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Recent studies demonstrate that virus-cellular receptor interactions are not the sole determinants of
adenovirus (Ad) tropism. It has been shown that the fiber shaft length, which ranges from 6 to 23 �-repeats
in human Ads, also influences viral tropism. However, there is no report that investigates whether artificial
extension of the shaft alters the infectivity profile of Ad. Therefore, we constructed Ad serotype 5 (Ad5)
capsid-based longer-shafted Ad vectors by incorporating Ad2 shaft fragments of different lengths into the Ad5
shaft. We show that “longer-shafted” Ad vectors (up to 32 �-repeats) could be rescued. We also show that
longer-shafted Ad vectors had no impact on knob-CAR (coxsackievirus and Ad receptor) interaction compared
to wild-type Ad. Nevertheless, gene transfer efficiencies of longer-shafted Ad vectors were lower in CAR-positive
cell lines compared to wild-type Ad. We suggest that artificial extension of the shaft can inhibit infectivity in
the context of CAR-positive cell lines without modification of knob-CAR interaction.

The utility of adenovirus (Ad) for the delivery and expres-
sion genes both in vitro and in vivo is based on the widespread
host range and the remarkable efficiency of cellular entry pro-
cesses allowing high-level gene expression, together with their
relative ease of preparation and purification (28). To achieve
effective infection, two virus-cellular receptor interactions are
required. The adsorption of Ad to target cell receptors, which
have been identified as coxsackievirus and Ad receptor (CAR),
histocompatibility class I molecule, or sialoglycoproteins, is
initiated via the knob portion of the fiber (13, 20, 28). Subse-
quently, the interaction of the penton base with �V integrins
facilitates the entry of Ad via clathrin-mediated endocytosis (1,
11, 22, 28). Ad can infect a wide range of cell types because the
primary cellular receptors for Ad are expressed on most cells
(28). However, specific gene delivery to a target cell is pre-
cluded due to the ubiquitous expression of CAR. On the other
hand, Ad gene transfer is poor to some cell types due to a low
level of Ad receptors on these cells (23, 28). It is thus apparent
that receptor recognition is one of the key factors involved in
viral tropism. To develop effective and specific gene delivery to
target cells (resulting in increased safety in gene therapy ap-
plications), a number of recombinant Ad vectors have been
constructed. Major attention has been given to modification of
virus-cellular receptor interactions, including bispecific conju-
gates (6, 10, 28, 36), genetic modification of the fiber knob (5,
17, 28, 35, 37), modification of the hexon (3) or penton (34),
ablation of the binding site on the knob (25, 28), and construc-
tion of chimeric vectors (9, 18, 28). However, it has become
clear that virus-cellular receptor interactions (knob-CAR and

penton base-�V integrins) are not the sole determinants of
viral tropism.

In this regard, Roelvink et al. reported that Ad type 2 (Ad2)
and Ad9 utilize the same cellular fiber receptor but that the
shorter fiber of Ad9 permitted fiber-independent binding of
Ad9 penton base to �V integrins (24). Moreover, they showed
that Ads belonging to subgroups A, C, D, E, and F all bind to
the same cellular fiber receptor CAR and suggested that dif-
ferences in subgroup tropism is significantly influenced by the
length of the fiber shaft (26). Additional data regarding the
importance of shaft length were obtained by Ad5 capsid-based
vectors with chimeric fibers (15, 30). These observations led to
a more systematic analysis of the role of fiber shaft length in
Ad infectivity. Shayakhmetov et al. generated viruses with chi-
meric fibers containing short shafts (Ad9 or Ad35) or long
shafts (Ad5) in combination with CAR (Ad5 and Ad9)- or
non-CAR (Ad35)-recognizing knob domains (29). For Ad5 or
Ad9 knob-possessing vectors, long shafts were critical for effi-
cient infection compared with the weak attachment of the
engineered short-shafted vectors. In contrast, for the Ad35
knob-possessing vectors, which infected cells by a CAR-inde-
pendent pathway, fiber shaft length had no significant influ-
ence on infection. This study clearly demonstrated that the
length of the fiber shaft influenced CAR- and �V integrin-
mediated infections.

