin and B5-integrin in human and rat trophoblast cell
lines by RT—PCR analysis. Total RNA was isolated using
TRIZOL reagent (Life Technologies, Tokyo, Japan). Reverse
transcription (RT) was performed using a TaKaRa RNA PCR
kit (AMYV) Ver. 2.1 for first strand cDNA synthesis (TaKaRa
Bio, Osaka, Japan) according to the instructions of the
manufacturer. After the RT reaction, the rat/human CAR
and integrins (av, B3 and B5) were amplified by PCR. The
primers and the expected size of the PCR product are
summarized in Table 2. PCR conditions were as follows:

human CAR, 30s at 94 °C, 60s at 65 °C, and 120s at 72 °C

for 30 cycles; human av-integrin, 40 s at 94 °C, 60s at 65 °C,
and 120s at 72 °C for 40 cycles; human PB3-integrin, 30s at
94 °C, 40s at 65 °C, and 60s at 72 °C for 30 cycles; human
B5-integrin, 40 s at 94 °C, 40 s at 58 °C, and 60 s at 72 °C for
20 cycles; human B-actin, 30 s at 94 °C, 30s at 60 °C, and 30 s
at 72 °C for 35 cycles; rat CAR, 455 at 94 °C, 60 s at 53 °C,
and 90 s at 72 °C for 40 cycles; rat av-integrin, 45 s at 94 °C|
60s at 57 °C, and 90 s at 72 °C for 30 cycles; rat B3-integrin,
455at94 °C, 60 s at 58 °C, and 90 s at 72 °C for 30 cycles; rat
B5-integrin, 45 s at 94 °C, 60 s at 53 °C, and 90 s at 72 °C for
40 cycles; and rat glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 45s at 94 °C, 60s at 60 °C, and 90s at 72 °C for
40 cycles.

PCR products were electrophoresed in a 2.0% agarose gel.
To ensure the quality of the procedure, RT—PCR was also
performed using specific primers for B-actin and GAPDH.

Statistical analysis

The significant difference was calculated using one-way
ANOVA followed by Dunnett’s test.

RESULTS
Human trophoblast cells

As shown in Figure 1, CAR and av-integrin were expressed in
all of the trophoblast cell lines. 33-Integrin expression was not
detected in JEG-3 cells, and B5-integrin expression was not
observed in BeWo cells.

Next, we compared the efficacy of gene transfer mediated
by Ad-I.2, Ad-RGD(HI)-12, Ad-K7(C)-L.2Z and Ad-
RGDMHIK7(C)-1.2 vectors in three cell lines, JAR, JEG-3
and BeWo. Although every combination of vector and cell line
resulted in luciferase production, the amount of luciferase
varied markedly (Figure 2). The greatest amount of luciferase
was produced by the Ad-RGD(HI)-L.2 vector. When
compared to Ad-L2, Ad-RGD(HI)-L2 mediated the pro-
duction of 8.1-fold the amount of luciferase in JEG-3 cells,
13.5-fold the amount in JAR cells, and 76.8-fold the amount in
BeWo cells. The second highest amounts of luciferase were
mediated by the Ad-RGDHIK7(C)-L2 vector. When
compared to Ad-L2, Ad-RGD(HI)K7(C)-L2 mediated the
production of 4.2-fold the amount of luciferase in JAR cells,
6.2-fold in JEG-3 cells, and 9.4-fold in BeWo cells.
Modification of K7 in the fiber knob domain did not result
in increased luciferase production in JAR cells and JEG-3

Table 2. Primers for RT—PCR analysis

Gene Sequence (5’ to 3") Parameter (°C) Expected size (bp)

Human CAR Forward AGCCTTCAGGTGCGAGATGTTACG 65 366
Reverse TAGGACAGCAAAAGATGATAAGAC

Human av-integrin Forward GCCTATCTCCACGCACACTG 65 287
Reverse TTGGACCATTGTTTCTCAGC

Human (3-integrin Forward GAGGATGACTGTGTCGTCAG 65 232
Reverse CTGGCGCGTTCTTCCTCAAA

Human B5-integrin Forward GCCTATCTCCACGCACACTG 58 454
Reverse AGACTCCGACCCTTCCTGAC

Human f-actin Forward CAAGAGATGGCCACGGCTGCT 60 275
Reverse TCCTTCTGCATCCTGTCGGCA

Rat CAR Forward ATGGATCCTACACCCGAACAGAGGATCG 53 280
Reverse GCGAATTCGCGTCGCCAGACTTGACAT

Rat av-integrin Forward GCCTATCTCCACGCACACTG 57 273
Reverse CGGGTGCTATCTGTCTTATG

Rat B3-integrin Forward TAATGATGGGCGCTGCCACA 58 279
Reverse CGTAAGCATCAACGATGAGC

Rat B5-integrin Forward TGTGTCTCTGCGGTGTTTGC 53 312
Reverse CCACGAGAACACCACAACAA

Rat GAPDH Forward ACCACAGTCCATGCCATCAC 60 452
Reverse TCCACCACCCTGTTGCTGTA
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JEG-3

JAR BeWo

CAR 366 bp
o yintegrin 287 bp
B zintegrin 232 bp
B sintegrin 454 bp

B-actin 275 bp

Figure 1. RT—PCR analysis of CAR and integrin (av, 3, B5) and f-actin
expression in human trophoblast cell lines.

cells. But, as compared to Ad-L2 vector, the modification of
K7 elevated the luciferase production by 4.6-fold in BeWo
cells.

