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with a four-amino acid mutation of the AB loop (R412S, A415G,
E416G, and K417G), the Ad type 35 fiber shaft, and a deletion
of the RGD motif of the penton base. Ad/AF(FG)AP-S35-L.2,
which is identical to Ad/AFAP-S35-L2 in our previous report
(Koizumi et al., 2003a), contains the Ad type 5 fiber knob with
a four-amino acid deletion of the FG loop (T489, A490, Y491,
and T492), the Ad type 35 fiber shaft, and deletion of the RGD
motif of the penton base. AJ/AF(AB)AP-S35-RGD-L2 contains
an RGD motif in the HI loop of the fiber knob in Ad/AF(AB)AP-
S35-L2. Ad-L2 is a conventional Ad vector. All mutations of
the mutant Ad vectors and possible interaction of each viras with
the cells are summarized in Table 1 and Fig. 1A. All of the mu-
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To confirm the modification of the fiber protein in each Ad
vector, Western blot analysis against fiber protein was performed
with rabbit fiber knob polyclonal antibody (Fig. 1B). The mutant
fiber and wild-type fiber are easily distinguished because the mu-
tant fiber is smaller than the wild-type fiber because of the small
size of the Ad type 35 fiber shaft and because Ad/AF(AB)AP-
S35-L.2 has a fiber protein four amino acids longer than that of
Ad/AF(FG)AP-S35-1.2. Western blot analysis shows the ex-
pected size of the fiber proteins, suggesting that each Ad vector
should indeed contain the expected fiber protein.

Gene transfer in vitro

tant Ad vectors used in this study were readily propagated with
particle titers similar to that of the conventional Ad vector, Ad-
L2 (see Materials and Methods).

We examined the gene transfer activity in SK HEP-1 cells
transduced with Ad/AF(AB)AP-S35-L2 in comparison with

(A) SK HEP-1 (CAR+) % of Ad-L2
Mock 0.0010.001
Ad-L2 100.000£1.177
Ad/AF(FG)AP-8§35-1.2 0.42740.057
Ad/AF(AB)AP-S35-L2 % 0.003£0.001
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FIG. 2. Luciferase production and viral uptake in SK HEP-1 cells transduced with several Ad vectors. (A) Comparison of lu-
ciferase production in human cells transduced with Ad-L2, Ad/AF(FG)AP-S35-1.2, or A/AF(AB)AP-S35-L2. SK HEP-1 cells
were transduced with Ad-L2, Ad/AF(FG)AP-S35-L2, or Ad/AF(AB)AP-S35-L2 (3000 VP/cell) for 1.5 hr. After culture for 48
hr, luciferase production in the cells was measured by luminescence assay. Data are expressed as means * SD (n = 4). Relative
levels of luciferase expression are described by designating the value of Ad-L2 as 100. (B) Viral uptake in SK HEP-1 cells. SK
HEP-1 cells were transduced with Ad-L2, Ad/AF(FG)AP-S35-1.2, or Ad/AF(AB)AP-S35-L2 at 3000 VP/cell. After culture for
1.5 hr, the cells were washed with 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. The amounts of Ad genome DNA isolated from the cells were quantified
with the TagMan fluorogenic detection system. Data are expressed as means & SD (n = 4). (C) Comparison of luciferase pro-
duction in SK HEP-1 cells transduced with a complex of Ad/AF(AB)AP-S35-L2 and SuperFect. SK HEP-1 cells (2 X 10* cells)
were seeded into a 24-well dish. The next day, the cells were either not transduced or were transduced with a complex of
Ad/AF(AB)AP-S35-L2 and SuperFect (0.15 or 1.5 pug) (Qiagen) for 1.5 hr. After culture for 48 hr, luciferase production in the
cells was measured with a luciferase assay system. Data are expressed as means = SD (n = 4).
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Ad/AF(FG)AP-S35-1.2 or Ad-L2 (Fig. 2). SK HEP-1 cells ex-
press both CAR and a, integrin (Koizumi et al., 2001, 2003b).
To measure the internalization of Ad particles into the cells, Ad
genome DNA in the cells after 1.5 hr of transduction with each
Ad vector was also quantified with the TagMan fluorogenic de-
tection system. Viral particles associated with the cellular sur-
face were removed by trypsin-EDTA~PBS and DNase
I-MgCl,-PBS treatment as described in Materials and Meth-
ods. Cells transduced with Ad/AF(AB)AP-S35-L2 showed
much lower luciferase production than those transduced with
Ad/AF(FG)AP-S35-L2. Ad/AF(AB)AP-S35-L2 mediated only
approximately 0.003% of the luciferase production of Ad-L2,
whereas Ad/AF(FG)AP-S35-L2 mediated approximately 0.42%
of that of Ad-L2 (Fig. 2A). In contrast, the amounts of
Ad/AF(AB)AP-S35-L2 DNA and Ad/AF(FG)AP-S35-L2 DNA
in SK HEP-1 cells were only 10-fold lower than those of Ad-
L2 DNA. The amounts of Ad/AF(AB)AP-S35-L2 DNA in the
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cells were similar to those of Ad/AF(FG)AP-S35-L2 DNA (Fig.
2B).

Because Ad/AF(AB)AP-S35-L2 showed extremely low
transduction activity, we examined luciferase production in SK
HEP-1 cells transduced with Ad/AF(AB)AP-S35-1.2 in the pres-
ence of SuperFect (polyamidoamine dendrimer reagent; Qia-
gen). AA/AF(AB)AP-S35-L2 mediated high levels of luciferase
production in a dose-dependent manner with SuperFect (Fig.
2C). Therefore, low luciferase production by Ad/AF(AB)AP-
S$35-L2 is likely due to a lack of specific binding activity be-
tween the virus and target cells and to endosomal escape, but
it was not due to the virus being defective. These results sug-
gest that the abolishment of CAR, integrin, and HSG binding
of Ad vectors significantly reduces transduction efficiency and
that the four-amino acid mutation of the AB loop of the fiber
knob reduces transduction to a greater extent than does the four-
amino acid deletion of the FG loop of the fiber knob.

[ Mock
B Ad-L2
[] Ad/AF(FG)AP-S35-L2
Ad/AF(AB)AP-S835-L2

B Ad/AF(AB)AP-S35-RGD-L.2

Lung Kidney Spleen

[JMock

B Ad-L2

[T Ad/AF (FG)AP-S35-L2
Ad/AF(AB)AP-S35-L2

B AJ/IAF(AB)AP-S35-RGD-L.2

Kidney Spleen

FIG. 3. Luciferase production in mice after systemic administration of Ad-L2, Ad/AF(FG)AP-S35-L2, or Ad/AF(AB)AP-S35-
L2, or Ad/AF(AB)AP-S35-RGD-L2. Ad-1.2, Ad/AF(FG)AP-S35-1L.2, Ad/AF(AB)AP-S35-L2, or Ad/AF(AB)AP-S35-RGD-L2 was
(A) intravenously (3.0 X 101 VP) or (B) intraperitoneally (1.0 X 10!! VP) injected into mice. Forty-eight hours later, the heart,
lung, liver, kidney, and spleen were harvested and luciferase production was measured by a luciferase assay system. All data rep-

resent the means * SD of four to six mice.
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Gene transfer in vivo

Next, to examine whether natural Ad tropism to tissues, in-
cluding liver, can be more suppressed by Ad/AF(AB)AP-S35-
L2 in comparison with Ad/AF(FG)AP-S35-L2, each Ad vector
was administered to mice by either intravenous (3.0 X 10! VP)
or intraperitoneal (1.0 X 10'! VP) injection, and luciferase pro-
duction in the organ was measured (Figs. 3 and 4). In the case
of intraperitoneal injection, a high dose of Ad vector (1.0 X
10!! VP) was injected because luciferase production was not
detected in mouse tissue after intraperitoneal injection of 3.0 X
1019 VP of either Ad/AF(FG)AP-S35-L2 or Ad/AF(AB)AP-
S$35-L2. With intravenous injection, Ad/AF(AB)AP-S35-L2
mediated approximately 15,000-fold lower liver transduction
than Ad-L2, and resulted in approximately 10-fold lower liver
transduction compared with Ad/AR(FG)AP-S35-L2 (Fig. 3A).
A similar pattern was observed in the heart, lung, kidney, and
spleen, although the absolute levels of luciferase production
were much lower compared with those in the liver.

