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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-§35-1L.2,
which is identical to Ad/AFAP-§35-L2 in our previous report
(Koizumi er 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. Ad/AF(AB)AP-S35-RGD-L2 contains
an RGD motif in the HI Joop of the fiber knob in Ad/AF(AB)AP-
§35-L2. Ad-L2 is a conventional Ad vector. All mutations of
the mutant Ad vectors and possible interaction of each virus with
the cells are summarized in Table 1 and Fig. 1A. All of the mu-
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).

KOIZUMI ET AL.

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-
835-L2 has a fiber protein four amino acids longer than that of
Ad/AF(FG)AP-S35-L2. 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

We examined the gene transfer activity in SK HEP-1 cells
transduced with Ad/AF(AB)AP-S§35-L2 in comparison with

(A) SK HEP-1 (CAR+) % of Ad-L2
Mock H 0.00120.001
Ad-L2 100.000£1.177
Ad/AF(FG)AP-S35-1.2 : 0.42720.057
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-535-L.2, or Ad/AF(AB)AP-535-L2. SK HEP-1 cells
were transduced with Ad-L2, Ad/AF(FG)AP-S35-1L2, or Ad/AF(AB)AP-835-L2 (3000 VP/cell) for 1.5 hr. After culture for 48
hr, luciferase production in the cells was measured by Juminescence assey. 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-] cells were transduced with Ad-L2, AA/JAF(FG)AP-S35-L2, 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 solutien, 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 quantfied
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 a2 complex of
Ad/AF(AB)AP-835-L2 and SuperFect (0.15 or 1.5 pg) (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 er 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
1-MgCl1,~PBS treatment as described in Materials and Meth-
ods. Cells transduced with Ad/AF(AB)AP-535-L2 showed
much lower luciferase production than those transduced with
Ad/AF(FG)AP-§35-L2. Ad/AF(AB)AP-835-L.2 mediated only
approximately 0.003% of the luciferase production of Ad-L2,
whereas Ad/AF(FG)AP-835-L2 mediated approximately 0.42%
of that of Ad-L2 (Fig. 2A). In contrast, the amounts of
Ad/AF(AB)AP-535-L2 DNA and Ad/AF(FG)AP-835-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-835-L.2 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-835-L2 showed extremely low
transduction activity, we examined luciferase production in SK
HEP-| cells ransduced with Ad/AF(AB)AP-835-L2 in the pres-
ence of SuperFect (polyamidoamine dendrimer reagent: Qia-
gen). Ad/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-
S35-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

I Mock

W Ad-L2

] Ad/AF(FG)AP-S35-L2
Ad/AF(AB)AP-S35-L2

B Ad/AF(AB)AP-S35-RGD-L2

Lung Kidney Spleen

[JMock

W Ad-L2

[ Ad/AF(FG)AP-S35-L2
Ad/AF (AB)AP-S35-12

B Ad/AF(AB)AP-535-RGD-L2

Lung 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-535-
L2, or Ad/AF(AB)AP-S35-RGD-L2. Ad-L2, Ad/AF(FG)AP-S35-L2. Ad/AF(AB)AP-S35-1.2, or Ad/AF(AB)AP-S35-RGD-L2 was
(A) intravenously (3.0 X 10'° 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 Juciferase 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-835-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
10'0 VP of either Ad/AF(FG)AP-S35-L2 or Ad/AF(AB)AP-
$35-L2. With intravenous injection. Ad/AF(AB)AP-835-L2
mediated approximately 15,000-fold lower liver transduction
than Ad-L2, and resulted in approximately 10-fold lower liver
transduction compared with AdJ/AF(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 patern of luciferase production
in each organ afier intraperitoneal injection of AJ/AF(AB)
AP-835-L2 and Ad/AFR(FG)AP-535-L2 was similar to that after
intravenous injection, Ad/AF(AB)AP-535-1.2 showed much more
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reduced luciferase production in the organs than did Ad/
AF(FG)AP-§35-L2 (Fig. 3B). Luciferase production in each organ
after intraperitoneal injection of Ad/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 uiple-
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 biodistnbution of Ad/AF(AB)AP-§35-L2,
Ad/AF(FG)AP-S35-L2, and Ad-L2 in mice at a early stage after
intravenous (3 X 10'" VP) and intraperitoneal (1 % 10'" VP) in-
jection, the amounts of Ad DNA in organs 3 hr after Ad vector in-
Jjection 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, AJ/AFRFG)AP-S35-L2. or Ad-L2 (Fig.
4A), although the amounts of Ad/AF(AB)AP-S35-L2 and Ad/
AF(FG)AP-S35-L2 in the kidney were less than that of Ad-L2. In
the case of intraperitoneal injection, Ad/AF(AB)AP-S35-L2 and
Ad/AF(FG)AP-S35-L2 showed higher or similar amounts of Ad
DNA in the liver or spleen, respectively, than Ad-L2 (Fig. 4B).

] Ad/AF(FG)AP-S35-1.2
Ad/AF(AB)AP-S35-1.2

FIG. 4. Biodistribution of viral DNA after sys-
temic administration of Ad-L2, Ad/AF(FG)AP-
S35-L2, or Ad/AF(AB)AP-S35-L.2 into mice. Ad-
L2, Ad/AF(FG)AP-S35-L2. or Ad/AF(AB)AP-§35-
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 quanntative TagMan PCR as-
say. All data represent the means = SD of four to
six mice.

Kidney Spleen



REDUCED TISSUE TRANSDUCTION AND TOXICITY WITH MODIFIED ADENOVIRAL VECTORS

Less Ad/AF(AB)AP-535-L.2 accumulated in the heart, Jung, 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
nonparenchyinal 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-835-L2, Ad/AF(FG)
AP-835-L2, 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
TagMan 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 AAJ/AF(AB)AP-835-1.2 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 er al., 2003a). In the case of intraperitoneal injection
of Ad vector at | X 10" VP. Ad/AF(AB)AP-S35-L2, Ad/AF
(FG)AP-835-L2, 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-535-1.2 and Ad/AF(FG)AP-835-L2 would be partly
due to higher accumulation of vectors in NPCs. The NPCs
might take up Ad via phagocytosis and resalve 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 Ad/AF(AB)AP-535-L.2, 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-835-L2, 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-S35-1L2
and AJ/AF(FG)AP-S35-L2 showed similar blood clearance
curves. The amounts of Ad/AF(AB)AP-S35-L2 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; gq) values of
Ad/AF(AB)AP-535-L2 and Ad/AF(FG)AP-S35-L2 were 5- 1o
7-fold higher than that of Ad-L2 (data not shown). Higher lev-
els of Ad/AFIAB)AP-835-L2 and Ad/AF(FG)AP-S35-L.2 were
found 10 be introduced into the bloodstreamn from the in-
traperitoneum than Ad-L2.