Taken together, these reports have established shaft length
as a key parameter whose modulation might allow tropism
alternations. In this regard, the long-shafted Ad uses its fiber
interaction (higher affinity than penton base-�V integrin inter-
action) exclusively for attachment to cell surface proteins and
for charge-dependent repulsion (24, 26, 29), followed by inter-
nalization by the �V integrins. In contrast, for short-shafted
Ad, including artificial fiberless Ad (19, 33), direct binding to
the �V integrins (lower affinity than knob-CAR interaction)
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becomes dominant. In this instance, infectivity is decreased.
Indeed, when the short-shafted fiber of Ad9 was engineered
into the Ad5 capsid, a significant decrease in infectivity was
observed compared to wild-type Ad5 (29). However, there is
no significant difference in infection between wild-type Ad2
and wild-type Ad9, which expresses its short-shafted fiber but
also the natural Ad9 capsid proteins, including the penton base
(24). It is expected that Ad9 capsid does not require long-
shafted fibers for efficient infection. On this basis, we hypoth-
esized that the shaft length provides optimal spatial proportion
between knob-CAR interaction and penton base-�V integrin
interaction, especially when Ad uses CAR-integrin pathway for
infection. Therefore, the length of shaft is limited from 6 �-re-
peats to 23 �-repeats in the process of evolution. Paradoxically,
these observations provided us with the basis to explore
whether artificial extension of the shaft alters the infectivity

profile of Ad. We focused on rescuing recombinant Ad vectors,
which express artificial longer shaft over 23 �-repeats.

The primary sequence of the fiber shaft consists of 15-resi-
due pseudorepeats. The length of the shaft is determined by
the number of �-repeats, which ranges from 6 (Ad3, Ad11, and
Ad35) �-repeats to 23 (Ad12) �-repeats in human Ads (2).
Green et al. predicted that these repeats contained two
�-strands and two turns (the cross-� model) (12). Stouten et al.
subsequently proposed a triple �-helical model, taking into
account length measurements from electron microscopy and
fiber diffraction patterns (31). Recently, van Raaij et al. re-
vealed a novel structural motif for the shaft as a triple �-spiral
model based on the crystallographic data (32). According to
this model, we attempted to make Ad5 capsid-based longer-
shafted Ad vectors by incorporating Ad2 shaft fragments of
different lengths into Ad5 shaft and investigated whether ex-

FIG. 1. Design and construction of longer-shafted Ad vectors. According to a triple �-spiral model for Ad2 fiber shaft, Ad5 capsid-based
longer-shafted Ad vectors were made by incorporating Ad2 shaft fragments of different lengths into the NheI site of the Ad5 shaft. In order to
generate Ad2 shaft fragments, PCR was performed with four pairs of primers (Ad5longI, PLup and PLdownI; Ad5longII, PLup and PLdownII;
Ad5longIII, PLup and PLdownIII; Ad5longIV, PLup and PLdownIV). The resulting longer-shafted Ad vectors have a total of 27, 32, 36, and 40
�-repeats, respectively.
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tension of the shaft over 23 �-repeats altered the infectivity
profiles of human Ads.

MATERIALS AND METHODS

Cells and cell culture. Human embryonal kidney (293) cells transformed with
Ad5-E1 DNA were purchased from Microbix (Toronto, Ontario, Canada) and
cultured in Dulbecco modified Eagle medium–Ham’s F-12 medium (DMEM-
F12) containing 10% fetal calf serum (FCS) and 2 mM glutamine. Human cervix
carcinoma (HeLa) cells, human umbilical vein endothelial cells (HUVEC), and
human embryonal rhabdomyosarcoma (RD) cells were obtained from the Amer-
ican Type Culture Collection (Rockville, Md.). HeLa cells, HUVEC, and RD
cells were cultured in DMEM-F12 with 10% FCS and 2 mM glutamine, endo-
thelial cell basal medium-2 with the endothelial supplement EGM-2 MV (Clon-
tics, San Diego, Calif.), and DMEM with 10% FCS and 4.5 g of glucose/liter,
respectively, at 37°C in a 5% CO2 atmosphere.

