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The primary receptor, the coxsackievirus and adenovirus receptor (CAR), and the secondary receptor, av
integrins, are the tropism determinants of adenovirus (Ad) type 5. Inhibition of the interaction of both the fiber
with CAR and the penton base with the av integrin appears to be crucial to the development of targeted Ad
vectors, which specifically transduce a given cell population. In this study, we developed Ad vectors with
ablation of both CAR and av integrin binding by mutating the fiber knob and the RGD motif of the penton
base. We also replaced the fiber shaft domain with that derived from Ad type 35. High transduction efficiency
in the mouse liver was suppressed approximately 130- to 270-fold by intravenous administration of the
double-mutant Ad vectors, which mutated two domains each of the fiber knob and shaft and the RGD motif of
the penton base compared with those of conventional Ad vectors (type 5). Most significantly, the triple-mutant
Ad vector containing the fiber knob with ablation of CAR binding ability, the fiber shaft of Ad type 35, and the
penton base with a deletion of the RGD motif mediated a >30,000-fold lower level of mouse liver transduction
than the conventional Ad vectors. This triple-mutant Ad vector also mediated reduced transduction in other
organs (the spleen, kidney, heart, and lung). Viral DNA analysis showed that systemically delivered triple-
mutant Ad vector was primarily taken up by liver nonparenchymal cells and that most viral DNAs were easily
degraded, resulting in little gene expression in the liver. These results suggest that the fiber knob, fiber shaft,
and RGD motif of the penton base each plays an important role in Ad vector-mediated transduction to the
mouse liver and that the triple-mutant Ad vector exhibits little tropism to any organs and appears to be a

fundamental vector for targeted Ad vectors.

Recombinant adenovirus (Ad) vectors are widely used for
both in vitro and in vivo gene transfer. However, one of the
hurdles confronting Ad-mediated gene transfer is their non-
specific distribution in tissue after in vivo gene transfer. This
distribution is largely due to the relatively broad expression of
the primary receptor, the coxsackievirus and adenovirus recep-
tor (CAR), and the secondary receptor, av integrin. This lack
of specificity limits the utility of Ad vectors in gene therapy.
Vector dissemination may lead to an increased risk of un-
wanted side effects of the gene therapy procedure, even when
Ad vectors are locally administered to the tissue of interest.
Targeted Ad vectors would represent a significant advance in
the development of safer and more efficient gene delivery and
gene therapy (20, 45).

The initial step of Ad infection involves at least two sequen-
tial steps. The first is attachment of the virus to the cell surface
through binding of the knob domain of the fiber to CAR (5,
42). Following attachment, interaction between the RGD mo-
tif of the penton bases and secondary host cell receptors, av
integrins, facilitates internalization via receptor-mediated en-
docytosis (46, 47). Several strategies have been developed to
construct targeted Ad vectors with ablation of CAR binding
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ability: Ad vectors containing an AB, DE, or FG loop mutation
of the fiber knob (1, 6, 8, 16, 24, 32, 37, 40), Ad vectors
containing the Ad type 40 short fiber, which has been hypoth-
esized not to bind to any receptors (34), and Ad vectors con-
taining an external trimerization motif instead of the fiber
knob (13, 19, 26). Ad vectors with ablation of av integrin
binding have been developed by deleting the RGD motif of the
penton base (32, 43).

Several groups have reported that Ad vectors with ablation
of CAR or av integrin binding do not change the biodistribu-
tion (especially natural tropism to the liver) and toxicity of Ad
vectors (1, 24, 32, 40), although these Ad vectors indeed do not
bind with CAR or av integrin, respectively. Einfeld et al. re-
ported that Ad vectors with both CAR-binding and av inte-
grin-binding ablation exhibit a >700-fold decrease in liver
transduction (8). Ablation of both CAR and av integrin bind-
ing is crucial to the development of targeted Ad vectors. More
recently, the fiber shaft has been reported to be involved in the
in vivo gene transfer properties of Ad vectors. Nakamura et al.
reported that the natural tropism of Ad vectors in vivo is
influenced not only by the fiber-CAR interaction but by the
length of the fiber shaft (34). They replaced the tail, shaft, and
knob domains of Ad type 5 fiber with those of Ad type 40 short
fiber (their vectors contained the RGD motif of the penton
base) and showed that the transduction efficiency in the liver
for the chimeric Ad vectors was approximately 64-fold lower
than for conventional Ad vectors. Furthermore, Smith et al.
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TABLE 1. Ad vectors used for the present study

Vector Status of FG loop  Status of RGD motif =~ Type of
of fiber knob of penton base fiber shaft
Ad-L2 Intact Intact 5
Ad/AFAP-L2 Mutation Mutation 5
Ad/AF-S35-L2 Mutation Intact 35
Ad/AFAP-S35-1L.2 Mutation Mutation 35

have shown that the KKTK (Lys-Lys-Thr-Lys) motif of the
fiber shaft of Ad type 5 is involved in accumulation in the
mouse liver of systemically administrated Ad vectors (41).
Vigne et al. reported that shortening the Ad type 5 fiber shaft
weakens the interactions of both fiber-CAR and penton
base-av integrin, possibly due to steric hindrance (43). Taking
these results into account, the combination of the fiber-shaft
change to a short fiber shaft without the KKTK motif and the
ablation of both CAR and av integrin binding might further
reduce tropism to the liver.

In the present study, we developed a triple-mutant Ad vector
containing a mutant fiber knob derived from Ad type 5, with
CAR binding ablated, the fiber shaft derived from Ad type 35
(the fiber shaft of Ad type 35, without the KKTK motif, is
shorter than that of Ad type 5 [Ad type 35 fiber shaft, 6
B-repeats; Ad type 5 fiber shaft, 22 B-repeats]), the fiber tail
derived from Ad type 5, and the mutant penton base of Ad
type 5 without the RGD motif. This vector was coupled with a
simple method for generating fiber-modified Ad vectors in
which oligonucleotides corresponding to the peptide of inter-
est can be introduced into the coding region of both the HI
loop and the C terminus of the fiber knob by a simple plasmid
construction based on in vitro ligation (18, 33). A unique re-
striction site was introduced into the HI loop and C-terminal
coding region of the fiber knob. We also generated a newer
packaging cell line based on 293 cells to amplify the triple-
mutant Ad vectors. Wild-type Ad type 5 fiber was stably ex-
pressed in the packaging cells. The in vitro and in vivo gene
transfer properties of mutant Ad vectors were evaluated.