With intraperitoneal injection, Ad-L2 mediated similar lev-
els of luciferase production in the liver, lung, kidney, and spleen
(Fig. 3B). The suppressive pattern of luciferase production
in each organ after intraperitoneal injection of Ad/AF(AB)
AP-S835-L.2 and Ad/AF(FG)AP-S35-1.2 was similar to that after
intravenous injection. Ad/AF(AB)AP-S35-1.2 showed much more
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reduced luciferase production in the organs than did Ad/
AF(FG)AP-S35-1.2 (Fig. 3B). Luciferase production in each organ
after intraperitoneal injection of AJ/AF(AB)AP-S35-L2 was at al-
most background levels. These results indicate that the triple-mu-
tant Ad vector containing a mutation of the AB loop of the fiber
knob exhibits much lower luciferase production than does the triple-
mutant Ad vector containing a mutation of the FG loop of the fiber
knob, in both intravenously and intraperitoneally injected mice.

Distribution of Ad vectors after
systemic administration

To examine the biodistribution of Ad/AF(AB)AP-S35-1.2,
Ad/AF(FG)AP-S35-L.2, and Ad-L2 in mice at a early stage after
intravenous (3 X 10'° VP) and intraperitoneal (I X 10'! VP) in-
jection, the amounts of Ad DNA in organs 3 hr after Ad vector in-
jection were measured with the TagMan fluorogenic detection sys-
tem. The amounts of Ad DNA in organs after intravenous injection
showed no significant difference among mice injected with
Ad/AF(AB)AP-S35-L2, Ad/AF(FG)AP-S35-L2, or Ad-L2 (Fig.
4A), although the amounts of AJ/AF(AB)AP-S35-1L.2 and Ad/
AF(FG)AP-S35-L2 in the kidney were less than that of Ad-L.2. In
the case of intraperitoneal injection, AJ/AF(AB)AP-S35-L2 and
Ad/AF(FG)AP-S35-L.2 showed higher or similar amounts of Ad
DNA in the liver or spleen, respectively, than Ad-L2 (Fig. 4B).

FIG. 4. Biodistribution of viral DNA after sys-
temic administration of Ad-L2, Ad/AF(FG)AP-
$35-L2, or Ad/AF(AB)AP-S35-L2 into mice. Ad-
L2, AJ/AFFG)AP-S35-L2, or Ad/AF(AB)AP-S35-
L2 was (A) intravenously (3.0 X 10'% VP) or (B)
intraperitoneally (1.0 X 10!! VP) injected into mice.
Three hours later, the heart, lung, liver, kidney, and
spleen were harvested and Ad vector DNA was
measured with the quantitative TagMan PCR as-
say. All data represent the means * SD of four to
six mice.

D00

Kidney Spleen
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Less Ad/AF(AB)AP-S35-1.2 accumulated in the heart, lung, and
kidney compared with Ad-L2. The data regarding luciferase pro-
duction (Fig. 3) and the amounts of Ad DNA in most organs, es-
pecially the liver (Fig. 4), showed discrepancies in the cases of
both intravenous and intraperitoneal injection.

Amounts of Ad vector DNA in liver parenchymal and
nonparenchymal cells

Next, to examine why there is an especially large difference
between luciferase production and Ad DNA accumulation in
the liver, the amounts of Ad/AF(AB)AP-S35-L2, Ad/AF(FG)
AP-S35-1.2, and Ad-L2 delivered to parenchymal cells (PCs;
hepatocyte) and nonparenchymal cells (NPCs; Kupffer cells and
endothelial cells) 3 hr after injection were measured with the
TagqMan fluorogenic detection system (Fig. 5). In the case of
intravenous injection of Ad vector at 3 X 10'® VP, more Ad-
L2 DNA was found in PCs than in NPCs, whereas there was
less Ad/AF(AB)AP-S35-1.2 and Ad/AF(FG)AP-S35-L2 DNA
in PCs than in NPCs (Fig. 5A). This finding is consistent with
our previous reports based on analysis by semiquantitative PCR
(Koizumi et al., 2003a). In the case of intraperitoneal injection
of Ad vector at 1 X 10! VP, Ad/AF(AB)AP-S35-1.2, Ad/AF
(FG)AP-S35-L.2, and Ad-L2 DNA accumulated more in NPCs
than in PCs (Fig. 5B). Thus, lower luciferase production in the
liver after intravenous and intraperitoneal injection of Ad/AF
(AB)AP-S35-L2 and Ad/AF(FG)AP-S35-L2 would be partly
due to higher accumulation of vectors in NPCs. The NPCs
might take up Ad via phagocytosis and resolve viral DNA, re-
sulting in lower gene expression.

Blood clearance of Ad vectors

To examine the biodistribution in more detail, the blood
clearance rates of AJ/AF(AB)AP-S35-L2, Ad/AF(FG)AP-S35-
L2, and Ad-L2 in mice were measured with the TagMan fluo-
rogenic detection system (Fig. 6). In the case of intravenous in-
jection, blood clearance curves for Ad/AF(AB)AP-S35-L2,
Ad/AF(FG)AP-S35-1.2, and Ad-L2 were similar, and all the
vectors showed rapid decrease from the bloodstream (Fig. 6A).
In the case of intraperitoneal injection, Ad/AF(AB)AP-S35-1.2
and Ad/AF(FG)AP-S35-L2 showed similar blood clearance
curves. The amounts of AJ/AF(AB)AP-S35-1.2 and Ad/AF
(FG)AP-S35-L2 DNA were approximately 10-fold higher than
those of Ad-L2 DNA between 60 and 120 min after injection
(Fig. 6B). The area under the curve (AUC,.g) values of
Ad/AF(AB)AP-S35-L2 and AJd/AF(FG)AP-S35-L2 were 5- to
7-fold higher than that of Ad-1.2 (data not shown). Higher lev-
els of Ad/AF(AB)AP-S35-L2 and Ad/AF(FG)AP-S35-1.2 were
found to be introduced into the bloodstream from the in-
traperitoneum than Ad-L2.