Design and construction of longer-shafted Ad vectors. The construction of
longer-shafted Ad vectors used in this study is shown in Fig. 1. According to a
triple �-spiral model for Ad2 fiber shaft (32), we made Ad5 capsid-based longer-

shafted Ad vectors by incorporating Ad2 shaft fragments of different lengths into
the NheI site located in the eighth �-repeat of Ad5 shaft. In order to generate
Ad2 shaft fragments (from the 4th to the 9th, the 14th, the 18th, and the 22nd
�-repeat), PCR was performed. Template DNA was purified from Ad2 viral
particles obtained from the American Type Culture Collection. The primer
sequences used to amplify fragments of Ad2 fiber shaft were as follows: PLup
(nucleotides [nt] 31312 to 31341; 5�-TCAAACCTAGGTTTGGACACCTCCG
CACCA-3�), PLdownI (nt 31554 to 31525; 5�-TACACCTAGGGTGTCGCTG
TCACTGCCAGA-3�), PLdownII (nt 31788 to 31759; 5�-AATTCCTAGGTTG
TTTGATGAATCATAACC-3�), PLdownIII (nt 31986 to 31957; 5�-AACTCCT
AGGTTTTTAGTATTGTTTGATGC-3�), and PLdownIV (nt 32202 to 32173;
5�-TATTCCTAGGGCCCCTGAGTTGTCAAAGCT-3�). Nucleotide numbers
are according to the sequences obtained from GenBank (accession no. J01917).
Each 5� end of the primer was modified to create a restriction enzyme site for
AvrII. These fragments were cloned into the NheI-digested pNEB.PK.FSP (Ad5
fiber shuttle vector [18]). The resultant plasmids were digested with PacI and
KpnI and were used for homologous DNA recombination with SwaI-linearized
pVK50 (17)-based backbone plasmids. The pVK50-based backbone plasmids
contain cytomegalovirus promoter-driven green fluorescent protein (GFP) gene

FIG. 2. Generation of longer-shafted Ad vectors. To confirm that the genomes of longer-shafted Ad vectors show the expected structure, DNA
isolated from viral particles was analyzed. (A) PCR was performed to detect the length of total fiber region by using a pair of primers (PFup and
PFdown). (B) DNA sequencing of complete shaft region was performed by using a pair of primers (PSup and PSdown). The results of sequencing
are shown as schematic DNA alignment. Ad5G was used as a control.
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with or without cytomegalovirus promoter-driven firefly luciferase gene-express-
ing cassette in the E1 region of Ad5 genome. After homologous DNA recom-
bination, these plasmids were linearized with PacI and transfected into 293 cells
to generate Ad vectors. Ad vectors, which contain GFP, were designated by the
suffix “G,” and Ad vectors, which contain GFP and firefly luciferase, were
designated by the suffix “GL.” All Ad vectors were propagated on 293 cells and
purified by double centrifugation in CsCl gradients by a standard protocol.
Determination of virus particle (VP) titer was accomplished spectrophotometri-
cally by the method of Maizel et al. by using a conversion factor of 1.1 � 1012 VPs
per absorbance unit at 260 nm (21). To determine whether the genomes of
longer-shafted Ad vectors indeed show the expected structure, PCR and DNA
sequencing were performed. The primer sequences used to sequence the com-
plete shaft region or to amplify the fiber gene were as follows: PSup (nt 31114 to
31143; 5�-ACTGTGCCTTTTCTTACTCCTCCCTTTGTA-3�), PSdown (nt
32277 to 32248; 5�-TCTACAGTTAGGAGATGGAGCTGGTGTGGT-3�),
PFup (nt 31042 to 31071; 5�-ATGAAGCGCGCAAGACCGTCTGAAGATAC
C-3�), and PFdown (nt 32784 to 32755; 5�-TTCTTGGGCAATGTATGAAAA
AGTGTAAGA-3�). Nucleotide numbers are according to the sequences ob-
tained from GenBank (accession no. M73260). Ad vectors containing RGD
(Arg-Gly-Asp) peptide in the HI loop of the fiber knob domain were made
similarly. To generate these Ad vectors, pNEB.PK.FHIRGD was used instead of
pNEB.PK.FSP (5).