MATERIALS AND METHODS

Cells. SK HEP-1 (endothelial cell line derived from the human liver) (10),
LN319 (human anaplastic astrocytoma), LN444 (human glioblastoma multi-
forme), SF295 (human glioblastoma multiforme) (kindly provided by M. Tada,
Hokkaido University, Hokkaido, Japan) (4), and 293 cells were cultured with
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum.

Fiber-293 cells were stable transformants generated by transfection of
pCMVmfiber-Hyg (described below) into 293 cells and selection with hygromy-
cin (GIBCO-BRL, Rockville, Md.).
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Plasmids. The plasmid pCMVmfiber-Hyg, which contains a wild-type fiber
gene and a hygromycin resistance gene, was constructed as follows. pEco-ITRS
(33), which contains the EcoRI/Clal fragment of an Ad type 5 genome (from bp
27331 to the right end of the Ad type 5 genome [A28133-30818]), was digested
with Munl and Clal after an Nsil site located downstream of the 3’ inverted
terminal repeat (ITR) of the Ad genome was changed into a Clal site by using
Nsil phosphorylated linkers (New England Biolabs, Beverly, Mass.) and was
ligated with oligonucleotides 5'-AATTGCCGAGAACTTCAAGTCCTTCTTC
ATCCAGTAGGCGGCCGCAT-3' and 5'-CGATGCGGCCGCCTACTGGAT
GAAGAAGGACTTGAAGTTCTCGGC-3'. The resulting plasmid, pFiberl-1,
was digested with Stul and HindIII and ligated with oligonucleotides 5'-aCTgT
ACCTGTTcACcGCcTCcAACAAcagCAAgA-3" and 5'-AGCTTcTTGetgTTGT
TgGAgGCgGTgAACAgGTACAGt-3' (silent mutation sequences are shown in
lowercase). The resulting plasmid, pFiber1-2, was digested with Xbal and Ndel
and ligated with oligonucleotides 5'-CTAGGAATTCGCCCACCATGAAGCG
CGCcAGACCcTCcGAgGAcACCTTCAACCCCGTGTACCCA-3" and 5'-TAT
GGgTACACGGGGTTGAAGGTETCcTCgGAgGGTCTgGCGCGCTTCATG
GTGGGCGAATTC-3'. The resulting plasmid, pFiberl-3, was digested with
PpuMI and Nhel and ligated with oligonucleotides 5'-GACCCCTgACcGTGTC
cGAgGGcAAa-3' and 5'-CTAGtTTgCCcTCgGACACgGTcAGGGG-3'. The
resulting plasmid, pFiber1-4, was digested with BstXI and Bg/II and ligated with
oligonucleotides 5'-TTGGAAtTTcAGgAAcGGc-3' and 5'-GATCgCCgTTcCT
gAAaTTCCAATATT-3'. The resulting plasmid, pFiberl-5, was digested with
EcoRI and NotI and ligated with the EcoRI/NotI fragment of pCMVSL3 (50).
The resulting plasmid, pCMVmfiber, contained the sequence of the cytomega-
lovirus (CMV) promoter-enhancer, intron A, Ad type 5 fiber (with a total of 28
bp changed as follows: 6 mutations between bp 1 and 45 of the fiber gene, 6
mutations between bp 447 and 472 of the fiber gene, 11 mutations between bp
918 and 954 of the fiber gene, and 5 mutations between bp 1437 and 1449 of the
fiber gene), simian virus 40 (SV40) poly(A), and the SV40 enhancer. The plasmid
vector containing the sequence of the CMV promoter-enhancer, intron A, SV40
poly(A), and the SV40 enhancer is much more efficient than the conventional
vector containing the sequence of the CMV promoter-enhancer and SV40 or
bovine growth hormone poly(A) (50). Finally, the hygromycin resistance gene
derived from pCMVLacI (Stratagene, La Jolla, Calif.) was inserted downstream
from SV40 poly(A) and the SV40 enhancer of pCMVmfiber, resulting in pCM-
Vmfiber-Hyg.

The vector plasmid, pAdHMS54, which we used for the generation of Ad
vectors with ablation of CAR binding of the Ad type 5 fiber knob, the Ad type
35 fiber shaft, and the Ad type 5 penton base with a deletion of the RGD motif,
was constructed as follows. pF35-2.3 was constructed by self-ligation of Agel/
Xbal-digested pF35-2.2 (28), which contains the sequence surrounding the Ad
type 35 fiber gene, after an Agel site of pF35-2.2 was changed into an Xbal site
by use of Xbal phosphorylated linkers (New England Biolabs). An Asel site was
created between the fiber shaft and the knob coding sequence by use of the
QuikChange site-directed mutagenesis kit (Stratagene) with oligonucleotides
5'-AAAGGATAGTATTAAtACCTTATGGACTGGA-3" and 5'-TCCAGTCC
ATAAGGTaTTAATACTATCCTTT-3' (silent mutation sequences are lower-
case and the Asel site sequence is underlined), resulting in pF35-2.3(Asel).
pGEM-Teasy-knobCAR(—)-F was constructed by inserting PCR fragments gen-
erated by using primers (sense, 5'-AATAATACTTTGTGGACCACAC
CAGCT-3'; antisense: 5'-TTCGAAGTTGTGTCTCCTGT-3") and pAdHM42
(as a template), which is a derivative of pAdHM41 (18), into pGEM-T Easy
(Promega, Madison, Wis.). pHM-S35-K5-CAR(—) was constructed by four-
piece ligation of the following fragments: (i) Aflll/Asel fragment of pF35-
2.3(Asel), (ii) Ascl/Csp451 fragment of pGEM-Teasy-knobCAR(—)-F, (iii)
Csp451/Munl fragment of pHM14-Eco3 (18), and (iv) Munl/AfIIl fragment of
pHMCMVG6 (31). Next, pHM14-Eco2-S35 was generated by the ligation of SrfT/

TABLE 2. Amino acid changes in triple-mutant Ad vector

Amino acid sequence (nucleotide sequence) of knob domain

Vector Sequence of penton base Aodf gﬁe Ad type of shaft
FG loop HI loop C terminus
Conventional MND-HAIRGDTFAT- 5 5 (22 B-repeats) TEGTAYTNAV DTTPSA (GAC ACA QE-Stop (CAA GAA
RAE ACT CCA AGT GCA) TAAE)
MND-TS-RAE (RGD 5 35 (6 B-repeats) TEGNAV (aa 489 to DTTSNPSA (GAC ACA QEID-Stop (CAA GAA

