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CTL

To examine the ability of the Ad-FKN-transduced DC treatment
to induce rumor-specific CTL, splenocytes were isolated from
tumor-bearing mice treated as described in the section Tumor
Therapy Model. Effector cells were obtained by co-culturing the
splenocytes (3 x 10° cells/mL) with mitomycin C-treated
tumor cells (10 cells/mL) corresponding to the treated tumor
for 5 days. After the co-culturing, viable cells were collected
and tested for their ability to lyse target cells using the lactate
dehydrogenase (LDH) assay kit (Cytolox 96; Promega,
Madison, WI). The percentage of cytotoxicity was calculated
as 100 x [(experimental release — spontaneous release) /
(maximal release — spontaneous release)] following the man-
ufacturer's protocol.

ELISA

To define the immune responses of the mice treated with
intratumoral injection of Ad-FKN-modified DC, 10 days after
the treatment of B8-day established subcutaneous B16-F10
tumors, splendcytes were collected from the C57BL/6 mice and
co-cultured for 5 days at 3 x 10° cells/mL with 10° cells/mL
B16-F10 cells treated with mitomycin C. The culture super-
natant was centrifuged to remove debris, and the levels of
mouse I[FN-y and IL-4 released from the stimulated splenocytes
were determined using ELISA kits for mouse IFN-y and IL-4
(BioSource International, Camarillo, CA), respectively.

Statistical analysis

Statistical comparison was made using the two-tailed student’s

 t-test, and a value of p<0.05 was accepted as indicating

significance. Survival evaluation was carried out using Kaplan-
Meier analysis.
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Abstract—A Tat-related peptide, acetyl-Gly-Arg-Arg-Arg-Arg-Arg-Glin-Arg-Arg-Arg-Pro-Pro-Gln-Gly-Cys amide, designed to
transport an Adenovirus vector (Ad) into cells, was synthesized. The synthetic peptide was conjugated to Ad, which potentially
can act as an efficient carrier of heterologous genes into cells. The Tat-related peptide was synthesized using the solid phase method
and then was coupled to the heterofunctional cross-linking reagent, 6-maleimidohexanoic acid N-hydroxysuccinimide ester. The
resulting peptide-succinimidohexanoic acid N-hydroxysuccinimide ester was conjugated to Ad containing the luciferase gene.
B16BL6 cells infected with the peptide-conjugated Ad luciferase gene construct exhibit a 50-fold greater luciferase activity than
B16BL6 cells infected with wild-type Ad containing the luciferase gene.

© 2005 Elsevier Ltd. All rights reserved.

Gene therapy has attracted much attention as a poten-
tial clinical treatment/cure for intractable diseases.' A
key to the successful implementation of gene therapy
protocols is the design of the transgenesis vector. Ade-
novirus vectors (Ad) are often used as transport agents
during gene therapy experiments and trials since they
exhibit suitable transduction and gene-expression prop-
erties; but for routine clinical procedures, more efficient
transfer vectors need to be developed. Previously, we
showed that an Arg-Gly-Asp(RGD)-related peptide that
binds to integrin functions as an efficient auxiliary trans-
porter of Ad.> The RGD-related peptide, when cova-
lently bound to Ad, transports Ad into dendritic cells
via interaction with integrins. For this report, a different
type of Ad auxiliary transporter was designed, synthe-
sized, and shown to greatly increase the amount of Ad
(containing the luciferase gene) transferred into cells.

The human immunodeficiency virus (HIV)-1 protein, Tat,
is a transcriptional activator of HIV and can cross both

Keywords: Adenovirus vector; Tat; Tat-peptide; Peptide synthesis.
* Corresponding author. Tel.: +81 78 974 4794; fax: +81 78 974
5689; e-mail: kawasaki@pharm.kobegakuin.ac.jp

0960-894X/S - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.08.116

the plasma and nuclear membranes. Tat contains 86 ami-
no acids, but its translocation activity is associated with
the peptide sequence, Tat(48-60), (GlyArgLysLysArg-
ArgGlnArgArgArgProProGln: GRKKRRQRRRPPQ).
Futaki et al. reported that certain synthetic arginine-rich
peptides can readily cross cell membranes and that the
optimal number of arginines required for efficient translo-
cation is approximately eight.* We designed the peptide,
acetyl-Gly-Arg-Arg-Arg-Arg-Arg-Gln-Arg-Arg-Arg-Pro-
Pro-Gln-Gly-Cys amide (Ac-GRRRRRQRRRPPQGC-
NH,), to be an efficient auxiliary transporter of Ad. Since
Futaki et al.* reported that the number of arginine resi-
dues correlates with translocation ability, the sequence,
Ac-GRRRRRQRRRPPQGC-NH,, was designed so
that the two lysines found in Tat(48-60) were replaced
with arginines. A C-terminal cysteine was added so that
the peptide could be linked to Ad through the heterofunc-
tional cross-linking reagent 6-maleimidohexanoic acid N-
hydroxysuccinimide ester (MHS),® which reacts with
amine and sulfhydryl moieties (Fig. 1). The peptide was
synthesized using an Applied Biosystems Peptide Synthe-
sizer 433A-1. 9-Fluorenylmethoxycarbonyl (Fmoc)
amino acids [Fmoc-Gly-OH; Fmoc-Pro-OH; N*-Fmoc-
NS-2,2,4.6,7-pentamethyldihydrobenzofuran-5-sulfony-
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Figure 1. Synthesis of a peptide-Ad conjugate that acts as an efficient heterologous gene transporter.

larginine: Fmoc-Arg(Pbf)-OH; N*-Fmoc-S-tritylcysteine:
Fmoc-Cys(Trt)-OH; and Fmoc-Gln(Trt)-OH] were
coupled in a stepwise manner to Rink amide resin® (PE
Biosystems. Amino content: 0.67 mequiv/g, 379 mg,
0.25 mmol) using the coupling reagent, 2-(1-H-benzo-
triazole-1-y1)1,1,3,3-tetramethyluronium hexafluoro-
phosphate (HBTU),” in N-methylpyrrolidone (NMP).
After each coupling step, the Fmoc group was removed
using 20% piperidine/NMP. The synthetic Fmoc-
Gly-Arg(Pbf)-Arg(Pbf)-Arg(Pbf)-Arg(Pbf)-Arg(Pbf)-
Gln(Trt)-Arg(Pbf)-Arg(Pbf)-Arg(Pbf)-Pro-Pro-
GlIn(Trt)-Gly-Cys(Trt)-Rink amide resin was treated
with 20% piperidine/NMP and then treated with
acetic anhydride. The peptide was cleaved from the
resin with triftuoroacetic acid (TFA)/H,O/triisopropylsi-
lane (95:2.5:2.5). The resulting crude peptide, (Ac-GRR
RRRQRRRPPQGC NH,, 410 mg yield), was purified
using RP-HPLC.® The HPLC proﬁle of the crude peptide
mixture is shown in Figure 2 The yield of the purified
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Figure 2. HPLC profile of synthetic crude Ac-GRRRRRQ-
RRRPPQGC-NH;. (A) Preparative HPLC of crude synthetic peptide.
Column: DAISOPAK SP-120-5-0ODS-B (20 x 250 mm). Flow rate:
10 mL/min. Eluent: CH;CN/H.0 containing 0.05% CF;COOH. Gra-
dient: 10-70% CH;3;CN over the course of 60 min. The absorbance was
measured at 220 nm. (B) Analytical HPLC of purified sample. Column:
Inertsil ODS-3 (4.6 x 250 mm). Flow rate: 1 mL/min. Eluent: CH;CN/
H,0 containing 0.05% CF;COOH. Gradient: 5-20% CH3CN over the
course of 40 min. The absorbance was measured at 220 nm.

peptide was 202 mg (28% as calculated from the amino
content of the used resin).

The purified peptide (40 mg, 14 pmol), dissolved in PBS
(pH 7.2, 500 uL), and the heterofunctional cross-linkage
reagent (MHS: 4.3 mg, 14 umol), dissolved in dimethyl-
sulfoxide (DMSO, 10 puL), were combined and then
stirred for 0.5 h. We attempted to purify the product,
Ac-GRRRRRQRRRPPQGC(SHS)-NH; (SHS: 6-succ-
inimidohexanoic acid N-hydroxysuccinimide ester), using
HPLC, but could not—the N-hydroxysuccinimide ester
hydrolyzcs casily in water; therefore, the reaction product
mixture was frozen 1mmcd1ately and kept at —80 °C until
needed. While gently stirring, Ad-Luc, whose chromo-
some encodes the heterologous luciferase gene, was
reacted with Ac-GRRRRRQRRRPPQGC(SHS)-NH,
at 37 °C for 45 min. To test the relative transduction effi-
ciency of the peptide-Ad conjugate [Tatpep-(Ad-Luc)],

Luciferase Activity
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4500000 ———— e I
4000000 —— 8 Ad-Luc T —,
3500000 —{O Tatpep-{Ad-Luc) —

2500000 -

Emission Intensity

1.
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Figure 3. Transduction efficiency of Ad-Luc and Tatpep-(Ad-Luc)
into B16BL6 cells Cells (2 x 10*) were incubated with 300, 1000, 3000
or 10,000 particlesicell of Ad-Luc (solid bars) or Tatpep-(Ad-Luc)
(gray bars). Luciferase activity, which was determined using a
Luciferase Assay System Kit (Promega, USA) and a Microlumat Plus
LB96 (Perkin-Elmer, USA) after lysing the cells with Luciferase Cell
Culture Lysis Reagent (Promega, USA), was measured at the end of a
24 h incubation. The bars report the mean relative unit of light per
well £ SD (n = 3).
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B16BL6 cells were incubated with it or with Ad-Luc for
24 h, at which time luciferase activity was measured
(Fig. 3). BI6BL6 cells were used because the Coxackie-ad-
enovirus receptor, which transports Ad across the plasma
membrane, is nearly absent.” At concentrations of 300
and 1000 particles/cell, cells that were exposed to Ad-
Luc did not glow, while those exposed to Tatpep-(Ad-
Luc) construct clearly did. Ad-Luc infected cells glowed
weakly at doses of 3000 and 10,000 particles/cell, while
Tatpep-(Ad-Luc) exhibited strong luciferase activity at
the same concentrations. The transduction activity of
Tatpep-(Ad-Luc) is about 50-fold greater than that of
Ad-Luc—a remarkable finding.

