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Targeting adenovirus encoding therapeutic genes to specific cell types has become a major goal
in gene therapy. Coxsackievirus and adenovirus receptor (CAR) and �V integrins have been
identified as the primary cell surface components that interact with adenovirus type 5 (Ad5)-
based vectors during in vitro transduction. Redirecting Ad5-based vectors requires abrogation of
the natural interaction between the viral capsid and its cellular receptors and simultaneous
introduction of a new binding specificity into the viral capsid. To abrogate native Ad5 tropism,
fiber knob mutations Pro409Glu and Lys417Ala were each incorporated into adenoviral vectors,
while the RGD motif was deleted from the penton base. In vitro transduction experiments showed
that these capsid mutations eliminated Ad5 interactions with CAR and �V integrins. Moreover,
incorporation in the fiber HI loop of a vitronectin-derived ligand (VN4) specific for the uPAR/
CD87 receptor provided the Lys417Ala virus with an alternative entry pathway specific for
uPAR-expressing cells, indicating a successful in vitro retargeting of the vector. Unexpectedly,
however, simultaneous disruption of Ad5 binding to CAR and �V integrins had no effect on liver
gene transfer following systemic administration in mice. This study highlights the need to
understand better the molecular determinants involved in adenovirus uptake by the liver to
control the fate of adenoviral vectors in vivo.
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INTRODUCTION

Controlling adenovirus (Ad) tropism has become a major
challenge to enhance the therapeutic potential of ad-
enovectors, particularly in cancer gene therapy. Indeed,
intravascular application of antitumor vectors is a prereq-
uisite to reach all metastases and a maximum of tumor
cells within tumors. To this end, Ad vector tropism should
be restricted specifically to proliferating/migrating cells
from the tumor and/or tumor endothelium, thereby re-
ducing the undesired interactions between virus and non-
target tissues and minimizing possible toxicities and host
immune responses [1]. The urokinase-type plasminogen
activator receptor (uPAR/CD87) is an attractive candidate
as target receptor to mediate gene delivery to these cells.
uPAR is a multifunctional cell surface receptor that is
critically involved in cellular adhesion, migration and
invasion, and signaling [for review, see 2]. The expression

level of uPAR on cells strongly correlates with their mi-
gratory and invasive potential. Upregulation of uPAR con-
stitutes a poor prognosis marker for a variety of metastatic
cancers, including breast, prostate, and colon carcinomas
[3]. uPAR expression has also been identified in the an-
giogenic vasculature of solid tumors, such as colon and
breast carcinomas [4,5].

Adenovirus type 5 (Ad5) attachment to the cell surface
is mediated through a high-affinity interaction between
the C-terminal knob of the viral fiber protein and the
cellular CAR protein (coxsackievirus and adenovirus re-
ceptor) [6,7]. In a second step, an interaction between the
RGD motif of the viral penton base protein with cellular
�V integrins facilitates internalization of the virus [8–10].
A direct correlation between CAR expression level and
efficiency of adenovirus-mediated gene transfer has been
reported in a large number of cell types in vitro [11–14]. In
particular, the poor susceptibility of many primary tu-
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mors [15,16] to adenovectors is essentially due to low CAR
expression. The interaction of fiber knob with CAR has
been well characterized. The crystal structure of the Ad12
knob in complex with the N-terminal portion of CAR
demonstrated that part of the AB, DE, and FG loops as
well as the very short F strand of fiber knob are key players
in the binding with CAR [17]. Consistently, it was shown
that mutagenesis of various residues in these target re-
gions of Ad5 fiber eliminated high-affinity binding to
human CAR, eventually resulting in a dramatic decrease
in CAR-positive cell transduction in vitro [18–27].

The contribution of CAR to in vivo gene transfer re-
mains, however, unclear. Although high levels of CAR
expression are observed in several mice organs, liver is by
far the major tissue transduced following Ad5 intravenous
administration [28,29]. Until recently, it was accepted
that CAR interaction was the major determinant of hepa-
tocyte transduction in vivo and that eliminating knob
binding to CAR would result in the loss of Ad5 hepatot-
ropism. Unexpectedly, fiber mutations that abolish inter-
action with CAR were reported to be not sufficient to
impair liver gene transfer following intravenous injection
in mice [21,24,25,27], showing that other pathways are
likely involved in the uptake of adenoviral vectors by
liver. In particular, Einfeld et al. have reported that the
disruption of both CAR and �V integrin interactions may
be critical for effectively reducing Ad5 native tropism [26].