Triple-mutant
Ad motif deleted)

492 deleted) ACT TCG AAC CCA

ATC GAT TAA)
AGT GCA)*

¢ Underlining indicates an added Csp45I site. Two amino acids (S and N) were added to the sequence.
 Underlining indicates an added Clal site. Two amino acids (I and D) were added to the sequence.
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FIG. 1. Western blot analysis of 293 cells transduced with Ad-L2, normal 293 cells, and Fiber-293 cells. The protein sample was prepared from
normal 293 (lane 2) and Fiber-293 (lane 3) cells. The protein sample was also prepared from 293 cells with CPE, which were transduced with Ad-L2
and cultured for 1 day, as a positive control (lane 1). Samples were separated on an SDS-12% PAGE gel and analyzed by Western blotting using

a rabbit fiber knob polyclonal antibody.

Munl fragments of pS35-K5-22CAR(—) and pHM14-Eco2 (18). Finally, the
EcoRI/Clal fragment of pHM14-Eco02-S35 was ligated with the EcoRI/Clal frag-
ment of pAdHM43, which has chimeric fiber sequences derived from pAdHM26
and deletion of the coding region of the RGD motif of the penton base derived
from pAdHM32 (29), resulting in pAdHM54. pAdHMS54 carries a complete Ad
genome with deletions of the E1 and E3 regions, with I-Ceul, Swal, and PI-Scel
sites in the E1 deletion region, the deletion of the RGD peptide-coding sequence
of the penton base (MNDHAIRGDTFATRAE was changed to MNDTSRAE),
the chimeric fiber-coding sequence of the Ad type 5 fiber knob with CAR binding
ablated (deletion of the FG-loop-coding region of the fiber protein [T489, A490,
Y491, and T492 of the fiber knob protein]), and the Ad type 35 fiber shaft
sequences. pAdHMS54 also contains unique Csp451 and Clal sites in the HI loop
and the C-terminal end of the fiber knob-coding sequence, respectively. The
vector plasmid pAdHMS2, which contains the same chimeric fiber (knob, shaft,
and tail)-coding sequence as pAdHMS54 and the wild-type penton base-coding
sequence, and pAdHM43, which contains the same chimeric fiber knob-coding
sequence as pAdHMS54, the Ad type 5 fiber shaft-coding sequence, and deletion
of the RGD peptide-coding sequence of the penton base, were constructed
similarly. All mutations of the fiber and penton base-coding sequences were
checked by sequencing.

Virus. The Ad vectors were constructed by means of an improved in vitro
ligation method that was described previously (30, 31). Luciferase-expressing Ad
vector plasmids (pAdHM54-CMVL2, pAdHM43-CMVL2, and pAdHMS52-
CMVL2) were constructed by ligating I-Ceul/PI-Scel-digested pAdHMS54,
pAdHM43, or pAdHMS2, respectively, with I-Ceul/PI-Scel-digested pCMVL1
(33), in which the luciferase gene is cloned into pHMCMV6 (31). pAdHM54-
CMVL2, pAdHM43-CMVL2, and pAdHMS52-CMVL2 were digested with Pacl
and purified by phenol-chloroform extraction and ethanol precipitation. Linear-
ized DNAs were transfected into 293 cells (in the case of pAdHM52-CMVL2) or
Fiber-293 cells (in the case of pAdHM54-CMVL2 and pAdHM43-CMVL2) with
SuperFect (Qiagen, Valencia, Calif.) according to the manufacturer’s instruc-
tions. Viruses (Ad/AFAP-S35-L2, Ad/AFAP-L2, and Ad/AF-S35-L2, respec-
tively) were prepared by standard methods, with the exceptions that Ad/AFAP-
$35-L2 and Ad/AFAP-L2 were amplified in Fiber-293 cells and that only the last
step of viral amplification was performed by the infection of normal 293 cells. A
conventional luciferase-expressing Ad vector, Ad-L2, had been constructed pre-
viously (33). Determination of virus particle titers was accomplished spectropho-
tometrically by the methods of Maizel et al. (27). Virus particle titers of the
vector stocks, prepared from five 150-mm-diameter dishes (approximately 8 X
107 cells), were as follows: Ad-1.2, 3.9 X 10'? vector particles (VP)/ml; Ad/AFAP-
$35-L2, 3.4 X 10'2 VP/ml; Ad/AFAP-L2, 1.4 X 10'2 VP/ml; and Ad/AF-S35-L2,
2.5 X 102 VP/ml.

Western blotting. Protein samples were prepared by the incubation of cell
pellets of Fiber-293 or 293 cells in the presence of 20 mM HEPES (pH 7.5), 2
mM EGTA, 10% glycerol, 1% Triton X-100, 5 mM dithiothreitol, and 2 mM
phenylmethylsulfonyl fluoride on ice for 30 min. After boiling for 5 min, 10 pg of
total protein in 1X sample buffer with 4% B-mercaptoethanol was separated in
a sodium dodecyl sulfate—12% polyacrylamide gel electrophoresis (SDS-PAGE)
gel, followed by electrotransfer to a nitrocellulose membrane. In the case of virus
samples, 200 ng of virus in 1X sample buffer containing 4% B-mercaptoethanol
was loaded on the SDS-PAGE gel after boiling for 5 min, followed by electro-
transfer to a nitrocellulose membrane. After blocking in Block Ace (Dainippon
Pharmaceuticals, Osaka, Japan), the filters were incubated with a rabbit fiber
knob polyclonal antibody (1:3,000) (kindly provided by R. D. Gerard [South-
western Medical Center, The University of Texas, Dallas]) (12), followed by

incubation in the presence of peroxidase-labeled anti-rabbit antibody (1:10,000).
Filters were developed by chemiluminescence (ECL Western blotting detection
system; Amersham Pharmacia Biotech, Little Chalfont, United Kingdom). The
signals were read by using an LAS-3000 machine (FUJIFILM, Tokyo, Japan)
and were quantified by using Image Gauge software (FUJIFILM).

Adenovirus-mediated gene transduction into cultured cells. Cells (10* cells)
were seeded into a 96-well dish. On the following day, they were transduced with
Ad-L2, Ad/AFAP-S35-L2, Ad/AFAP-L2, or Ad/AF-S35-L2 (300 or 3,000 VP/cell)
for 1.5 h. After a 48-h culture period, luciferase production in the cells was
measured by using a luciferase assay system (PicaGene LT2.0; Toyo Inki, Tokyo,
Japan).