Western blot analysis. To confirm that longer-shafted Ad vectors have differ-
ent lengths of fiber proteins, Western blot analysis was performed. Purified Ad
virions (Ad5, Ad5longIG, Ad5longIIG, Ad5longIIIG, or Ad5longIVG) were
diluted in Laemmli Sample Buffer (Bio-Rad, Hercules, Calif.). Each sample was
boiled and separated by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. After electrophoretic transfer to polyvinylidene difluoride membrane (Bio-
Rad), the blot was blocked for 2 h at room temperature with blocking buffer
(phosphate-buffered saline [PBS; pH 7.4] with 0.05% Tween 20 and 2% bovine
serum albumin [BSA]). Mouse monoclonal antibody (MAb) 4D2 was diluted in
binding buffer (PBS [pH 7.4] with 0.05% Tween 20 and 1% BSA) to 1:2,000 and
incubated for 1 h at room temperature. The blot was washed four times with
washing buffer (PBS [pH 7.4] with 0.05% Tween 20) and then incubated with a
1:2,000 dilution of goat anti-mouse immunoglobulin G conjugated to alkaline
phosphatase (Sigma, St. Louis, Mo.) for 1 h at room temperature. The blot was
washed four times with washing buffer and incubated with alkaline phosphatase
development buffer (Bio-Rad) as recommended by the manufacturer. A 0.5-�g
standard of recombinant Ad5 fiber protein (5) was included for comparison to
the proteins in the sample. Mouse MAb 4D2 directed against the tail domain of
Ad5 fiber protein was generated at the University of Alabama at Birmingham
Hybridoma Core Facility (4, 16).

ELISA. Solid-phase binding enzyme-linked immunosorbent assay (ELISA)
was performed by a method previously described (4, 5). Purified Ad virions
(Ad5GL, Ad5longIGL, or Ad5longIIGL) were diluted in 50 mM carbonate
buffer (pH 9.6) to a concentration of 1010 VPs/ml, and 100-�l aliquots were
added to wells of a 96-well Nunc-Maxisorp ELISA plate. Plates were incubated
overnight at 4°C and then blocked for 2 h at room temperature by the addition
of 200 �l of blocking buffer (PBS [pH 7.4] with 0.05% Tween 20 and 2% BSA)
to each well. Wells were then washed three times with washing buffer (PBS [pH
7.4] with 0.05% Tween 20). Purified recombinant soluble form of truncated
CAR-His6-tagged protein (sCAR-His6 [4]) was diluted in binding buffer (PBS
[pH 7.4] with 0.05% Tween 20 and 0.5% BSA) to concentrations ranging from 12
to 3,000 ng/ml. The 100-�l dilutions were added to the wells. After incubation at
room temperature for 1 h, the wells were washed four times with washing buffer
and then bound sCAR-His6 protein was detected by incubation for 1 h at room
temperature with a 1:2,000 dilution of anti-sCAR-His6 MAb 2A3. The wells were
washed again four times with washing buffer and then incubated with 1:1,000
dilution of goat anti-mouse immunoglobulin G conjugated to alkaline phospha-
tase (Sigma). After incubation for 1 h, the wells were washed four times with
washing buffer, and then the plate was developed with p-nitrophenyl phosphate
(Sigma) as recommended by the manufacturer. Plates were read in a microtiter
plate reader set at 405 nm. Recombinant sCAR-His6 protein was expressed in
High Fives cells (Invitrogen, Carlsbad, Calif.) infected with recombinant bacu-
lovirus by a previously described method (4). Mouse MAb 2A3 to baculovirus-
produced human sCAR-His6 protein was generated at the University of Alabama
at Birmingham Hybridoma Core Facility (4).

Ad-mediated gene transfer assay. Cells (HeLa, HUVEC, or RD) were seeded
in 96-well plates in triplicate at 104/well the day prior to infection. After being
washed with PBS, cells were infected with Ad5GL, Ad5longIGL, Ad5longIIGL,
Ad5RGDGL, or Ad5RGDlongIIGL at 101, 102, and 103 VPs/cell in 2% FCS
medium at 37°C for 3 h. The unbound viruses were washed away with PBS, and
10% FCS medium was added. After incubation at 37°C for 48 h, the infected cells
were washed again with PBS and lysed by using a passive lysis buffer (Promega,
Madison, Wis.). Luciferase activity in the cell lysates were determined by using
a luciferase assay system kit (Promega) and a luminometer (Berthold, Gaithers-
burg, Md.) and normalized by protein concentration in the cell lysates by using
a DC protein assay kit (Bio-Rad) with BSA as the standard. The blocking
experiment by recombinant Ad5 knob protein (5) was performed similarly. All
cells were preincubated for 10 min at room temperature in 2% FCS medium with
or without recombinant Ad5 fiber knob protein at 100 �g/ml and then exposed
for 30 min at room temperature to Ad5GL, Ad5longIGL, or Ad5longIIGL in 2%
FCS medium at 103 or 104 VPs/cell. Cells were washed with PBS and unbound
viruses were aspirated, and 10% FCS medium was added. After incubation at
37°C for 30 h, luciferase activity was measured.