In summary, we designed the peptide, AccGRRRRRQ-
RRRPPQGC-NHj,, to be an efficient auxiliary transport-
er of Ad into cells. Ad, when covalently bound to this syn-
thetic peptide, exhibits a transduction ability 50-fold
greater than does Ad alone. This modified Ad is a prom-
ising experimental tool for transduction studies.

Acknowledgment

This research was supported by Grant-in-Aid for Kobe
Gakuin University Joint Research (B).

~

References and notes

. (a) Crystal, R. G. Science 1995, 270, 404; (b) Wilson, J. M.

N. Engl J Med 1996, 334, 1185.

. Maeda, M.; Kida, S.; Hojo, K.; Eto, Y, Gao, J-Q.,;

Kurachi, S.; Sekiguchi, F.; Mizuguchi, H.; Hayakawa, T.;
Mayumi, T.; Nakagawa, S.; Kawasaki, K. Bioorg. Med.
Chem. Lett. 2005, 15, 621.

. (a) Fawell, S.; Seery, J.; Daikh, Y.; Moore, C.; Chen, L. L_;

Pepinsky, B.; Barsoum, J. Proc. Natl Acad Sci U.S.A.
1994, 97, 664; (b) Vives, E.; Brodin, P.; Lebleu, B. J. Biol.
Chem. 1997, 272, 16010.

. Futaki, S.; Suzuki, T.; Ohashi, W.; Yagami, T.; Tanaka, S.;

Ueda, K.; Sugiura, Y. J. Biol. Chem. 2001, 276, 5836.

. (a) Hashida, S.; Imagawa, M. Inoue, S.; Ruan, K. H.;

Ishikawa, E. J. Appl Biochem. 1984, 6, 56; (b) Fargeas, C.;
Hommel, M.; Maingon, R.; Dourado, C.; Monsigny, M.;
Mayer, R. J. Clin. Microbiol. 1996, 34, 241.

. Rink, H. Tetrahedron Lett. 1987, 28, 3787.
. Knorr, R Trzecial, A.; Bannwarth, W Gillessen, D.

Tetrahedron Lett. 1989, 30, 1927.

: [u]‘g] —68.8° (¢ 1.0, Hy0). Amino acid ralios in an acid

hydrolysate Glu 2.20; Gly 2.00; Arg 8.35; Pro 2.06 (average
recovery 87%). TOF-MS miz 19759 (caled for
Cy7H ,42N42018S 1975.1).

. Okada, N.; Tsukada, Y., Nakagawa, S.; Mizuguchi, H;

Mori, K.; Saito, T.; Fujita, T.; Yamamoto, A ; Hayak-
awa, T.. Mayumi, T. Biochem. Biophys. Res. Commun.
2001, 282, 173.



doi:10.1016/j.ymthe. 2005.10.007

Quantitative Comparison of Intracellular
Trafficking and Nuclear Transcription between
Adenoviral and Lipoplex Systems

Susumu Hama,'"? Hidetaka Akita,'"? Rie Ito," Hiroyuki Mizuguchi,?
Takao Hayakawa,® and Hideyoshi Harashima'-**

'Graduate School of Phannacentical Sciences, Hokkaido University, Sapporo, Hokkaide 060-0812, Japan
2CREST, Japan Science and Technology Corporation, Tokyo, [aparn
*Laboratory of Gene Transfer and Regulativon, National Institute of Biomedicai Intovation, Osaka 567-0085, Japan
*Pharmaceuticals and Medical Devices Agency, Tokyo 100-0013, fapan

*To wiham correspondence and reprint requests shonld be addressed. Fax: +81 11 706 4879. E-mail: leseasizendpl e okudod.ac jp

Available online 20 December 2005

To develop nonviral gene vectors that are sufficient for clinical application, it is necessary to
understand why and to what extent nonviral vectors are inferior to viral vectors, which in general show
amore efficient transfection activity. This study describes a systematic and quantitative comparison of
the cellular uptake and subsequent intracellular distribution (e.g., endosome/lysosome, cytosol, and
nucleus) of exogenous DNA transfected by viral and nonviral vectors in living cells, using a
combination of TagMan PCR and a recently developed confocal image-assisted three-dimensionally
integrated quantification method. As a model, adenovirus (Ad) and Lipofectamine Plus (LFN) were
used for comparison since they are highly potent and widely used viral and nonviral vectors,
respectively. The findings indicate that the efficiency of cellular uptake for LFN is significantly higher
than that for Ad. Once taken up by a cell, Ad exhibited comparable endosomal escape and slightly
higher nuclear transfer efficiency compared with LFN. In contrast, LFN requires 3 orders of magnitude
more intranuclear gene copies to exhibit a transgene expression comparable to that of the Ad,
suggesting that the difference in transfection efficiency principally arises from differences in nuclear
transcription efficiency and not from a difference in intracellular trafficking between Ad and LEN.

Key Words: adenovirus, nonviral vector, lipoplex, quantification,
intracellular trafficking, gene vector

INTRODUCTION

Numerous nonviral vectors have been developed tor use
in gene therapy for intractable diseases [1.2]. However,
low transfection efficiency still remains a bottleneck,
preventing its use in clinical applications. It is generally
considered that transfection activity is rate limited to a
great extent, by a variety of intracellular processes such as
endosomal escape, nuclear transfer, and intranuclear
transcription.

Along with evolution of life during the past hundreds
of millions of years, DNA and RNA viruses have also
evolved and have developed sophisticated mechanisms
for controlling intracellular trafficking for the efficient

delivery of their genomes to nuclei in host cells for

symbiosis. Although some nonviral vectors have been
evolutionally developed since the first proposal of the
concept of gene therapy over 30 years ago |.if, this history

is overwhelmingly short. Therefore, the transfection
efficiency of a virus vector is, in general, more prominent
than that of a nonviral vector (4. To improve nonviral
vectors, quantitative information concerning why and to
what extent the nonviral vector is inferior to the viral one
is essential.

For the quantification of intracellular trafficking, we
and other researchers have developed methodology to
quantify the amount of plasmid DNA in the nucleus by
nuclear fractionation followed by the polymerase chain
reaction (PCR) |3-71. This quantification revealed an
important lesson showing that it is necessary to optimize
not only the nuclear delivery of plasmid DNA, but also
intranuclear transcription efficiency, since transgene
expression is remarkably saturated against nucleus-deliv-
ered pDNA. In contrast to the nucleus, very few reports
are available concerning the amount of pDNA in the
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endosome/lysosome compartment, and therefore, it is
very difficult to evaluate the efficiency of endosomal
release. Although the subcellular fractionation of endo-
somes/lysosomes may solve this issue, many problems,
such as the complicated protocol, uncertainties associ-
ated with the recovery of the endosomal fraction, and
mutual contamination may prevent this strategy from
becoming a practical application.

We recently developed a novel strategy, the con-
focal image-assisted three-dimensionally integrated
quantification (CIDIQ) method, which enables the
distribution of exogenous DNA in endosome/lysosome,
cytosol, and nucleus to be gquantified simultaneously
in individual cells with sequential Z-series images
captured by confocal laser scanning microscopy i8,91.
Since intracellular trafficking investigated by CIDIQ
can readily explain the differences in transgene
expression by various nonviral vectors, this method is
useful for identifying the rate-limiting barriers to gene
expression.

In the present study, we applied it to the systematic
and quantitative comparison of the intracellular distri-
bution of exogenous genes transfected by viral vector
and nonviral vector in living cells. It enabled us to
examine the rate-limiting processes associated with non-
viral vectors that limit their transfection efficiency. As
model vectors, we used adenovirus (Ad) and Lipofect-
amine Plus (LFN), highly potent and widely used viral
and nonviral vectors (lipoplex), respectively, in the
comparative study.