In this study, we investigated the possibility of devel-
oping Ad5 vectors genetically engineered to specifically
target the uPAR/CD87. We combined capsid mutations
designed to ablate CAR and �V integrin binding, with the
insertion in the fiber knob of a vitronectin peptide dis-
playing high affinity for uPAR. This study reports the in
vitro and in vivo transduction properties of the capsid-
modified vectors.

RESULTS

Construction of Capsid-Modified Viruses
The crystal structure of the Ad12 fiber knob in complex
with domain I of CAR [17] has revealed the key residues
involved in the Ad12 knob–CAR interface, in particular
AB loop proline 418 and aspartate 415, leucine 426, and
lysine 429. Abrogating the interactions between CAR and
P418 or L426 resulted in the complete elimination of the
binding of the Ad12 knob to CAR [17]. Based on the
structural superimposition of the very similar Ad12 and
Ad5 knob, we hypothesized that the Ad5 residues P409
and K417 should play in the interaction between Ad5
knob and CAR the same critical role as Ad12 P418 and
L426, respectively. Accordingly, we constructed the two
fiber-mutated vectors Ad-P409E and Ad-K417A by incor-
porating the P409E and K417A mutations into the fiber
knob of the control Ad-CTL vector (Table 1). As a control,
we generated Ad-�TAYT, the fiber of which carries a de-
letion previously shown to diminish fiber-dependent ad-
enoviral gene transfer [18]. We further modified the viral
capsid of control Ad-CTL and mutant Ad-K417A by delet-
ing the RGD motif from their penton base (Table 1). To
retarget the vector to the uPAR receptor, we inserted the
12-amino-acid VN4 peptide into the HI fiber loop of con-
trol Ad-CTL and mutant Ad-K417A or Ad-K417A-PB� (Ta-
ble 1). All vectors express the nuclear �-galactosidase from
the human cytomegalovirus promoter/enhancer. All vi-
ruses were viable, and if suitable infection conditions were
provided (see Materials and Methods for details), expansion
of the vectors in production runs showed comparable yields
for the modified and control vectors (Table 1).

We analyzed viral purified preparations by Western
blotting using antibodies directed against the fiber or the
whole Ad5 capsid (not shown). This evidenced that the
protein profiles of all viruses were comparable to that of

TABLE 1: Description and physical characteristics of capsid-modified viruses

Virus Fiber mutationa Penton base mutation Targeting ligand VPb/ml

Ad-CTL — — — 6.77 � 1012

Ad-VN4 — — VN4 2.60 � 1012

Ad-PB� — �RGD — 2.20 � 1012

Ad-P409E P409E (AB loop) — — 1.24 � 1013

Ad-K417A K417A (AB loop) — — 8.32 � 1011

Ad-�TAYT �TAYT(489–492) — — 4.59 � 1012

Ad-K417A-VN4 K417A (AB loop) — VN4 1.36 � 1012

Ad-K417A-PB� K417A (AB loop) �RGD — 5.79 � 1012

Ad-K417A-VN4-PB� K417A (AB loop) �RGD VN4 1.79 � 1012

aAmino acid residues are numbered according to the system of Xia et al. [44].
bVP, viral particle titers as determined by HPLC [43].
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control vector Ad-CTL and that all viruses incorporated
the modified fiber proteins in stoichiometric amounts in
the viral capsid. Furthermore, the precursors of the viral
pVI, pVII, and pVIII proteins were not detected, indicat-
ing a normal proteolytic processing. That the HPLC pro-
files of modified capsids (not shown) were unchanged
compared to Ad-CTL suggests that fiber mutations did not
critically interfere with capsid assembly and maturation
steps necessary to allow subsequent effective entry into
cells. Finally, we confirmed by electron microscopy (not
shown) that viral particles of all mutant viruses were
similar in aspect to those of the control virus (no abnor-
mal aggregation or degradation).

In Vitro Characterization of the Mutant Viruses
We first investigated the impact of the fiber knob muta-
tions on the efficiency of gene transfer into the CAR- and
�V-integrin-positive 293 cells. �-Galactosidase activity fol-

lowing infection of these cells with Ad-P409E, Ad-K417A,
and Ad-�TAYT mutants was 20- to 100-fold lower than
with the control virus Ad-CTL (Fig. 1A and data not
shown). Moreover, infection was not inhibited by prein-
cubation with a saturating concentration of soluble knob
(Fig. 1A), suggesting that knob did not mediate viral at-
tachment to the cell and that the corresponding muta-
tions P409E, K417A, and �TAYT had a significant effect
on CAR binding. To study directly the interaction be-
tween the modified viruses and CAR, we immobilized
soluble CAR on nitrocellulose membranes and tested it for
its ability to bind to the different viruses (Fig. 1B). As
expected, the three fiber-mutated viruses were no longer
able to bind to soluble CAR.