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

Systemic administration of Ad vectors results in the initiation
of inflammation and strong innate immunity responses in animals
and humans (Schnell er 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. Afier in-
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FIG. 5. Biodistribution of viral DNA in liver parenchymal
and nonparenchymal cells. Ad-L2. Ad/AF(FG)AP-835-12, or
Ad/AF(AB)AP-S35-L2 was (A) intravenously (3.0 X 10'7 VP)
or (B) intraperitoneally (1.0 X 10!' VP) injected into mice. Col-
lagenase perfusion was performed 3 hr afier injection of Ad
veclor 1o separate liver PCs and NPCs. Total DNA. including
Ad vector DNA, was isolated from the cells, and Ad vector
DNA was measured by quantitative TaqMan PCR assay. All
data represent the means * SD of four 10 six mice.

jection of A/AF(AB)AP-S35-L2 and Ad/AF(FG)AP-535-12 in
mice (both by intravenous and intraperitoneal injection). the lev-
els of AST and ALT in serum were similar 1o those in nontreated
mice, suggesting that Ad/AF(AB)AP-S35-12 and Ad/AF(FG)AP-
S35-L2 did not show liver toxicity (Fig. 7). In contrast. Ad-L2
led to high levels of AST and ALT in serum afier intravenous
injection (Fig. 7A). In the case of IL-6, neither intravenous nor
intraperitoneal injection of Ad/AF(AB)AP-S35-L2 or Ad/
AF(FG)AP-835-L2 mediated TL-6 production, whereas injection
of Ad-L2 led to high levels of TL-6 in serum (Fig. §). These re-
sults suggest that Ad/AF(AB)AP-535-L2 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-535-L2, and Ad/AF(AB)AP-S35-L2 after systemic administration into mice.
Ad-L2, Ad/AF(FG)AP-S35-L2. or Ad/AF(AB)AP-835-L2 was (A) intravenously (3.0 X 10'9 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-
835-L2 (Fig. 9A). In the inhibition experiment using RGD
peptide, luciferase production in cells ransduced with Ad/AF
(AB)AP-535-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 Ad/AF(AB)AP-S35-RGD-L2 me-
diates luciferase production in vive in a manner different from
Ad/AF(AB)AP-S835-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 Juciferase
production in the spleen compared with Ad/AF(AB)AP-§35-1L2.

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 er al.. 2003a). Furthermore, the wiple-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, e, integrin, and HSGs; the size of si-
nusoidal fenestrae (Fechner ef al., 1999, Lievens er a/., 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 et al.. 1999; Kirby et al., 1999; Asaoka et al.. 2000; Ale-
many and Curiel, 2001; Einfeld et al., 2001; Leissner er al., 2001;
Mizuguchi er al., 2002; Smith er al., 2002). However, there has
been no report on the difference in gene ansfer activity (in vitro
and in vivo) between Ad vectors with an AB loop mutation and
those with an FG Joop 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 Ad/AF(AB)AP-
$35-L2 or Ad/AF(FG)AP-835-1L.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-L.2 DNA in the cells were only 10-
fold lower than those of Ad-L2 DNA, even after the cells were
weated 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-§35-L2, or Ad/AF(AB)AP-835-L2 into
mice. Blood samples were collected from the inferior vena cava 48 br after intravenous (3.0 X 10'! VP)or intraperitoneal (1.0 X
10'" VP) injection of Ad-L2. Ad/AF(FG)AP-535-1.2. or AA/AF(AB)AP-S35-L2. 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-CI1 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 1o nonspecific viral uptake in the liver. Because higher amaounts
of the triple-mutant Ad veclor were taken up nonspecifically into
the culwred cells (Fig. 2B), the liver cells in vive 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 er al., 2003a). Triple-mutant Ad vectors
in NPCs might be resolved. resulting in significantly Jower gene
expression in the liver. Furthermore, Miyazawa er 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 1ype §
(Miyazawa ef al., 1999, 2001). Therefore, even if the tiple-mu-

tant Ad vector, in which the Ad type 5 fiber shafi 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 er 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 er al.. 2003a; Sakurai er 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 AUC3_ g value of the triple-mutant Ad vector in
the bloodstream was approximately five 1o seven tlimes higher
than that of the conventional Ad vector (Fig. 6B). It remains
unclear why intraperitoneally injected vectors persist longer in
the blood (Akiyama er 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 afier 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-
$35-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, AdJ/AF(FG)AP-835-L2, or Ad/AF(AB)AP-535-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

uonated 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
ar 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-S35-1L.2 (3000 VP/cell). After a 3-hr culture pe-

that extracellular virus, which would be present in the yield ob-
lained from total liver but not in the yield obtained from frac-

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, AA/AF(AB)AP-835-12, or Ad/AF(AB)AP-835-RGD-L2.
SK HEP-1 cells were transduced with 3000 VP/cell of Ad-L2, Ad/AF(AB)AP-835-L2, 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 Ad/AF(AB)AP-S35-RGD-12 into SK HEP-1 cells. SK HEP-1 cells were prein-
cubated with RGD peptide (0, 1.6, 8, or 40 ug/ml) for 10 min. The cells were then transduced with 300 VP/cell of Ad/AF(AB)AP-
§35-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 er al., 1997; Schnell er al.. 2001,
Morral er al.. 2002; Reid er al., 2002: Philpot er al.. 2004).
Lieber et al. have reported that IL-6 production in mice after
injection of Ad vectors was decreased by preinjection of GaCl,,
which can decrease the levels of Kupffer cells in mouse liver
(Lieber er al.. 1997). On the other hand, Muruve reported that
Kupffer cells avidly lake 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-
tzins Kupffer cells and liver sinusoidal (endothelial) cells, [L-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 er al. reported that the spleen, not the liver, is the major
site of TL-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 TIL-6 production in
vive, Philpott e7 ¢!, 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 er
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 er 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 afier infection of
Kupffer cells (Schiedner er al., 2003). The difference in distri-
bution between the triple-mutant Ad vecior and the conven-
tional Ad vector in liver sinusoid and Kupffer cells may con-
tribute 1o IL-6 production. Furthermore, Zsengeller er al.
demonstrated that Ad vector internalization and endosomal es-
cape were required for cytokine induction in alveolar macro-
phages (Zsengeller er ai., 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 afier 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 targeled vectors, we constructed triple-mutant Ad

m

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 vivo (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 optima) peptide for increasing in vive 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. inio the capsids of Ad vectors will
also be required. The triple-mutant Ad vector was designed to
have unique restriction sites (Cspd51 or Clal) in both the HI
loop and the C-terminal coding region of the fiber knob
(Mizuguchi er al.. 2001; Koizumi et a/., 2001, 2003b). There-
fore. any largeting 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 vire ligation.