RESULTS

Comparison of Transfection Activity between Ad and
LFN

We initially compared the time-dependent and applied
dose-dependent transfection activity between Ad and
LEN. The methodology used to determine the applied
dose in terms of luciferase gene copies is described under
Materials and Methods. As shown in 2. 1A, transgene
expression is increased in a dose-dependent manner for
both vectors 6 h after incubation. In subsequent experi-
ments, we fixed the dose of plasmid DNA (pDNA) in the
LEN-mediated transfection at 6.7 x 10° copies/cell (5 pg/
cell) based on the manufacturer’s recommended proto-
col, from which approximately 5 x 10’ RLU/mg protein
of luciferase activity was exhibited. In the case of Ad, we
fixed the dose at 200 copies/cell, since comparable levels
of transgene expression can be achieved at this dose. As
shown in Fig. 1B, both vectors exhibited quite compa-
rable time courses for transgene expression at these
doses, suggesting that LFN is a potent system for the
delivery of pDNA to the nucleus with a speed compa-
rable to that of Ad. However, it should be emphasized
that LFN requires 3 orders of magnitude more gene
copies than the Ad to achieve comparable gene expres-
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FIG. 1. Dose-response curve and time course of luciferase gene expression in
A549 cells transfected by Ad and LFN. (A) Luciferase gene expression in cells
transfected by Ad (O) or LFN (@) was measured 6 h after incubation at the
indicated dose. (B) Transfection activities were measured at indicated Limes
after incubation with a dose of 200 (O) or 6.7 » 10° copies/cell (5 pg/cell)
(®). The vertical axis represents luciferase activity expressed as relative light
units (RLU)/mg protein, These data represent the mean values and standard
deviation of three experiments.

sion (l'ig. 1A). Furthermore, the difference in the
required dose for achieving a comparable level of trans-
gene expression is dependent on the expression level. In
a comparison of the expression of 1 x 10° RLU/mg
protein, approximately 10,000-feld more copies of
plasmid DNA were required for LFN, and at a lower
transgene expression level, the difference was even
greater. This is due to the nonlinear relationship
between the dose and the transfection efficiency in
LFN and is also sometimes observed in various nonviral
vectors [10].

Quantification of an Intracellular Distribution of
pDNA and Ad DNA

We then quantified the intracellular distribution of
pDNA or Ad by a combination of TagMan PCR and
CIDIQ [8]. The procedures used to determine the distri-
bution of exogenous DNA transfected by LFN and Ad are
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the quantification of intracellular distribution of exog- — =
enous genes. Subcellular distributions of exogenous total cellular uptake total cellular uptake
DNA transfected by Ad and LFN were quantified by { real time PCR)

TagMan PCR and CIDIQ analysis as illustrated in (A) { real ime PCR)
and (B), respectively. (A) Total cellular uptake SPCR(tOt) S (lOt)
(Spcr(tot) and nuclear-delivered Ad DNA (Spca(nuc)) l———‘l PCR
were quantified by TagMan PCR. Distributions of Ad in

endosome/lysosome and cytosol (F(end/lys) and Nucleus Supernatant

Fi(cyt), respectively) were also determined by CIDIQ. .

The copy numbers in the endosome/lysosome and { it s PEW ) il

cytosol fractions were calculated as Seca(sup) multi- S nuc S sy

plied by F(end/lys) and F(cyt), respectively. (B) PCR( ) PC'R( p} @ o

Seca(tot) was first determined by TagMan PCR in
terms of gene copies. The fraction of plasmid DNA in
the endosome/lysosome, cytosol, and nucleus was
determined by CIDIQ.

\_TJ

illustrated in Fies. 2A and 2B. We determined the total
cellular uptake (Sper(tot)) first by TagMan PCR in terms of
gene copies. In the case of LFN, we determined the fraction
of plasmid DNA in the endosome/lysosome, cytosol, and
nucleus by CIDIQ (Fig. 2B). A schematic diagram illustrat-
ing the principal of CIDIQ analysis is shown in Tiz 4A.
After the translection of rhodamine-labeled pDNA, we
stained the endosome/lysosome and nucleus with Lyso-
Sensor DND-189 and Hoechst 33342, respectively, to
discriminate the subcellular localization of the pDNA
(typical images are exhibited in Fig. 4C). We transferred
each 8-bit TIFF image to Image-Pro Plus version 4.0 (Media
Cybernetics, lnc., Silver Spring, MD, USA) to quantify the
total brightness and pixel area of each region of interest.
Since we have previously shown that the majority of
rhodamine-labeled pDNA was present in the form of
clusters in the cytosol and nucleus at 1 h (a typical image
is shown in l'ig. 4C), we used the pixel area of cach cluster
in endosomes/lysosomes, s;(end/lys); cytosol, s;(cyt); and
nucieus, s;(nuc) as an index of the amount of pDNA [“].
The detailed methodology for the calculation of the
fraction of pDNA in the endosome/lysosome, cytosol,
and nucleus ( F(end/lys), F(cyt), and F(nuc), respectively)
is described under Materials and Methods. The copy
number in each organelle is calculated as Spcp(tot) multi-
plied by the fraction in each organelle (Fig. ZB).
We also determined intracellular distribution
Ad by CIDIQ (a typical image is shown in Fii. 4B), in
which the pixel areas of the Texas red-labeled Ad are
used as an index of the amount of Ad. However, the
nuclear pixels cannot serve as an index for the amount
of Ad DNA, since it is dissociated from the fluorescence-
labeled capsid proteins when il is internalized via the
nuclear pore complex [11]. Therefore, we determined
nucleus-associated Ad DNA (Spen(nuc)) beforehand by
nuclear isolation, followed by TagMan PCR (Fg. 2A). In
this case, the supernatant from the nuclear isolation

for the

F(endflys) F(cyt) F(nuc)
Fendlys) F'(cyt) e ~ -
cibiQ

ciDiQ

procedure (Spep(sup)) includes DNA in both the endo-
somal/lysosome and the cytosol fractions. The copy
numbers in these fractions are calculated as Spcrisup)
multiplied by the fractions calculated by CIDIQ (F'(end/
lys) and F'(cyt), respectively).

Comparison of the Cellular Uptake Process between
LFN and Ad

We first quantified the cellular uptake of pDNA transfected
with LFN and Ad in terms of copy numbers of luciferase
genes by TagMan PCR. Since the nuclear delivery of
exogenous DNA is achieved within 1 h for both of vectors
[6,12-14], we evaluated cellular uptake and the following
intracellular distribution at 1 h to compare the initial
disposition of DNA. As a result, the number of copies of
pDNA taken up by the cell for LFN was approximately
15,000-fold more than that for Ad (Fig. 3). After we
normalized the cellular uptake by the applied dose, more
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FIG. 3. Quantification of cellular uptake and cellular binding of Ad and LFN in
A549 cells, A549 cells were incubated with adenovirus or LFN at 37 and 4°C
tor 1 h to evaluate cellular uptake and cellular binding, respectively. Associated
genes were quantified in terms of copy number of luciferase genes by TagMan
PCR. Cellular association was normalized by number of cells, which was
quantified by the number of copies of the genomic -actin gene.
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than 40% of the pDNA was taken up by the cell, whereas
for the Ad DNA, this value was only 10% (Fi.. ).

Total cellular uptake is a hybrid parameter of cell
surface binding and the internalization rate constant
(kine). Therefore, we measured the cellular binding of
pDNA and Ad by incubation at 4°C for 1 h. In the case of
LFN, 8.8% of the applied pDNA was attached to the cell
surface, whereas the corresponding value was only 2.4%
for the Ad (Fig. 3). When the ki, denoted as the total
cellular uptake (Fig. 3) divided by the cell surface binding
(Fig. 3), were compared, LFN was found to exhibit a value
comparable to that of Ad (5.1 and 4.2 h™', respectively).

Comparison of Intracellular Trafficking between Ad
and LFN

Concerning the intracellular distribution after transfec-
tion with LFN, 47.4% of the pDNA was in the endosome/
lysosome fraction and a large part of the pDNA had
already escaped from this compartment (Fi2s. 4E and 3)
within 1 h. In addition, we observed significant nuclear
distribution (13.5%) (Fics. 48 ond 5). This is consistent
with rapid gene expression within 3 h (%iz. 1B). Multi-
plying these fractions by the Spep(tot), we calculated the
copy numbers in each organclle as shown in Fig. 5.

In the Ad, we determined nuclear fraction by nuclear
isolation, followed by TagMan PCR. After incubation at
37°Cat 1 h, 54.2% of the Ad genome was experimentally
recovered from the nuclear fraction. To avoid a situation
in which the nuclear delivery of the Ad genome was
overestimated, we estimated the efficiency of contami-
nation of Ad in the nucleus during the nuclear isolation
with cells that were incubated with Ad at 4°C, at which
temperature nuclear delivery was largely excluded. After
incubation at 4°C for 1 h, we fractionated the nucleus
and quantified cell surface-bound and nucleus-associated
Ad. As a result, we calculated the percentage of nuclear
Ad to cell surface-bound Ad to be 17.6%. Thus, 17.6% of
the nuclear fraction, corresponding to contamination
during the isolation process, was subtracted from the
experimentally determined nuclear fraction after the
incubation at 37°C (54.2%). As a result, we calculated
that 36.6% of the total cellular uptake (7.3 copies/
nucleus) of DNA reached the nucleus (Iiz. 5). Other
portions (12.7 copies/cell; 63.4% of the total cellular
uptake) were recovered from the supernatant fractions
(Spcr(sup)), which include the endosome/lysosome and
cytosol fractions. A CIDIQ analysis showed that the
fractions in the endosome/lysosome (F'(end/lys)) and
the cytosol (F'(cyt)) compared to the supernatant were
479 and 52.1%, respectively. Taking these data into
consideration, we calculated the numbers of Ad gene
copies in the endosome/lysosome and cytosol as 6.1
copies/cell (30.3% of the total cellular uptake) and 6.6
copies/cell (33.1% of the total cellular uptake), respec-
tively (Fizs, 4D and 3). The efficiency of the endosomal
escape and nuclear translocation calculated from the data

shown in the circle graph in Fig. 3 is summarized in Tahle
1. We calculated the efficiency of endosomal escape as
the fraction that escaped from the endosome/lysosome
(nuclear fraction plus cytoplasmic fraction) divided by
the total cellular uptake. Similarly, we determined the
efficiency of nuclear translocation as the nuclear fraction
divided by the fraction that escaped from the endosome/
lysosome (nuclear fraction plus cytoplasmic fraction). As
a result, the efficiency of endosomal escape is only
slightly higher for Ad. In contrast, the efficiency of
nuclear translocation is considerably higher for Ad.