To evaluate the influence of the RGD motif deletion
from Ad-CTL and Ad-K417A penton base on binding to
�V integrins, we infected the CAR-negative/�V integrin-

FIG. 1. In vitro CAR binding of fiber-modified
viruses. (A) Competition experiment with sol-
uble knob in 293 cells. Confluent monolayers
of 293 were preincubated in the absence or
presence of 10 �g/ml Ad5 knob protein for 30
min at room temperature. Each virus was then
added to the cells at an m.o.i. of 50 VP/cell and
incubated for 30 min at room temperature.
Cells were washed twice with PBS and incu-
bated for 24 h at 37°C in MEM–10% FBS.
�-Galactosidase activity was measured in a
chemiluminescence assay. (B) In vitro binding
of fiber-modified viruses to soluble CAR. Solu-
ble CAR was immobilized on nitrocellulose
membranes. Membranes were blocked in
PBS–5% nonfat milk and then incubated over-
night at 4°C with 109 or 1010 VP of virus.
Detection was performed as described under
Materials and Methods.
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positive L929 cells [30] using conditions allowing signif-
icant gene transfer with the control vector Ad-CTL (mul-
tiplicity of infection (m.o.i.) 10,000 viral particles (VP)/
cell and 48 h incubation of the virus onto cells). As
expected, both RGD-deleted viruses Ad-PB� and Ad-
K417A-PB� were unable to transduce L929 cells (Fig. 2). In
addition, Ad-P409E, Ad-K417A, and Ad-�TAYT were ca-
pable of transducing these CAR-negative cells as effi-
ciently as Ad-CTL, indicating that the P409E, K417A, and
�TAYT fiber mutations did not affect any characteristics
of the virion required to allow efficient intracellular traf-
ficking following internalization.

Incorporation of a Targeting Ligand
We next investigated the feasibility of retargeting the Ad5
virion to the uPAR. We had previously demonstrated that
the Ad-VN4 vector (Table 1), of which the HI loop of the
knob is substituted with VN4, a high-affinity ligand for
uPAR derived from human vitronectin, transduces uPAR-
positive cells in a CAR-independent manner (E. Vigne,
manuscript in preparation). Therefore, the VN4 peptide
was introduced into viruses Ad-K417A and Ad-K417A-PB�

to generate mutant viruses Ad-K417A-VN4 and Ad-
K417A-VN4-PB�. We first compared the transduction
properties of these viruses in the uPAR-positive 293 cells.
Fig. 3A shows that vectors Ad-VN4 and Ad-K417A-VN4,
which display the VN4 peptide in an otherwise wild-type
or K417A-mutated fiber knob, transduce these uPAR-pos-
itive cells with equally high efficiency. Furthermore,
while transduction with Ad-CTL was inhibited by addi-
tion of soluble knob, this had little to no effect on infec-
tion with both VN4-containing vectors, providing further
evidence that VN4 could mediate cell entry in a CAR-
independent way. In addition, we showed that Ad-K417A-

VN4 was unable to bind to immobilized soluble CAR (data
not shown), indicating that the VN4 insertion in Ad-
K417A did not restore binding to CAR by altering the
knob structure. Infection of uPAR-positive L929 cells con-
firmed that the VN4 insertion provides the Ad5 virion
with an efficient CAR-independent entry pathway. In ad-
dition, this demonstrated that the RGD deletion from the
Ad-K417A-VN4 capsid had a minor impact on cell trans-
duction (Fig. 3B). Altogether, these results demonstrated
that the inclusion of the VN4 peptide in the fiber knob of
a CAR- and integrin-binding ablated vector allows effi-
cient retargeting of the adenoviral vector to an alternative
cell-surface receptor.

In general, strong uPAR expression is observed in or-
gans undergoing extensive tissue remodeling and in mi-
grating cells. Accordingly, uPAR has been shown to be
absent from quiescent hepatocytes [28]. We evaluated the
permissivity of rat primary hepatocytes, known to be
CAR- and �V integrin-positive [31], to the VN4-displaying
viruses. As expected, the CAR-binding-ablated Ad-K417A
was ineffective in transducing these cells (Fig. 4) and
Ad-K417A-VN4 reporter gene expression was not different
from that of Ad-K417A. This result provided further evi-
dence that the VN4 inclusion did not restore binding to
CAR. Most importantly, this demonstrated that the VN4
insertion did not confer to the retargeted vectors an entry
pathway suitable for the uPAR-negative hepatocytes.