Adenovirus-mediated gene transduction in vivo. Ad-L2, Ad/AFAP-S35-L2,
Ad/AFAP-L2, or Ad/AF-S35-1L.2 (3.0 X 10'” VP) was intravenously injected into
C57BL/6 mice (5-week-old males; Nippon SLC, Shizuoka, Japan). Forty-eight
hours later, the hearts, lungs, livers, kidneys, and spleens were isolated and
homogenized as previously described (50). Luciferase production was deter-
mined by using a luciferase assay system (PicaGene 5500; Toyo Inki). Protein
content was measured with a Bio-Rad assay kit (Bio-Rad, Hercules, Calif.), with
bovine serum albumin as a standard.

Slot-blot assay to determine blood clearance of Ad vectors. Blood samples
were collected by retro-orbital bleeding at the indicated times (2, 5, 10, 15, 30,
and 60 min) following intravenous administration of Ad-L2 or Ad/AFAP-S35-L2
(3.0 X 10" VP/mouse). Total DNA, including the Ad vector DNA, was isolated
from whole blood by use of the QIAamp DNA blood Mini kit (Qiagen). The Ad
vector DNA standards were similarly isolated from mouse whole blood mixed
with equivalent amounts of Ad vectors. The estimated total blood volume of each
mouse was 1.26 ml (7.3% of body weight) (2). Six hundred nanograms of the total
DNA was mixed with 0.8 N NaOH, and the mixture was mixed vigorously on a
vortex machine. After a 10-min incubation at room temperature, 2 N ammonium
acetate was added to neutralize the mixture. The mixtures were slot blotted onto
a positively charged nylon membrane (Hybond N+; Amersham Pharmacia Bio-
tech) with Bio-Dot SF (Bio-Rad). The membrane was submerged in 2X SSC (1x
SSC s 0.15 M NaCl plus 0.015 M sodium citrate) for washing, and the DNA was
cross-linked to the membrane. A luciferase-specific probe, which is an Xbal/Not1
fragment of pCMVLI (33), was labeled by AlkPhos Direct (Amersham Phar-
macia Biotech). Prehybridization and hybridization were performed according to
the manufacturer’s instructions. The signals were read with a FluorImager 595
(Molecular Dynamics) and quantified by using ImageQuant software (Molecular
Dynamics).

Slot-blot assay to determine liver accumulation of Ad vectors. Livers were
recovered from mice 1 or 48 h after intravenous injection of Ad-L2 or Ad/AFAP-
$35-L2 (3.0 X 10'° VP/mouse). Total DNA, including the Ad vector DNA, was
isolated from the livers with a Tissue DNeasy kit (Qiagen). Two micrograms of
the total DNA was subjected to slot-blot analysis as described above. The Ad
vector DNA standards were similarly prepared from an aliquot of naive mouse
liver mixed with equivalent amounts of Ad vectors.

Amounts of Ad vector DNA in liver PC and NPC. Mice were intravenously
administered Ad-L2 or Ad/AFAP-S35-1.2 (3.0 X 10'° VP/mouse). Mice were
anesthetized by peritoneal administration of pentobarbital sodium 1 or 48 h after
Ad vector injection. The liver cells were separated into parenchymal cells (PC)
(hepatocytes) and nonparenchymal cells (NPC) (Kupffer cells and endothelial
cells) as described previously (35). In brief, the liver was perfused with HEPES
buffer (pH 7.5) containing collagenase. The dispersed cells were separated into
PC and NPC fractions by differential centrifugation. Semiquantitative PCR was
performed to examine the amounts of Ad vector DNA in the PC and NPC. Total
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FIG. 2. Diagram of the generation of mutant Ad vectors. (A) Di-
agram of the generation of Ad/AFAP-S35-L2 using Fiber-293 cells.
Pacl-linearized pAdHM54-CMVL2 (a vector plasmid for generation
of Ad/AFAP-S35-1.2) was transfected into Fiber-293 cells and cultured
for 12 days. Virus was recovered from cells with CPE and amplified in
Fiber-293 cells. Some of the fiber proteins of Ad/AFAP-S35-L2* pre-
pared from Fiber-293 cells are wild-type Ad type 5 fiber, which is
derived from Fiber-293 cells. Ad/AFAP-S35-L2* should infect Fiber-
293 cells or normal 293 cells through the wild-type Ad type 5 fiber. At
the final stage of viral amplification, Ad/AFAP-S35-L2* was allowed to
infect normal 293 cells. Recovered virus (Ad/AFAP-S35-L2) should
contain only mutant fiber proteins. Ad/AFAP-S35-L2* is the virus
recovered from Fiber-293 cells. Ad/AFAP-S35-1L2 is the virus recov-
ered from normal 293 cells. (B) Western blot analysis of Ad-L2, Ad/
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DNA, including the Ad vector DNA, was isolated from the PC and NPC with the
Tissue DNeasy kit (Qiagen). The DNA was subjected to semiquantitative PCR.
PCR analysis of luciferase and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was performed in a 50-pl reaction mixture containing 10 ng of total
DNA, 1.25 U of AmpliTag DNA polymerase, 1.5 mM MgCl,, and 0.2 mM
deoxynucleoside triphosphates, using GeneAmp PCR core reagents (Perkin-
Elmer, Norwalk, Conn.). The sequences of the primers for luciferase (3) and
GAPDH (36) were as follows: for luciferase, forward (5'-GCGCCATTCTATC
CGCTGGA-3") and reverse (5'-CTATCGAAGGACTCTGGCAC-3"); for
GAPDH, forward (5'-ACCACAGTCCATGCCATCAC-3") and reverse (5'-TC
CACCACCCTGTTGCTGTA-3"). The following parameters were used: (i) for
luciferase, 60 s at 94°C, 30 s at 60°C, and 120 s at 72°C for 25, 30, or 35 cycles;
(ii) for GAPDH, 45 s at 94°C, 60 s at 55°C, and 90 s at 72°C for 25 cycles. The
PCR products were electrophoresed in 2.0% agarose gels.