Liver serum enzymes and serum interleukin-6 levels
after administration of Ad vector

Systemic administration of Ad vectors results in the initiation
of inflammation and strong innate immunity responses in animals
and humans (Schnell ef al., 2001; Muruve, 2004), and this tox-
icity limits the utility of Ad vectors for gene therapy. To evalu-
ate the toxicity of each Ad vector, we measured the levels of AST,
ALT, and IL-6 in serum after systemic administration. After in-
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FIG. 5. Biodistribution of viral DNA in liver parenchymal
and nonparenchymal cells. Ad-L2, Ad/AF(FG)AP-S35-L2, or
Ad/AF(AB)AP-S35-L2 was (A) intravenously (3.0 X 10'° VP)
or (B) intraperitoneally (1.0 X 10'! VP) injected into mice. Col-
lagenase perfusion was performed 3 hr after injection of Ad
vector to separate liver PCs and NPCs. Total DNA, including
Ad vector DNA, was isolated from the cells, and Ad vector
DNA was measured by quantitative TagMan PCR assay. All
data represent the means * SD of four to six mice.

jection of Ad/AF(AB)AP-S35-12 and Ad/AF(FG)AP-S35-L2 in
mice (both by intravenous and intraperitoneal injection), the lev-
els of AST and ALT in serum were similar to those in nontreated
mice, suggesting that Ad/AF(AB)AP-S35-L2 and Ad/AF(FG)AP-
$35-L2 did not show liver toxicity (Fig. 7). In contrast, Ad-L2
led to high levels of AST and ALT in serum after intravenous
injection (Fig. 7A). In the case of IL-6, neither intravenous nor

‘intraperitoneal injection of Ad/AF(AB)AP-S35-12 or Ad/

AF(FG)AP-S35-1.2 mediated IL-6 production, whereas injection
of Ad-L2 led to high levels of IL-6 in serum (Fig. 8). These re-
sults suggest that Ad/AF(AB)AP-S35-L.2 and Ad/AF(FG)AP-S35-
L2 show less liver toxicity and innate immunity reaction (IL-6
production) after systemic administration.
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FIG. 6. Blood clearance of Ad-L2, Ad/AF(FG)AP-S35-1.2, and Ad/AF(AB)AP-S35-L.2 after systemic administration into mice.
Ad-L2, Ad/AF(FG)AP-S35-L2, or Ad/AF(AB)AP-S35-L2 was (A) intravenously (3.0 X 10'® VP) or (B) intraperitoneally (1.0 X
10!! VP) injected, and blood was drawn by retroorbital bleeding at the indicated times postinjection. Total DNA, including Ad
vector DNA, was isolated from the blood, and Ad vector DNA was measured by quantitative TagMan PCR assay. All data rep-

resent the means + SD of four to six mice.

Inclusion of RGD ligand into the fiber knob in
triple-mutant Ad vectors

For the development of a targeted Ad vector, addition of for-
eign ligands into a viral capsid that no longer infects cells is re-
quired. For this purpose, Ad/AF(AB)AP-S35-RGD-L2, in
which the RGD peptide was introduced into the HI loop of the
fiber knob of Ad/AF(AB)AP-S35-L2, was constructed, and
gene transfer activity was measured in SK HEP-1 cells (Fig.
9A). Ad/AF(AB)AP-S35-RGD-L2 showed 100-fold higher lu-
ciferase production in SK HEP-1 cells than did Ad/AF(AB)AP-
S35-1.2 (Fig. 9A). In the inhibition experiment using RGD
peptide, luciferase production in cells transduced with Ad/AF
(AB)AP-S35-RGD-L2 was suppressed by RGD peptide in a
dose-dependent fashion, suggesting that Ad/AF(AB)AP-S35-
RGD-L2 mediates gene transfer through RGD peptides in the
fiber knob (Fig. 9B).

Next, to examine whether AA/AF(AB)AP-S35-RGD-L2 me-
diates luciferase production in vivo in a manner different from
Ad/AF(AB)AP-S35-L2, Ad/AF(AB)AP-S35-RGD-L2 was ad-
ministered to mice by either intravenous (3.0 X 10'° VP) or in-
traperitoneal (1.0 X 10! VP) injection, and luciferase production
in organs was measured (Fig. 3). Data suggest that addition of
RGD peptide to the triple-mutant Ad vector does not change the
biodistribution in vivo, although intraperitoneal injection of
Ad/AF(AB)AP-S35-RGD-L2 mediated slightly higher luciferase
production in the spleen compared with Ad/AF(AB)AP-S35-L2.

DISCUSSION

In this study, we generated a new Ad vector with a four-amino
acid mutation of the AB loop in the fiber knob (T489, A490,
Y491, and T492), deletion of the RGD motif of the penton base,
and substitution of the fiber shaft domain for that derived from
Ad type 35, and demonstrated that this triple-mutant Ad vector

shows significantly lower gene transfer activity (both in vitro and
in vivo). The triple-mutant Ad vector containing a mutation of
the AB loop in the fiber knob mediated much lower gene trans-
fer activity than the previously generated triple-mutant Ad vec-
tor containing a mutation of the FG loop in the fiber knob
(Koizumi et al., 2003a). Furthermore, the triple-mutant Ad vec-
tor was less toxic, and showed almost background levels of both
liver serum enzymes (AST and ALT) and IL.-6 in mouse serum.

Ad vectors show nonspecific tissue distribution after in vivo
gene transfer. This distribution is due largely to the relatively
broad expression of CAR, «, integrin, and HSGs; the size of si-
nusoidal fenestrae (Fechner et al., 1999; Lievens et al., 2004); and
the complement system (Zinn et al., 2004). To generate targeted
Ad vectors, several groups have reported CAR binding-ablated
Ad vectors with an AB or FG loop mutation of the fiber knob
(Bewley er al., 1999; Kirby et al., 1999; Asaoka ef al., 2000; Ale-
many and Curiel, 2001; Einfeld et al., 2001; Leissner ef al., 2001;
Mizuguchi et al., 2002; Smith et al., 2002). However, there has
been no report on the difference in gene transfer activity (in vitro
and in vivo) between Ad vectors with an AB loop mutation and
those with an FG loop mutation. The present study shows that
mutation of the AB loop in the fiber knob is better than deletion
of the FG loop for lowering transgene expression, at least with
the triple-mutant Ad vector. Cells transduced with AJ/AF(AB)AP-
$35-L2 or Ad/AF(FG)AP-S35-1.2 produced luciferase at rates of
only 0.003 and 0.42%, respectively, relative to the rate of lucif-
erase production in cells transduced with Ad-L2 (Fig. 2A). The
FG loop mutation in the fiber knob might continue to facilitate a
weak interaction between CAR and the fiber knob. One of the in-
teresting findings is that the amounts of Ad/AF(AB)AP-S35-L.2
DNA and Ad/AF(FG)AP-S35-L2 DNA in the cells were only 10-
fold lower than those of Ad-L2 DNA, even after the cells were
treated with trypsin—EDTA and DNase I (Fig. 2B). Therefore, the
cells would take up considerable amounts of Ad/AF(AB)AP-S35-
L2 and Ad/AF(FG)AP-S35-L2 nonspecifically, although neither
vector mediated luciferase production.
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FIG. 7. Serum enzymes levels after systemic administration of Ad-L2, Ad/AF(FG)AP-S35-L2, or Ad/AF(AB)AP-S35-1L.2 into
mice. Blood samples were collected from the inferior vena cava 48 hr after intravenous (3.0 X 10! VP) or intraperitoneal (1.0 X
10!! VP) injection of Ad-L.2, Ad/AF(FG)AP-S35-L2, or Ad/AF(AB)AP-$35-L.2. Serum samples were collected into separate tubes
containing no anticoagulant for coagulation, and aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels in
serum were measured with a Transaminase-CII kit. All data represent the means * SD of four mice.