In Vivo Characterization of the Capsid-Modified
Viruses after Systemic Delivery
Intravenous administration of Ad5-based vectors in mice
results in preferential transgene expression in the liver,
which is the prominent organ for CAR expression. To
compare the liver tropism of our mutant viruses, we in-

FIG. 2. CAR-negative/�V integrin-positive cell trans-
duction with capsid-modified viruses. Modified and
control viruses were incubated with L929 cells at an
m.o.i. of 10,000 VP/cell for 48 h at 37°C before
�-galactosidase activity was measured in a chemilu-
minescence assay.
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jected C57BL/6 mice intravenously with 3 � 1010 VP of
viruses. We assessed the liver transduction efficiency by
determining �-galactosidase expression and vector DNA
content 2 days postinjection. Fig. 5 shows no significant
difference in �-galactosidase activity between the CAR-
binding-ablated Ad-K417A and Ad-P409E vectors and the
control Ad-CTL. We obtained similar results with Ad-
�TAYT (not shown), indicating that CAR-binding abla-
tion through P409E and K417A knob mutations or �TAYT
deletion did not modify Ad5 liver tropism. Most interest-
ingly, mutant Ad-K417A-PB�, whose interactions with
both CAR and �V integrins were abolished by simulta-
neous K417A knob mutation and deletion of the RGD
motif from the penton base, transduced liver as well as the

control vector Ad-CTL (Fig. 5). Importantly, the VN4 in-
sertion in the HI loop of Ad-CTL, Ad-K417A, or Ad-
K417A-PB� virus did not influence liver gene transfer ei-
ther (not shown). Using real-time PCR, we found a similar
number of relative vector copies for each vector in the
liver, thus confirming the gene expression results (Table 2
and data not shown). Immunohistochemical staining for
�-galactosidase confirmed the results of the enzymatic
activity assay and the PCR analysis (data not shown),
showing that all vectors transduced hepatocytes equally
well.

We analyzed additional tissues from these mice for
�-galactosidase expression to examine the vector distribu-
tion. The level of transduction detected with Ad-CTL in

FIG. 3. In vitro retargeting of Ad5 to uPAR-positive
cells. (A) Competition experiment with soluble
knob in 293 cells. Confluent monolayers of 293
cells (CAR�, �V integrin�, uPAR�) were preincu-
bated in the presence or absence of 10 �g/ml Ad5
knob protein for 30 min at room temperature.
Each virus was then added to the cells at an m.o.i.
of 50 VP/cell and incubated for 30 min at room
temperature. Cells were washed twice with PBS
and incubated for 24 h at 37°C in MEM–10% FBS.
�-Galactosidase activity was measured in a chemi-
luminescence assay. (B) Transduction efficiency of
capsid-modified viruses in L929 cells. Viruses were
incubated on L929 cells (CAR�, �V integrin�,
uPAR�) at an m.o.i. of 10,000 VP/cell for 24 h at
37°C before �-galactosidase activity was measured
in a chemiluminescence assay.
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spleen, lung, heart, and kidney was �0.2% of that found
in the liver and most often not significantly above the
background (Fig. 5). Consequently, we used real-time
Taqman PCR analysis to quantify the vector distribution
more accurately. Importantly, Taqman PCR allowed the
detection of significant amounts of vector DNA in all
organs. We found that CAR-binding ablation alone had
no significant effect on the level of vector genomes in any
of the tissues tested (Table 2). In contrast, Ad-K417A-PB�

levels were significantly reduced relative to Ad-K417A lev-
els in the heart (P � 0.03), lung (P � 0.01), and kidney (P
� 0.02). Taken together, these results indicate an absence
of effect on liver transduction of the fiber and penton base
modifications and an alteration of the distribution to
other organs following the concomitant loss of CAR and
integrin binding.

DISCUSSION

In this study, we endeavored to retarget Ad5-based vectors
by simultaneous removal of CAR and �V integrin binding

and appending a new entry pathway. Structural analysis
[17] has initially revealed that human CAR binds the
Ad12 fiber knob at the interface between two adjacent
knob monomers, specifically the AB loop, the DE loop,
and the F strand of one monomer and the FG loop of the
adjacent monomer. Surface plasmon resonance and com-
petition experiments based on mutants of the Ad5 fiber
knob domain further confirmed that the CAR-binding site
of the Ad5 fiber knob consists of part of the AB and DG
loops and of the B, E, and F � strands [18,19,32]. To ablate
Ad5 binding to CAR and/or �V integrins, we generated
vectors whose fiber knob residue P409 or K417 was mu-
tated and/or whose penton base was deleted from its RGD
motif (Table 1). Using optimized conditions, all viruses
could be grown in a standard E1-transcomplementing cell
line without complementing for the fiber or providing an
alternative binding between the virus and the packaging
cells. A systematic control evidenced that the quality of
the purified viral batches was the same for all viruses, so
that the differences of transduction features could not be
ascribed to a variable quality of preparations.