Finally, comparing the nuclear delivery of DNA, 5600-
tfold more gene copies are delivered to the nucleus in the
case of LFN. We calculated transcription efficiency as the
expression divided by the gene copies in the nucleus as
shown in Fig. 5. It was shown that Ad is 8100 times more
efficient than LFN in nuclear transcription.

This conclusion is also applicable to Hela cells (- [
z). To exhibit a comparable transgene expression, LFN
also requires 3 orders of magnitude more gene copies
(200 vs 1.4 x 10° copies/cell). Under these conditions,
approximately 4100 times more gene copies reach the
nucleus, and therefore, the transcription efficiency of Ad
was approximately 7000 times higher than that of LFN.

Discussion

In the present study, intracellular trafficking and the
intranuclear transcription of exogenous DNA transfected
by viral and nonviral vectors were quantitatively eval-
uated. Ad and LFN were used as model vectors in the
comparison, since they are both highly potent and
widely used vectors. As a result, we found that LFN can
accomplish transgene expression comparable to that of
the Ad vector, when the protocol is optimized. However,
the dose of pDNA in terms of luciferase gene copies under
these conditions was 3 orders of magnitude more than
that of Ad. Therefore, it would be worthwhile to clarify
which of the intracellular processes is rate limiting for
LFN.

First, the cellular uptake process was compared.
Calculated from the applied dose and cellular uptake
(Fig. 2), LFN exhibited significantly higher cellular uptake
efficiency than Ad (approximately 45% vs 10%). Further
comparison of the cellular binding efficiency by incuba-
tion at 4°C (Fig. 3) indicated that the efficient cellular
uptake in the case of LFN can be attributed to efficient
cellular binding, but not to the internalization rate
constant (kin). The superior cellular surface binding in
the case of LFN can be explained by differences in the
binding mechanism. Binding of the Ad is based on
specific ligand-receptor interactions between the fiber
protein and the coxsackievirus and Ad receptor and
between the RGD motif in the penton base and the
integrin receptors [15]. Therefore, the maximum binding
is dependent on the total number of these receptors. In
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FIG. 4. Quantification of the intracellular distribution of A
exogenous genes by CIDIQ analysis. (A) Schematic
diagram of the CIDIQ analysis is illustrated. 20 Z-series
images were captured by confocal laser scanning
microscopy. The pixel areas corresponding to the
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ta the whole cell, was calculated as 5(k) divided by
S¢tot). (8 and C) Typical images for the conlocal laser
scanning microscopy used in the CIDIQ analysis in Ad
and LFN are shown. Texas red-labeled Ad or rhod-
amine-labeled pDMA (red) were transfected into A549
cells. Endosome/lysosome and nucleus compartments
were stained with LysoSensor DND-189 (green) and
Hoechst 33342 (blue), respectively. (D and E) Fractions
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nucleus determined by the strategy illustrated in ¥
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contrast, the pDNA/LFN complex can bind to the entire
cell surface area via electrostatic interactions. Concerning
the k., wvalue, it has recently been reported that Ad
enters, not only via clathrin-mediated endocytosis
Iie | 7, but also via macropinocytosis '@ ¢, which is
actively driven by signal transduction after the binding of
the RGD motif to the integrin receptor for cellular entry
i *|. Therefore, the internalization of Ad appears to be
a highly efficient process. The k;,, value of LFN was
comparable to that of Ad. A recent study indicated that a
certain type of nonviral vector was taken up by cells, not
only by the classical endocytosis pathway (2., 7 5|, but also
by another pathway such as macropinocytosis |23
Presumably, multiple pathways are also responsible to
the cellular uptake of LFN, and this results in an internal-

ization rate constant comparable to that of Ad. Concern-
ing intracellular trafficking, various types of cellular
uptake processes must be considered. Since only acidic
compartments were stained by LysoSensor DND-189, the
involvement of nonacidic vesicular compartments such
as caveola was excluded from the analysis. To analyze the
contribution of acidic vesicular transport (i.e., clathrin-
mediated endocytosis and macropinocytosis | 26]) to total
vesicular transport, plasma membranes were nonspecifi-
cally labeled with PKH-26 (Sigma). After incubation for 1
h, all of the labels on the plasma membrane were
internalized and detected as clustered forms. Dual stain-
ing with PKH-26 and LysoSensor DNID-189 revealed that
approximately 70% of the PKH-26 clusters were coloca-
lized with LvsoSensor DND-189, suggesting that a major
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part {~70%) of the vesicular transport system was acidic
compartments (data not shown). In addition, it appears
that the size of the lipoplex (gencrally more than 200 nm
~Z7.2=%|) is too large to be taken up via nonacidic vesicular
transport such as caveolin-mediated endocytosis (~60
nm) and clathrin- and caveolin-independent endocytosis
(~90 nm) | "+'|. Therefore, we conclude that the staining of
vesicular compartments by LysoSensor DND-189 is useful
for tracing the main intracellular trafficking of vectors,
although it is possible that pDNA taken up via a nonacidic
compartment may unexpectedly participate in the effi-
cient trafficking pathway. The mechanism for the effi-
cient internalization rate of the LN remains to be
clarified.

Concerning endosomal escape, it was considered
that the dismantling of Ad particles in response to
the low endosomal pH is closely related to this event
e, Wiethoff et al. have recently shown that partial
disassembly of the Ad capsid triggers the release of
protein VI, which then lyses the endosomal membrane
structure | 11]. LFN also had an efficiency comparable to
that of adenovirus (1:i:12 1). LFN consists of polycationic
lipid 2,3-dioleyloxy-N-[2(spermincarboxamido)ethyl]-
N,N-dimethyl-1-propanaminium trifluoroacetate

TABLE 1: Comparison of the efficiencies of endosomal
escape and nuclear translocation between Ad and LFN

Ad LFN
Endosomal escape; (cytosol + nucleus)/total 0.70 0.53
Nuclear transiocation; nucleus/(nucleus + cytosol)  0.53  0.26

Tx‘lﬂ

intracellular trafficking in A549 cells between Ad and
LFN. These values were quantified by TagMan PCR and
CIDIQ analysis.

J FIG. 5. Summary of the guantitative comparison of

(NQSPA) and corn-shape lipid dioleoyl phosphatidyletha-
nolamine (DOPE). A highly efficient endosomal escape of
LEN, as high as that of Ad, was then synergistically
achicved by the proton sponge effect © i derived from
secondary amines in DOSPA, along with the fusogenic
effect |1, + 1 of DOPE, whereas their strategies were
different.

In contrast, once it escapes into the cytosol, adeno-
virus delivers its DNA to the nucleus more efficiently
than LFN. Although LFN can rapidly deliver ils DNA to
the nucleus presumably due to the electric interaction
of cationic lipid and negatively charged lipids of the
nuclear membrane °, it is likely that the cytoplasmic
delivery of Ad is more sophisticated. It has previously
been shown that Ad utilizes a microtubule network to
pass through the cytoplasm into the nucleus | -
Furthermore, Ad binds to the nuclear pore complex
receptor CAN/Nup214 and, thereafter, inserts the
genomic DNA into the nucleus with the assistance of

TABLE 2: Comparison of nuclear delivery and transcription
efficiency between Ad and LFN in Hela cells

Ad LFN
200 1.4 » 10¢

Dose (copies/cell)

Nuclear DNA 4.1 1.7 % 10*
(copies/cell)

Transgene expression 2.3 %107 1.3:2 107
(RLU/mg protein)

Transcription efficiency 5.7 % 10° 810

(RUL/mg protein/copy)

The efficiencies of endosomal escape and nuciear transiocation were calculated from the
results in T.y; 7 {circle graph) as the fraction thal escaped from the endosome/lysosome
(nuclear fraction plus cytoplasmic fraction) divided by total cellular uptake and a3 the
nuclear fraction divided by the fraction that escaped from the endosome/lysosome,
respectively.

The numbers of gene copies required to exhibit comparable lransgene cxpression were
quantified by TagMan PCR and are represented as copies/cell. Nuclear DMA in Ad- and LFN-
mediated transiection was determined following the procedure illustrated in i
Transcription etickency was calculated as the expression divided by the gene copies in the
nucieus
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nuclear histone H1 cells and the importin family
proteins of the host cells [11,38]. Such types of multi-
ple/active delivery systems in adenovirus may be
responsible for its efficient nuclear delivery.