We demonstrated that the newer triple-mutant Ad vector con-
taining a mutation of the AB loop mediates approximately
15,000- and 500-fold lower mouse liver transduction by intra-
venous and intraperitoneal injection, respectively, than the con-
ventional Ad vector (Fig. 3). However, the amounts of triple-
mutant Ad vector DNA in the liver after intravenous or
intraperitoneal injection were similar to or higher than those with
the conventional Ad vector (Fig. 4). The difference between lu-
ciferase production and Ad DNA accumulation in the liver would
be due to higher accumulation of triple-mutant Ad vector DNA
in the NPCs (Kupffer cells and endothelial cells) (Fig. 5) as well
as to nonspecific viral uptake in the liver. Because higher amounts
of the triple-mutant Ad vector were taken up nonspecifically into
the cultured cells (Fig. 2B), the liver cells in vivo would also take
up large amounts of virus nonspecifically. Our previous report
showed that most Ad DNA (especially the triple-mutant Ad
DNA) taken up in NPCs disappears 48 hr after intravenous ad-
ministration (Koizumi ef al., 2003a). Triple-mutant Ad vectors
in NPCs might be resolved, resulting in significantly lower gene
expression in the liver. Furthermore, Miyazawa ef al. have re-
ported that exchanging the Ad type 5 fiber (subgroup C) for the
Ad type 7 fiber (subgroup B) on an Ad type 5 capsid resulted in
altered cellular trafficking compared with parental Ad type 5
(Miyazawa et al., 1999, 2001). Therefore, even if the triple-mu-

tant Ad vector, in which the Ad type 5 fiber shaft was exchanged
for the Ad type 35 fiber shaft (subgroup B), was taken up into
cells, it might have defects in viral escape from the endosome to
the cytoplasm (Nicklin et al., 2005).

We and others have reported that the conventional Ad vec-
tor has a half-life in the bloodstream of approximately 2 min
after intravenous injection (Alemany et al., 2000; Alemany and
Curiel, 2001; Koizumi et al., 2003a; Sakurai et al., 2003). The
triple-mutant Ad vector and the conventional Ad vector pre-
sented similar clearance kinetics from the circulation after in-
travenous injection (Fig. 6A). In the case of intraperitoneal in-
jection, the AUC,_g¢ value of the triple-mutant Ad vector in
the bloodstream was approximately five to seven times higher
than that of the conventional Ad vector (Fig. 6B). It remains
unclear why intraperitoneally injected vectors persist longer in
the blood (Akiyama et al., 2004). The vector might associate
with blood factors or cells (Shayakhmetov et al., 2005). It was
also found that intraperitoneally injected vectors accumulated
more in NPCs than in PCs (Fig. 5B). This NPC-mediated up-
take might be an obstacle for the targeted Ad vector when it is
intraperitoneally injected. Because the present vector has no tar-
geted ligands, more detailed studies should be done after high-
affinity ligands are displayed on the vectors. If high levels of
NPC-mediated uptake were avoided by the addition of ligands,
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FIG. 8. Interleukin (IL)-6 levels in serum after systemic administration of Ad-L2, Ad//AF(FG)AP-S35-L2, or Ad/AF(AB)AP-

S35-L2 into mice. Blood samples were collected from the inferior vena cava 3 hr after intravenous (3.0 X 10'! VP) or in-
traperitoneal (1.0 X 10'! VP) injection of Ad-L2, Ad/AF(FG)AP-S35-L2, or AJ/AF(AB)AP-S35-L2. Serum samples were col-
lected into separate tubes containing no anticoagulant for coagulation, and IL-6 levels in the serum were measured by ELISA.
All data represent the means * SD of six mice.

the increased persistence of the vector in the blood in the case
of intraperitoneal injection might give us a way to overcome
obstacles to the development of targeted Ad vectors.

In the in vivo viral uptake experiment, the yield of viral DNA
from total liver (Fig. 4) was an order of magnitude more than the
total yield obtained from PCs and NPCs (Fig. 5). We speculated
that extracellular virus, which would be present in the yield ob-
tained from total liver but not in the yield obtained from frac-

tionated cells, might be involved, because extracellular virus
would be moved by collagenase treatment into the fractionated
cells. To demonstrate this, we examined the effect of collagenase
or trypsin treatment on the amounts of viral DNA in cultured
cells. SK HEP-1 cells were transduced with Ad-L2 or
Ad/AF(AB)AP-S35-1.2 (3000 VP/cell). After a 3-hr culture pe-
riod, the cells were washed with PBS, collagenase (0.01%), or
trypsin (0.025%). The amounts of Ad genomic DNA in cells were
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FIG. 9. Luciferase production in human cells transduced with Ad vectors containing RGD motif in the fiber knob. (A) Com-
parison of luciferase production in human cells transduced with Ad-L2, Ad/AF(AB)AP-S35-L2, or Ad/AF(AB)AP-S35-RGD-L2.
SK HEP-1 cells were transduced with 3000 VP/cell of Ad-L2, Ad/AF(AB)AP-S35-L.2, or Ad/AF(AB)AP-S35-RGD-L2 for 1.5
hr. After culture for 48 hr, luciferase production in the cells was measured by a luciferase assay system. The data are expressed
as means * SD (n = 4). The relative expression levels are described by designating the value of Ad-L2 as 100. (B) Effects of
RGD peptide on the transduction efficiency of AJ/AF(AB)AP-S35-RGD-L2 into SK HEP-1 cells. SK HEP-1 cells were prein-
cubated with RGD peptide (0, 1.6, 8, or 40 pg/ml) for 10 min. The cells were then transduced with 300 VP/cell of Ad/AF(AB)AP-
S35-RGD-L2 for 0.5 hr in the presence of RGD peptide. After culture for 48 hr, luciferase production was measured by a lucif-
erase assay system. The data are expressed as means * SD (n = 6).
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quantified with the TagMan fluorogenic detection system. Data
showed that collagenase or trypsin treatment decreased 2- to 3.5-
fold the amounts of Ad DNA in cells (data not shown), sug-
gesting that nonspecific viral association would lead to the over-
estimation of viral uptake by the cells. Therefore, the difference
in the yields between Figs. 4 and 5 would be reasonable.