RESULTS

Generation of longer-shafted Ad vectors. Figure 1 shows
the schematic design and construction of longer-shafted Ad

FIG. 3. Generation of longer-shafted Ad vectors. To verify that
longer-shafted Ad vectors have the predicted different lengths of fiber
proteins, Western blot analysis was performed. Purified Ad virions
were boiled and separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and then detected with anti-fiber MAb 4D2. Ad5G
or recombinant Ad5 fiber protein was used as a control.

FIG. 4. Knob-CAR interaction of longer-shafted Ad vectors. Puri-
fied Ad virions of Ad5GL (control), Ad5longIGL, and Ad5longIIGL
immobilized in the wells of an ELISA plate were incubated with
various concentrations of sCAR-His6 protein. Binding sCAR-His6 pro-
tein was then detected with anti-sCAR-His6 MAb 2A3.
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vectors developed in this study. Theoretically, the longer-
shafted Ad vectors—Ad5longI, Ad5longII, Ad5longIII, and
Ad5longIV—express fibers with shaft lengths of 27, 32, 36, and
40 �-repeats, respectively.

To confirm that the genomes of longer-shafted Ad vectors
show the expected structure, we analyzed DNA isolated from
viral particles. As shown in Fig. 2A, the PCR bands of the fiber
region of both Ad5longIG and Ad5longIIG resolved the ex-
pected length at all individual steps of viral propagation (trans-
fection, first passage, and second passage). In contrast, the
PCR bands for both Ad5longIIIG and Ad5longIVG were
shifted to smaller lengths after the second passage. Therefore,
DNA isolated from CsCl-purified viral particles (second pas-
sage) was sequenced. The results of sequencing are shown as
schematic DNA alignment in Fig. 2B. Interestingly, the causes
of these shifts in size of PCR products were proven to be due

to DNA deletions. Especially, in case of Ad5longIIIG, this
deletion was based on homologous DNA recombination.

To verify that longer-shafted Ad vectors have the predicted
different lengths of fiber proteins, viral particles were analyzed
by Western blot analysis. Compared with control Ad5G and
recombinant Ad5 fiber protein (5), the bands of the fibers of
both Ad5longIG and Ad5longIIG appeared at upper positions
relative to wild-type fibers. As expected from DNA sequenc-
ing, the size of the fiber of Ad5longIIIG was smaller than the
fiber of Ad5longIG, while the fiber of Ad5longIVG appeared
almost at the same position as the fiber of Ad5longIIG (Fig. 3).
These analyses demonstrate that longer-shafted Ad vectors (up
to 32 �-repeats) can be rescued and purified.

Knob-CAR interaction of longer-shafted Ad vectors. Inter-
action between Ad vectors and the soluble form of sCAR-His6

was examined by ELISA. It had already been established that

FIG. 5. Infectivity profiles of longer-shafted Ad vectors in cell lines expressing variable levels of CAR. Gene transfer efficiencies of Ad5GL
(control), Ad5longIGL, and Ad5longIIGL were tested in cell lines expressing high levels of �V integrins but variable levels of CAR: HeLa cells
(high CAR) (A), HUVEC (moderate CAR) (B), and RD cells (low CAR) (C). All cells were infected at 101, 102, and 103 VPs/cell. At 48 h
postinfection, the cell lysates were assayed for luciferase activity, expressed as relative light units (RLU) per milligram of cellular protein. The
results are the means � the standard deviations (SD) of triplicate experiments.
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sCAR-His6 protein efficiently binds to recombinant Ad5 fiber
protein (4). Figure 4 shows that there was no significant dif-
ference in binding to sCAR-His6 between Ad5longIGL,
Ad5longIIGL and control Ad5GL. This result suggests that
shaft extension has no impact on knob-CAR interaction.