Finally, the intranuclear transcription of DNA, when
transfected with Ad, is 8100 times higher than that of
LEN. Considering that the CMV promoter, luciferase
(GL3), and BGH polyadenylation sequences in pDNA
and the Ad genome are identical to one another, two
explanations are possible. One is that the nuclear DNA
introduced by the LFN is so well condensed that the
transcription process is inhibited. 1t is generally accepted
that the release of pDNA from the vectors is the rate-
determining process for transgene expression (39]. In
fact, transgene expression after the nuclear microinjec-
tion of DNA as a lipoplex was reported to be severely
limited [28,40]. The other possibility is that the Ad
genome structure and/or proteins coded in the Ad
genome affect transgene expression. Since almost all of
the E1/E3 region was deleted from the Ad genome, other
factors such as the inverted terminal repeat sequence
|41], terminal protein [42], and various proteins derived
from the E4 region [43,44] may be involved in the
improvement in transcription and nuclear stability.
Currently, it has been reported that terminal proteins
interact with the nuclear matrix, where they play an
important role in nuclear transcription [42]. To evaluate
the potential of pDNA vis-a-vis adenovirus DNA in the
transcription process, adenoviral DNA was purified by
treatment with guanidine, followed by sucrose gradient
centrifugation [45]. The nuclear microinjection of 10
copies of plasmid DNA and Ad genome encoding the
green fluorescent protein revealed that the Ad genome
exhibited only a slightly higher transgene expression
compared with plasmid DNA (approximately 35% vs
259), suggesting that these two types of DNA are
equivalent in the transcription process (S. Hama et al.,
unpublished observation). As a result, the difference in
decondensation in the nucleus is a more plausible
hypothesis for explaining the difference in intranuclear
transcription.

The remarkable difference in transcription activity was
also found in Hela cells, indicating that this phenom-
enon is generally applicable to various cells. Very
recently, it was also shown that the intranuclear tran-
scription of plasmid DNA introduced by nonviral vectors
such as polyethylenimine was much lower than that of
viral vectors. This conclusion is then generally applicable
to various types of current nonviral vectors [46].

Collectively, we were able successfully to quantify the
intracellular trafficking and intranuclear transcription of
viral and nonviral vectors. LFN delivers pDNA to the
nucleus with a comparable speed and exhibits transgene
expression comparable to that of the Ad vector. However,
LFN requires 3 orders of magnitude more pDNA than the
Ad to exert similar transfection activities. Surprisingly,

this remarkable difference principally arises from differ-
ences in nuclear transcription efficiency. This is the first
systematic and quantitative comparison of the intra-
cellular distribution of the exogenous genes introduced
by a viral vector and a nonviral vector. Such quantitative
comparisons will be useful for developing new gener-
ations. of nonviral vectors.

MATERIALS AND METHODS

General. Tc prepare the reporter gene vector for the pDNA (pcDNA3.1-
GL3), an insent fragment encoding luciferase (GL3) was obtained by
Hindlll/Xbel digestion of the pGL3-Basic vector (Promega, Madison, W1,
USA) and ligated to the Hindlll/Xbul-digested site of pcDNA3.1 (Invi-
trogen, Carlsbad, CA, USA). LFN was from Llnvitrogen Corp. Other
chemicals used were commercially available and reagent grade products.
As to the viral vector, the Ej, Ei, replication-deficient serotype 5§
adenovirus, in which an expression cassette is inserted in the £ position,
was used [47). The expression cassette consists of a cytomegalovirus
promoter/enhancer, cDNA encoding luciferase (GL3), and BGH polyade-
nylation sequences, which are also encoded in the pDNA used in the LEN-
mediated transfection.

Quantification of luciferase gene copies by TagMan PCR. To determine
the applied particle titer of the Ad in terms of copy number of luciferase
gene, Ad was dismantled by vortexing with 0.1% SDS/10 mM Tris-HCI/
5 mM EDTA treatment. The number of luciferase gene copies was
determined by TagMan PCR with a 100-fold diluted sample solution. As
a reference, a dilution series of pDNA3.1-GL3 was run along with the
virus sample. [t was confirmed that 0.001% SDS and 0.05 mM EDTA
had no effect on the luciferase gene amplification by TagMan PCR. The
luciferase gene region of Ad genomic DNA or pDNA was amplified and
quantified by TagMan PCR (ABI Prism 7700 sequence detection system;
Applied Biosystems). The sequence ot the prabe was §-CCGCTGAATTG-
GAATCCATCTTGCTC-3' with FAM as a fluorescent dye on the 5' end
and TAMRA as a fluorescence quencher dye labeled on the 3" end. This
probe is designed to anneal to the target hetween the sense primer {5'-
TTGACCGCCTGAAGTCTCTGA-3) and the antisense primer (5-
ACACCTGCGTCGAAGATGTTG-3) in the luclferase sequence of the
Ad genome and pDNA.

For the quantification of cellular uptake and nuclear delivery of the
luciferase genes, DNA was purified from cell lysates or an isolated nucleus
by means of a GenElute Manunalian Genome DNA Miniprep kit (Sigma-
Aldrich, §t. Louis, MO, USA) and subjected to the TagMan PCR with ADI
Prism 7700 sequence detection system. The isolation of nuclei followed 2
previous report 16,7]. Briefly, cells were suspended in 0.5 mi of lysis buffer
(0.54 Nonidet P-40, 10 mM NaCl, 3 mM MgCls, 10 mM Tris-HCI buffer;
pH 7.4) to dissolve the plasma membrane, and the nuclear fraction was
then isolated by centrifugation at 1400g for 5 min. This treatinent
(washing) was repeated twice, and the final pellet was used as the nuclear
fraction. The high recovery of the Ad genome (>90%) by DNA
purification with the GenElute Mammalian Genome DNA Miniprep kit
was confirmed by comparison with the luciferase gene amplification by
TagMan PCR.

The number of p-actin DNAs was also determined by the ABI Prism
7700 sequence detection system. 'CR was performed according to the
manufacturer’s Lnstructions with 0.5 uM each farward, S-TGCGTGACAT-
TAAGGAGAAGCTGTG-3', and reverse, 5-CAGCGGAACCGCTCATTGC-
CAATGG-3', primers and the QuantiTect SYBR Green PCR Master Mix
(Qiagen, Hilden, Germany). A linear relationship between the number of
cells and the threshold cycle for the p-actin gene amplification iwas
confirmed (data not shown).

CIDIQ analysis. In the case of LFN-mediated transfection, the pDNA
fraction in the endosome/lysosome, cytosol, and nucleus compared to the
total cellular association was assessed by CIDIQ, as described in a recent
report |5 After the transfection ot rhodamine-labeled pDNA, the endo-
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some/lysosome and nucleus were stained with LysoSensor DND-189 and
Hoechst 33342, respectively, to discriminate the subcellular localization
of pDNA. Each 8-bit TIFF image was transferred to Image-Pro Plus version
4.0 (Media Cvbernetics, Inc.) to quantify the total brightness and pixel
area of each region of interest. For data analysis, the pixel areas of each
cluster in endosomes/lysosomes, s;(end/lys); cytosol, s;(cyt); and nucleus,
s;(nuc) were separately summed for each x-y plane and are denoted as
§; . jlend/lys), §'z - jlcyt), and §'z . ;(nuc), respectively. The values of
§'7 » jtend/lys), $'z - jtcyt), and §'z . j(nuc) in each x-y plane were further
summed and are denoted as S(end/lys), $(cyt), and §(nuc), respectively.
These parameters represent the total amount of pDNA in each compart-
ment in an individual cell. Furthermore, the total area of the pDNA,
denoted as Sitot), was calculated by integrating the Stend/lys), S{cyt), and
Stnuc). This value represents the total cellular uptake of pDNA. The
fractions of pDNA present in endosomes/lysosomes, cytosol, and nucleus
compared to the whole cell are denoted as F(end/lys), F(cyt), and F(nuc),
which were calculated as S(end/lys), S(cyt), and S(nuc) divided by S(tot),
respectively.

For quantification of the intracellular distribution of Ad, Texas red-
labeled Ad was used in the CIDIQ analysis. The nuclear delivery of Ad
DNA (Spcrinuc)) was quantified beforehand by nuclear fractionation,
followed by the TaqMan PCR |5]. The supernatant fraction Spcp(sup)
contains Ad DNA in the endosome/lysosome and cytosol. Therefore, the
fractions in these organelles were quantified by CIDIQ. In this case,
Stsup), which represents the Ad DNA in the supernatant fraction in the
nucleus isolation experiment, was calculated by integrating the S'(end/
lys) and S‘(cyt). The fractions of Ad DNA present in endosomes/lysosomes
and cytosol compared to the supernatant are denoted as F'(end/lys) and
F'teyt), which were calculated as §'{(end/lys) and §'(cyt) divided by S(sup),
respectively. Numbers of gene copies in these organelles were determined
by multiplying each fraction by Spep(sup).
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Modified Adenoviral Vectors Ablated for
Coxsackievirus—Adenovirus Receptor, a, Integrin, and
Heparan Sulfate Binding Reduce In Vivo Tissue
Transduction and Toxicity