FIG. 4. Transduction efficiency of capsid-modified viruses in rat
primary hepatocytes. Rat primary hepatocytes were incubated
with the control or capsid-modified viruses or medium alone
(NI) at an m.o.i. of 100 VP/cell for 30 min at 37°C. Cells were
washed twice with PBS and further incubated with fresh me-
dium at 37°C for 24 h. �-Galactosidase activity was measured
using a chemiluminescence reporter assay.

FIG. 5. In vivo characterization of
capsid-modified viruses after sys-
temic delivery. C57BL/6 mice
were injected with buffer (NI) or
3 � 1010 VP of control or modi-
fied viruses. Animals were sacri-
ficed at day 2 following injection.
Liver, heart, lung, kidney, and
spleen were collected 48 h
postinjection. The average �-ga-
lactosidase activity level normal-
ized to the protein content of the
samples 	 SEM is shown for
each treatment group (n 
 10
per group).
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The in vitro characterization of the mutant viruses re-
vealed the dramatic impact of the AB loop mutations
P409E and K417A on CAR binding and subsequent gene
transfer efficiency. Indeed, viruses Ad-P409E and Ad-
K417A exhibited a significant reduction in the transduc-
tion efficiency for CAR-positive cells such as 293 cells (Fig.
1A) or primary rat hepatocytes (Fig. 4). The low-level
transduction observed was not inhibited by recombinant
Ad5 knob in 293 cells (Fig. 1A), providing further evi-
dence that these viruses have no residual CAR-binding
activity. This was also evidenced by the absence of detect-
able binding of these viruses to immobilized soluble CAR
(Fig. 1B). The effect of P409E and K417A knob mutations
is in agreement with previous reports showing that bind-
ing to soluble CAR of recombinant Ad5 knob displaying
P409A or K417G mutations is abrogated [18] and that the
Ad5 knob P409 is a contact residue with CAR [32]. To
disable the Ad5 cell entry pathway further, the K417A
fiber mutation was combined with the deletion of the
RGD penton base motif, thereby preventing the virus
from interacting with cellular �V integrins. The impact of
the RGD deletion from wild-type or K417A capsids was
dramatic in the CAR-negative/�V integrin-positive L929
cells, in which gene transfer with both the RGD-deleted
Ad-PB� and the doubly ablated Ad-K417A-PB� vectors was
virtually abolished (Fig. 2). Importantly, the three CAR-
binding-ablated Ad-P409E, Ad-K417A, and Ad-�TAYT
vectors transduced these cells as efficiently as the control
vector, indicating that P409A, K417A, and �TAYT fiber
mutations had no impact on any intracellular trafficking
steps following virion internalization.

The development of retargeted vectors relies on the
identification and validation of targeting ligands. In an-
other study (E. Vigne, manuscript in preparation), we
have shown that VN4, a 12-amino-acid peptide of the
human vitronectin displaying a strong affinity for the
uPAR [33], can provide Ad5-based vectors with an alter-
native entry pathway when incorporated within the knob

HI loop. uPAR is an attractive target for mediating binding
of engineered adenoviral vectors. Indeed, it is known to
be critically involved in cellular adhesion, migration, and
invasion and has been widely reported to be overex-
pressed in migrating cells such as vascular smooth muscle
cells, tumor cells (from both primary bed and metastases),
and activated endothelium [2]. Here, we showed that the
VN4 peptide could provide to the Ad-K417A and Ad-
K417A-PB� vectors a very efficient CAR-independent en-
try pathway in uPAR-positive cell lines (Fig. 3B). More-
over, we demonstrated that VN4 inclusion in the HI loop
did not alter the knob structure in such a way that it could
rescue the CAR-binding deficiency. Most importantly, we
showed that the VN4 peptide did not provide an entry
pathway suitable for hepatocyte infection (Fig. 4), setting
up the VN4-displaying CAR- and �V integrin-binding-
ablated vectors as good candidates for in vivo retargeting
to uPAR-positive tissues.