The initiation of inflammation and strong innate immunity
responses occur after systemic administration of Ad vectors to
animals and humans, and this toxicity limits the utility of Ad
vectors for gene therapy (Muruve, 2004). Increased cytokine
production after injection of Ad vectors was reported to be due
to the introduction of input Ad vectors to Kupffer cells in the
liver and dendritic cells (Lieber et al., 1997; Schnell et al., 2001;
Morral et al., 2002; Reid et al., 2002; Philpott et al., 2004).
Lieber et al. have reported that IL-6 production in mice after
injection of Ad vectors was decreased by preinjection of GaCly,
which can decrease the levels of Kupffer cells in mouse liver
(Lieber et al., 1997). On the other hand, Muruve reported that
Kupffer cells avidly take up systemically administered Ad vec-
tors, but the blockade of Kupffer cells has minimal impact on
the innate immune response in the liver (Muruve, 2004). Al-
though our experiment showed that large amounts of the triple-
mutant Ad vector accumulated in the NPC fraction, which con-
tains Kupffer cells and liver sinusoidal (endothelial) cells, IL-6
was not produced in mice after injection of the triple-mutant
Ad vector (Fig. 8). Therefore, Ad vectors would be capable of
inducing IL-6 production in cells other than Kupffer cells. De
Geest et al. reported that the spleen, not the liver, is the major
site of IL.-6 production after Ad vector transfer (De Geest ef al.
2005), although in the present study the triple-mutant Ad vec-
tor accumulated in the spleen as much as did the conventional
Ad vector (Fig. 4). There are several possible reasons why the
triple-mutant Ad vector does not mediate IL-6 production in
vivo. Philpott et al. have reported that maturation of dendritic
cells, which are IL-6-producing cells, by infection with Ad vec-
tors requires the RGD motif of the Ad penton base (Philpott ez
al., 2004). The triple-mutant Ad vector without the RGD mo-
tif in the penton base would interact differently with IL-6-pro-
ducing cells than would the conventional Ad vector. Liu ef al.
have reported that conventional Ad vectors are delivered into
liver sinusoid cells as well as Kupffer cells after systemic in-
jection (Liu er al., 2003). Schiedner et al. have reported that
Ad vectors activate liver endothelial cells after infection of
Kupffer cells (Schiedner et al., 2003). The difference in distri-
bution between the triple-mutant Ad vector and the conven-
tional Ad vector in liver sinusoid and Kupffer cells may con-
tribute to IL-6 production. Furthermore, Zsengeller et al.
demonstrated that Ad vector internalization and endosomal es-
cape were required for cytokine induction in alveolar macro-
phages (Zsengeller et al., 2000). The triple-mutant Ad vector
might have reduced the level of endosomal escape in compar-
ison with the conventional Ad vector. Specific viral compo-
nent(s) of the Ad vector, viral distribution in the specific cell
types, and/or viral distribution in the cellular compartment
might determine IL-6 production. Elucidation of a mechanism
for innate immune responses after administration of Ad vectors
might be obtained by investigating the precise distribution of
the triple-mutant Ad vector after systemic administration.

Finally, regarding the feasibility of using triple-mutant Ad
vectors as targeted vectors, we constructed triple-mutant Ad
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vectors containing the RGD motif, which has high affinity for
a, integrins, in the HI loop of the fiber knob. This triple-mu-
tant Ad vector with the RGD motif was found to show efficient
in vitro gene transfer through RGD peptides in the fiber knob
(Fig. 9). We also examined in vivo luciferase production and
serum levels of AST, ALT, and IL-6 in mice after administra-
tion of this RGD motif-containing vector. However, the pat-
terns of luciferase production in vive (Fig. 3) and the serum lev-
els of AST, ALT, and IL-6 (data not shown) postadministration
were similar to those produced with the triple-mutant Ad vec-
tor without any ligands. Because the RGD peptide used in the
present study was first isolated from a phage display library and
used to “home” to endothelial cells in tumor tissue (Koivunen
et al., 1995; Pasqualini et al., 1997), and because the endothe-
lial cells in normal tissue do not express higher levels of a, in-
tegrin than are found in tumor tissue, the RGD motif may not
be the optimal peptide for increasing in vivo transduction effi-
ciency after systemic injection. Another possible reason why
this RGD motif-containing vector did not increase transduction
in vivo is that the affinity of the introduced RGD peptides for
integrin might be weak compared with the knob—CAR interac-
tion. Furthermore, fiber mutation might affect encapsidation,
stability, and flexibility of the vector. The resultant subtle al-
teration in fiber biology might negatively affect the transduc-
tion efficiency of this vector. Altered fiber biology might also
be involved in the lower gene transduction efficiency of the
triple-mutant Ad vector.

For the development of targeted Ad vectors, incorporation
of a foreign ligand (i.e., peptide), one with high affinity for a
specific cellular receptor, into the capsids of Ad vectors will
also be required. The triple-mutant Ad vector was designed to
have unique restriction sites (Csp45I or Clal) in both the HI
loop and the C-terminal coding region of the fiber knob
(Mizuguchi et al., 2001; Koizumi et al., 2001, 2003b). There-
fore, any targeting ligand can be easily displayed in the fiber
knob of the triple-mutant Ad vector by cloning its gene into ei-
ther of these regions, using simple in vitro ligation.

In summary, we have further improved the triple-mutant Ad
vector by ablating CAR, «, integrin, and HSG binding by in-
troducing a mutation of the AB loop into the fiber knob (R412S,
A415G, E416G, and K417G). This vector was found to medi-
ate significantly lower tissue transduction both in vitro and in
vivo (intravenous and intraperitoneal injection). Furthermore,
we showed that this triple-mutant Ad vector reduces (or blunts)
liver toxicity and innate immunity responses (IL-6 production).
Inclusion of the RGD peptide in the HI loop of the fiber knob
of the triple-mutant Ad vector restored gene transfer activity.
Thus, the newer triple-mutant Ad vector will likely be a fun-
damental vector for targeted gene delivery.
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Abstract—A Tat-related peptide, acetyl-Gly-Arg-Arg-Arg-Arg-Arg-Gln-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/$ - 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).3
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-Gin-Arg-Arg-Arg-Pro-
Pro-GIn-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-
N€ -2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfony-



744

AC-GRRRRRORRF{PPQG?-NHz
SH

AC-GRRRRRQF\’RRPPQGlC—NHz
o

ST\(\(N SN

o]

S. Kida et al. | Bioorg. Med. Chem. Lett. 16 (2006) 743-745

2T

o]

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-GIn(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)-
GIn(Trt)-Arg(Pbh)-Arg(Pbf)-Arg(Pbf)-Pro-Pro-
GIn(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 trifluoroacetic 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-120-3-ODS-B (20 x 250 mm). Flow rate:
10 mL/min. Eluent: CH;CN/H,O containing 0.05% CF;COOH. Gra-
dient: 10-70% CH3CN 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: | mL/min. Eluent: CH;CN/
H,0 containing 0.05% CF;COOH. Gradient: 5-20% CH;CN 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 pL), and the heterofunctional cross-linkage
reagent (MHS: 4.3 mg, 14 pmol), dissolved in dimethyl-
sulfoxide (DMSO, 10 ul), were combined and then
stirred for 0.5h. 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
hydrolyzes easily in water; therefore, the reaction product
mixture was frozen immediately 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

5000000
4500000 T
4000000 — 8 Ad-Luc
3500000 Tatpep-(Ad-Luc)
3000000
2500000
2000000
1500000
1006000
500000

Emission Intensity

Particles/Cells

Figure 3. Transduction efficiency of Ad-Luc and Tatpep-(Ad-Luc)
into BI6BL6 cells Cells (2 x 104) were incubated with 300, 1000, 3000
or 10,000 particles/cell 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, Ac-GRRRRRQ-
RRRPPQGC-NH,, 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.
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Abstract

Previously, we developed single adenovirus (Ad) vectors that contained the gene of interest in the E1 deletion region and the
transactivator gene for the tetracycline-controllable expression system in the E3 deletion region. In the present study, we
improved the Ad vector-mediated tetracycline-controllable expression system by the fiber modification of Ad. We developed
fiber-modified Ad vectors containing the tet-off system, which are effective in overcoming the limitations of conventional Ad
vectors, specifically their inefficient gene transfer into cells lacking the primary receptor, the coxsackievirus and adenovirus
receptor (CAR). Ad vectors containing the tet-off system with an Arg—Gly—Asp (RGD) peptide in the HI loop of the fiber knob
or the Ad type 35 fiber greatly improved transduction efficiency (more than 1-2-log orders) into the cells lacking CAR
expression but expressing av integrin or CD46, respectively. They exhibited vastly higher regulation of gene expression by
doxycycline. The combination of fiber-modified Ad vectors and the tetracycline-controllable expression system should offer a
powerful tool for gene therapy and gene transfer experiment.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Gene therapy; Adenovirus vector; Fiber; Tetracycline; Gene regulation
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gene expression systems; e.g., tight on/off regulation,
high inducibility, fast response times, lack of a pleio-
tropic effect due to the use of tetracycline operons
derived from bacteria, and a well-characterized indu-
cer {tetracycline), etc. [1,2]. The tet-off system [1],
which uses the tetracycline-responsive transcriptional
activator (tTA), and the tet-on system [2], which uses
the reverse tetracycline-responsive transcriptional
activator (1tTA), provide negative and positive control
of transgene expression, respectively.