NAOYA KOIZUMI,' KENJI KAWABATA,'! FUMINORI SAKURAIL' YOSHITERU WATANABE,?
TAKAO HAYAKAWA,? and HIROYUKI MIZUGUCHI'#

ABSTRACT

Coxsackievirus and adenovirus receptor (CAR), a, integrins, and heparan sulfate glycosaminoglycans (HSGs)
are the tropism determinants of adenoviral (Ad) vectors in vivo. For the development of a targeted Ad vec-
tor, its broad tropism needs to be blocked (or reduced). We have previously developed Ad vectors with ab-
lation of CAR, a, integrin, and HSG binding by mutation of the FG loop in the fiber knob (deletion of T489,
A490, Y491, and T492 of the fiber protein), deletion of the RGD motif of the penton base, and substitution of
the fiber shaft domain for that derived from Ad type 35, respectively, and have shown that this triple-mutant
Ad vector [Ad/AF(FG)AP-S35-L2] exhibits significantly lower transduction in mouse liver compared with the
conventional Ad vector [Koizumi, N., Mizuguchi, H., Sakurai, F., Yamaguchi, T., Watanabe, Y., and
Hayakawa, T. (2003). J. Virol. 77, 13062-13072]. In the present study, we optimized the fiber knob mutation
for further reduced in vivo transduction and examined toxicity of the modified Ad vectors. Ad/AF(AB)AP-
§35-12, a triple-mutant Ad vector containing a mutation of the AB loop in the fiber knob (R412S, A415G,
E416G, and K417G), mediated approximately 15,000- and 500-fold lower mouse liver transduction by intra-
venous and intraperitoneal administration, respectively, than the conventional Ad vector, and mediated 10-
fold lower mouse liver transduction than did Ad/AF(FG)AP-S35-L.2. Ad/AF(AB)AP-S35-L2 also exhibited
lower transduction of other organs compared with Ad/AF(FG)AP-S35-L.2 and the conventional Ad vector.
Levels of both liver serum enzymes (aspartate transferase [AST] and alanine transferase (ALT)] and inter-
leukin (TL)-6 in mouse serum after intravenous administration of Ad/AF{AB)AP-535-1L2 were similar to those
in the nontreatment mouse serum, whereas the conventional Ad vector led to high levels of AST, ALT, and
IL-6. We therefore succeeded in further improving the mutant Ad vector, abolishing both viral natural tro-
pism and toxicity. This new Ad vector appears to be a fundamental vector for targeted gene delivery.

OVERVIEW SUMMARY erated a modified Ad vector with ablation of CAR, a, inte-
grin, and heparan sulfate binding and examined toxicity
(liver serum enzymes and interleukin-6) of the vector as well

as its transduction properties. For CAR binding ablation,

Nonspecific distribution of adenoviral (Ad) vectors in tissue
after in vivo gene transfer is due to the relatively broad ex-

pression of coxsackievirus and adenovirus receptor (CAR)
(the primary receptor), a, integrin (the secondary receptor),
and heparan sulfate (the tertiary receptor). Ad injection in
vivo is associated with the initiation of the inflammatory re-
sponse and tissue damage. In the present study, we have gen-

the AB or FG loop mutation of the fiber knob was employed,
and gene transfer activity of the triple-mutant Ad vector con-
taining the AB loop mutation was compared with that of the
triple-mutant Ad vector containing the FG loop mutation
and with that of the conventional Ad vector. The triple-mu-
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REDUCED TISSUE TRANSDUCTION AND TOXICITY WITH MODIFIED ADENOVIRAL VECTORS

tant Ad vector containing the AB loop mutation was found
to mediate significantly lower tissue transduction in vivo.
Furthermore, this mutant Ad vector reduced (or blunted)
liver toxicity and innate immunity responses (interleukin-6
production). Thus, the triple-mutant Ad vector will likely be
a fundamental vector for targeted gene delivery.

INTRODUCTION

Recomw.&m ADENOVIRAL (Ad) VECTORS are attractive
vehicles for in virro and in vivo gene transfer 1o a wide
variety of cell types. This distribution is largely due to the rel-
atively broad expression of the primary receptor, the coxsack-
ievirus and adenovirus receplor (CAR), and the secondary re-
ceplor. ay integrin, and the tertiary receptor. heparan sulfate
glycosaminoglycans (HSGs). The lack of specificity Jimits the
utility of Ad vectors in gene therapy. Targeted Ad vectors would
improve not only the efficacy bul also the safety profiles of the
vectors by permitting the use of lower doses. which would be
less toxic and potentially less immunogenic (Krasnykh er al..
2000; Wickham, 2000: Mizuguchi and Hayakawa. 2004).

The initial phase of Ad infection involves at least two se-
quential steps. The first is attachmént of the virus to the cell
surface through binding of the knob domain of the fiber to CAR
(Bergelson et al., 1997; Tomko et al., 1997). After attachment,
interaction between the RGD motif of the penion bases with
secondary host cell receptors, a, integrins. facilitates internal-
ization via receptor-mediated endocylosis (Wickham er al.,
1993, 1994). Furthermore, interaction between the KKTK (Lys-
Lys-Thr-Lys) motif on the fiber shaft of Ad type 5 with HSGs
and the length of the fiber shaft are invelved in accumulation,
in mouse and cynomolgus monkey liver. of systemically ad-
ministered Ad vectors (Nakamura er al.. 2003: Smith er al.,
2003a.b; Vigne er al., 2003).

Strategies lo eliminate natural Ad tropism. based on modifi-
cation of particular viral cupsid proteins such as fiber and pen-
ton base (Wickham, 2000; Mizuguchi and Hayakawa. 2004),
have been reported. To ablate CAR binding, Ad vectors con-
taining an AB, DE. or FG loop mutation of the fiber knob (Be-
wley et al., 1999; Kirby er al.. 1999: Alemany and Curiel. 2001,
Einfeld et al., 2001, Leissner e al., 2001: Mizuguchi er al..
2002; Smith er al., 2002), Ad vectors containing the Ad type
40 short fiber (which has been hypothesized not to bind to any
receptors; Nakamura et al.. 2003). and Ad vectors containing
an external trimerization motif instead of the fiber knob (Hong
er al.. 2003) have been developed. To ablate a, integrin bind-
ing, Ad vectors with a deletion of the RGD (Arg-Gly-Asp) mo-
tif of the penton base (Einfeld er al.. 2001; Mizuguchi er al..
2002: Vigne er al., 2003 ) have been developed. To ablale HSG
binding, Ad vectors mutated in the KKTK motif of the fiber
shaft (Smith er al.. 2003b) have been developed.

Several groups have reported that Ad vectors from which CAR
binding has been ablated do not change the biodistribution of Ad
vectors (Alemany and Curiel, 2001; Leissner er «l. 2001,
Mizuguchi er al.. 2002: Smith et al., 2002), although Einfeld e
al. have reported that CAR binding-ablated Ad vectors exhibit a
10-fold decrease in liver transduction (Einfeld er al., 2001). Ein-
feld er al. have also reported that Ad vectors ablated for both
CAR binding ablation and e, integrin binding exhibit a more
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than 700-fold decrease in liver transduction (Einfeld er al.. 2001).
Ad vectors ablated for a, integrin binding, however, do not
change their biodistribution (Mizuguchi er al.. 2002: Smith et al..
2003b). Smith er al. have shown that HSG binding-ablated Ad
vectors. in which the KKTK motif on the fiber shaft of Ad type
5 is changed to GAGA (Gly-Ala-Gly-Ala), exhibit a 15-fold de-
crease in liver transduction (Smith er «l.. 2003b).

We have previously developed an Ad vector ablated for CAR.
ay integrin, and HSG binding by deleting four amino acids (T489,
A490, Y491, and T492) from the FG loop of the fiber knob, delet-
ing the RGD motif of the penton base, and substituting the fiber
shaft domain for that derived from Ad type 35. which does not
contain the HSG-binding motif (Koizumi er ul.. 2003a). This
triple-mutant Ad vector, on intravenous administration. showed
more than 1000-fold lower gene transfer activity in mouse liver
than the conventional Ad vector whereas double-mutant Ad vec-
tors (ablated for CAR and a, integrin binding. or for CAR and
HSG binding), on intravenous administration. showed 100-fold
lower gene transfer activity in mouse liver than the conventional
Ad vector (Koizumi er al.. 2003a).

In the present study, we further improve the triple-mutant Ad
veclor by adding a mutation of the AB loop in the fiber knob
(R4128, A415G, E416G, and K417G) instead of a deletion of
the FG loop in the fiber knob. The AB loop in the fiber knob in-
teracts directly with CAR and therefore must be the key anchor
for the knob—CAR complex (Bewley et al., 1999). In contrast,
deletion of the FG loop in the fiber knob eliminates interactions
between the fiber knob and CAR by changing the structure of
the fiber knob (Kirby er al.. 1999). We examined in detail the
gene transfer activity of the triple-mutant Ad vector containing
a mutation of the AB loop in the fiber knob both in vitro and in
vive (intravenous and intraperitoneal administration) in compar-
ison with the triple-mutant Ad vector containing a deletion of the
FG loop in the fiber knob and the conventional Ad vector.

Another drawback of the Ad vector is the production (release)
of cylokines and chemokines, as well as hepatotoxicity, after
systemic injection of the vector (Lieber et al., 1997; Liu et al..
2003). The cytokines play a major causative role in liver dam-
age associated with systemic Ad infusion as well as a role in the
induction of an antiviral immune respanse. Cytokine production
and release are thought to be the direct or indirect results of Ad
uptake by Kupffer cells and their subsequent activation (Lieber
ef al., 1997; Liu er al.. 2003) or lysis (Schiedner er al.. 2003).
It is important to develop an Ad vector that reduces or blunts
innate immune response. In the present study. we also show that
systemic injection of the triple-mutant Ad vector does not in-
crease serum interleukin (IL)-6 levels or liver serum enzymes
(asparnate aminotransferase [AST] and alanine aminotransferase
LALT]. which are hepatotoxicity marker enzymes).

MATERIALS AND METHODS

Cells

SK HEP-| (endothelial cell line derived from human liver:
Heffelfinger er al.. 1992) and 293 cells were cultured with Dul-
becco’s modified Eagle's medium (DMEM) supplemented with
10% fetal calf serum (FCS). Fiber-293 cells, which are stable
transformants expressing Ad type 5 fiber protein (Koizumi er al.,
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2003a), were cultured with DMEM supplemented with 10% FCS
and hygromycin (GIBCO. 200 ug/ml; Invitrogen, Carlsbad. CA).