Infectivity profiles of longer-shafted Ad vectors in cell lines
expressing variable levels of CAR. In order to examine the
infectivity profiles of longer-shafted Ad vectors, gene transfer
efficiencies of Ad5longIGL and Ad5longIIGL were tested. In
this regard, we selected cell lines expressing high levels of �V
integrins, but variable levels of CAR: HeLa cells (high CAR),
HUVEC (moderate CAR), and RD cells (low CAR). The
expression of CAR and �V integrins on these cell lines has well
been established (5, 8, 30). Luciferase activity in the cell lysates
was determined after infection as described in Materials and
Methods. As shown in Fig. 5, longer-shafted Ad vectors dis-
played similar infectivity in HUVEC and RD cells, compared

to control Ad5GL. Interestingly, they showed significantly
lower infectivity in HeLa cells. These results suggest that the
infectivity is independent of shaft extension in CAR-negative
cell lines. However, infectivity is significantly inhibited by shaft
extension in CAR-positive cell lines.

Infectivity profiles of longer-shafted Ad vectors after block-
ing knob-CAR interaction. To monitor infectivity profiles of
longer-shafted Ad vectors after blocking knob-CAR interac-
tion, we examined gene transfer efficiencies in cells by using
recombinant Ad5 knob protein (5). As shown in Fig. 6, we did
not detect significant differences in infectivity between longer-
shafted Ad vectors and the control Ad5GL after blocking
knob-CAR interaction with Ad5 knob protein. This pattern is
consistent with the results obtained for RD cells, which express
low levels of CAR and therefore represent the same conditions
as that of HeLa cells after blocking fiber-CAR interaction by
Ad5 knob protein. These results suggest that shaft extension

FIG. 6. Infectivity profiles of longer-shafted Ad vectors after blocking of knob-CAR interaction. HeLa cells (A), HUVEC (B), and RD cells
(C) were preincubated with or without recombinant Ad5 fiber knob protein at 100 �g/ml for 10 min and then infected with Ad5GL (control),
Ad5longIGL, and Ad5longIIGL at 103 or 104 VPs/cell. At 30 h postinfection, the cell lysates were assayed for luciferase activity, expressed as
relative light units (RLU) per milligram of cellular protein. The results are the means � the standard deviations of triplicate experiments.
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does not affect infectivity in the CAR-independent cell entry
pathway.

Infectivity profiles of longer-shafted RGD Ad vector. On the
basis of these findings, we hypothesized that the decreased
gene transfer associated with longer-shafted Ad vectors could
be circumvented by routing the virus via non-CAR pathways.
In this regard, we have shown that incorporation of the inte-
grin-binding peptide RGD4C at the fiber knob HI loop confers
such CAR-independent gene delivery capacity to Ad vectors
(5). We thus derived a variant of our longer-shafted Ad vectors
(i.e., Ad5RGDlongIIGL), which also included this genetic
modification. In these studies, it can be appreciated that the
incorporated peptide allows augmented gene transfer in the
context of the CAR-deficient cell lines HUVEC and RD cells
(Fig. 7B and C). Of note, whereas the longer shaft appears to
impair gene delivery in high-CAR HeLa cells, the HI loop
modification restores infectivity to levels comparable to the

corresponding normal shaft variant (Ad5RGDGL, Fig. 7A).
Such a differential between the wild type and the longer-
shafted variant of the HI loop-modified Ad was not noted in
low-CAR contexts (Fig. 7B and C). It thus appears that the
longer shaft impairment of gene transfer to high-CAR cellular
targets can be circumvented when the virus possesses the ca-
pacity to accomplish CAR-independent delivery.