Rat trophoblast cells

Next, we investigated the effects of different Ad vectors on
transgene expression in Rcho-1 cells and TR-TBT (18d-1 and

JEG-3
Mock
AdL2[ Ha
Ad-RGD(HI)-L2 —
AKT(CFL2[_Ha
Ad-RGD(HDK7(C)-L2 F—ib

0 50 100 150 200 250 300 350

JAR

Mock

Ad-L2| Ja
Ad-RGD(HD-L2
AdKTO)-L2[ Ha

Ad-RGD(HIDK7(C)-L2 H <
0 100 200 300 400 500 600 700
BeWo
Mock
Ad-L2H a

Ad-RGD(HI)-L2
Ad-KT(C)-L2 [} ¢
Ad-RGDHDK7(C)-L2| _H d

0 50 100 150 200 250 300 350
Luciferase production (ng/1 x 10 cells)

Figure 2. Luciferase production in human trophoblast cell lines transduced
by Ad-L2, Ad-RGD(HI)-L2, Ad-K7(C)-L2 or Ad-RGD(HI)-K7(C)-L2.
Cells were transduced with 300 vector particles per cell for 1.5h. A
luminescent assay was used to measure luciferase production after 48 h of
culture. Data are expressed as mean + S.D. (# = 4). Significant difference is
observed among the groups with different letters (p < 0.01).
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CAR 280 bp

« yintegrin 273 bp

B sintegrin 240 bp |

B sintegrin 312 bp

GAPDH 452 bp

Figure 3. RT—PCR analysis of CAR and integrin (v, 3, B5) and GAPDH
expression in rat trophoblast cell lines.

18d-2) cells. RT—PCR analysis revealed that mRNA for CAR,
awv-integrin, B3-integrin and B5-integrin is expressed in each
rat trophoblast cell line (Figure 3). We studied the gene
transfer activities mediated by the Ad-RGD(HI), Ad-K7(C)-
L2 and Ad-RGDHDK7(C)-L2 vectors in rat trophoblast cell
lines. When compared to Ad-L2 vector, Ad-RGD(HI)-L.2
mediated the production of 5—20 times more luciferase
(Figure 4). Ad-K7(C)-L.2 caused decreased luciferase pro-
duction when compared to Ad-L2 vectors (34% in Rcho-1,
43% in TR-TBT 18d-1 and 56% in TR-TBT 18d-2). Ad-
RGDHIK7(C)-L2-mediated gene transfer resulted in in-
creased luciferase production when compared with Ad-1.2
vectors, but the production of luciferase was lower than that
mediated by Ad-RGD(HI)-1.2.

DISCUSSION

The first step in Ad infection is the binding of the fiber knob of
Ad with CAR on the cell membrane [5,6]. Since the HI loop
and C-terminus of the fiber are not involved in formation of
the CAR-binding site [30—32], we developed fiber-modified
Ad vectors with expanded tropism by insertion of the RGD
motif and/or K7 motif into the HI loop and/or the
C-terminus of the fiber [12,15,33]. In the present study, we
evaluated the ability of several fiber-modified Ad vectors to
transduce human and rat trophoblast cell lines. We found that
Ad-RGD(HI) vector, which contains an RGD motif in the
fiber knob, is the prominent vector system for transduction of
human and rat trophoblast cell lines.

In human trophoblast cell lines, Ad-RGD(HI)-L2 was the
most efficient vector, Ad-RGD(HI)K7(C)-L2 had moderate
efficiency, and Ad-K7(C)-L.2 and Ad-1.2 were the least
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Rcho-1
Blank
AML2[H a
Ad-RGD(HD-L2 [ ——— 1
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Ad-RGDHDK7(C)-L2 i b
0 16 32 48 64 80

TR-TBT 18d-1
Blank i
Ad-L2[] a
Ad-RGD(HI)-L2 i b
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Luciferase production (ng/1 X 10° cells)

Figure 4. Luciferase production in rat trophoblast cells transduced by Ad-
L2, Ad-RGD(HI)-L2, Ad-K7(C)-L2 or Ad-RGD(HI)-K7(C)-L2. Cells were
transduced with 300 vector particles per cell for 1.5 h. A luminescent assay was
used to measure luciferase production after 48 h of culture. Data are expressed
as mean + S.D. (» = 4). Significant difference is observed among the groups
with different letters (p < 0.01).

efficient. Although Ad-K7(C)-1.2 mediated greater luciferase
production than Ad-L.2 in JAR and BeWo cells, the transgene
effects of Ad-RGD(HIK7(C)-L2 were weak (rather than
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additive) when compared to Ad-RGD(HI)-L2 and Ad-K7(C)-
L2. The RGD motif contains a positively charged arginine (R)
residue. Thus, the lower efficiency of Ad-RGD(HI)K7(C)-L2
vector may be caused by a disturbance in the interaction of the
fiber with the ligand on the membrane by the positively
charged K7 motif in JAR and BeWo cells. In spite of the
absence of B3-integrin expression, the transgene effect of Ad-
RGD(HI)-L2 was observed in JEG-3 cells. We found that
expression of P3-integrin was not responsible for transgene
activity of Ad-RGD(HI)-L2 in mouse fibroblast L cells and
human glioma 1.N444 cells [12]. So, Ad-RGD(HI)-L2 in
JEG-3 may infect JEG-3 cells via an avp5-integrin-dependent
pathway. Ad-RGD(HI)-L2 was also the most promising vector
for transgene expression in rat trophoblast cell lines. The
transducing efficiency in rat trophoblast cell lines was not
increased by the insertion of the K7 motif in the fiber knob.
This suggests that interaction between heparan sulfate on the
cell membrane and the fiber containing the K7 motif did not
contribute to infection with Ad vector. The lower transgene
efficiency mediated by the insertion of the RGD motif and K7
motif in the knob of the fiber (as compared to the insertion of
only the RGD motif) may be caused by positively charged K7
disturbing the interaction between the RGD motif and
integrin. Dmitriev et al. [8] reported that the RGD motif of
the penton base of Ad does not contribute to the binding to
avB3-integrin on the cell membrane. Ad-RGD(HI) may
effectively infect trophoblast cells in the RGD motif in
a fiber-dependent fashion.

