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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 (FGE2), 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 avg3
and avp5 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)-e-ami-

no-¢-carboxy-PEG (Fmoc-PEG-NHS, MW 3400) was pur-
chased from Shearwater Corporation (USA). 8-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 ul 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 pg/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 ng/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 ul 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 1010 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 1010 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 pl/well Ad antiserum (42, 125ng
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 1010
particles/100 yl) 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

104
Lipofectamine 2000 - + - + -+

Heat inactivation P _ _

unmodified-Ad

+ o+ - =
43%

+ o+ - -

+ o+

89%

72%
PEGylated-Ad

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 pg/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 + $.D. (n = 3). *P < 0.05 (Student’s t-test)

Copyright © 2004 John Wiley & Sons, Ltd. J Gene Med 2005; 7: 604-612,
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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 1346+ 2.7

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

Y. Eto et al.

(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
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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) BI6BL6 cells (2 x 104) 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=3)

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/mt)

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 p.g/ml). 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 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.
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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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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.
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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 [[2—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 metheds
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, methano! 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, HeLa, 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
pg/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, or 6
days. The cell viability was determined by 3-(4,5-
dimethylthiazol-2-y1)-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 (¢=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 1415, 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. 1B) 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 cenirifugation 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) is 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
rhodamine-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 89 (—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, LLCMK?2 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
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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
%400 (A-C) or X800 (D) magnification. (E and F) LLCMK2 cells were incubated with NP-alone (green), NP—Lipo (blue), or NPFL (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,
Iijg. 2F). Consistent with the results of confocal
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Table 1

The number of NPs incorporated in | 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 97.810.67 85.840.92 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 31.2+1.19
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
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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-
pling and presenting cells [26]. It should be noted

(B) HL60
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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 (Iig. 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. 24, 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
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NP-Lipo
B No treatment

[] Cytochalasin B
Cytochalasin D

Fig. 4. Endocytosis-independent NP delivery into cytoplasm by FL.
(A) LLCMK2 cells were not pre-treated (solid) and pre-treated with
5 png/ml cytochalasin B (open) or 0.2 pg/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 pm at x7000 (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 LLCMK?2 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 delivery, 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 4
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e NP-FL
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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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