RESULTS

Generation of several mutant Ad vectors. To examine the
contribution of the Ad fiber knob, fiber shaft, and RGD motif
of the penton base to gene transfer in vitro and in vivo, we
constructed several mutant Ad vectors expressing luciferase.
Ad/AFAP-L2 contains the Ad type 5 fiber knob with a four-
amino-acid deletion of the FG loop and has a deletion of the
RGD motif of the penton base. Ad/AF-S35-L2 contains the Ad
type S fiber knob with deletion of the FG loop and the Ad type
35 fiber shaft. Ad/AFAP-S35-L2 contains the Ad type 5 fiber
knob with deletion of the FG loop and the Ad type 35 fiber
shaft and has a deletion of the RGD motif of the penton base.
Ad-L2 is a conventional Ad vector (Table 1). All mutations of
the triple-mutant Ad vector, Ad/AFAP-S35-1L.2, are summa-
rized in Table 2 (also see Materials and Methods).

Because Ad/AFAP-L2 and Ad/AFAP-S35-L2 could not be
generated in normal 293 cells due to the lack of interaction of
the virus and cellular receptors (CAR or av integrin), 293 cells
expressing Ad type 5 fiber protein (Fiber-293 cells) were used
as the packaging cell line. Fiber-293 cells were constructed by
transfection of fiber-expressing plasmids (pCMVmfiber-Hyg)
into 293 cells. Western blot analysis showed that Fiber-293
cells expressed fiber proteins (Fig. 1). The fiber gene (1,746 bp)
in pCMVmfiber-Hyg contains a total of 28 silent mutations at
least every 500 bp to reduce the possibility of reversion of the
mutant fiber gene in the virus to the wild-type fiber gene due
to recombination of the mutant fiber gene in the virus and the
fiber gene integrated into Fiber-293 cells. When Ad/AFAP-L2
and Ad/AFAP-S35-L2 are amplified in Fiber-293 cells, some of
the fiber proteins of Ad/AFAP-L2* and Ad/AFAP-S35-L2*
produced from Fiber-293 cells should be wild-type Ad type 5
fiber proteins which were derived from Fiber-293 cells (the
viruses produced by Fiber-293 cells were named Ad/AFAP-L2*
and Ad/AFAP-S35-L2%). Ad/AFAP-L2* and Ad/AFAP-S35-
L2* should infect Fiber-293 cells through the interaction of the

AFAP-S35-1.2, and Ad/AFAP-S35-L.2*. Two hundred nanograms of
virus was separated on an SDS-12% PAGE gel and analyzed by West-
ern blotting using a rabbit fiber knob polyclonal antibody as described
in Materials and Methods. Lane 1, Ad-L2; lane 2, Ad/AFAP-S35-1.2;
lane 3, Ad/AFAP-S35-L2*. (C) Comparison of luciferase production in
SK HEP-1 cells transduced with Ad-L2, Ad/AFAP-S35-1.2*%, or Ad/
AFAP-S35-1.2. SK HEP-1 cells were transduced with 300 VP of Ad-1L.2,
Ad/AFAP-S35-L.2%, or Ad/AFAP-S35-L2 per cell for 1.5 h. After incu-
bation for 48 h, luciferase production was measured by a luminescent
assay. The data are expressed as means * standard deviations (SD) (n
= 4).
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FIG. 3. Comparison of luciferase production in several human cell types transduced with Ad-L2, Ad/AFAP-L2, Ad/AF-S35-L2, or Ad/AFAP-
S35-L2. SK HEP-1, LN319, LN444, or SF295 cells were transduced with 3,000 VP of Ad-L2, Ad/AFAP-L2, Ad/AF-S35-L.2, or Ad/AFAP-S35-1.2
per cell for 1.5 h. After incubation for 48 h, luciferase production was measured by a luminescent assay. The data are expressed as means = SD
(n = 4). The relative expression levels were calculated by designating the value of Ad-L2 as 100. Mean background values of luciferase production
in each cell type are as follows: SK HEP-1, 0.004; LN319, 0.023; LN444, 0.001; SF295, 0.001 (pg/lO5 cells).

wild-type fiber protein and CAR. Ad/AFAP-L2* and Ad/
AFAP-S35-1.2* were successfully amplified in the Fiber-293
cells. At the final stage of viral amplification, Ad/AFAP-L2*
and Ad/AFAP-S35-L2* were allowed to infect normal 293 cells.
The recovered viruses, Ad/AFAP-L2 and Ad/AFAP-S35-1.2,
should contain only mutant fiber proteins (Fig. 2A).

In order to determine the ratio of the mutant fibers, which
are derived from viral DNA, to the wild-type Ad type 5 fibers,
which are derived from Fiber-293 cells, on the virus particles of
Ad/AFAP-S35-L2%, Western blot analysis of the viral protein
was performed (Fig. 2B). The mutant and wild-type fibers are
easily distinguished because mutant fibers are smaller than
wild-type fibers due to the small size of the Ad type 35 fiber
shaft. Quantified analysis showed that the ratio of mutant
fibers to wild-type fibers of Ad/AFAP-S35-L2* was 1 to 50,
suggesting that about one fiber protein per one or two virions
is the wild type. Ad/AFAP-S35-L2 did not contain the wild-type
fiber.

Next, in order to examine whether Ad/AFAP-S35-1.2* in-
deed has a higher transduction efficiency than does Ad/AFAP-
S35-L2, luciferase production in SK HEP-1 cells (CAR posi-
tive) transduced with Ad/AFAP-S35-L.2*, Ad/AFAP-S35-L.2, or
Ad-L2 was compared (Fig. 2C). The data indicate that Ad/
AFAP-S35-1L.2* mediated approximately 10 times more lucif-
erase production than did Ad/AFAP-S35-L2, although its pro-
duction was less than that mediated by Ad-L2. These results

suggest that only some of the fiber protein in Ad/AFAP-S35-
L2* is wild type and that the higher luciferase production in
the cells transduced with Ad/AFAP-S35-L2* is likely mediated
via wild-type fiber-CAR interactions.

Ad/AF-S35-L2 was generated in normal 293 cells, probably
because Ad/AF-S35-L2 infected the cells via interaction of the
RGD motif of the penton base and av integrin. All of the
mutant Ad vectors used for this study were readily propagated,
with similar particle titers to those of the control virus, Ad-L2
(see Materials and Methods), although in the mutant vectors a
delay was observed before full cytopathic effect (CPE) was
reached (CPE of Ad-L2 was observed at 2 days postinfection,
while that of the mutant vectors was usually observed at 3 days
postinfection.).