In summary, fiber-modified Ad that contains the RGD motif
in the fiber knob is a promising vector for gene transfer to
human and rat trophoblast cell lines. This is the first report to
compare the gene transfer activity of various recombinant Ad
vectors in trophoblast cell lines. Our findings will be useful for
future clinical and basic research regarding the placenta.
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Abstract

Background PEGylation of adenovirus vectors (Ads) is an attractive strategy
in gene therapy. Although many types of PEGylated Ad (PEG-Ads), which
exhibit antibody evasion activity and long plasma half-life, have been
developed, their entry into cells has been prevented by steric hindrance
by polyethylene glycol (PEG) chains. Likewise, sufficient gene expression for
medical treatment could not be achieved.

Methods A set of PEG-Ads, which have different PEG modification rates,
was constructed, and gene expression was evaluated using A549 cells. A novel
PEGylated Ad (RGD-PEG-Ad), which contained RGD (Arg-Gly-Asp) peptides
on the tip of PEG, was developed. We evaluated gene expression both in
Coxsackie-adenovirus receptor (CAR)-positive as well as -negative cells, and
invivo gene expression was also determined. Furthermore, the antibody
evasion ability and the specificity of infection exhibited by this RGD-PEG-Ad
were also evaluated.

Results Whereas PEG-Ads decreased gene expression in CAR-positive cells,
RGD-PEG-Ad enhanced gene expression notably, to a level about 200-fold
higher than that of PEG-Ads. Moreover, gene expression of RGD-PEG-Ad
was almost equal to that of Ad-RGD, which contains an RGD-motif in the
fiber and exhibits among the highest gene expression of CAR-positive and
-negative cells. Furthermore, although Ad-RGD gene expression decreased
remarkably in the presence of anti-Ad antiserum, RGD-PEG-Ad maintained
its activity against antibodies. In vivo experiments also demonstrated that the
modification of Ads with RGD-PEG induced efficient gene expression.

Conclusions In the present study, we demonstrated that a new strategy,
which combined integrin-targeting the RGD peptide on the tip of PEG and
modified the Ad using this material, could enhance gene expression in both
CAR-positive and -negative cells. At the same time, this novel PEGylated Ad
maintained strong protective activity against antibodies. This strategy could
also be easily modified for developing other vectors using other targeting
molecules. Copyright © 2004 John Wiley & Sons, Ltd.

Keywords adenovirus; antibody; polyethylene glycol; RGD peptide; gene
expression

Introduction

Gene therapy for cancer or other incurable diseases has attracted consider-
able attention. The major obstacle to widespread utilization of gene therapy
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involves the transgenic vector. Adenovirus vectors (Ads)
exhibit high transduction efficiency and gene expression,
and can efficiently transfer genes into both dividing and
non-dividing cells. Therefore, they are widely used as
vectors for gene therapy [1-4]. On the other hand,
many people carry neutralizing antibodies to Ads, and the
administration of a large amount of Ads may cause side
effects. Therefore, clinical application of Ads is difficult
[5,6], and many studies have been conducted in an
attempt to overcome the limitations of Ads [7-9].

PEGylation, the covalent attachment of activated
monomethoxy polyethylene glycol to free lysine groups
on the surface of an Ad, is a promising strategy for
overcoming these limitations. PEGylation of therapeutic
proteins such as cytokines has been reported previously
[10,11], and several groups have reported that PEGylated
adenovirus exhibits several advantageous attributes
[12-14]. Without the need for modifying Ad capsid
protein by genetic recombination, a PEGylated Ad (PEG-
Ad) can transduce its therapeutic gene into cells even in
the presence of Ad-neutralizing antibodies [15,16], and
extend residence time in the blood [17]. Furthermore,
targeting of PEG-Ads has also been attempted. Lanciotti
et al. reported targeting Ads using heterofunctional PEG,
tresyl-PEG-maleimide [18]. Conjugation of optimized
fibroblast growth factor 2 (FGF2), which possesses
monoreactive cysteine, to the maleimide group on PEG-
Ad was mediated by a reactive sulfhydryl group on the
surface of the protein. Ogawara et al. reported enhanced
transgene delivery to activated vascular endothelial cells
using a PEG-Ad combined with an antibody on the tip
of PEG [19]. These reports suggest that the use of a
functional molecule on the tip of PEG can efficiently
change the tropism of Ads or PEG-Ads.

In the present study, we attempted to overcome the
previously observed reduction in gene expression caused
by the inhibition of endocytosis through the Coxsackie-
adenovirus receptor (CAR). This inhibition is due to
steric hindrance by the PEG chains and has prevented
the widespread therapeutic use of PEG-Ads. Therefore,
we developed a new versatile Ad that maintained the
positive attributes of PEGylation but also exhibited high
transduction efficiency both in CAR-positive and -negative
cells.