In summary, we have further improved the triple-mutant Ad
vector by ablating CAR, a, integrin, and HSG binding by in-
troducing a mutation of the AB loop into the fiber knob (R4 128,
A415G, E416G, and K417G). This vector was found to medi-
ate significantly lower tissue transduction both in virro and in
vivo (intravenous and intraperitoneal injection). Furthermore.
we showed that this triple-mutant Ad vector reduces (or blunts)
liver toxicity and innate ininunity 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: Stem cells, including embryonic stem (ES) cells, mesenchymal stem cells (MSCs),
and hematopoietic stem cells (HSCs), are defined by their capacity for self-renewal and
multilineage differentiation. Efficient gene transfer into stem cells is essential for the basic
research in developmental biology and for therapeutic applications in gene-modified regenerative
medicine. Adenovirus (Ad) vectors, based on Ad type 5, can efficiently and transiently introduce
the exogenous gene into many cell types via the primary receptor, coxsackievirus, and adenovirus
receptor (CAR). However, some kinds of stem cells, such as MSCs and HSCs, cannot be
efficiently transduced with conventional Ad vectors based on Ad serotype 5 (Ad5), because of
the lack of CAR expression. To overcome this problem, fiber-modified Ad vectors and an Ad
vector based on another serotype of Ad have been developed. Here, we review the advances
in the development of Ad vectors suitable for stem cells and discuss their appllcatlon in basic

biology and clinical medicine.

Keywords: Adenovirus; stem cell; gene therapy; regenerative medicine; review

Introduction

Adenovirus (Ad) is a nonenveloped virus containing an
icosahedral protein capsid with a diameter of approximately
80 nm. At least 51 serotypes of human Ad have been
identified and classified into six different subgroups (A—
F), many of which are associated with respiratory, gas-
trointestinal, or ocular diseases. Of them, Ad serotype 5
(AdS) and Ad serotype 2, both belonging to subgroup C,
have been the most extensively studied for use as vectors in
gene therapy applications. Ad capsids consist of three major
protein components: the hexon, the penton base, and the
fiber. Hexon proteins comprise each geometrical face of the
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capsid, while penton bases associate with fiber proteins to
form penton capsomer complexes at each of the 12 vertices
(Figure 1A). The two components of the penton capsomer,
the fiber and penton base, interact with distinct cell surface
receptors during the entry of Ad into susceptible cells. Fiber
proteins consist of three distinct domains: the tail, the shaft,
and the knob. Each domain has distinet functions in host
cell infection. The amino-terminal tail anchors the fiber to
the Ad capsid through association with the penton base.! The
shaft extends away from the virion surface and, in AdS, is
composed of 22 pseudorepeats of 15 amino acids in a triple-
B-spiral conformation.? By extending the knob away from
the virion, the shaft facilitates its interaction with the host

(1) Weber, J. M.; Talbot, B. G.; Delorme, L. The orientation of the
adenovirus fiber and its anchor domain identified through mo-
lecular mimicry. Virology 1989, 168, 180—182.

(2) Green, N. M.; Wrigley, N. G.; Russell, W. C.; Martin, S. R.;
McLachlan, A. D. Evidence for a repeating cross-f sheet structure
in the adenovirus fibre. EMBO J. 1983, 2, 1357~1365.
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Figure 1. Structure and gene transduction pathway of the Ad vector. (A) The double-stranded virus genome is packaged within
an icosahedral protein capsid. Hexon proteins comprise each geometrical face of the capsid, while penton bases associate with
fiber proteins to form penton capsomer complexes at each of the 12 vertices. The fiber is composed of the tail, shaft, and knob
domain. (B) The Ad vector binds to CAR following internalization in the cells and releases the viral DNA into the nuclei.

receptor.! The trimenic subunits of the carboxyl C-terminal
knob domain are responsible for binding to the host’s primary
cellular receptor.*

Human AdS contains a linear, approximately 36 kb,
double-sranded DNA genome encoding more than 70 gene
products. The viral genome contains five early transcription
units (E1A, E1B, E2, E3, and E4), two early delayed
(intermediate) transcription units (pIX and IVa2), and five
late units (L1—L5), which mostly encode structural proteins
for the capsid and internal core. Inverted terminal repeats
(ITRs) at the end of the viral genome function as replication
origins. The E1A gene is the first transcription unit to be
activated shortly after infection and is essential to the
activation of other promoters and the replication of the viral
genome. In the first-generation Ad vectors, the E1 (E1A and
E1B) gene is deleted and the virus propagated in El-
transcomplementing cell lines, such as 293, 911.,% or PER.C6
cells.” The E3 region-encoded proteins modulate the host
defense but are not required for viral replication in vitro;
thus, the E3 region is often deleted to enlarge the packagable

(3) Henry, L. J; Xia, D.; Wilke, M. E.; Deisenhofer, J.; Gerard, R.
D. Characterization of the knob domain of the adenovirus type 3
fiber protein expressed in Escherichia coli. J. Virol. 1994, 68,
5239-5246.

(4) Louis, N.; Fender, P.; Barge, A.; Kius, P.; Chroboczek, J. Cell-
binding domain of adenovirus serotype 2 fiber. J. Virol. 1994,
68, 4104—4106.

(5) Graham, F. L ; Smiley, J.; Russell, W. C; Nairn, R. Characteristics
of a hurnan cell line transformed by DNA from human adenovirus
tvpe 5. J. Gen. Virol 1977, 36, 59-74
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size limit for foreign genes. Since up to 3.2 and 3.1 kb of
the E1 and E3 regions, respectively, can be deleted® and
approximately 105% of the wild-type genome can be
packaged into the virus without affecting the viral growth
rate and titer,? E1/E3-deleted Ad vectors allow the packaging
of approximately 8.1—8.2 kb of foreign genes.?