Several groups have identified fiber knob mutations
that successfully ablate the virus–CAR interaction in vitro.
Indeed, substitutions in the AB loop (S408E [21], S408E–
P409G [24], R412AEK4173 SGGG [26]) and in the DE loop
(Y477A [27]), and to a lesser extent in the CD loop
(V441A–K442A [20]), as well as mutations in the FG loop
(deletion of T489AYT492 [18], Y491D, A494D, or A503D
[21]), induce a dramatic reduction in transduction of var-
ious CAR-positive cell lines. However, the contribution of
CAR to in vivo gene transfer to the liver is much less clear.
All published studies except that of Einfeld et al. [26] have
shown that eliminating CAR binding through discrete
knob mutation does not alter in vivo distribution follow-
ing systemic delivery in the mice [21,24,25,27]. In the
present study, we also report no significant reduction in
liver transduction with the CAR-binding-ablated viruses
displaying mutations P409A, K417A, or �TAYT (Fig. 5 and
Table 2 and data not shown). That these CAR-binding-
ablated viruses were unable to transduce primary rat
hepatocytes in vitro (Fig. 4 and data not shown) provides
further evidence that in vivo hepatic gene transfer occurs
mainly in a CAR-independent manner. Einfeld et al. have
reported a dramatic drop in liver transduction with a virus
disabled in both CAR and �V integrin interactions [26]. In
contrast, we observed that the Ad-K417A-PB� vector,
which combines the K417A CAR-ablating mutation and
the deletion of the penton base RGD motif, transduces
liver cells as well as the control vector (Fig. 5 and Table 2),
demonstrating that the concomitant disruption of bind-
ing to CAR and �V integrin is not sufficient to abolish liver
tropism in vivo. In addition, we did not observe any effect
of the sole deletion of the RGD motif from penton base
(Ad-PB�) on liver gene transfer (data not shown). Most
importantly, that the VN4 insertion in the HI loop of our
capsid mutant vectors had no impact on gene transfer to
the liver provided evidence that this peptide does not
direct the vector to unexpected target in healthy animals.

In agreement with published data [21,24,26,27], the

TABLE 2: In vivo adenoviral vector biodistribution
as analyzed by Taqman PCRa

Tissue

Relative number of viral genome copies
(% of Ad-CTL value)b

Ad-CTL Ad-K417A Ad-K417A-PB�

Liver 100 	 13 74.1 	 23 89.1 	 23

Spleen 100 	 26 172.6 	 17 53.5 	 3.8

Lung 100 	 65 109.6 	 16 3.9 	 1.1*

Heart 100 	 23 254.4 	 148 7.2 	 4*

Kidney 100 	 26 157.3 	 36 11.4 	 7.2*
aResults were obtained as the number of copies per microgram of genomic DNA.
bResults are reported as percentage of the number of copies of Ad-CTL detected in each
tissue. The values are expressed as mean 	 SEM, n 
 5 mice per group.
*Significant difference with Ad-K417A (P � 0.03).
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study of the vector distribution in tissues other than the
liver revealed that the sole abolition of the CAR binding
does not result in any modification of the transduction of
the lung, heart, kidney, and spleen (Fig. 5 and Table 2). In
contrast, the additional deletion of the RGD motif from
the penton base caused a marked reduction in the level of
vector genomes detected in the lung, heart, and kidney.
These results corroborate those obtained by Einfeld et al.
[26] and demonstrate the strong influence of the penton
base interaction in most tissues apart from liver.

Two other groups [24,25] have reported liver transduc-
tion data inconsistent with those described by Einfeld et
al. [26]. Smith et al. were unable to reproduce the effect on
liver transduction of the R412AEK417 3 SGGG mutation
[24] and suggested that this discrepancy could be related
to polymorphism in the viral backbone or capsid. An-
other explanation for this observation could be that the
specific mutations of the fiber and penton base used by
Einfeld et al. may result in some unexpected and efficient
uptake by specialized cells (such as macrophages) or or-
gans in a CAR/integrin-independent manner, thus pre-
venting the vector from efficiently infecting hepatocytes.
Finally, as exemplified by Mizuguchi et al. with Ad vectors
containing an RGD peptide in fiber HI loop [25], the
systematic inclusion of the influenza HA epitope in the
vector capsids may retarget the vectors to untargeted cells
such as erythrocytes, thereby explaining the dramatic de-
crease in liver gene transfer.

Altogether, the evidence that the elimination of Ad5
binding to CAR alone, to �V integrins alone, or to both
targets does not reduce Ad5 liver tropism implies that
virus entry can occur in vivo independent of CAR and �V