Plasmids and Ad vectors

The vector plasmid pAdHMS59, which we used to generate
Ad vectors containing a mutation of the AB loop of the fiber
knob (R4128, A415G, E416G, and K417G), a deletion of the
RGD motif in the penton base, and a substitution of the fiber
shaft domain for that derived from Ad type 35, was constructed
as follows. First, a polymerase chain reaction (PCR) fragment
containing a sequence surrounding the AB Joop of the Ad type
5 fiber knob gene (bp 32238-32495) was generated with
primers (forward, 5'-ATTAATACTTTGTGGACCACACC-
AGCTCCATCTCCTAACTGTAGcCTAAATGgAGgGggt-
GATGCTAAACTCACTTTGGTCTTAACAAAA-3' [the Asel
site is underlined and the mutation sequence is indicated by
lower-case letters]; reverse, 5'-AGATCTCCATTTCTAAAG-
TT-3' [the Bglll site is underlined]) and pGEM-Teasy-knob-
CAR(+) as a template (Koizumi er al., 2003a). The PCR frag-
ment was then ligated with EcoRV-digested pcDNA3.1-Hygro
(Invitrogen), resulting in pcDNA3.1-Hyg-AB4m. pcDNA3. |-
Hyg-AB4mknob was constructed by three-piece ligation of (1)
the Aflll/Asel fragment of pF35-2.3(Asel) (Mizuguchi and
Hayakawa, 2002), which contains the fiber shaft of Ad type 35,
(2) the Asel/BglTl fragment of pcDNA3.1-Hyg-AB4m, and (3)
the AfTI/Bg!I1 fragment of pcDNA3.1-Hygro. Next, pHM-835-
K5-AB4m was constructed by three-piece ligation of (1) the
AMUBgNT fragment of pcDNA3.1-Hyg-AB4mknob, (2) the
Munl/Bgll fragment of pHM-S35-K5-CAR(+) (Koizumi ez
al., 2003a). and (3) the AfIl/Munl fragment of pHMCMV6
(Mizuguchi and Kay, 1999). pHM-835-K5-AB4m contains the
sequence encoding the CAR-binding ablated Ad type 5 fiber
knob (mutation of the sequence encoding four amino acids in
the AB loop), a Csp45] site in the HI loop, a Clal site in the
C-terminal end of the fiber knob-coding sequence. and the fiber
shaft sequence of Ad type 35. pS35-K5-2.2-AB4m was then
constructed by ligation of Srfl/Munl-digested pHM14-Eco2
(Koizumi er al., 2003b) and Srfl/Munl-digested pHM-S35-K5-
AB4m. Next, the SrfUMunl fragment of pS35-K5-2.2-AB4m
was ligated with the Srf/Mun] fragment of pHM 14-Ecol?2, re-
sulting in the creation of pHM 14-Ec02-S35-AB4m, which con-
tains the Ad genome from bp 27331 to the end of the Ad ge-
nome and contains the sequence encoding the substitation of
the fiber shaft domain for that derived from Ad type 35 and the
mutation of the AB loop of the fiber knob. Finally. pAdHM59
was constructed by ligaton of EcoRIl/Clal-digested pHM 14-
Eco2-835-AB4m (the location of the EcoRI site is bp 27332 in
the Ad genome, whereas the Clal site is in the C-terminal end
of the fibercoding sequence) and EcoRU/Clal-digested
pAdHMA43 (Koizumi er al., 2003a), which contains the com-
plete Ad genome, deletion of the RGD motif in the penton base,
and a Clel site in the C-terminal end of the fiber-coding se-
quence. pAdHMS59 has a complete E1/E3-deleted Ad genome
with I-Ceul, Swal, and PI-Scel sites in the E1 deletion region.
Pacl sites at both ends of the Ad genome. and deletion of the
RGD peptide-coding sequence of the penton base (MND-
HAIRGDTFATRAE was changed to MNDTSRAE), and con-
tains the chimeric fiber-coding sequence of the CAR binding-
ablated Ad type 5 fiber knob (mutation of the AB loop-coding
region of the fiber knob [R412S, A415G, E416G, and K417G)).
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the Ad type 35 fiber shaft sequences, and the Ad type 5 fiber
tail sequence. pAdHMS59 also contains a unique Csp45T site in
the HI loop of the fiber knob-coding sequence and a Clal site
in the C-terininal end of the fiber knob-coding sequence. There-
fore, the targeting ligands can be easily displayed in the fiber
knob of the vectors by cloning the respective genes into these
regions by simple in vitre ligation.

Ad vectors were constructed by an improved in virro liga-
tion method described previously (Mizuguchi and Kay. 1998,
1999). pAdHM59-CMVL2 and pAdHM54-CMVL2 were con-
structed by ligation of I-Cewl/PI-Scel-digested pAdHMS9 and
pAJHMS4, respectively, and I-Ceul/PI-Scel-digested pCMVL]
(Mizuguchi and Kay. 1999). To construct pAdHMS59-RGD-
CMVL2, pAdHMS9 was first digested with Csp45] and ligated
with oligonucleotide 1 (5'-cggcclgtgactgecgeggagacigiitciac-
galg-3') and oligonucleotide 2 (5'-cgealcgcagaaacagiciccgeg-
gcagicacagge-3'), which corresponds to the RGD (RGD-4C) pep-
tide, CDCRGDCFC., with high affinities for integrins (a,8; and
aPs) (Koivunen er al., 1995; Pasqualini ef al.,, 1997), resulting
in the creation of pAdHMS59-RGD. I-Cenl/PI-Scel-digested
pAdHMS59-RGD was then ligated with T-Ceul/P1-Scel-digested
pCMVLI, resulting in the creation of pAdHMS9-RGD-CMVL2.

To generate the virus, pAdHMS9-CMVL2, pAdHMS4-
CMVL2, and pAdHMS59-RGD-CMVL2 were digested with Pacl
and purified by phenol—chloroform extraction and ethanol pre-
cipitation. Linearized DNAs were transfected into Fiber-293 cells
(in the case of pAdHM54-CMVL2 and pAdHM59-CMVL2) or
293 cells (in the case of pAdHM59-RGD-CMVL2) with Super-
Fect (Qiagen, Valencia, CA) according to the manufacturer's in-
structions. When pAdHMS59-CMVL2 and pAdHMS54-CMVL2
were wansfected into normal 293 cells, the virus was not gener-
ated because the virus does not interact with 293 cellular recep-
tors. Viruses [Ad/AF(AB)AP-S35-L2. Ad/AF(FG)AP-S35-L2,
and AJ/AF(AB)AP-S35-RGD-L2] were prepared by standard
methods with the exception that Ad/AF(AB)AP-S35-L2 and
Ad/AF(FG)AP-835-L2 were amplified with Fiber-293 cells, and
that only the last step of viral amplification was performed by in-
fection into normal 293 cells. as described previously (Kaizumi
er al., 2003a). AA/AF(FG)AP-S35-L2 is identical to Ad/AFAP-
$35-L2 in our previous report (Koizumi et al., 2003a). A con-
ventional luciferase-expressing Ad vector, Ad-L2, had been con-
structed previously (Mizuguchi and Kay, 1999). Viruses were
purified by CsCl, step gradient ultracentrifugation followed by
CsCly linear gradient ultracentrifugation. Determination of virus
particle titers was accomplished spectrophotomeltrically by the
methods of Maizel ef al. (1968). Virus particle titers of the vec-
tor stocks, prepared from five 150-inim dishes (approximately 8 x
107 cells), were as follows: Ad-L2, 1.8 X 10'2 vector particles
(VPYml; Ad/AF(AB)AP-S35-L2, 2.8 X 10" VP/ml; Ad/AF
(FG)AP-535-L2, 3.3 X 10'? VP/ml; Ad/AF(AB)AP-535-RGD-
L2, 2.6 X 10" VP/ml.

Western blotting

Five hundred nanograms of virus in 1X sample buffer con-
taining 4% 2-mercaptoethanol was loaded onto a sodivm dodecyl
sulfate (SDS)-polyacrylamide gel after boiling for 5 min, followed
by electrotransfer to a nitrocellulose membrane. After blocking in
Block Ace (Dainippon Pharmaceutical, Osaka, Japan), the filters
were incubated with a rabbit fiber knob polyclonal antibody (di-
luted 1:3000) (kindly provided by R.D. Gerard. University of
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Texas Southwestern Medical Center, Dallas, TX), followed by in-
cubation in the presence of peroxidase-labeled anti-rabbit anti-
body (diluted 1:10.000) (Cell Signaling Technology. Beverly,
MA). The filters were developed by chemiluminescence (ECL
Western blotting detection system; GE Healthcare, Little Chal-
font, UK). and signals were read with an LAS-3000 imaging sys-
tem (Fujifilm Medical Systems USA. Stamford, CT).

Adenovirus-mediated gene transduction
into cultured cells

SK HEP-1 cells (1 X 10* cells) were seeded in a 96-well
dish. On the nex1 day. they were transduced with Ad-L2, Ad/AF
(FG)AP-S35-L2, Ad/AF(AB)AP-535-L2, or Ad/AF(AB)AP-S35-
RGD-L2 (3000 VP/cell) for 1.5 hr. After a 48-hr culture pe-
riod. luciferase production in the cells was measured with a lu-
ciferase assay system (PicaGene LT2.0 luminescence kit: Toyo
Ink, Tokyo, Japan).