Infection by Ads occurs in two distinct steps. In the first
step, the fiber protein of the Ad binds to its CAR [20-22],
and the transduction efficiency of this step is influenced by
the amount of CAR present. Following this, internalization
via receptor-mediated endocytosis is promoted when the
RGD motif of the penton bases combines with avp3
and avf5 integrins [23,24], which are present on many
types of cells, We focused on the second step of Ad
infection and constructed PEG with RGD peptides on the
tip. The PEGylated Ad (RGD-PEG-Ad), which contained
RGD peptide on the tip of PEG, was expected to show
high transduction efficiency for both CAR-positive and
-negative cells because of the interaction between RGD
and integrin. Likewise, RGD-PEG-Ad possesses the ability
to avoid neutralizing antibodies, a major advantage of

Copyright © 2004 John Wiley & Sons, Ltd.
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PEGylation [15,16]. Incidentally, an Ad that contains
an RGD peptide in the HI loop of the fiber (Ad-RGD)
has already been developed, and this vector exhibits the
highest transduction efficiency via integrin {25,26].

In the present study, we constructed several PEG-Ads
at various PEG modification rates, and measured their
gene expression. Following this, we used Lipofectamine
to determine whether PEG-Ads possessed high gene
expression ability. This verified that, upon entering a
cell, PEG-Ad expressed the gene originating from the
Ad itself. In the next step, we constructed RGD-PEG-Ad
and measured its gene expression in CAR-positive and
-negative cells with or without Ad antiserum.

Materials and methods

Cell lines

A549 (human lung carcinoma) cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum (FCS). B16BL6 (mouse melanoma)
cells were cultured in minimum essential medium
supplemented with 7.5% FCS.

Development of adenovirus vectors

In this study, all experiments used El-deleted Ad type
5, which expressed firefly luciferase under the control
of cytomegalovirus (CMV) promoters. Both conventional
and RGD fiber mutant Ads were amplified in 293 cells
using a modification of established methods, purified
from cell lysates by banding twice through CsCl gradients,
dialyzed and stored at —80 °C. The Ads used in this study
were constructed by an improved in vitro ligation method
as described previously [27]. Determination of virus
particle titer was accomplished spectrophotometrically
by the methods of Maizel et al. [28].

Preparation of RGD-PEG

The synthetic scheme for RGD-PEG is shown in Figure 3.
N-(9-Fluorenylmethoxycarbonyl)-O-(succimidyl)-w-ami-

no-a-carboxy-PEG (Fmoc-PEG-NHS, MW 3400) was pur-
chased from Shearwater Corporation (USA). B-Ala (8A)
was used as a spacer between PEG and the RGD peptide.
(Ac-YGGRGDTPBA)2K-PEG-BAC-amide (RGD-PEG, MW
5500) was synthesized manually on a Rink amide resin
[29] using a 9-fluorenylmethoxycarbonyl (Fmoc)-based
solid-phase strategy. We employed 2(1H-benzotriazol-1-
y1)-1,1,3,3-tetramethyluronium hexafluorophosphate and
1-hydroxybenzotriazole as coupling reagents, trityl
(Trt) protection as the sulfhydryl group source, tert-
butyl as the hydroxyl group source and 2,2)5,7.8-
pentamethylchroman-6-sulfonyl (Pmc) protection as the
guanidinyl group source. To liberate the synthetic RGD-
PEG from the resin, cleavage was achieved by using

J Gene Med 2005; 7: 604-612.
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a mixture of trifluoroacetic acid/triisopropylsilane/H,0
(95:2.5:2.5) [30] for 2 h at room temperature, followed
by high-performance liquid chromatography (HPLC)
purification on a C18 column. After addition of the pep-
tide to N-(6-maleimidecaproyloxy)succinimide) (EMCS)
in phosphate-buffered saline (PBS), pH 6.4, the solution
was changed to pH 7.4 PBS and kept frozen at —80°C.

Covalent attachment of PEG to Ads

Activated methoxypolyethylene glycol-succinimidyl pro-
pionate (mPEG-SPA, MW 5000; Shearwater Corporation,
USA) and RGD-PEG were used in this study. Ads were
reacted with 25-6400-fold molar excess of mPEG-SPA to
viral lysine residue at 37°C for 45 min with gentle stir-
ring. Ads were also reacted with 250-fold molar excess
of RGD-PEG under the same conditions. CsCl gradient
ultracentrifugation was used for PEGylated adenovirus
purification, and we assessed whether unmodified Ads
were mixed with the PEGylated Ad. Modification ratio
of PEGylated-Ads was determined by sodium dodecyl
sulfate/polyacrylamide gel electrophoresis (SDS-PAGE)
analysis using NIH image software. SDS-PAGE was carried
out, referring to the previous report by O’Riordan et al.
[15], in a 4-20% polyacrylamide gel (PAG Mini 4/20;
Daiichi Pure Chemicals, Japan). Viral protein (hexon) was
stained by Coomassie brilliant blue. The PEGylated hexon
band was separated from the unmodified hexon band. The
ratios of each band were measured using NIH Image soft-
ware, and the PEG modification ratio was calculated as
described below, the band of PEGylated hexon/the band
of PEGylated and unmodified hexon x100 [16]. After
dilution in PBS, the particle sizes of Ads and RGD-PEG-
Ad were measured using a Zetasizer 3000HS (Malvern
Inc. UK).