The coxsackievirus and adenovirus receptor (CAR), which
is a broadly distributed type I membrane protein, has been
identified as the primary receptor for Ad of subgroups A
and C—F."%"'2 The entry of Ad5 into cells is initiated by the

(6) Fallaux, F.J.; Kranenburg, O.; Cramer, S. J.; Houweling, A.; Van

Ormondt, H.; Hoeben, R. C.; Van Der Eb, A. J. Characterization

of 911: A new helper cell line for the titration and propagation

of early region 1-deleted adenoviral vectors. Hum. Gene Ther.

1996, 7. 215-222

Fallaux, F. 1.; Bout, A.; van der Velde, I.; van den Wollenberg,

D. 1.; Hehir, K. M.; Keegan, ].; Auger, C.; Cramer, S. J.; van

Ormondt, H.; van der Eb, A. ].; Valerio, D.; Hoeben, R. C. New

helper cells and matched early region 1-deleted adenovirus vectors

prevent generation of replication-competent adenoviruses. Hum.

Gene Ther. 1998, 9, 1909—1917,

(8) Bett, A. J.; Haddara, W.; Prevec, L.; Graham, F. L. An efficient
and flexible system for construction of adenovirus vectors with
insertions or deletions in early regions 1 and 3. Proc. Nail. Acad.
Sci. U.S.A. 1994, 91, 8802—8806.

(9) Bett, A. ].; Prevec, L.; Graham, F. L. Packaging capacity and
stability of human adenovirus type 5 vectors. J. Virol 1993, 67,
5911-5921.

(10) Bergelson, J. M.; Cunningham, ]. A_; Droguer. G.; Kurt-Jones,
E. A_; Krithivas, A.; Hong, J. S.; Horwitz, M. §.; Crowell, R. L.;
Finberg, R. W. Isolation of a common receptor for Coxsackie B
viruses and adenoviruses 2 and 5. Science 1997, 275, 1320—1323.

(7
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conventional

AdRGD

AdF35 Ad3s

Figure 2. Characteristics of gene delivery by various types of Ad vectors. The conventional Ad vector infects via CAR. The
AdRGD vector contains a RGD peptide motif in the HI loop of the fiber knob and infects via av integrin as well as CAR. The
AdK7 vector contains a polylysine peptide in the C-terminus of the fiber knob and infects via heparan sulfate as well as CAR.
It is uncertain whether the AdK7 vector infects via CAR. The Ad35 and AdF35 vectars, which contain a fiber protein derived
from the AdS fiber tail and the Ad35 fiber knob and shaft, infect via CD46.

attachment of fiber on the surface of the capsid to the CAR
on the cell surface (Figure 2). The affinity of the RGD (Arg-
Gly-Asp) peptide at the penton base of the AdS capsid for
the cell surface molecules of the integrin family, such as
a.fs, o3, oy, and . f), aids in the internalization of AdS
into the cell.'*~!% Furthermore, heparan sulfate glycosami-
noglycans have also been reported to serve as primary
attachment sites for Ad2 and Ad5.'® The abundant expression
of these receptors in various cells determines the wide
tropism of Ad vectors. Internalized Ad reaches the endosomal
pathway and avoids lysosomal degradation (Figure 1B).
Inside the endosome, a stepwise disassembly program takes
place, allowing the Ad to release its genome into the nucleus.

(11) Tomko, R. P; Xu, R.; Philipson, L. HCAR and MCAR: The
human and mouse cellular receptors for subgroup C adenoviruses
and group B coxsackieviruses. Proc. Natl. Acad. Sci. U.5.A. 1997,
94, 3352—3356.

(12) Roelvink, P. W.; Lizonova, A_; Lee, J. G.; Li, Y.; Bergelson, J.
M.; Finberg, R. W.; Brough, D. E.; Kovesdi, I.; Wickham, T. ].
The coxsackievirus-adenovirus receptor protein can function as
a cellular attachment protein for adenovirus serotypes from
subgroups A, C, D, E, and F. J. Virol 1998, 72, 7909—~7915.

(13) Wickham, T. I.; Mathias, P.; Cheresh, D. A.; Nemerow, G. R.
Integrins avf3 and avfS promote adenovirus internalization but
not virus attachment. Cell 1993, 73, 309—319.

(14) Davison, E.; Diaz, R. M.; Hart, 1. R.; Santis, G.; Marshall, J. F.
Integrin a581-mediated adenovirus infection is enhanced by the
integrin-activating antibody TS2/16. J. Virol. 1997, 71, 6204—
6207.

(15) Li, E.; Brown, S. L.; Stupack, D. G.; Puente, X. S.; Cheresh, D.
A.; Nemerow, G. R. Integrin a(v)81 is an adenovirus coreceptor.
J. Virol. 2001, 75, 5405—-5409.

(16) Dechecchi, M. C.; Melott, P.; Bonizzato, A.; Santacatterina, M.;
Chilosi, M.; Cabrini, G. Heparan sulfate glycosaminoglycans are
receptors sufficient to mediate the initial binding of adenovirus
types 2 and 5. J. Virol. 2001, 75, 8772—8780.

During this process, the pH of the endosome decreases,
leading to the release of the fiber from the virion and the
dissociation of the penton base.!” The resulting endosome
rupture allows viral DNA to escape from inside the degraded
capsid and to enter the nucleus (Figure 1B). During this
process, the terminal protein plays a crucial role in translo-
cating the Ad genome into the nucleus. This uncoating
process of the Ad starts immediately after internalization and
ends 40 min after infection with the translocation of the Ad
into the nucleus. As early as 60 miin after infection, the Ad
begins to transcribe its genome in the host cel].!®
Although Ad vectors mediate extremely high transduction
efficiency, gene transfer with Ad vectors is less efficient in
some kinds of cells, such as mesenchymal stem tells (MSCs),
hematopoietic stem cells (HSCs), dendritic cells, T cells,
smooth muscle cells, skeletal muscle cells, and others because
of the scarcity of CAR on their cell surfaces. Modification
of the Ad fiber proteins has been used to successfully
overcome this obstacle.!®® One is constructed by the addition
of foreign peptides to the HI loop or C-terminus of the fiber
knob of an Ad vector.?'25 Enhanced gene transfer has been

(17) Seth, P.; Fitzgerald, D. J.; Willingham, M. C.; Pastan, 1. Role of
a low-pH environment in adenovirus enhancement of the toxicity
of a Pseudomonas exotoxin-epidermal growth factor conjugate.
J. Virol 1984, 5], 650—-655.

(18) Greber, U. F.; Willetts, M.; Webster, P.; Helenius, A. Stepwise
dismantling of adenovirus 2 during entry into cells. Cell 1993,
75, 477—486.

