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The development of tissue-selective virus-based vectors requires a better understanding of the role of
receptors in gene transfer in vivo, both to rid the vectors of their native tropism and to introduce new
specificity. 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. We have constructed a set of four
vectors, which individually retain the wild-type cell interactions, lack CAR binding, lack �v integrin
binding, or lack both CAR and �v integrin binding. These vectors have been used to examine the roles of
CAR and �v integrin in determining the tropism of Ad vectors in a mouse model following intrajugular
or intramuscular injection. CAR was found to play a significant role in liver transduction. The absence of
CAR binding alone, however, had little effect on the low level of expression from Ad in other tissues.
Binding of �v integrins appeared to have more influence than did binding of CAR in promoting the
expression in these tissues and was also found to be important in liver transduction by Ad vectors. An
effect of the penton base modification was a reduction in the number of vector genomes that could be
detected in several tissues. In the liver, where CAR binding is important, combining defects in CAR and
�v integrin binding was essential to effectively reduce the high level of expression from Ad vectors. While
there may be differences in Ad vector tropism among species, our results indicate that both CAR and �v
integrins can impact vector distribution in vivo. Disruption of both CAR and �v integrin interactions may
be critical for effectively reducing native tropism and enhancing the efficacy of specific targeting ligands
in redirecting Ad vectors to target tissues.

Adenoviruses (Ad) have been widely used for gene therapy
applications because they can accommodate relatively large
transgenes, be manufactured to high titer and purity, and
transduce a relatively wide range of cells independent of their
replicative state. Applications for Ad vectors have been limited
by the native tropism of the virus, which restricts their ability to
transduce some tissues of interest. In addition, the native tro-
pism-dependent transduction of nontarget tissues may limit
applications because of undesired side effects. Therefore, de-
velopment of Ad vectors that could target specific tissues fol-
lowing systemic or minimally invasive administration would
greatly enhance their therapeutic potential and expand their
application.

Two interactions between Ad coat proteins and cell surface
receptors have been identified as determinants of transduction
by Ad vectors. The knob domain of the fiber protein binds to
the CAR protein, and an RGD motif within a loop of the
penton base protein binds to �v integrins. As a target for
high-affinity binding by the fiber knob, the CAR protein plays
a prominent role in transduction of cells in vitro (10, 11). This
interaction is conserved among the majority of Ad serotypes
(19). The murine homologue of CAR is highly conserved in
sequence relative to the human protein and functions as a
receptor for human Ad (4, 22). CAR is expressed in a broad
range of human tissues, including heart, prostate, pancreas,
brain, kidney, liver, and lung, while in mice CAR is expressed

in similar tissues but its expression in the liver is more prom-
inent (4, 7, 22). In mice the liver is the major tissue transduced
following intravenous administration of Ad vectors and is also
the site where fiber knobs accumulate when the soluble protein
is injected into the bloodstream (33). On the other hand, ab-
sence of CAR expression on the surface of human airway
epithelia may limit gene delivery to this tissue (24, 32). Nev-
ertheless, the role of CAR in determining which tissues are
transduced is not clear (7).

The interaction between penton base and �v integrins was
identified for its role in promoting the internalization of virus
after it attaches to the cell surface (27). Integrins direct Ad to
clathrin-mediated endocytosis and may have additional func-
tions in promoting escape from the endosome (14). The inte-
grin interaction does not appear essential for Ad transduction
in vitro (3). Nevertheless, some of the current limitations of Ad
vectors in vivo have been attributed to absence or inappropri-
ate distribution of �v integrin expression in the target tissue (8,
16).