Previously, we developed single adenovirus (Ad)
vectors containing the gene of interest in the El
deletion region and ¢74 or rt74 gene in the E3 dele-
tion region, and showed that Ad vectors containing
the tet-off system mediated high regulation of gene
expression by doxycycline [3]. However, Ad vectors
containing the tet-on system exhibit a much lower
level of regulation (less than 10-30-fold of regulation
factor (ratio of maximum transgene expression to
minimum transgene expression)) of transgene expres-
sion than Ad vectors containing the tet-off system [3].
We therefore developed Ad vectors that overcame this
lower level of regulation in the tet-on system by
introducing the latest generation rtTA and tetracy-
cline-controlled transcriptional silencer [4].

In the present study, in order to further improve the
self-contained Ad vectors having a tetracycline-con-
trollable expression system, fiber-modified Ad vectors
were employed to deliver the transgene cassette. Ad
type 5 along with Ad type 2, both belonging to
subgroup C, have been the most extensively studied
for use as vectors in gene therapy applications. How-
ever, Ad vector-mediated transduction is quite low
when the cells do not express sufficient levels of the
primary receptor, called the coxsackievirus and ade-
novirus receptor (CAR) [5,6]. Modification of fiber
protein is an attractive strategy for overcoming the
limitations imposed by the CAR-dependence of Ad
infection [7]. We and other groups have shown that
Ad vectors containing the RGD motif in the HI loop
of the fiber knob and Ad vectors containing the Ad
type 35 fiber greatly increase the efficiency of trans-
duction to a variety of CAR-deficient cells [7-16]. av
integrin [8] and CD46 (membrane cofactor protein)
[17,18] could be very efficient mediators for expand-
ing the native tropism to various CAR-deficient cells
by fiber-modified Ad vectors containing the RGD
peptides or Ad type 35 fiber, respectively [7]. We

here show the successful generation of self-contained
Ad vectors having both fiber-modification and the tet-
off system. We report the application and character-
istics of gene transfer and regulation of fiber-modified
Ad vectors containing the tet-off system.

2. Materials and methods
2.1. Cells

SK HEP-1 (endothelial cell line from human liver)
[19], LNZ308 (human glioblastoma multiforme;
kindly provided by Dr. M. Tada, Hokkaido University,
Hokkaido, Japan) [20], and 293 cells were cultured
with Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum (FCS). NIH3T3
cells (mouse embryo fibroblast; Human Science
Research Resources Bank, Japan, JCRB0615) were
cultured with minimum essential medium (MEM)
supplemented with 10% FCS. CHO (Chinese hamster
ovary) cells were cultured with MEM alpha medium
supplemented with 10% FCS. CHO-CD46 cells were
stable transformants generated by the transfection of
pcDNA3.1-CD46 (described below) into CHO cells
and selection with hygromycin (GIBCO-BRE, Rock-
ville, MD). CHO-CD46 cells stably expressed the
BC2 isoform of human CD46 (Fig. 3B).

2.2. Plasmid and virus

Vector plasmid pAdHM49 was constructed as
described below. First, pHMI5-ITR10 was con-
structed by the ligation of Ndel/Munl-digested
pHM15-ITR16 [4] and Ndel/Munl-digested pEco-
ITR10, a derivative of pEco-ITR9 [13]. pHMI5-
ITR10 contains the right end of the Ad genome
(bp 27332-right end with deletion of bp 27865 to
bp 30995) with a Csp45I site in the E3 deletion
region, an Xbal site between the E4 region and 3
inverted terminal repeat (ITR), and an Ad type 35
fiber (Ad type 35 fiber knob, Ad type 35 fiber shaft,
and Ad type 5 fiber tail)-coding sequence. Then,
Csp451/Xbal-digested pAdHM19 was ligated with
Csp45I/Ndel-digested pHM15-ITR10, resulting in
pAdHM49-1. Finally, pAdHM49 was constructed
by changing the Clal site at the right end of the
Ad genome of pAdHM49-1 into a Pacl site using
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oligonucleotides (5'-CGTTAATTAA-3') (Pacl recog-
nition sequences are underlined). pAdHM49 has a
complete E1/E3-deleted Ad genome with an I-Ceul,
a Swal, and a PI-Scel site in the E1 deletion region, a
Csp45I site in the E3 deletion region, an Xbal site
between the E4 region and 3'ITR, Pacl sites at both
ends of the Ad genome, and the chimeric fiber-coding
sequence of the Ad type 35 fiber knob, Ad type 35
fiber shaft, and Ad type 5 fiber tail. pAJHMS1, which
contains an I-Ceul, a Swal, and a PI-Scel site in the E1
deletion region, a Clal site in the E3 deletion region, an
Xbal site between the E4 region and 3'ITR, Pacl sites
at both ends of the Ad genome, and a Csp45I site
between positions 32679 and 32680 of the Ad ge-
nome (residues threonine-546 and proline-547 of the
fiber protein), was similarly constructed (Fig. 1).
pAdHMS51-RGD was constructed by insertion of oli-
gonucleotide 1 (5-CGGCCTGTGACTGCCGCGGA-
GACTGTTTCTGCGATG-3") and oligonucleotide 2
(5-CGCATCGCAGAAACAGTCTCCGCGGCAGT-
CACAGGC-3'), which correspond to the RGD (RGD-
4C) peptide (CDCRGDCFC) with high affinities to
integrins (avP3 and avps) [21], into a Csp45I site of
pAdHMS1.

pHM13-CMVi-tTA was constructed by cloning
the cytomegalovirus (CMV) promoter with intron
A (derived from pGeneGrip (Gene Therapy Systems,
San Diego, CA)), T4 gene (derived from pTet-Off

Swal

(Clontech, Palo Alto, CA)), and SV40 late P(A)
signal sequences into pHMI3 [22]. pAdHM20-
tTAl, pAdHM49-tTAl, and pAdHMS51-RGD-tTAl
were constructed by the ligation of Clal-digested
pHMI13-CMVi-tTA into Clal-digested pAdHM20
[22], Csp45l-digested pAdHM49, and Clal-digested
pAdHMS51-RGD, respectively. pHMS-TRE-SEAP
and pHM5-TRE2-SEAP are shuttle plasmids for inser-
tion of the gene of interest into the E1 deletion region of
the vector plasmid. pHMS5-TRE-SEAP contains the
sequence of the tet-responsive promoter (derived
from pTRE (Clontech)), the secreted alkaline phos-
phatase (SEAP) gene (derived from pSEAP2-Control
(Clontech)), and the bovine growth hormone (BGH)
poly (A) signal. pHMS-TRE2-SEAP contains the
tight tet-responsive promoter (derived from pTRE-
Tight (Clontech)) instead of the tet-responsive promo-
ter in pHMS-TRE-SEAP. pAdHM20-tTA1-SEAP4
was constructed by the ligation of I-Ceul/PI-Scel-
digested pHMS-TRE-SEAP with I-Ceul/PI-Scel-
digested pAdHM20-tTAl. pAdHM20-tTA1-SEAP6,
pAdHM49-tTA1-SEAP6, and pAdHM51-RGD-tTA -
SEAP6 were constructed by the ligation of I-Ceul/PI-
Scel-digested pHMS-TRE2-SEAP with I-Ceul/PI-
Scel-digested pAdHM20-tTAL, pAdHM49-tTA1, and
pAdHMS1-RGD-tTA1, respectively.