Transduction efficiency of PEGylated
Ads into A549 cells

A549 cells (2 x 10% cells/well) were seeded onto a
48-well plate. On the following day, the cells were
transduced with 300, 1000, 3000, or 10 000 particles/cell
of unmodified Ads and PEG-Ads that possessed various
PEG modifications in a final volume of 500 pul in cell
medium. After 24 h cultivation, luciferase activity was
measured using the luciferase assay system (Promega,
USA) and Microlumat Plus LB 96 (Perkin Elmer, USA)
after cells had been lysed with the luciferase cell culture
lysis reagent (Promega, USA). Luciferase activity was
calculated as relative light units (RLU)/well. In the
presence of 20 ug/ml Lipofectamine 2000 (Invitrogen,
USA), A549 cells were transduced with 1000 particles/cell
of unmodified Ads, 43%, 72%, and 89% modified PEG-
Ads, heatinactivated Ads, or heat-inactivated PEG-Ads,
respectively. After 4 h, the virus solution was replaced
with fresh medium, and the cells were incubated for 24 h.
Subsequently, luciferase expression was measured using
the method described above.

Copyright © 2004 John Wiley & Sons, Ltd.
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Transduction efficiency of RGD-PEG-Ad
into A549 and B16BL6 cells

A549 and B16BL6 cells (2 x 10* cells/well) were seeded
onto a 48-well plate. On the following day, the cells
were transduced with 300, 1000, 3000, and 10000
particles/cell of unmodified Ads, PEG-Ads, RGD-PEG-Ad
or Ad-RGD, respectively, in a final volume of 500 pl in
cell medium. After 24 h cultivation, luciferase activity was
measured using the method described above.

Competition experiments using RGD
peptide

B16BL6 cells (2 x 10% cells/well) were seeded onto a 48-
well plate. On the following day, cells were incubated with
RGD peptide (GRGDTP, SIGMA) at a final concentration
of 200 pg/ml for 10 min at room temperature, and then
3000 particles/cell of unmodified Ads, RGD-PEG-Ad or
Ad-RGD were added to a final volume of 300 pl in cell
medium. After 24 h cultivation, luciferase activity was
measured using the method described above.

Preparation of Ad antiserum

Ad antiserum was obtained from ICR mice using methods
previously reported by us and others [16,31]. In brief,
a dose of 100 particles of unmodified Ad containing
Freund’s complete adjuvant in 100 ul of PBS was
administered hypodermically to a female ICR mouse
(6 weeks old). Two to four weeks later, an additional dose
of 100 viral particles in Freund’s incomplete adjuvant was
hypodermically administered. Mouse serum was collected
after 1 week, and stored at —20°C.,

Antibody evasion by RGD-PEG-Ad in
B16BL6 cells

B16BL6 cells (2 x 10% cells/well) were seeded onto a 48-
well plate. On the following day, the cells were transduced
with 1000 particles/cell of RGD-PEG-Ad or Ad-RGD in a
final volume of 500 pl in cell medium in the presence
or absence of 100 ul/well Ad antiserum (42, 125 ng
protein/well). After 24 h cultivation, luciferase activity
was measured using the method described above.

Ad-mediated gene transduction in vivo

Unmodified Ad, Ad-RGD, and RGD-PEG-Ad (1.5 x 10%°
particles/100 ul) were intravenously injected into BALB/c
mice (female, 6 weeks old; obtained from Nippon SLC,
Kyoto, Japan). Forty-eight hours later, organs were
isolated and homogenized as previously described [32].
Luciferase activity was measured using the method
described above. '

J Gene Med 2005; 7: 604-612.
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Statistical analysis

Student’s t-test was used for statistical comparison
when applicable. Differences were considered statistically
significant at P < 0.05.

Results

Transduction efficiency of Ads declines
in response to PEGylation

We confirmed the feasibility of constructing PEG-Ads
that exhibit various PEG modification rates, which are
regulated by the amount of PEG made available for the
reaction (data not shown). In the present study, Ads
were reacted with 25-, 100-, 400-, 1600- and 6400-fold
molar excesses of PEG relative to viral lysine residue.
The results showed that the transduction efficiency of
PEG-Ads fell remarkably as the PEG modification rate
increased (Figure 1). Luciferase expression of the 34%
modified PEG-Ad was approximately 200-fold lower than
that of unmodified Ads, and gene expression of the 89%
modified PEG-Ad fell by 100000 or more and was not
dose-dependent.

PEG-Ads show high gene expression
upon cell entry

We introduced PEG-Ads into cells using Lipofectamine and
measured their gene expression in order to verify that the
decrease of gene expression of PEG-Ads was derived from

*
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Figure 1. Transduction efficiency of PEGylated adenovirus
vectors into A549 cells. A549 cells (2 x 10% cells) were
transduced with 300, 1000, 3000 or 10000 particles/cell of
unmodified Ad or PEG-Ad encoding the luciferase gene at
the indicated modification ratios. Luciferase expression was
measured after 24 h. Each point represents the mean = S.D.
n=3)

binding inhibition due to steric hindrance by PEG chains.
The results shown in Figure 2 demonstrated that, in the
absence of Lipofectamine, the transduction efficiency of
PEG-Ads significantly decreased as PEG modification rate
increased. However, in the presence of Lipofectamine,
PEG-Ad gene expression at 43% modification was
enhanced significantly to nearly that of unmodified Ads.
Even at high modification rates (89%), the PEG-Ad
gene expression in the presence of Lipofectamine was
more than 130-fold higher than that in the absence
of Lipofectamine. The gene expression of the heat-
inactivated unmodified Ads and the heat-inactivated PEG-
Ads were very low even with Lipofectamine. The results