DISCUSSION

To retain the three-dimensional structure of the shaft of
newly designed longer-shafted Ad vectors, we used a triple
�-spiral model (32) to identify start and end positions of �-re-
peats in the shaft of Ad2 and in the shaft of Ad5. In addition,
we avoided not only the head-shaft boundary regions but also
well-defined hinge positions in the shaft, because similar pu-
tative hinge regions have been described in the very long bo-

FIG. 7. Infectivity profiles of longer-shafted RGD Ad vector. Gene transfer efficiencies of Ad5GL, Ad5longIIGL, Ad5RGDGL, and
Ad5RGDlongIIGL were tested in cell lines expressing high levels of �V integrins but variable levels of CAR: HeLa cells (A), HUVEC (B), and
RD cells (C). All cells were infected at 101, 102, and 103 VPs/cell. At 48 h postinfection, the cell lysates were assayed for luciferase activity expressed
as relative light units (RLU) per milligram of cellular protein. The results are the means � the standard deviations of triplicate experiments.
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vine Ad fiber shaft (27) and in certain avian Ad fibers (14).
Therefore, we expect our modifications to maintain high sta-
bility. We selected Ad2 shaft fragments to be incorporated into
the Ad5 shaft because of the homology between these two Ads
in amino acid sequences. The nucleic acid sequences, however,
are distinct, thus avoiding homologous DNA recombination
between insertion and native shaft. We constructed Ad ge-
nomes encoding four variations in shaft length (5, 10, 14, and
18 �-repeats longer than the wild-type shaft length). This range
of �-repeats seemed to be critical for Ad tropism based on
differences in infectivity of human Ad subgroups, which range
from 6 to 23 �-repeats (24, 26).

In the process of propagation of longer-shafted Ad vectors,
we observed a slower growth of viruses relative to the extension
of the shaft length. Although same amount of viral DNA was
successfully transfected into 293 cells, longer-shafted Ad vec-
tors grew more slowly and with smaller plaques, with increas-
ing extension of the shaft length. In all individual steps of viral
propagation, differences in viral growth were observed. Inter-
estingly, these differences in growth were less obvious at the
second passage of Ad5longIIIG and Ad5longIVG (data not
shown). This decrease in relative growth differences might be
explained by a loss of DNA insertions. Indeed, the PCR prod-
ucts of the fiber region of both Ad5longIIIG and Ad5longIVG
were shifted to a smaller length after the second passage.
Sequencing analysis proved that the causes of these shifts in
size of PCR products were due to DNA deletions. We postu-
late that the limitation of artificial shaft extension is supported

by the fact that the length of the shaft has been limited from 6
�-repeats to 23 �-repeats in the process of evolution (2).

We showed that shaft extension had no impact on knob-
CAR interaction (Fig. 4). Nevertheless, longer-shafted Ad vec-
tors showed significantly lower infectivity in CAR-positive cell
lines (Fig. 5). The reduced infectivity of longer-shafted Ad
vector could be a consequence of the inhibition of penton
base-�V integrin interaction after knob-CAR interaction or,
alternatively, could be due to deficient biological steps later in
the viral entry process. In this regard, we showed that shaft
extension does not affect infectivity in CAR-independent cell
entry pathway (Fig. 5C and 6). Therefore, consequences of
post-cell entry are not strongly expected. We propose a model
that extension of the shaft length disturbs penton base-�V
integrin interaction in a context whereby longer-shafted Ad
vectors must exclusively use CAR for attachment (Fig. 8). This
implies that the high-affinity interaction between knob and
CAR paradoxically prevents effective infection when the shaft
length is longer than wild-type Ad. This model is consistent
with the result that addition of Ad5 knob protein did not
efficiently inhibit infectivity of longer-shafted Ad vectors in
CAR-positive HeLa cells (Fig. 6A). This model is also consis-
tent with the observation that longer-shafted Ad vectors grow
more slowly and with smaller plaques in 293 cells (data not
shown), which also express high-CAR and high-�V integrins
(5).

Although Ad5 capsid-based short-shafted Ad vectors (29)
and fiberless Ad (19) also showed lower infectivity compared
to wild-type Ad, lower infectivity appeared in all cell types
expressing various levels of CAR. In contrast, longer-shafted
Ad vectors keep similar infectivity in cells expressing low
amounts of CAR. We think that extension of the shaft length
will lead to new strategies of changing Ad tropism without
modification of knob-CAR interaction. Moreover, Ad has a
particular tropism for the liver and induces hepatic toxicity in
gene therapy applications. The low infectivity of longer-shafted
Ad vectors observed in HeLa cells could provide a strategy of
liver untargeting, since both liver and HeLa cells express high
levels of CAR (7, 8, 30). In this regard, extension of the shaft
length might offer a new approach to improve gene therapy
applications in the near future.
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