Gene transfer in vitro. We compared the gene transfer ac-
tivity in various types of human cells of Ad/AFAP-L2, Ad/AF-
S35-L2, and Ad/AFAP-S35-L.2 with the activity of conventional
Ad vector Ad-L2 (Fig. 3). SK HEP-1 and LN319 cells are CAR
positive, while SF295 and LN444 cells are CAR negative. All
cell types expressed av integrin (4, 17, 33). In the CAR-positive
cells, Ad-L2 mediated higher levels of luciferase production
than Ad/AFAP-S35-L2, Ad/AFAP-L2, and Ad/AF-S35-L2,
which mediated only approximately 1% of the luciferase pro-
duction of Ad-L2. In CAR-negative cells, Ad/AFAP-L2 and
Ad/AFAP-S35-L.2 mediated 1 to 2% of Ad-L2 luciferase pro-
duction and Ad/AF-S35-L2 mediated approximately 8% of
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FIG. 4. Luciferase production in mice after the systemic administration of Ad-L2, Ad/AFAP-L2, Ad/AF-S35-L2, or Ad/AFAP-S35-L2. Ad-L2,
Ad/AFAP-1.2, Ad/AF-S35-1.2, or Ad/AFAP-S35-L2 (3.0 X 10'° VP) was intravenously injected into mice. Forty-eight hours later, the hearts, lungs,
livers, kidneys, and spleens were isolated, and luciferase production was measured by a luminescent assay. All data represent the means = standard

errors for five mice.

Ad-L2 luciferase production (note that the absolute level of
luciferase production of Ad/AF-S35-L2 in CAR-negative cells
was lower than that in CAR-positive cells) (Fig. 3). The rela-
tively higher luciferase production of Ad/AF-S35-L2 in CAR-
negative cells suggested that the interaction of the RGD motif
of the penton base and av integrin plays a role in gene transfer.
Since Ad/AF-1L.2, which contains a fiber knob with CAR bind-
ing activity ablated and an Ad type 5 fiber shaft, showed 30 to
46% of the luciferase production of Ad-L2 in CAR-negative
cells in our previous report (32), substitution of the Ad type 35
fiber shaft for that of Ad type 5 also effects reduced gene
transfer. No significant difference was observed between Ad/
AFAP-L2 and Ad/AFAP-S35-L2, suggesting that the substitu-
tion of the fiber shaft domain has little effect on gene transfer
in vitro when the fiber shaft exchange is performed in Ad
vectors with both CAR and av integrin binding ablated.
Gene transfer in vivo. Next, in order to examine whether
natural Ad tropism to the liver can be suppressed by the mu-
tant Ad vectors, we intravenously administered each Ad vector
(3.0 X 10'° VP) to mice and measured luciferase production in
the organ (Fig. 4). Although we previously reported that Ad
vectors with CAR and av integrin binding ablated do not
reduce liver transduction (32), Ad vectors with ablation of both
CAR binding and av integrin binding (Ad/AFAP-L2) mediated
approximately 270-fold lower liver transduction than Ad-L2.
This finding is consistent with the report of Einfeld et al. (8).
Ad/AF-S35-1L.2 also exhibited approximately 130-fold lower lu-
ciferase production in the liver than Ad-L2. More interestingly,
Ad/AFAP-S35-1.2 mediated >30,000-fold lower liver transduc-
tion than did Ad-L2, suggesting that the fiber shaft domain
plays some role in Ad tropism to the liver. A similar pattern
was observed for the lung, although the absolute level of lu-
ciferase production was much lower. For the kidney, the pen-

ton base modification appears to be the most important. Ad/
AFAP-S35-L.2 also mediated 1-log reduced luciferase
production in the spleen and heart compared with Ad-L2.
These results indicate that the fiber knob, fiber shaft, and RGD
motif of the penton base each play an important role in Ad
vector-mediated transduction to the mouse liver and that the
triple-mutant Ad vector exhibits little tropism to any other
organs.

The fate of Ad vectors after intravenous administration. In
order to examine the fate of systemically administered Ad/
AFAP-S35-1.2, blood clearance rates of Ad-L2 and Ad/AFAP-
S35-L2 for mice were evaluated by slot-blot analysis, with lu-
ciferase cDNA as a probe. Blood clearance curves for Ad-L2
and Ad/AFAP-S35-1L.2 were similar and showed a rapid de-
crease of the Ad vectors in the blood (Fig. 5). The half-life of
Ad-L2 and Ad/AFAP-S35-L2 in the blood was <2 min. Negli-
gible levels of the Ad vectors remained in the blood 30 min
after injection. The clearance rate of Ad-L2 was consistent
with those observed in previous studies (2, 15) in which blood
clearances of Ad type 5 vectors were determined by measuring
the titers of Ad type 5 vectors circulating in the blood after
injection. These results suggest that Ad/AFAP-S35-L2 as well
as Ad-L2 is rapidly cleared from the bloodstream and should
be delivered to certain organs.

Since the systemically injected conventional Ad vectors are
delivered to the liver (14, 48), we next determined the amounts
of Ad/AFAP-S35-L2 DNA in the liver in comparison with
Ad-L2 DNA by slot-blot analysis. The amounts of viral DNA
were measured 1 and 48 h after injection (Fig. 6). Eighty-one
percent of the input Ad-L2 DNA had accumulated in the liver
1 h after injection. More than 60% of Ad/AFAP-S35-L2 DNA
was also detected in the liver 1 h after injection. In contrast, a
clear difference in the amount of Ad vector DNA in the liver
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FIG. 5. Blood clearance of Ad-L2 and Ad/AFAP-S35-L2 after in-
travenous administration into mice. (A) Fluorimager image for deter-
mination of concentrations in blood of Ad-L2 and Ad/AFAP-S35-L2.
(B) Concentrations in blood of Ad-L2 and Ad/AFAP-S35-L2 after
intravenous administration into mice. Ad-L2 and Ad/AFAP-S35-1.2
(3.0 X 10" VP) were intravenously injected, and blood was drawn
from the retro-orbital at the indicated times postinjection. Total DNA,
including the Ad vector DNA, was isolated from the blood, and slot-
blot analysis was then performed as described in Materials and Meth-
ods. All data represent the mean = SD of four mice.

was observed at 48 h postadministration. Twenty-one percent
of the input Ad-L2 DNA was detected in the liver, while
Ad/AFAP-S35-L2 DNA was not detected 48 h after injection.
These data suggest that both Ad-L2 and Ad/AFAP-S35-L.2 are
predominantly delivered to the liver after intravenous admin-
istration and that the Ad/AFAP-S35-L2 DNA degrades more
rapidly in the liver than Ad-L2 DNA.