10*
Lipofectamine 2000 - + - + -+

Heat inactivation o+ _

unmodified-Ad

+ o+ - -

72%
PEGylated-Ad

+ o+
89%

Figure 2. Transduction efficiency of PEGylated adenovirus vectors into A549 cells in the presence or absence of Lipofectamine
2000. A549 cells (2 x 10* cells) were transduced with 1000 particles/cell of unmodified Ad or PEG-Ad in the presence or absence
of 20 wg/ml of Lipofectamine 2000. After 4 h, the virus solution was replaced with fresh medium, and the cells were incubated for
24 h. Luciferase expression was measured. 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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shown here indicate that high transduction efficiency,
which is characteristic of Ads, decreased due to the steric
hindrance of CAR by PEG chains.

Construction of PEGylated Ads with
RGD peptides

In selecting the adhesion molecule, we focused on the
RGD motif, the second mediator of Ad internaliza-
tion. We constructed RGD-PEG-Ad using RGD-PEG-NHS
(Figure 3), which contains two RGD motifs (YGGRGDTP)
on the tip of PEG, and we investigated the characteris-
tics of RGD-PEG-Ad (Table 1). RGD-PEG-Ad was 12.5 nm
bigger in diameter than unmodified Ads, and the PEG
modification rate (36%) was confirmed by SDS-PAGE and
NIH Image software.

Enhanced transduction efficiency of
RGD-PEG-Ad in comparison to that
induced by PEG-Ads

We compared the transduction efficiency of unmodified
Ads, PEG-Ads, Ad-RGD, and RGD-PEG-Ad in both A549

Table 1. Modification ratio and vectors size of RGD-PEG-Ad

Ratio PEG modification Vector size
(Ad/RGD-PEG)* ratio (%) (nm)

1:0 (unmodified) 0 1221445
1:250 36 1346427

*Amount of PEG to lysine residue of adenovirus vector capsid protein
(mol/mol)

Y.Etoetal.

(CAR-positive) and B16BL6 (CAR-negative) cells. In
A549 cells, RGD-PEG-Ad showed 100-fold higher gene
expression than PEG-Ad, which exhibits the same level
of modification. This gene expression level was similar
to that of unmodified Ads and Ad-RGD (Figure 4A). In
B16BL6 cells, RGD-PEG-Ad exhibited 60-fold and 200-
fold higher gene expression rates than unmodified Ad
and PEG-Ad, respectively, but the expression rate was
similar to that of Ad-RGD (Figure 4B).

RGD-PEG-Ad specifically infect cells
through integrin

The specificity of RGD-PEG-Ad binding via integrin
was evaluated by competition assay using the RGD
peptide, GRGDTP, which has been widely used as
a competitive peptide for integrin [33,34]. In the
presence of GRGDTP, RGD-PEG-Ad and Ad-RGD gene
expression was remarkably decreased compared to that
in the absence of RGD peptide (Figure 5). In contrast,
unmodified Ad did not decrease notably, suggesting the
introduction of RGD-PEG-Ad was integrin-dependent.

RGD-PEG-Ad maintains its high gene
expression in the presence of Ad
antiserum

We evaluated transduction efficiency of Ad-RGD and
RGD-PEG-Ad in the presence or absence of Ad antiserum
using B16BL6 cells. In the presence of Ad antiserum, Ad-
RGD gene expression was reduced remarkably. However,
RGD-PEG-Ad maintained its high transduction efficiency
(Figure 6). In the presence of 125 ng anti-Ad antibody,
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Figure 3. Structural scheme for RGD-PEG

Copyright © 2004 John Wiley & Sons, Ltd.

J Gene Med 2005; 7: 604-612.



Development of Versatile PEGylated Ad

(A)

0

609

- % - unmodified-Ad
-~G=- PEG-Ad

—&— RGD-PEG-Ad

L ?‘ - . - ’@
,' /@' -
o —A - Ad-RGD
€
L ]
5000 10000

1010 -
10°
2
=
O = 8
g o 10
33
&
7
g€ 1 @ 108
3 /,@- -
108 | & 10°
5 ? L ) 4
0%, 5000 10000 0
particles/cell

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

100

80

60

Luciferase activity (% of control)