We constructed a panel of four Ad vectors which bind CAR
and integrins, bind CAR only, bind integrins only, or bind
neither CAR nor integrins. These tropism-modified vectors are
still capable of being produced to high titer in a specialized
production cell line. The panel of vectors was used to examine
the role of these interactions in determining the native tropism
of Ad in an animal model. Our results indicate that the vector
doubly ablated for both CAR and �v integrin binding repre-
sents the best candidate for a base vector that could be redi-
rected by incorporation of specific targeting ligands.
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MATERIALS AND METHODS

Cells. A549, Ramos, and CHO cells were obtained from the American Type
Culture Collection (Manassas, Va.) and cultured under standard conditions.
293-HA cells have been described previously (6). AE25 is an E1-complementing
cell line derived from A549 cells. AE25-HA cells were obtained by Geneticin
(Life Technologies, Gaithersburg, Md.) selection of AE25 cells following trans-
duction with a retrovirus encoding a membrane-anchored single-chain antibody
reactive with an influenza virus hemagglutinin epitope (HA) (6). The retrovirus
stock was produced by transfection of RetroPackPT67 cells (Clontech, Palo Alto,
Calif.) with a pLNCX-based plasmid (Clontech) expressing the anti-HA sFv.

Ad vector construction AdL is an E1- and E3-deleted Ad5-based vector that
carries the luciferase transgene in the E1 region under the control of the
cytomegalovirus promoter. AdL.F* has a modified AB loop in fiber (R412S,
A415G, E416G, and K417G) that abolishes CAR binding (20). In addition,
AdL.F* has an insertion in the HI loop, between residues 543 and 544, of the
sequence SRGFKSYPYDVPDYAG, where the HA epitope is underlined. Oli-
gonucleotide-mediated mutagenesis of the Ad5 fiber was performed on a pNS-
based vector (28) utilizing the QuikChange kit (Stratagene, La Jolla, Calif.) as
specified by the manufacturer. The primers R415-417(S) and R415-417(A), with
sequences TCTCCTAACTGTAGCCTAAATGGAGGGGGTGATGCTAAA
CTC and GAGTTTAGCATCACCCCCTCCATTTAGGCTACAGTTAGGAGA,
respectively, were used first to modify the AB loop. The resultant plasmid was
mutagenized a second time with the primers HA-TAGS (GGTACACAGGAA
ACAGGGTCTAGAGGATTTAAATCTGGATCCTACCCCTACGACGTGC
CCGACTACGCCGGCGACACAACTCCAAGTGCA) and HA-TAGa (TGC
ACTTGGAGTTGTGTCGCCGGCGTAGTCGGGCACGTCGTAGGGGTA
GGATCCAGATTTAAATCCTCTAGACCCTGTTTCCTGTGTACC). The
modified fiber was then isolated as a NheI-MunI fragment and cloned into
pAS(Sc)E3(10X), which carries Ad5 sequences extending from the AgeI site at
map unit 73 to the right end of the genome minus the XbaI fragment in E3. A
DrdI fragment from this plasmid was used to construct the complete vector
genome of AdL.F* by recombination in Escherichia coli.

Replacement of the penton base RGD by an SpeI linker has been described
previously (26). To produce AdL.PB*, the HA epitope was inserted into this SpeI
site by ligation with the annealed primers SpeHAs (CTAGTTATCCATATGA
TGTTCCAGATTATGCTT) and SpeHAa (CTAGAAGCATAATCTGGAAC
ATCATATGGATAA). As a result, the penton base protein in this construct has
TSYPYDVPDYASS in place of the wild-type HAIRGDTF sequence. The mod-
ified penton base was recombined into an Ad vector plasmid in E. coli. To
generate AdL.PB*F*, the modified fiber described above was recombined into
AdL.PB*.

Vector genomes were excised from plasmids by PacI digestion, and cut DNA
was transfected into 293 cells (AdL and AdL.PB*) or 293-HA cells (AdL.F* and
AdL.PB*F*) using calcium phosphate. Cell lysates were passaged to produce
vector stocks, and vectors were purified by three successive bandings on cesium
and then stored at �80°C.

In vitro transduction assays. Transduction assays were performed on 105 cells.
The cells were preincubated with purified fiber protein (5 �g/ml), purified pen-
ton base (100 �g/ml), a combination of the two, or medium alone for 60 min (18).
The higher concentration of penton-base protein accommodates the 30 fold-
lower affinity of this interaction relative to fiber (27). Vector was then added at
50 particles per cell for AE25, AE25-HA, and Ramos cells or 1,000 particles per
cell for CHO cells. After a 60-min incubation with vector, the cells were washed
twice and incubated for 16 to 20 h before being analyzed. The cells were lysed in
100 �l of 1� reporter lysis buffer and assayed for luciferase (Promega, Madison,
Wis.).