J. VIROL.

Next, to determine why there is a big difference between
luciferase production and viral DNA accumulation in the liver
(48 h after injection) in the case of Ad/AFAP-S35-L2 and why
Ad/AFAP-S35-L2 DNA is more rapidly degraded in the liver
than Ad-L2 DNA, the cellular distributions of Ad-L2 and
Ad/AFAP-S35-L2 in the liver were examined. The amounts of
Ad-L2 and Ad/AFAP-S35-L2 delivered to the PC (hepato-
cytes) and NPC (Kupffer cells and endothelial cells) 1 and 48 h
after injection were examined by semiquantitative PCR anal-
ysis (Fig. 7). Similar amounts of Ad-L2 DNA were detected in
the PC and NPC at 1 and 48 h postinjection, although the
amounts of Ad-L2 DNA at 48 h were less than those at 1 h.
Ad-L2 is likely to be equally distributed to the PC and NPC
after injection at a dose of 3.0 X 10'° VP/mouse. Ad-L2 DNA
in the NPC was more susceptible to degradation than that in
the PC. In contrast, Ad/AFAP-S35-L2 DNA accumulated more
in the NPC at both 1 and 48 h postinjection than in the PC, and
the amount of Ad/AFAP-S35-L2 DNA at 48 h postinjection
was much less than that at 1 h in both PC and NPC. These
results suggest that the NPC contribute more to the hepatic
uptake of Ad/AFAP-S35-L2 than the PC and that Ad/AFAP-
S35-L2 DNA delivered to the NPC is easily degraded.

DISCUSSION

For the development of targeted Ad vectors, the construc-
tion of vectors that abolish (or reduce) natural viral tropism is
a first step. Identification and incorporation of a foreign ligand
(i.e., peptide) that has high affinity with the specific cellular
receptor into the capsid of Ad vectors that no longer infect
cells are the next steps. This study was undertaken to develop
vectors that would be functional for the first step. The triple-
mutant Ad vector containing the fiber knob with CAR binding
ablated, the fiber shaft of Ad type 35, and the penton base with
a deletion of the RGD motif is the outcome of our study to
reduce natural viral tropism. This vector mediated levels of
liver transduction that were >30,000-fold lower than a conven-
tional Ad vector when it was systemically injected into mice
(Fig. 4). This vector showed more restricted liver transduction
than the vectors reported by Einfeld et al. (8) and Nakamura
et al. (34), which mutated two domains each of the fiber knob
and shaft and the RGD motif of the penton base, respectively.
Einfeld et al. have developed Ad vectors with ablation of both
CAR and av integrin binding from the Ad type 5 fiber shaft,
which shows approximately 700-fold lower liver transduction
(8), while Nakamura et al. have developed vectors containing
the Ad type 40 short fiber (hypothesized not to bind to any
receptors) with an intact penton base, which shows 64-fold
lower liver transduction (34).

The Ad type 5-based vector delivers the foreign gene pre-
dominantly in the liver after intravenous injection into mice
(14, 48). This Ad tropism to the liver is considered to be
involved in both the interaction of viral components and cel-
lular receptors (e.g., the fiber CAR and the RGD motif of the
penton base av integrin) (8) and the anatomical properties of
the liver sinusoid (9). Several groups, including us, have re-
ported that Ad vectors with CAR binding ablated, which mu-
tate the AB, DE, or FG loop of the fiber knob, do not change
systemic gene transfer properties (1, 24, 32, 40), although Ein-
feld et al. have shown that Ad vectors with CAR binding
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FIG. 6. Liver accumulation of Ad-L2 and Ad/AFAP-S35-L2 1 and 48 h after intravenous administration into mice. (A) Fluorimager image for
determination of accumulation in the liver of Ad-L2 and Ad/AFAP-S35-L2. (B) Liver accumulation of Ad-L2 and Ad/AFAP-S35-L2 after
intravenous administration into mice. Livers were recovered from mice 1 or 48 h after intravenous injection of Ad-L2 or Ad/AFAP-S35-L2 (3.0
X 10" VP/mouse). Total DNA, including the Ad vector DNA, was isolated from the liver, and slot-blot analysis was then performed as described
in Materials and Methods. All data represent the means = SD for four mice. n.d., not detectable.

ablated containing a mutation of the AB loop of the fiber knob
exhibited a 10-fold decrease in liver transduction compared to
CAR-binding Ad vectors (8). Ad vectors with av integrin bind-
ing ablated also show similar or only slightly decreased liver
transduction compared with conventional Ad vectors (32).
However, the present study shows that Ad vectors with abla-
tion of both CAR and av integrin binding mediate approxi-
mately 270-fold less liver transduction than conventional Ad
vectors, which is consistent with the report of Einfeld et al. (8).
Furthermore, because the length of the fiber shaft (34, 39, 43)
and the KKTK motif of the Ad type 5 fiber shaft (41) have

been reported to influence the gene transfer of Ad vectors, we
also replaced the Ad type 5 fiber shaft with the Ad type 35 fiber
shaft, which is short (Ad type 35 fiber shaft, 6 B-repeats; Ad
type 5 fiber shaft, 22 B-repeats) and does not have the KKTK
motif, in the Ad vectors with ablation of both CAR and av
integrin binding. As a result, we succeeded in developing a
triple-mutant vector (Ad/AFAP-S35-L2) which drastically re-
duces natural viral tropism to the mouse liver. Double-mutant
Ad vectors (both Ad/AFAP-L2 and Ad/AF-S35-L2), which had
mutations of two domains of the fiber knob, the fiber shaft, and
the penton base, showed intermediate liver transduction be-
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FIG. 7. Semiquantitative PCR analysis for Ad-L2 and Ad/AFAP-S35-L2 in liver PC and NPC. Mice were intravenously administered Ad-L2 or
Ad/AFAP-S35-1.2 (3.0 X 10" VP/mouse). Collagenase perfusion was performed 1 or 48 h after Ad vector injection to separate the cells. Total
DNA, including the Ad vector DNA, was isolated from the cells, and semiquantitative PCR was then performed as described in Materials and
Methods. Lane 1, 100-bp ladder; lanes 3 to 5, nontreatment cells; lanes 6 to 11, collagenase perfusion 1 h after Ad vector injection to separate the
cells; lanes 12 to 17, collagenase perfusion 48 h after Ad vector injection to separate the cells.

tween that of the conventional Ad vector (Ad-L2) and that of
the triple-mutant Ad vector (Ad/AFAP-S35-L2) (Fig. 4). Ad
tropism is determined by at least three factors: the fiber knob,
the fiber shaft, and the RGD motif of the penton base. Inter-
estingly, an in vitro transduction experiment showed that Ad/
AFAP-L2 and Ad/AFAP-S35-L2 mediate similar levels of
transduction in both CAR-positive and -negative cells (Fig. 3).
The fiber shaft might have a minimal effect on the efficiency of
in vitro gene transfer.