40

Unmeodified-Ad

Ad-RGD

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. B16BL6 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 ng/ml). Luciferase expression was measured after 24 h. Each point represents the mean + $.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 101° 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 A549 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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Enhanced oncolysis by a tropism-modified telomerase-specific replication-
selective adenoviral agent OBP-405 (‘Telomelysin-RGD’)
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Replication-comipetent oncolytic viruses are being devel-
oped for human cancer therapy. We previously reported
that an attenuated adenovirus (OBP-301, ‘Telomelysin’),
in which the h\TERT promoter element drives expression
of E1A and E1B genes linked with an IRES, could
replicate in cancer cells, and causes selective lysis of
cancer cells. We further constructed OBP-405 (“Telome-
lysin-RGD’) that contains an RGD motif in the HI loop of
the fiber knob. We examined whether OBP-405 could be
effective in overcoming the limitations of OBP-301,
specifically their inefficient infection into cells lacking
the primary receptor, the coxsackievirus and adenovirus
receptor (CAR). By flow cytometric analysis, H1299
(lung) and SW620 (colorectal) tumor cells showed high
levels of CAR expression, whereas LIN444 (glioblastoma),
LINZ308 (glioblastoma), and H1299-R5 (lung) tumor cells
were negative for CAR expression. A quantitative real-
time PCR analysis demonstrated that fiber-modified
OBP-405 infected more efficiently than OBP-301,
although the intracellular replication rate of both viruses
was consistent. The comparative antitumor effect of fiber-
modified OBP-405 and unmodified OBP-301 for human
cancer cells was evaluated in vitro by XTT assay as well
as Iin vivo by using athymic mice carrying xenografts.
OBP-405 had a profound oncolytic effect on human
cancer cell lines compared to OBP-301, in particular on
cells with low CAR expression. Intratumoral injection of
107 plaque-forming units of OBP-405 into CAR-negative
H1299-R5 lung tumor xenografts in nu/nu mice resulted
in a significant inhibition of tumor growth and long-term
survival in all treated mice. Moreover, selective replication
of OBP-405 in the distant, uninjected H1299-R5 tumors
was demonstrated. Our results suggest that fiber-modified
replication-competent adenovirus OBP-405 exhibits a
broad target range by increasing infection efficiency, an
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outcome that has important implications for the treatment
of human cancers.
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Introduction

The optimal treatment for human cancer requires an
improvement of therapeutic ratio to increase cytotoxic
efficacy on the tumor cells and decrease that on the
normal cells. This may not be an easy task because most
of normal cells surrounding tumors are sensitive to the
cytotoxic treatment. Thus, to establish reliable thera-
peutic strategies for human cancer, it is important to
seek the genetic and epigenetic targets present only in
cancer cells. The emerging fields of functional genomics
and functional proteomics provide an expanding re-
pertoire of clinically applicable targeted therapeutics
(Kohn et al., 2004). Telomerase is a ribonucleoprotein
complex responsible for the addition of TTAGGG
repeats to the telomeric ends of chromosomes (Greider
and Blackburn, 1985; Collins and Mitchell, 2002), and
contains the enzymatic subunit human telomerase
reverse transcriptase (hTERT) (Nakamura et al,
1997). The hTERT proximal promoter can be used as
a molecular switch for the selective expression of target
genes in tumor cells (Koga et al., 2000; Komata et al.,
2001; Gu et al., 2000, 2002), since almost all advanced
human cancer cells express telomerase and most normal
cells do not (Kim et al., 1994; Shay and Wright, 1996).
Genetically modified adenoviruses have emerged as a
new biological anticancer agent (McCormick, 2001,
Fang and Roth, 2003). We previously constructed an
adenovirus vector (OBP-301, ‘Telomelysin’), in which
the hTERT promoter element drives expression of E1A
and E1B genes linked with an internal ribosome entry
site (IRES), and showed that OBP-301 induced selective



E1A and E1B expression in human cancer cells, but not
in normal cells (Kawashima et al., 2004). Therefore,
OBP-301 can replicate and lyse only cancer cells, but not
normal cells. In addition, OBP-301 will infect neighbor-
ing cancer cells, and induce oncolysis throughout the
whole tumor mass in vivo.

Infection efficiency of the presently available adeno-
viral agent, which is derived from human adenovirus
serotype 5, varies widely depending on the expression of
Coxsackie-adenovirus receptor (CAR) (Wickham et al.,
1993). The initial step of adenovirus infection involves at
least two sequential steps. The first step is the attach-
ment of the virus to the cell surface through binding of
the knob domain of the fiber to CAR (Bergelson et al.,
1997). Following attachment, the viral internalization
into the cells occurs by the interaction of RGD (Arg-
Gly-Asp) motifs of penton base with integrin receptors,
avf3 and avf5, expressed on most cell types (Wickham
et al., 1993). Therefore, the interaction of the fiber knob
with CAR on the cell is the key mediator by which
adenoviral agents enter the cells. Modification of fiber
protein is an attractive strategy for overcoming the
limitations imposed by the CAR dependence of adeno-
virus infection (Wickham et al., 1997; Dmitriev et al.,
1998; Krasnykh et al., 1998; Mizuguchi et al., 2001).

We modified the fiber of OBP-301 to contain RGD
peptide, which binds with high affinity to integrins (avf3
and avf3S) on the cell surface, on the HI loop of the fiber
protein. The resultant adenovirus, termed OBP-405 or
‘Telomelysin-RGD’, mediated not only CAR-dependent
virus entry but also CAR-independent, RGD-integrin
(avf3 and avfS)-dependent virus entry. We explored
whether OBP-405 containing RGD peptide on the fiber
knob had more oncolytic efficacy on several types of
human cancer cells (CAR-positive or -negative), as
compared with OBP-301 containing wild-type fiber in
vitro and in vivo.

Results

Expression of CAR and integrins in human cancer and
normal cells

To investigate the antitumor effect of the fiber-modified
OBP-405, we used several human cell lines. We first
examined the expression levels of CAR and av integrin
family, avf3 and avf5, on each cell surface by flow
cytometric analysis (Figure 1). Apparent amounts of
CAR expression were detected on H1299 and SW620
cells, whereas LIN444, LNZ308, and H1299-R5 cells
expressed extremely low levels of CAR. The normal
human lung fibroblast (NHLF) cell also exhibited
detectable CAR expression. In contrast to CAR, avf3
and avf35 integrins were readily expressed in all cell lines.