(19) Mizoguchi, H.; Hayakawa, T. Targeted adenovirus vectors. Hum.
Gene Ther. 2004, 15, 1034—1044.

(20) Xu, Z.-L.; Mizuguchi, H.; Sakurai, F.; Koizumi, N.; Hososno,
T.; Kawabata, K.; Watanabe, Y.; Yamaguchi, T.; Hayakawa, T.
Approaches to improving the kinetics of adenovirus-delivered
genes and gene products. Adv. Drug Delivery Rev. 2005, 57, 781—
802.
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reported, on the basis of the use of mutant fiber proteins
containing either an RGD peptide (AdRGD vector)?! 2 or
a stretch of lysine residues (K7 (KKKKKKK) peptide]
(AdK7 vector),2' 2 which target av integrins or heparin
sulfates on the cell surface, respectively (Figure 2). Altered
vector tropism was reported with the substitution of the AdS
fiber protein with that of Ad belonging to subgroup B, such
as Ad types 3, 11, and 35.773! These fiber-modified Ad
vectors infect cells via CD46, CD80, and CD86, which have
recently been identified as the cellular receptors of Ad
belonging to subgroup B (Figure 2).3273 Mercier et al.

(21) Wickham, T. J.; Tzeng, E.; Shears, L. L., II; Roelvink, P. W_; L,
Y.; Lee, G. M.; Brough, D. E.; Lizonova, A.; Kovesdi, I. Increased
in vitro and in vivo gene transfer by adenovirus vectors containing
chimeric fiber proteins. J. Virol 1997, 71, 8221-8225.

(22) Dmitriev, I.; Krasnykh, V_; Miller, C. R.; Wang, M.; Kashentseva,
E.; Mikheeva, G.; Belousova, N.; Curiel, D. T. An adenovirus
vector with genetically modified fibers demonstrates expanded
tropism via utilization of a coxsackievirus and adenovirus receptor-
independent cell entry mechanism. J. Virol. 1998, 72, 9706—9713.

(23) Krasnykh, V.; Dmitriev, I.; Mikheeva, G.; Miller, C. R.; Be-
lousova, N.; Curiel, D. T. Characterization of an adenovirus vector
containing a heterologous peptide epitope in the HI loop of the
fiber knob. J. Virol. 1998, 72, 1844—1852.

(24) Mizuguchi, H.; Koizumi, N.; Hosono, T.; Utoguchi, N.; Watanabe,
Y.; Hayakawa, T. A simplified system for constructing recom-
binant adenoviral vectors containing heterologous peptides in the
HI loop of their fiber knob. Gene Ther. 2001, 8, 730—735.

(25) Koizumi, N.; Mizuguchi, H.; Utoguchi, N.; Watanabe, Y;
Hayakawa, T. Generation of fiber-modified adenovirus vector
containing heterologous peptides in both the HI loop and C
terminal of the fiber knob. J. Gene Med. 2003, 5, 267—276.

(26) Hidaka, C.; Milano, E.; Leopold, P. L.; Bergelson, J. M.; Hackett,
N. R.; Finberg, R. W.; Wickham, T. J.; Kovesdi, I.; Roelvink, P.;
Crystal, R. G. CAR-dependent and CAR-independent pathways
of adenovirus vector-mediated gene transfer and expression in
human fibroblasts. J. Clin. Invest. 1999, 103, 579—587.

(27) Gall, J.; Kass-Eisler, A.; Leinwand, L.; Faick-Pedersen, E.
Adenovirus type 5 and 7 capsid chimera: Fiber replacement alters
receptor ropism without affecting primary immune neutralization
epitopes. J. Virol. 1996, 70, 2116—2123.

(28) Stevenson, S. C.; Rellence, M.; Marshall-Neff, ].; McClelland,
A. Selective targeting of human cells by a chimeric adenovirus
vector containing a modified fiber protein. J. Virol. 1997, 71,
4782-4790.

(29) Chillon, M.; Bosch, A.; Zabner, J.; Law, L.; Armentano, D;
Welsh, M. J.; Davidson, B. L. Group D adenoviruses infect
primary central nervous system cells more efficiently than those
from group C. J. Virol. 1999, 73, 2537—2540.

(30) Shayakhmetov, D. M.; Papayannopoulou, T.; Stamatoyannopoulos,
G.; Lieber, A. Efficient gene transfer into human CD34(+) cells
by a retargeted adenovirus vector. J. Virol 2000, 74, 2567—2583.

(31) Mizuguchi, H.; Hayakawa, T. Adenovirus vectors containing
chimeric type 5 and type 35 fiber proteins exhibit altered and
expanded tropism and increase the size limit of foreign genes.
Gene 2002, 285, 69—77.

(32) Segerman, A.; Atkinson, J. P.; Mamtila, M.; Dennerquist, V_;
Wadell, G.; Armberg, N. Adenovirus type 11 uses CD46 as a
cellular receptor. J. Virol. 2003, 77, 9183—9191.

(33) Gaggar, A ; Shayakhmetov, D. M Lieber, A, CD46 is a cellular
receptor for group B adencviruses. Nai. Med. 2003, 9, 1408—
1412
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described the creation of a chimeric Ad vector encoding the
reovirus attachment protein g1, which targets cells expressing
junctional adhesion molecule 1,37

Several groups have developed an Ad vector from the
entire Ad type 35 (Ad35) or Ad type 11 (Adl1) and have
demonstrated that the Ad35 and Ad11 vectors exhibit higher -
transduction efficiencies into hematopoietic progenitor and
dendritic cells compared with the conventional AdS vector
(Figure 2).*8%3 As other approaches to changing the vector
tropism, modification of the Ad vector with the antibodies,
the fusion protein composed of CAR and the cell binding
domain, cationic lipid, or macromolecules has been re-
ported.'*? Here, we highlight the genetic manipulations of
stem cells by the Ad vector and fiber-modified Ad vector
for basic research and therapeutic usage. Recent advances
in Ad vector-mediated gene transfer into stem cells, such as
embryonic stem (ES) cells, mesenchymal stem cells (MSCs),
and hematopoietic stem cells (HSCs), will be discussed.