In the experiment to quantify Ad uptake into SK HEP-1 cells.
the cells were incubated at 37°C for 1.5 hr with the corre-
sponding virus, washed with phosphate-buffered saline (PBS),
resuspended in 0.05% trypsin-0.5 mM EDTA-PBS solution,
and incubated at 37°C for 10 min. After this incubation, the
cells were incubated at 37°C for 10 min with 0.05% DNase
1-0.5 M MgCl,—PBS. washed with PBS. and resuspended in
0.1 M EDTA-PBS solution. Finally, the Ad genome DNA in
the cells was quantified with a TagMan fluorogenic detection
system (ABT PRISM 7700 sequence detector; Applied Biosys-
tems, Foster City, CA). Sample DNA was isolated with an au-
tomatic nucleic acid isolation system (NA-2000; Kurabo In-
dustries, Osaka, Japan). The Ad vector DNA standard was
pAdHM4 plasmid DNA (Mizuguchi and Kay, 1999). Primers
for amplification were located in the E4 region. with the se-
quences CACCACCTCCCGGTACCATA (sense) and CCG-
CACCTGGTTTTGCTT (antisense). The fluorogenic detection
probe had the sequence AACCTGCCCGCCGGCTATA-
CACTG. Samples were amplified in 50 w1 for 40 cycles in the
ABI PRISM 7700 sequence detector with continuous fluores-
cence monitoring. Data were processed with ABI PRISM 7000
SD software (Applied Biosystems).

When SK HEP-1 cells were transfected with a complex of
Ad/AF(AB)AP-S35-L2 and SuperFect (Qiagen), the cells (2 X
10* cells) were seeded in a 48-well dish. The next day, the cells
were transduced with Ad/AF(AB)AP-S35-L.2 (10,000 VP/cell)
in the presence of SuperFect (0. 0.15. or 1.5 ug: Qiagen) for
1.5 hr. After a 48-hr culture period. luciferase production in the
cells was measured with a luciferase assay system (PicaGene
PGLS500; Toyo Ink).

In the competition experiments. SK HEP-1 cells (2 X 10*
cells) were seeded in 2 48-well dish. The next day. the cells
were preincubated with RGD peptide (GRGDSP; TaKaRa, Os-
aka, Japan) (0. 40, or 200 pg/ml) for 10 min at room temper-
ature. The cells were then transduced with Ad/AF(AB)AP-S35-
RGD-L2 (300 VP/cell) for 0.5 hr. After 48 hr in culture,
luciferase production in the cells was measured by lumines-
cence assay (PicaGene LT2.0; Toyo Ink).

Adenovirus-mediated gene transduction in vivo

Ad-L2, AJ/AF(FG)AP-S35-L2. Ad/AF(ABYAP-S35-L2. or
Ad/AF(AB)AP-S35-RGD-L2 was intravenously (3.0 X 10'°VP)
or intraperitoneally (1.0 X 10'" VP) administered 10 C57BL/&
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mice (mzle, 5 weeks old; obtained from Nippon SLC, Shizuoka,
Japan). Forty-eight hours later. the heart, lung, liver. kidney, and
spleen were isolated and homogenized as previously described
(Xu er al., 2001). Luciferase production was determined with a
luciferase assay system (PicaGene 5500; Toyo Ink). Protein con-
tent was measured with a Bio-Rad assay kit (Bio-Rad, Hercules,
CA), using bovine serum albumin as a standard.

The amounts of Ad genomic DNA in each organ were quan-
tified with the TagMan fluorogenic detection sysiem (ABI
PRISM 7700 sequence detector; Applied Biosystems). Samples
were prepared with isolated DNA templates from each organ
(25 ng) by the automatic nucleic acid isolation system (NA-
2000: Kurabo Industries). The amounts of Ad DNA were quan-
tified with the TagMan fluorogenic detection system (Applied
Biosystems). as described above.

Amounts of Ad vector DNA in liver parenchvinal
and nonparenchymal cells

Ad-L2, AJ/AF(FG)AP-835-L2. or Ad/AF(AB)AP-§35-L2
was intravenously (3.0 X 10'" VP) or intraperitoneally (1.0 X
10'"" VP) administered to CS7BL/6 mice (male, 5 weeks old;
Nippon SLC). Mice were anesthetized by intraperitoneal ad-
ministration of pentobarbital sodium (Dainippon Pharmaceuti-
cal) 3 hr after Ad vector injection. Liver cells were separated
into parenchymal cells (PCs; hepatocytes) and nonparenchymal
cells (NPCs) (Kupffer cells and endothelial cells), as described
previously (Nishikawa et al.. 1998). Briefly, the liver was per-
fused with HEPES buffer (pH 7.5) containing collagenase. The
dispersed cells were separated into PC and NPC fractions by
differential centrifugation. Quantitative PCR was performed to
examine the amounts of Ad vector DNA in the PCs and NPCs.
Total DNA, including the Ad vector DNA. was isolated from
the PCs and NPCs by means of the automatic nucleic acid iso-
lation system (NA-2000: Kurabo Industries). The amounts of
Ad DNA were guantified with the TagMan fluorogenic detec-
tion system (Applied Biosystems), as described above.

Blood clearance of Ad vectors

Blood samples were collected by retroorbital bleeding at the
indicated times (2, 10, and 30 min: or 2, 60. 120, and 180 min)
after intravenous (3.0 X 10'® VP) or intraperitoneal (1.0 x 10!
VP) administration of Ad-L2, Ad/AF(FG)AP-$35-L2. or
Ad/AF(AB)AP-835-L2. Total DNA. including the Ad vecior
DNA. was isolated from whole blood with a QlAamp DNA
blood mini kit (Qiagen). The amounts of Ad DNA were quan-
tified with the TagMan fluorogenic detection system (Applied
Biosysiems), as described above.

Liver serum engymes and interleukin-6 levels
after systemic administration

Blood samples were collected from the inferior vena cava at
the indicaled times (3 or 48 hr) afier intravenous (3.0 x 10"
VP) or intraperitoneal (1.0 X 10" 'VP) administration of Ad-
L2, Ad/AF(AB)AP-S35-L2 or A&/AF(FG)AP-835-L2. Serum
samples were collected into separate tubes containing no anti-
coagulant for coagulation. The levels of AST and ALT in serum
samples collected al 48 hr were measured with a Transaminase-
CII kit (Wako Pure Chemical Industries. Osaka, Japan). IL-6
levels in serum samples collected 3 hr after Ad injection were
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measured with an enzyme-linked immunosorbent
(ELISA) kit (BioSource International, Camarillo, CA).

assay

RESULTS

Construction of vectors that abolish natural viral tropism is the
first step in the development of targeted Ad vectors. Identification
and incorporation of a foreign ligand with high affinity for a spe-
cific cellular receptor into the capsid of Ad vectors that no longer
infect cells would be the next step (Fig. 1A). This study was un-
dertaken to improve a previously developed triple-mutant Ad vec-

KOIZUMI ET AL.

tor that no longer infects cells by deletion of the FG loop of the
fiber knob, deletion of the RGD motif of the penton base, and sub-
stitution of the fiber shaft domain with that derived from Ad type
35. Hepatocyte toxicity and innate immune response (IL-6 pro-
duction) by systemic injection of the vectors were also examined.

Generation of several types of mutant Ad vecror

To examine the effects of the various fiber knob mutations
(mutation of AB loop or deletion of FG loop) in the triple-mu-
tant Ad vector on gene transfer activily in vitre and in vivo, we
constructed several types of mutant Ad vector expressing lucif-
erase. Ad/AF(AB)AP-835-1.2 contains the Ad type 5 fiber knob

(A) (a) Wild-type (b) Triple-mutant () Triple-mutant Ad vector
Ad vector Ad vector containing RGD motif
in the fiber knob
Type 5 hexon Type 5 hexon Type 5 hexon
Type § Type 5 Type 35 e Type 5RGD(3) Type 35 - Type 5 RGD(+)
sm pzxon base shaft ~——— penton base shaft ————pf = penton base
Type 5 P Type § — Type 5 mutant
fl{:: f mutant fiber RGD({+) fiber .\
‘AJ:—L’MZ
CAR  Heparin/ av-integrin CAR  Heparin/  av-integrin CAR Heparin/ av-ntegrin
Heparan sulfate Heparan sulfate Heparan sulfate
(B) ;| 2 3
Wild type fiber s d
Mutant fiber s “ h _
FIG. 1. Mutant Ad vectors. (A) Schematic diagram of the interaction of mutant Ad vectors with cells. The wild-type Ad vec-

tor infects cells by interactons of the fiber knob with CAR. the fiber shaft with HSGs, and the penton base with a, integrin. The
triple-mutant Ad vector does not have these interactions with cells. The triple-mutant Ad vector containing the RGD motif in the
HI loop of the fiber knob infects cells via interaction of the RGD motif with a, integrin. (B) Western blot analysis of the fiber
protein in Ad-L2, Ad/AF(FG)AP-835-L2, and Ad/AF(AB)AP-835-L2. Five hundred nanograms of virus was separated on a 12%
SDS—polyacrylamide gel, and the fiber protein was analyzed by Western blotting using a rabbit fiber knob polyclonal antibody
as described in Materials and Methods. Lane 1, Ad-L2; lane 2, Ad/AF(FG)AP-835-L.2; lane 3, Ad/AF(AB)AP-S35-L2.
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