integrins. Some studies using chimeric vectors provide
additional clues to understanding the Ad5 entry pathway
in the liver. The subgroup B Ad3 and Ad35 serotypes are
known to bind to a receptor distinct from CAR. Consis-
tently, it has been reported that chimeric viruses contain-
ing the Ad3 or Ad35 knob fused to an Ad3 shaft (6 repeats
long) or to an Ad5 shaft (22 repeats long) transduce cells
in vitro in a CAR-independent fashion [34–36]. Yet in vivo,
the long-shafted vector exhibits an intact hepatotropism,
confirming that liver gene transfer occurs in a CAR-inde-
pendent way [34–36]. In contrast, the short-shafted vec-
tors demonstrated a 10-fold reduction in liver gene trans-
fer. One explanation for the difference between liver
transduction with short- and long-shafted vectors is that a
short shaft may confer to the virion physical properties
unsuitable for accessing hepatocytes. Liver vessels exhibit
pores up to 100 nm in width, whereas the Ad5 virion has
a diameter of 80 nm without the fibers [37]. As they can
infect hepatocytes efficiently, Ad5-based vectors display-
ing long and flexible fibers should have a total diameter
inferior to the size of the pores. Shortening the fiber shaft
may result in relative shaft rigidity, providing the virion
with a total diameter larger than the pore size and thus
preventing it from escaping vasculature and accessing

hepatocytes. Alternatively, one possible role of the shaft
could be to bind to cellular receptors such as heparan
sulfate glycosaminoglycans, known to mediate Ad5 bind-
ing to primary mouse hepatocytes and other cells [24,38].
Accordingly, this hypothesis may account for the lack of
impact of CAR-binding-ablating knob mutations on liver
tropism of viruses displaying an intact Ad5 shaft and may
explain the discrepancy between hepatotropism of short-
and long-shafted vectors.

Overall, the results presented here combined with pre-
vious reports [21,24,25,27] highlight the gap between the
in vitro two-step entry pathway accepted for Ad5 and the
mechanisms by which Ad5-based vectors infect hepato-
cytes in vivo. The identification of all the parameters in-
volved in liver transduction should be essential for the
development of fully detargeted and ultimately retargeted
vectors. When such vectors are available, the VN4 peptide
may prove useful for subsequent systemic delivery to spe-
cific tissues.

MATERIALS AND METHODS
Cells. Cell culture media were from Gibco (Gibco, Invitrogen Corp., Cergy-
Pontoise, France) and fetal bovine serum (FBS) was from Hyclone (Logan,
UT, USA).

The 293 cell line (CRL1573, American Type Culture Collection, Rock-
ville, MD, USA) was grown in modified Eagle’s medium (MEM) supple-
mented with 10% FBS. The W162 cell line [39] and the 911 cells (kindly
provided by Dr. R. Hoeben, University of Leiden, The Netherlands) were
maintained in Dulbecco MEM (DMEM) supplemented with 10% FBS. Rat
primary hepatocytes were kindly provided by Dr. C. Gianini (Institut
Pasteur–Necker, Paris, France) [40]. L929 murine fibrosarcoma cells were
obtained from Dr. U. Greber (Institute of Molecular Biology, Zurich, Swit-
zerland) and maintained in DMEM supplemented with 10% FBS.

Adenoviral vector construction and production. Ad-CTL virus is derived
from Ad5 and deleted for both the E1 and the E3 regions [41]. All viruses
were constructed using homologous recombinational cloning in Esche-
richia coli and have a CMV/LacZ expression cassette in place of the E1
genes [41]. All fiber modifications were obtained using standard molecular
biology techniques. Plasmid adenoviral backbones pKM14, pKM16, and
AE77c display the P409E, K417A, and �TAYT knob mutations, respec-
tively. AE43c and pKM17 plasmid backbones were derived from control
AE18c and pKM16 by substitution of the G538TQETGDTTPS548 residues
from the HI fiber loop with the RGHSRGRNQNSR VN4 ligand flanked with
GSS linkers [33]. AE74c, pKM22, and pKM25 backbones were obtained
from AE18c, pKM16, and pKM17, respectively, by replacement of the
penton base H337AIRGDTFAT346 sequence with a threonine–serine motif.
All plasmids were checked by restriction analysis and DNA sequencing.
Following transfection of plasmid backbones in standard E1-transcomple-
menting cells (911 or 293 cells), the corresponding viruses were generated,
amplified, and purified from cell lysates by two successive CsCl ultracen-
trifugation steps [42] and titrated by HPLC [43]. Typically, high-titer pu-
rified preparations of Ad-VN4, Ad-PB�, Ad-K417A-VN4, and control Ad-
CTL were obtained using standard procedures (m.o.i. of 100 VP/cell and
harvest 3 days postinfection). In the cases of Ad-P409E, Ad-K417A, Ad-
K417A-PB�, and Ad-�TAYT viruses, infection was performed at an m.o.i. of
100 or 1000 VP/cell, and cells were harvested at complete cytopathic
effect, i.e., 3 to 5 days following infection. All subsequent experiments
were performed with at least two independent purified preparations of
each virus, so that results presented in this paper are representative.