Several groups have reported that the length of the fiber
shaft influences Ad-mediated gene transfer (34, 39, 43). Two
groups have speculated that electrostatic interference, by
which the short-shafted vectors would have a more charge-
dependent repulsion between Ad type 5 hexon (highly nega-
tively charged) and acidic cell surface proteins, might prevent
efficient transduction (34, 39). On the other hand, Vigne et al.
have proposed that shaft shortening may induce steric hin-
drance between the fiber knob and the RGD motif of the
penton base, preventing each other from efficiently interacting
with CAR and av integrin, respectively (43). In the triple-
mutant Ad vector developed in the present study, the partici-

pation of charge-dependent repulsion and steric hindrance on
the less efficient liver transduction remains unclear. However,
the shortened fiber shaft might reduce the remaining weak
affinities of the mutated fiber knob and penton base for their
cognate receptors and other interactions between the triple-
mutant Ad vector and the cell by means of the charge-depen-
dent repulsion and/or steric hindrance, resulting in much less
efficient liver transduction. Components other than the fiber
shaft length, such as certain sequences containing the Ad type
5 fiber shaft, but not the Ad type 35 fiber shaft, may be involved
in reduced infectivity in vivo.

To support the propagation of mutant Ad vectors with ab-
lation of both CAR and av integrin binding, we generated new
packaging cell lines. In the previously developed 293 cells ex-
pressing Ad type 5 fiber protein (Fiber-293), the tripartite
leader sequence (44) or rabbit B-globin splicing signals (23)
were inserted in order to enhance fiber expression. In contrast,
a fiber expression plasmid (pCM Vmfiber-Hyg) transfected into
293 cells in the present study contains the sequence of the
CMV promoter-enhancer, intron A, SV40 poly(A), and the
SV40 enhancer, which is much more efficient than the conven-
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tional vector containing the sequence of the CMV promoter-
enhancer and SV40 or bovine growth hormone poly(A) (50).
Successful construction of Fiber-293 cells would be achieved by
the addition of these optimized transcriptional regulatory se-
quences. Importantly, the triple-mutant Ad vector (Ad/AFAP-
S35-L2) was generated to a particle titer similar to that of
conventional Ad vectors (see Materials and Methods).

Several groups have used packaging cell lines that express an
artificial receptor molecule, which should not have any natural
analogs and should be completely artificial, such as anti-His
scFv and anti-hemagglutinin (HA) scFv, for the amplification
of mutated Ad vectors (7, 37). In the case of cell lines express-
ing anti-His scFv, the His tag sequence has been introduced in
the C-terminal region of the fiber knob in the Ad vectors (7),
while in the case of cell lines expressing anti-HA scFv, the HA
tag sequence has been introduced in the HI loop of the fiber
knob or the penton base instead of the RGD motif (37). When
the Fiber-293 cells are used for a packaging cell line, either the
HI loop or the C-terminal region of the fiber knob as well as
the penton base can be used for displaying a pseudoligand in
the vectors, making them advantageous over the cell lines
expressing anti-His scFv or anti-HA scFv.

For the development of targeted Ad vectors, incorporation
of a foreign ligand (i.e., peptide) that has a high affinity for the
specific cellular receptor into the capsid of Ad vectors is also
required. There are several possible locations for displaying a
foreign ligand, including the HI loop or C terminus of the fiber
knob and the region of the RGD motif of the penton base. In
our triple-mutant Ad vector, both the HI loop and C-terminal
coding region of the fiber knob and the region of the RGD
motif of the penton base were designed to have unique restric-
tion sites (Csp451, Clal, and Xbal, respectively) (18, 32, 33).
Therefore, the targeting ligands can easily be displayed in the
capsids of the vectors by cloning genes into their regions by a
simple in vitro ligation.

The elucidation of the different fates of systemically admin-
istered triple-mutant Ad vector and conventional Ad vectors
should also provide valuable insight into the development of
targeted Ad vectors. The clearance kinetics from the circula-
tion were similar for both vectors, having a half-life of <2 min
(Fig. 5). Also, >60% of both vectors were detected in the liver
1 h after injection (Fig. 6). These observations suggest that
sequestration into the liver is responsible for the rapid clear-
ance of both vectors from the circulation. However, 48 h after
injection, triple-mutant Ad vector DNA could not be detected
in the liver, while 21% of the conventional Ad vector DNA
remained. This large discrepancy could explain why the trans-
gene expression levels of both vectors in the liver differed so
tremendously (Fig. 4). For further clarification of what led to
this discrepancy, we found that the triple-mutant Ad vector
was preferentially sequestered into NPC (Kupffer and endo-
thelial cells) of the liver, while the conventional Ad vector was
sequestered (delivered) into both NPC cells and PC (Fig. 7). It
has been shown previously that Kupffer cells play a central role
in eliminating the input Ad vectors within the first 24 h after
intravenous administration (11, 49). We suppose that phago-
cytosis by the liver’s Kupffer cells might be the leading cause of
the rapid degradation of the triple-mutant Ad virus as well as
of conventional Ad vectors. This Kupffer cell-mediated clear-
ance might present an obstacle in the next step for targeted Ad
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vectors, which is incorporation of a foreign ligand into the viral
capsid. Selective depletion or blockade of Kupffer cells by
treatment with clodronate liposome (21, 22, 38), gadolinium
chloride (25), or another drug might be required.

In summary, the fiber knob, fiber shaft, and RGD motif of the
penton base each plays an important role in Ad vector-mediated
transduction to the mouse liver. The triple-mutant Ad vector,
which contains the fiber knob with CAR binding ablated, the fiber
shaft of Ad type 35, and the penton base with a deletion of the
RGD motif, exhibits little tropism for any organs and should be a
fundamental vector for targeted gene delivery.
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