Gene Transfer into Stem Cells

Stem cells are defined as cells which possess the abilities
of self-renewal and multilineage differentiation. Stem cells
have been isolated from a wide variety of tissues, and in
general, their differentiation potential may reflect the local
environment. They lack ussue-specific characteristics but
under the influence of appropriate signals can differentiate
into specialized cells with a phenotype distinct from that of
their precursor. Gene therapy applications that target stem

(34) Shor, J. 1.; Pereboev, A. V.; Kawakami, Y.; Vasu, C.; Holterman,
M. 1.; Curiel, D. T. Adencvirus serotype 3 utilizes CD80 (B7.1)
and CDB6 (B7.2) as cellular attachment receptors. Virology 2004,
322, 349356,

(35) Sirena, D.; Lilienfeld, B.: Eisenhut, M.; Kalin, S.; Boucke, K.;
Beerli, R. R.; Vogt, L.; Ruedl, C.; Bachmann, M. F.;, Greber, U.
F.; Hemmi, S. The human membrane cofactor CD46 1s a receptor
for species B adenovirus serotype 3. J. Virol 2004, 78, 4454—
4462.

(36) Wu, E.; Trauger, S. A_; Pache, L.; Mullen, T. M.; von Seggern,
D. 1.; Siuzdak, G.; Nemerow, G. R. Membrane cofactor protein
is a receptor for adenoviruses associated with epidemic kerato-
conjunctivitis. J. Virol. 2004, 78, 3897—3905.

(37) Mercier, G. T.; Campbell, J. A.; Chappell, J. D.; Stehie, T;
Dermody, T. S.; Barry, M. A. A chimeric adenovirus vector
encoding reovirus attachment protein o1 targets cells expressing
junctional adhesion molecule 1. Proc. Natl. Acad. Sci. U.S.A. 2004,
10], 6188—6193.

(38) Gao, W.; Robbins, P. D.; Gambotto, A. Human adenovirus type
35: Nucleotide sequence and vector development. Gene Ther.
2003, 0, 1941—1949.

(39) Sakurai, F_; Mizuguchi, H.; Hayakawa, T. Efficient gene transfer
into human CD34+ cells by an adenovirus type 35 vector. Gene
Ther. 2003, 70, 1041—1048.

(40) Sakurai, F.; Mizuguchi, H.; Yamaguchi, T.;, Hayakawa, T.
Characterization of in vitro and in vivo gene transfer properties
of adenovirus serotype 35 vector. Mol. Ther. 2003, 8, 813—821.

(41) Seshidhar Reddy, P.; Ganesh, S.; Limbach, M. P.; Brann, T;
Pinkstaff, A.; Kaloss, M.; Kaleko, M.; Connely, S. Development
of adenovirus serorype 35 as a gene transfer vecior. Virology 2003,
311, 384393



Stem Cell Gene Transfer by Adenovirus Vectors

reviews

cells offer great potential for the treatment of many kinds of
diseases. Despite this promise, clinical success has been
limited by poor rates of gene transfer and poor levels of gene
expression. Therefore, an efficient gene delivery system
needs to be developed for stem cell gene therapy.

Gene Transfer into Embryonic Stem Cells. ES cells are
pluripotent cell lines derived from the inner cell mass of the
developing blastocyst.**~* With the establishment of human
ES (hES) cells, they have been used as a renewable source
of transplantable tissue-specific stem cells.*~* ES cells
differentiate spontaneously in vitro in a random manner into
a mixture of differentiated cells. The protocols for the
differentiation of ES cells enriched for a specific lineage have
been developed in both the mouse ES (mES)*®3! cell and
hES cell systems,3>%? although the differentiated cells are
still relatively heterogeneous. Therefore, further research is
needed to allow controlled directed differentiation of ES cells

(42) Vogels, R.; Zuijdgeest, D.; Van Rijnsoever, R.; Hartkoorn, E.;
Damen, I.; De Bethune, M. P.; Kostense, S.; Penders, G., Helmus,
N.; Koudstaal, W_; Cecchini, M.; Wetterwald, A.; Sprangers, M.;
Lemckert, A.; Ophorst, O.; Koel, B.; Van Meerendonk, M.; Quax,
P.; Panitu, L.; Grimbergen, ].; Bout, A.; Goudsmit, J.; Havenga,
M. Replication-deficient human adenovirus type 35 vectors for
gene transfer and vaccination: Efficient human cell infection and
bypass of preexisting adenovirus immunity. J. Virol 2003, 77,
8263-8271.

(43) Stone, D.; Ni, S.; Li, Z. Y.; Gaggar, A.; DiPaolo, N.; Feng, Q.;
Sandig, V.; Lieber, A. Development and assessment of human
adenovirus type 11 as a gene transfer vector. J. Virol. 2005, 79,
5090-5104.

(44) Evans, M. l.; Kaufman, M. H. Establishment in culture of
pluripotential cells from mouse embryos. Namure 1981, 292, 154—
156.

(45) Martin, G. R. Isolation of a pluripotent cell line from early mouse
embryos cultured in medium conditioned by teratocarcinoma stem
cells. Proc. Natl. Acad. Sci. U.5.A. 1981, 78, 7634—7638.

(46) Brook, F. A.; Gardner, R. L. The origin and efficient derivation
of embryonic stem cells in the mouse. Proc. Natl. Acad. Sci. US.A.
1997, 94, 5709—5712.

(47) Thomson, J. A.; Itskovitz-Eldor, J.; Shapiro, S. S.; Waknitz, M.
A.; Swiergiel, ]. J.; Marshall, V. S.; Jones, J. M. Embryonic stem
cell lines derived from human blastocysts. Science 1998, 282,
1145-1147.

(48) Zhang, S. C.; Wernig, M.; Duncan, 1. D.; Brustle, O.; Thomson,
J. A. In vitro differentiation of transplantable neural precursors
from human embryonic stem cells. Nar. Biotechnol. 2001, 19,
1129-1133.

(49) Assady, S.; Maor, G.; Amit, M.; Iiskovitz-Eldor, J.; Skorecki, K.
L.; Tzukerman, M. Insulin production by human embryonic stem
cells. Diabetes 2001, 50, 1691 —1697.

(50) Lee, S. H.; Lumelsky, N.; Studer, L.; Auerbach, J. M.; McKay,
R. D. Efficient generation of midbrain and hindbrain neurons from
mouse embryonic stem cells. Nar. Biotechnol. 2000, 18, 675—
679.

(51) Lumelsky, N.; Blondel, O.; Laeng, P.; Velasco, L; Ravin, R.;
McKay, R. D. Differentiation of embryonic stem cells to insulin-
secreting structures similar to pancreatic islets. Science 2001, 292,
1389-1394.