In vitro transduction experiments. All the experiments were performed in
12-well dishes in duplicate. For 293 competition experiments, cell mono-
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layers were preincubated 30 min at room temperature with 10 �g/ml of
purified recombinant Ad5 knob (a kind gift from Dr. R. Gerard, University
of Michigan, Ann Arbor, MI, USA) or phosphate-buffered saline (PBS),
before addition of the virus at an m.o.i. of 50 VP/cell. Thirty minutes later,
cells were washed twice with PBS and further incubated 24 h at 37°C with
fresh medium. L929 cells and rat primary hepatocytes were infected at an
m.o.i. of 10,000 and 100 VP/cell, respectively. After 1 h or 30 min incu-
bation at 37°C, cells were washed twice with PBS and further incubated
with fresh medium 24 to 48 h at 37°C.

�-Galactosidase activity of the whole-cell extracts was quantified in a
chemiluminescence assay (Clontech, Palo Alto, CA, USA) according to the
supplier’s recommendations. Protein concentration was determined using
the Bio-Rad Protein Assay with bovine serum albumin as standard.

In vitro binding of modified viruses to soluble CAR. Soluble CAR (0.5 or
0.05 �g; a kind gift from Dr. D. Curiel, University of Alabama, Birming-
ham, AL, USA) was immobilized onto a nitrocellulose membrane. After
being blocked for 1 h in PBS–5% non-fat dry milk, membranes were
incubated with 109 or 1010 VP of virus in PBS–0.5% nonfat dry milk at 4°C
overnight. After two washes in PBS–0.5% nonfat dry milk–0.05% Igepal
CA-630 (Sigma, France), membranes were incubated with a 1/2000 dilu-
tion of the L5 antibody that recognizes the whole Ad5 virion, for 2 h at
room temperature. Membranes were washed twice and incubated with a
1/100,000 dilution of goat anti-rabbit secondary antibody conjugated to
horseradish peroxidase (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA). The blot was finally revealed using the ECL Western blot
detection kit (Amersham-France, France) according to the supplier’s rec-
ommendations.

In vivo experiments. Control or modified virus (3 � 1010 VP) was injected
in the retro-orbital plexus of 6- to 8-week-old female C57BL/6 mice (Jan-
vier, Le Genest-St-Isle, France). Animals were sacrificed 2 days following
injection and liver, heart, lung, kidney, and spleen were collected, frozen
in liquid nitrogen. and kept at �80°C until analysis. Fifty milligrams of
liver tissue were placed in lysing matrix tubes containing 1 ml of suitable
buffer and homogenized via the FastPrep System (Bio 101, Vista, CA, USA).
Resulting homogenates were clarified by centrifugation at 12,000 rpm for
10 min at 4°C. For protein extraction, the lysis buffer was 0.2% Triton
X-100, 0.5 mM DTT, 100 mM potassium phosphate, and one Complete
protease inhibitor cocktail tablet (Roche Diagnostics, Meylan, France) per
25 ml of buffer. After centrifugation, the supernatant was measured for
�-galactosidase activity using a chemiluminescence assay (Clontech). Pro-
tein content was determined using the Bio-Rad Protein Assay.

For DNA extraction, the Promega Wizard Genomic DNA Purification
Kit Nuclei Lysis Solution was used as lysis buffer. After centrifugation, total
DNA was recovered according to the manufacturer’s instructions. Absor-
bances at 260 and 280 nm were measured and after proper dilution 50 ng
of genomic DNA was subjected to quantitative PCR in duplicate samples.

Quantitative PCR. A real-time PCR was performed using the ABI Prism
7700 system and buffers provided by the manufacturer (Perkin–Elmer
Applied Biosystems, Foster City, CA, USA) with 50 ng of each sample. The
primers (sense 5�-YCCCATGGAYGAGCCCACMCT-3� and antisense 5�-
GAGAASGGBGTGCGCAGGTASAS-3�) and the fluorogenic probe (5�-CAC-
CAGCCACACCGCGGCGTCATCGA-3�) are located in the hexon gene (Y

 C or T, M 
 A or C, S 
 G or C, and B 
 C or G or T) (P. Saulnier et al.,
manuscript in preparation). The probe was linked at its 5� terminus with a
reporter dye (6-carboxyfluorescein) and with a quencher dye (6-carboxy-
N,N,N�,N�-tetramethylrhodamine) at its 3� end. One microgram of human
and murine genomic DNA (Roche Molecular Biochemicals, Meylan,
France) was used to show the specificity of the Ad5 PCR. Samples were
submitted to 50 PCR cycles with continuous monitoring of the fluores-
cence.

Statistical analysis. All in vivo data are shown as means 	 standard error
of the mean. Statistical analysis was performed using unpaired t test with
Welch. Threshold for significance was set to P 
 0.05.
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