Increased infection efficiency and selective replication of
OBP-405

To assess whether incorporation of an RGD motif into
the HI loop of the fiber knob domain would enhance its

RGD-medified telomerase-specific oncolytic adenovirus
M Taki et a/

infectivity, CAR-positive parental H1299, CAR-nega-
tive LN444, and NHLF (normal cell) were infected with
OBP-301 or OBP-405 at an multiplicity of infection
(MOI) of 1. Quantitative real-time PCR analysis with
DNA extracted 2 h after infection demonstrated that the
amount of EIA DNA after OBP-405 infection was
higher than that after OBP-301 infection in two human
cancer cell lines, whereas infectivity of both viruses was
almost similar in NHLF (Figure 2a). These results
suggest that RGD-modified OBP-405 showed increased
infectivity to neoplastic cells regardless of the levels of
CAR expression, although the infectivity enhancement
was greater in CAR-negative cancer cells.

We next examined the replication ability of OBP-301
and OBP-405 in different cell lines by measuring the
relative amounts of E1A DNA. HI1299, 1.LN444, and
NHLF cells were harvested at the indicated time points
over 72 h after infection with OBP-301 or OBP-405, and
subjected to quantitative real-time PCR analysis. The
ratios were normalized by dividing the value of cells
obtained 2 h after viral infection. As shown in Figure 2b,
both OBP-301 and OBP-405 replicated 5-6 logs by 72h
after infection; their replication, however, were attenu-
ated up to 3 logs in normal NHLF cells.

Enhanced viral spread of OBP-405 in human cancer cells

To examine whether increased infectivity of OBP-405
could facilitate viral spread, H1299, LN444, and NHLF
cells cultured in chamber slides were infected either with
OBP-301 or OBP-405 at an MOI of 1, and then
immunohistochemically stained for viral hexon at 24
and 48 h of postinfection. Viral hexon was detectable in
HI1299 cells infected with OBP-301 and OBP-405 in a
time-dependent manner, although the amount of posi-
tive cells after OBP-405 infection was higher than that
after OBP-301 infection (Figure 3a). In contrast, viral
hexon was only present in CAR-negative LN444 cells
infected with OBP-405, but not in OBP-301-infected
LN444 cells (Figure 3b), suggesting the selective
replication of OBP-405 in CAR-negative human cancer
cells. NHLF human normal cells exhibited no hexon-
positive cells after OBP-301 or OBP-405 infection
(Figure 3c).

In vitro cytopathic efficacy of OBP-405 in CAR-negative
human cancer cells

To test whether the increased infectivity and replication
of OBP-405 translated to improved oncolysis, we
compared the cytopathic effect of OBP-405 with that
of OBP-301 on various human cell lines in vitro
(Figure 4). Both OBP-301 and OBP-405 killed CAR-
positive H1299 and SW620 human cancer cells in a
dose-dependent manner; OBP-405 at an MOI of 0.1,
however, killed these cells as efficiently as OBP-301 at an
MOT of 1, suggesting that OBP-405 showed approxi-
mately 10-fold more profound tumor cell killing
compared with OBP-301. In contrast, only OBP-405
was lytic in CAR-negative LN444, LNZ308, and H1299-
RS cells, likely due to the higher infectivity of OBP-405
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Figure 1 Flow cytometric analysis of CAR and integrin (evf3 and avfi5) expression in human cancer and normal cell lines. Cells were
incubated with anti-CAR (RmcB), anti-xvB3 integrin (LM609), and anti-avf5 integrin (P1F6) monoclonal antibodies, followed by
detection with FITC-labeled goat anti-mouse IgG secondary antibody. An isotype-matched normal mouse IgG1 conjugated to FITC

was used as a control in all experiments (solid line)

in these cell lines. Most of these cells were dead within 5
days after OBP-405 infection, whereas OBP-301-in-
fected cells were still intact at 5 days postinfection
(Figure 4b). Neither OBP-301 nor OBP-405 exhibited
cytopathic effect on NHLF cells.

Enhanced oncolysis of CAR-negative tumor xenografts by
OBP-405

We next examined whether OBP-405 cause enhanced
oncolysis and spread in vivo. Subcutaneous H1299-R5
tumor xenografts with a diameter of 5-6 mm received
three daily courses of intratumoral injection of 1 x 107
plaque-forming units (PFU) of OBP-301, OBP-405 or
replication-deficient control adenovirus (d1312), or PBS
(mock). As shown in Figure 5, administration of OBP-
405 resulted in significant growth suppression compared
to mock- or di312-treated tumors 34 days after virus

Oncogene

injection (P<0.01). In addition, one of the six mice
treated with OBP-405 showed the complete eradication
of the established H1299-R5 tumor. We previously
reported that intratumral injection of OBP-301 signifi-
cantly inhibited the growth of H1299 tumor xenografts;
a modest, insignificant growth inhibition, however,
occurred with administration of OBP-301 on HI1299-
R35 tumors. Treatment with replication-deficient dl312
had no apparent effect on the growth of H1299-R5
tumors.

Targeting replication of OBP-405 in tumor tissues in vivo

To evaluate selective replication of OBP-301 and OBP-
405 in vivo, we examined mouse tissues including
implanted tumors for the presence of viral DNA and
protein by quantitative real-time PCR and immunobhis-
tochemistry, respectively, following intratumoral viral