(52) Reubinoff, B. E.; Itsykson, P.; Turetsky, T.; Pera, M. F,; Reinhartz,
E.; Iizik, A.; Ben-Hur, T. Neural progenitors from human
embryonic stem cells. Nat. Biptechnol. 2001, 19, 1134—1140,

into pure cultures of commitied cells. One of the most
powerful techniques for controlled differentiation is genetic
manipulation. Electroporation methods,> retroviral vec-
tors,3336 lentiviral vectors,”’ =3 and a supertransfection
method based on a replication system using the polyoma
replication origin and large T antigen® have been used for
exogenous gene expression in ES cells, although lentiviral
vectors have been shown to be ineffective at expressing
exogenous genes in mES cells, but not in hES cells.?”** In
plasmid-based systems such as eletroporation and super-
ransfection methods, stable cell lines are generated by
selection using a drug resistance gene. All these methods
mediate long-term constitutive gene expression, although a
long-term gene expression system such as that as described
above may be problematic for use in therapeutic applications,
because the gene is continuously expressed even after cell
differentiation. There is thus a need for efficient vector
systems for transient expression.

The Ad vector has been thought to be inappropriate for
gene transfer into ES cells.%' It has been reported that the
retrovirus vector preferentially transduced ES cells, while
the Ad vector containing the cytomegalovirus (CMV)
promoter preferentially transduced embryonic fibroblasts as
feeders in the ES culture.5' However, it was found that the

(53) Zhang, S.C.; Wernig, M.; Duncan, I. D.; Brustle, O.: Thompson,
J. A. In vitro differentiation of transplantable neural precursors
from human embryonic stem cells. Nar. Biotechnol. 2001, 19,
1129-1133.

(54) Tompers, D. M.; Labosky, P. A. Electroporation of murine
embryonic stem cells: A step-by-step guide. Stem Cells 2004,
22, 243-249.

(55) Grez, M.; Akgiin, E.; Hilberg, F.; Ostertag, W. Embryonic stem
cell virus, a recombinant murine-retrovirus with expression in
embryonic stem cells. Proc. Natl. Acad. Sci. U.S.A. 1990, 87,
9202—-9206.

(56) Cherry, S. R.; Biniszkiewicz, D.; van Parijs, L.; Baltimore, D.;
Jaenisch, R. Retroviral expression in embryonic, stem cells and
hematopoietic stem cells. Mol. Cell. Biol. 2000, 20, 7419—7426.

(57) Asano, T.; Hanazono, Y.; Ueda, Y.; Muramatsu, S.; Kume, A.;
Suemori, H.; Suzuki, Y.; Kondo, Y.; Harii, K.; Hasegawa, M.;
Nakatsuji, N.; Ozawa, K. Highly efficient gene transfer into
primate embryonic stem cells with a simian lentivirus vector. Mol.
Ther. 2002, 6, 162—168.

(58) Gropp, M.; Itsykson, P.; Singer, O.; Ben-Hur, T.; Reinhartz, E.;
Galun, E.; Reubinoff, B. E. Stable genetic modification of human
embryonic stem cells by lentiviral vectors. Mol. Ther. 2003, 7,
281-287.

(59) Kosaka, Y., Kobayashi, N.; Fukazawa, T.; Totsugawa, T.;
Maruyama, M.; Yong, C.; Arata, T.; Ikeda, H.; Kobayashi, K.;
Ueda, T.; Kurabayashi, Y.; Tanaka, N. Lentivirus-based gene
delivery in mouse embryonic stem cells. Arrif. Organs 2004, 28,
271-277.

(60) Niwa, H.; Masui, S.; Chambers, 1; Smith, A. G.; Miyazaki, J.
Phenotypic complementation establishes requirements for specific
POU domain and generic transactivation function of Oct-3/4 in
embryonic stem cells. Mol. Cell. Biol. 2002, 22, 1526—1536.

(61) Psarras, S.; Karagianni, N.; Kellendonk, C.; Tronche, F.; Cosset,
F.L.; Stocking, C.; Schirrmacher, V.; von Boehmer, H.; Khazaie,
K. Gene transfer and genetic modification of embryonic stem cells
by Cre- and Cre-PR-expressing MESV-based retroviral vectors.
J. Gene Med. 2004, 6, 32—42.
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Figure 3. Improved transduction efficiency in the stem cells by the optimized Ad vectors. (A) mES cells were transduced with
the LacZ-expressing conventional Ad5 vector containing the CMV promoter (top) or EF-1a promoter (bottom). (B) hMSCs were
transduced with the LacZ-expressing Ad5 vector (top) or AJK7 vector (bottom). Both vectors have the CA promoter. (C) Human
CD34+ cells were transduced with the GFP-expressing Ad5 vector (top) or Ad35 vector (bottom). Both vectors have the CMV

promoter. MFI is the mean fluorescence intensity.

choice of a promoter is important for the efficient expression
of exogenous genes in mES cells (Figure 3A). In the transient
expression system using a cationic liposome—plasmid com-
plex, the EF-1a (elongation factor 1a) and CA promoter
(B-actin promoter/CMV enhancer) were shown to be highly
active in mES cells while the CMV promoter was inactive.%
More recently, we reported that the Ad vector containing
the EF-la or CA promoter has mediated the efficient
expression of the reporter gene in mES cells, whereas the
Ad vector containing the Rous sarcoma virus (RSV) or the
CMV promoter has exhibited little expression.®® Because
CAR was highly expressed in mES cells but not in feeder
cells,5 the Ad vector could be a powerful tool for the genetic
manipulation of mES cells when an appropriate promoter is
used. To date, although we have no idea about the expression
of CAR in hES cells, the Ad vector was reported to mediate
the reporter gene expression in both mES cells and hES
cells,® suggesting that hES cells may also express CAR on
their cell surfaces.

As a result of the comparative analysis of mES cells
ransduced with various types of fiber-modified Ad vectors,
the conventional Ad vector exhibited highly efficient and
specific ransduction, whereas the AARGD and AdK7 vectors
wransduced mES cells and feeder cells (embryonic fibroblasts)
to the same degree.®® Therefore, the conventional Ad vector
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ransgene expression in mouse embryonic stem cell lines. Szem
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ated viral vectors. Cloning Stem Cells 2003, 5, 51—62.

100 MOLECULAR PHARMACEUTICS VOL. 3, NO. 2

containing the EF-1a or CA promoter should be appropriate
when only ES cells are transduced. In turn, the AJRGD or
AdK7 vector is adequate when both ES cells and feeder cells
are transduced.