To generate the virus, pAdHM20-tTA1-SEAP4,
pAdHM20-tTAL-SEAP6, pAdHMA49-tTA1-SEAPG,

Csp451 Xbal
Ad type 35
fiber & Pacl

[-Ceul PI-Scel
Pacl g

Ad type 5 genome

E1(-) (342-3523) E3(-) (27865-30995)
=
pAdHM49  29.8 Kb Ampt
Swal

[-Ceul PI-Scel
Pacl [‘:’_E

Clal  Csp451 Xbal

& fiber I g Pacl
\I Ad type 5 genome , I/
El(-) (342-3523) E3(-) (27865-30995)
.
pAdHMS51 29.8 Kb Amp*

Fig. 1. The structure of the vector plasmids pAdHM49 and -51.
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and pAdHMS51-RGD-tTA1-SEAP6 were digested with
Pacl and purified by phenol-chloroform extraction and
ethanol precipitation. Linearized DNAs were transfected
into 293 cells plated in a 60 mm dish with SuperFect
(Qiagen, Valencia, CA) according to the manufacturer’s
instructions. Viruses (AJOff-SEAP4, AJOff-SEAPS,
AdF35-Off-SEAP6, AdRGD-Off-SEAP6) were pre-
pared as described previously [23]. Viruses were pur-
ified with CsCl gradient centrifugation, dialyzed with
the solution containing 10 mM Tris (pH 7.5), | mM
MgCl,, and 10% glycerol, and stored in aliquots at
—170 °C. Ad-SEAP2, which contains the CMV pro-
moter/enhancer-driven SEAP expression cassette in
the E1 deletion region, was previously prepared [4].
Determination of virus particle titers was accom-
plished spectrophotometrically by the methods of
Maizel et al. {24]. The Ad vectors used in the present
study are summarized in Table 1.

pcDNA3.1-CD46 was constructed by insertion of
the gene coding the human CD46 BC2 isoform, which
was generated by PCR using primers (forward, 5'-at-
ggagccteceggecegeegegagtgtece-3'; reverse, 5'-cgegg-
ccgectattcagectetetgetetgetg-3'), into pcDNA3.1-Hyg
(Invitrogene). Sequencing of the gene coding the
human CD46 BC2 isoform in pcDNA3.1-CD46 veri-
fied that the clone contained the appropriate sequences.

2.3. Adenovirus-mediated gene transduction in vitro

The cells (1 x 10* cells) were seeded into a 96-well
dish. On the following day, they were transduced with
the Ad vector (500 vector particles (VP)/cell) for 1.5
h. The cells transduced with the Ad vector containing
the tet-off system were cultured with medium contain-
ing 10 ng/ml of doxycycline (Clontech). Tet-system-
proved FCS (Clontech), a tetracycline-free serum
determined to be optimal for the tetracycline-control-
lable expression system, was used as FCS. Thirty-six
hours later, the medium was changed and the cells

Table 1
Adenovirus vectors used in the present study

were cultured for an additional 36 h. Then, the SEAP
level in the medium was measured using a Great
EscAPe SEAP Chemiluminescence Detection Kit
(Clontech).

2.4. Flow cytometric analysis

CHO, CHO-CD46, SK HEP-1, and LNZ308 cells
were suspended in staining buffer (phosphate buffered
saline containing 1% bovine serum albumin) contain-
ing fluorescein isothiocyanate (FITC)-conjugated
mouse anti-human CD46 antibody (Pharmingen, San
Diego, CA, USA). After washing with the sorting
solution, the stained cells (10* cells) were analyzed
using a FACSCalibur and CellQuest software (Becton
Dickinson).

3. Results and discussion
3.1. Newer vector plasmids

In order to combine fiber-modified Ad vectors and
the tetracycline-controllable expression system, newer
Ad vector systems were first developed (Fig. 1). The
vector plasmid pAdHM49 contains the chimeric fiber
proteins (Ad type 35 fiber knob, Ad type 35 fiber
shaft, and Ad type 5 fiber tail), and an I-Ceul/Swal/PI-
Scel site, a Csp45I site, and an Xbal site in the El
deletion region, the E3 deletion region and the region
between the E4 region and 3'TTR, respectively. The
vector plasmid pAdHMS1 contains a unique Csp451
site in the HI loop-coding sequence of the fiber knob
as well as an I-Ceul/Swal/P1-Scel site in the E1 dele-
tion region, a Clal site in the E3 deletion region, and
an Xbal site between the E4 region and 3¥ITR. Any
foreign ligands can be easily displayed in the HI loop
of the fiber knob of Ad vectors by cloning its gene
into their regions using simple in vitro ligation as

Name Fiber type

El deletion region E3 deletion region

Ad-SEAP2 Type 5 fiber
AdOff-SEAP4 Type S fiber
AdOff-SEAPG Type 5 fiber
AdRGD-Off-SEAP6
AdF35-Off-SEAP6

RGD peptide in the HI-loop of the fiber knob
Chimeric type 5 fiber tail and type 35 fiber knob and shaft

CMYV promoter+SEAP
TRE promoter+ SEAP
TRE-Tight promoter+SEAP
TRE-Tight promoter+SEAP
TRE-Tight promoter+SEAP

CMV promoter+tTA
CMYV promoter+tTA
CMV promoter+tTA
CMV promoter+tTA
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previously described {12,14]. In both vector plasmids,
the gene of interest can also be introduced into the El
deletion region as well as the E3 deletion region and
the region between the E4 region and 3'ITR by simple
in vitro ligation using a series of shuttle plasmids
developed previously {4,22]. In the present study,
the coding sequence of the RGD peptide, which
binds with high affinities to both avp3 and avp$
[21], was introduced into the HI loop-coding region
of the fiber knob (a Csp451 site) of pAdHMSI.

3.2. Effect of the tet-responsive element on the regu-
lated gene expression

Previously, we developed self-contained Ad vectors
having a tetracycline-controllable expression system
[3,22]. These vectors contain the original tet-respon-
sive promoter, which is a hybrid of the tet-responsive
element (TRE) containing a seven tet-operator (tetO)
sequence and the minimal CMV promoters. Recent-
ly, a modified tet-responsive promoter derived from
pTRE-Tight (Clontech) was developed. Both promo-
ters contain a seven tetO sequence. The sequences
among the tetO sequence and the minimal CMV
promoter differ between the original and the mod-
ified tet-responsive promoters. The modified tet-res-
ponsive promoter contains a deleted minimal CMV
promoter.