The conventional Ad vector containing the EF-1a pro-
moter was applied for the transduction of functional genes.
It is well-known that the activation of signal ransducer and

" activator of transcription 3 (STAT3) is essential for leukemia

inhibitory factor (LIF)-mediated mES cell self-renewal, and
the inhibition of LIF/STAT3 signaling leads to either
apoptosis or differentiation.® It is also known that transcrip-
tion factor Nanog maintains the pluripotency of mES cells
in a manner that is independent of LIF/STAT3 signaling.56-¢
Ad vector-mediated STAT3F (STAT3 dominant-negative
mutant) transduction strongly promoted mES cells to cell
differentiation into three germ layers without any nonspecific
toxicity.®* The co-infection of the STAT3F-expressing Ad
vector and the Nanog-expressing Ad vector showed that the
differentiation suppressing ability of Nanog negated the
differentiation promoting function of STAT3F and that mES
cells maintained their undifferentiated state.®> Thus, the
differentiation of ES cells could be controlled by the
ransduction of differentiation-key regulator genes with the
Ad vector. ES cells might differentiate into hematopoietic
progenitor, pancreatic 3 cells, or neurons by the Ad vector-
mediated introduction of HoxB4,%¢ Pax4 70 or nuclear
receptor-related 1,”* respectively.

Gene Transfer into Mesenchymal Stem Cells. MSCs,
which reside within the stromal compartment of bone
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marrow, were first identified as bone-forming progenitor cells
from rat marrow.”> MSCs represent a very small fraction,
0.001-0.01% of the total population of nucleated cells in
marrow.” They have the capacity to differentiate into cells
of connective tissue lineages, including bone, fat, cartilage,
and muscle. Recently, it has been reported that MSCs can
differentiate into other lineages, such as neurons,’ hepato-
cytes,” and insulin-producing cells.” Therefore, MSCs have
atrracted a great deal of interest because of their potential
use in regenerative medicine and tissue engineering. To date,
MSCs could be differentiated in vitro into proper lineages
via a change in the culture conditions.” Another method for
the in vitro differentiation is to genetically modify MSCs.787
Although exogenous gene transfer into human MSCs (hM-
SCs) has been reported by using a conventional Ad vector,
its ransduction efficiency is quite low due to the scarcity of
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CAR B8 Therefore, hMSCs have been transduced with high
titers (more than 1000 infectious units/cell) of Ad vectors.®#!
Fiber-modified Ad vectors have been applied for hAMSCs to
improve the transduction efficiency.”#2% hMSCs infected
with the AdRGD vector containing the BMP2 gene produced
larger amounts of BMP2 than cells infected with the
conventional Ad vector and efficiently differentiated into the
osteogenic lineage.*>#3 Highly efficient transduction of
hMSCs was achieved with tropism-modified AdS vectors
carrying fiber shaft domains and knobs of different serotypes
of Ad, such as Ad16, Ad35, or Ad50.* In a systematic
comparison with various types of fiber-modified Ad vectors,
the AdK7 vector is the most efficient for hMSCs and
exhibited a 460-fold higher transduction efficiency than the
conventional Ad vector.” The AdRGD vector or the Ad
vector containing the Ad35 fiber (AdF35) exhibits a 16 or
130 times higher transduction efficiency, respectively, than
the conventional Ad vector.” hMSCs are found to express
CD46, which is the primary receptor for Ad35, but not
CAR.” In conclusion, the AdK7 or AdF35 vector is the most
appropriate for the transduction of hMSCs (Figure 3B).
Gene Transfer into Hematopoietic Stem Cells. Hemato-
poietic stem cells (HSCs) are capable of self-renewal and
multilineage differentiation into all mature blood cells.®
HSCs comprise only 0.01% of the whole bone marrow, the
tissue in which they primarily reside.® Efficient fransduction
into HSCs would afford the opportunity to treat a number
of hematopoietic disorders and would be a powerful tool for
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the study of the proliferation, differentiation, and trafficking
of HSCs. Although the retroviral and lentiviral transduction
of HSCs to achieve stable gene expression has been
established,¥#® stable expression is not always desirable. For
example, stable expression of MDR1 gene results in HSC
expansion but can cause leukemia upon transplantation to
recipient mice.® As the Ad vector mediates the exogenous
gene expression transiently, this vehicle can be safe for gene
therapy. However, the application of conventional Ad vectors
for the transduction into human CD34+ cells, which contain
a population of HSCs, has been limited because CAR is not
expressed at sufficient levels in human CD34+ cells.*?! It
has been shown that Ad serotype 35 (Ad35), which belongs
to subgroup B, is efficient at binding to human CD34+ cells
and hematopoietic cell lines.®**? We showed that the Ad35
vector, which is composed from the whole Ad35, achieved
higher levels of transduction efficiency in human bone
marrow CD34+ cells than both conventional AdS vectors
and AdF35 yectors.>®% The expression level of reporter genes
in the CD34+ cells transduced with the Ad35 vector was
12—76 and 1.4—3 times higher than that in the cells
transduced with the Ad5 and AdF35 vectors, respectively.®
The transduction efficiency of the Ad35 vector was slightly
higher than that of the -AdF35 vector, although the reason
remains unknown. CD46 is ubiguitously expressed in almost
all human cells, including human cord blood CD34+ cells.
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Therefore, human CD34+ cells would be considered to be
a suitable target for the Ad35 vector (Figure 3C). As a result
of the systematic comparison of promoters with Ad35
vectors, significantdy higher transduction efficiencies were
achieved with the EF-1a, CA, and CMV promoter/enhancer
with the largest intron of CMV (intron A) (CMV1) promoters.
In particular, the CA promoter was found to allow for the
highest transduction efficiencies in both the whole human
CD34+ cells and the immature subsets.”® In mice, a
population of mouse bone marrow highly enriched for HSC,
called side population (SP) cells, has been reported to be
transduced with the conventional Ad5 vector.” This suggests
that pure mouse HSCs might express CAR on the cell
surface. Further studies are needed to clarify this. The Ad
vector-mediated transduction of hematopoietic regulator
genes, such as HoxB4,%¢ Bmi-1,% or SCL/Tal-1,” into
HSCs may be effective for therapeutic use such as HSC
expansion, although the Ad vector expressing HoxB4 was
unsuccessful because of unexpected HSC differentiation due
to its high transduction efficiency.?®

Conclusions

We have reviewed recent advances in the development of
improved Ad vectors for stem cells. Ad vectors have
advantages over other viral vectors: the high transduction
efficiency, the ease of vector preparation, and the transient
expression ability. By the Ad vector-mediated introduction
of a differentiation master regulator gene, we could control
the differentiation of stem cells. These technical advances
should greatly facilitate the analysis of gene function in the
stem cells as well as the therapeutic applications of gene-
modified stem cells.
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