First, we performed a functional comparison of
these two promoters cloned in the Ad vectors (Fig.
2). AdOff-SEAP4 contains the original tet-responsive
promoter-driven SEAP expression cassette in the El
deletion region as well as the tTA expression cassette
in the E3 deletion region. AdOff-SEAP6 contains a
modified tet-responsive promoter instead of the origi-
nal tet-responsive promoter in AdOff-SEAP4. SK
HEP-1 and HeLa cells, both of which express suffi-
cient levels of CAR, were transduced with AdOff-
SEAP4 or AJOff-SEAP6 at 500 VP/cell, and the basal
and induced SEAP production in the medium, in
which the cells were cultured without doxycycline
or with 10 ng/ml of doxycycline, respectively, were
measured. Both cell types transduced with AdOff-
SEAP6 showed lower basal SEAP production than
those transduced with AdOff-SEAP4, although the
induced SEAP production in the cells transduced
with AJOff-SEAP6 was also lower than that with
AdOff-SEAP4. Importantly, the regulation factor(s]

(A) Regulation
factor
Ad Off-SEAP4 229
Ad Off-SEAP6 29.1
.001 .01 1 1
SEAP Production
(ng/well)
(B) Regulation
factor
Ad Off-SEAP4 8.7
.
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Ad Off-SEAP6 % 36.0
.001 01 1 1 10
SEAP Production
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Fig. 2. Effect of the tet-responsive element on the regulated SEAP
production. SK HEP-1 (A) and HeLa (B) cells, seeded into a 96-
well dish, were transduced with AdOff-SEAP4 or AdOff-SEAP6
at 500 VP/cell, and cultured without (closed columns) or with
doxycycline (slashed columns) (10 ng/ml). Thirty-six hours later,
the medium was changed and the cells were cultured for an
additional 36 h. Then, SEAP production in the medium was
determined. The regulation factor is the ratio of induced SEAP
production to uninduced SEAP production. The data are expressed
as the mean + S.D. (n=3). The mean background values of SEAP
production in the two cell types were as follows: SK HEP-I,
0.0006; HeLa, 0.0009 (ng/well).

(ratio of maximum SEAP production to basal SEAP
production) by AdOff-SEAP6 were higher than those
by AdOff-SEAP4; the regulation factor by AdOff-
SEAP6 were 29.1 (SK HEP-1 cells) and 36.0 (HeLa
cells), while those by AdOff-SEAP4 were 22.9 (SK
HEP-1 cells) and 8.7 (HeLa cells). These results
suggest that the single Ad vector containing the mod-
ified-tet responsive promoter and the tet-off system
showed lower basal transgene expression and higher
regulation of transgene expression by doxycycline,
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while the single Ad vector containing the original tet-
responsive promoter showed higher induced (maxi-
mum) transgene expression. The modified tet-respon-
sive promoter was used in the following experiments.

3.3. Fiber-modified Ad vectors containing the tet-off
system

Fiber-modified Ad vectors containing the tet-off
system were developed to transduce various types of
cells, including CAR-deficient cells. By using
pAdHMS51-RGD and pAdHMA49, Ad vectors contain-
ing both the tet-off system and the fiber modification,
such as the addition of the RGD peptide in the HI
loop of the fiber knob or substitution of Ad type 5
fiber for Ad type 35 fiber, were easily generated. The
resulting Ad vectors, AARGD-Off-SEAP6 and AdF35-
Off-SEAP6, were functionally compared with AdOff-
SEAP6. CHO and CHO-CD46 cells were used (Fig.
3). Neither of these cells expresses CAR, but both
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express av integrin. CHO cells are CD46 negative,
while CHO-CD46 cells are CD46 positive (Fig.
3A,B). AARGD-Off-SEAP6 achieved approximately
46-times higher SEAP production in CHO cells than
AdOff-SEAPS in the absence of doxycycline (Fig. 4).
In contrast, in the case of CHO-CD46 cells, AdF35-
Off-SEAP6 achieved approximately 40-times higher
SEAP production than AdOff-SEAP6 in the absence
of doxycycline (Fig. 4B). In both cases, fiber-modified
Ad vectors showed higher regulation of SEAP produc-
tion by doxycycline. AdOff-SEAP6 showed very low
regulation of SEAP production by doxycycline, prob-
ably due to the lower transduction efficiency.

In order to further examine the functionality of
AdRGD-Off-SEAP6 and AdF35-Off-SEAP6, SEAP
expression profiles were examined in SK HEP-1,
LNZ308, and NIH3T3 cells (Fig. 5). SK HEP-1 cells
express sufficient levels of CAR, av integrin [25], and
CD46 (Fig. 3C). LNZ308 cells express av integrin and
CD46 (Fig. 3D), but not CAR [25]. NIH3T3 cells
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Fig. 3. CD46 expression in CHO, CHO-CD46, SK HEP-1, and LNZ308 cells. CHO (A), CHO-CD46 (B), SK HEP-1 (C), and LNZ308 (D)
cells were stained with FITC-conjugated anti-CD46 antibodies, and subsequently analyzed by a flowcytometer.
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Fig. 4. Fiber-modified Ad vector-mediated tet-off systems in CHO
and CHO-CD46 cells. CHO (A) and CHO-CD46 (B) cells, seeded
into a 96-well dish, were transduced with AJdOff-SEAP6, AARGD-
Off-SEAP6, or AdF350ff-SEAP6 at 500 VP/cell, and cultured
without (closed columns) or with doxycycline (slashed columns)
(10 ng/ml). Thirty-six hours later, the medium was changed and the
cells were cultured for an additional 36 h. Then, SEAP production
in the medium was determined. The regulation factor is the ratio of
induced SEAP production to uninduced SEAP production. The data
are expressed as the mean+S.D. (#=3). The mean background
values of SEAP production in the two cell types were as follows:
CHO, 0.0008; CHO-CD46, 0.0002 (ug/well).

express av integrin, but not CAR [25] or CD46. In SK
HEP-1 cells, all the vectors, AdOff-SEAP6, AJRGD-
Off-SEAP6 and AdF35-Off-SEAP6, showed high
SEAP production in the absence of doxycycline as
well as high regulation factors by doxycycline (Fig.
5A). In contrast, only AARGD-Off-SEAP6 and AdF35-
Off-SEAP6 achieved high regulation factor by doxy-
cycline and high SEAP production in the absence of
doxycycline in LNZ308 cells (Fig. 5B), while only
AdRGD-Off-SEAP6 achieved high regulation factor
and high SEAP production in NIH3T3 cells (Fig. 5C).

AdOff-SEAP6 showed lower SEAP production in
LNZ308 and NIH3T3 cells (Fig. 5B, C). Taken
together, these results indicate that fiber-modified Ad
vectors containing the tet-off system overcame the
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Fig. 5. Fiber-modified Ad vector-mediated tet-off systems in various
types of cells. SK HEP-1 (A), LNZ308 (B), and NIH3T3 (C) cells,
seeded into a 96-well dish, were transduced with AdOff-SEAPG,
AdRGDOff-SEAPG, or AdF3501f-SEAP6 at 500 VP/cell, and cul-
tured without {closed columns) or with doxycycline (slashed col-
umns) (10 ng/ml). Thirty-six hours later, the medium was changed
and the cells were cultured for an additional 36 h. Then, SEAP
production in the medium was determined. The regulation factor is
the ratio of induced SEAP production to uninduced SEAP produc-
tion. The data are expressed as the mean + S.D. (n=3). The mean
background values of SEAP production in the three cell types were
as follows: SK HEP-1, 0.0023; LNZ308, 0.0008; NIH3T3, 0.0004
(ng/well).