Vector expression in vivo. For analysis of vector distribution following systemic
delivery, 8- to 10-week-old female BALB/c mice (Charles River Laboratories,
Wilmington, Mass.) were injected intrajugularly with 1011 particle units (PU) of
vector in a volume of 100 �l. At 24 h postinjection the animals were sacrificed
and tissues were collected and frozen immediately in liquid nitrogen. Direct
injections were administered into the gastrocnemius muscle on each side of the
mouse using 1010 PU of vector in 50 �l per injection. Tissues were collected 24 h
later, as for the systemic administrations. Lysates were prepared from ground
tissues by extraction in 1� cell culture lysis reagent (Promega). The protein
content of lysates was determined by the Bradford assay (Bio-Rad, Hercules,
Calif.) using bovine serum albumin as a standard.

Southern blots. Viral DNA was isolated along with cellular genomic DNA by
using DNeasy tissue kits (Qiagen, Valencia, Calif.). Tissue fragments were in-
cubated overnight in proteinase K and then treated with RNase A. DNA was
purified on minicolumns and quantitated by spectroscopy. Following digestion
with KpnI, 5 �g of genomic DNA was loaded on a 0.8% agarose gel and

transferred to a Zeta-Probe membrane (Bio-Rad) following electrophoresis. The
probe was labeled by random priming from a template containing the Ad5 pol
region using [32P]dCTP and the Rediprime II DNA-labeling system (Amersham
Pharmacia Biotech, Piscataway, N.J.). The probe was hybridized overnight in 7%
sodium dodecyl sulfate (SDS)–0.5M Na2HPO4 (pH 7.2) at 65°C. The membrane
was washed at 65°C in 40 mM Na2HPO4–5% SDS followed by 40 mM
Na2HPO4–1% SDS. Bound probe was detected by autoradiography and was
quantitated using an InstantImager (Packard Instrument Co., Meriden, Conn.).

PCR detection of vector sequences in tissue. Tissue DNA, isolated as de-
scribed for Southern blots, was also analyzed by TaqMan PCR to detect vector
DNA. Primers for amplification were located in the pIX region with the se-
quences CGCGGGATTGTGACTGACT (sense) and GCCAAAAGAGCCGT
CAACTT (antisense). The fluorogenic detection probe had the sequence AGC
AGTGCAGCTTCCCGTTCATCC, with 6-carboxyfluorescein at the 5� end and
6-carboxy-N,N,N�,N�-tetramethylrhodamine at the 3� end. Samples were ampli-
fied in 50 �l for 40 cycles in an ABI Prism 7700 sequence detector with contin-
uous fluorescence monitoring. The data were processed using the instrument’s
SDS 1.6 software package.

RESULTS

Ad vectors modified to abolish native receptor interactions
are depicted in Fig. 1. All express luciferase from a cytomeg-
alovirus promoter in the E1 region. The fiber protein of
AdL.F* carries amino acid substitutions within the AB loop
which disable CAR binding, whereas AdL.PB* lacks the RGD
motif within the penton base which binds �v integrins. An HA
epitope was incorporated within the HI loop of the fiber pro-
tein of AdL.F* and in place of the penton base RGD in
AdL.PB*. The fiber and penton base modifications, including
the HA epitopes, were combined in AdL.PB*F*. Vector ge-
nomes were constructed by recombination in E. coli, and plas-
mids carrying the complete genomes of these vectors were
transfected into 293 cells (AdL and AdL.PB*) or 293-HA cells
which express a membrane-anchored single-chain antibody ca-
pable of binding the HA epitope (AdL.F* and AdL.PB*F*).
Expansion of the vectors in production runs using 2 � 108 to 1
� 109 cells infected at a multiplicity of infection of 20 PU
showed comparable yields for the ablated and unmodified vec-
tors (Table 1). The activities of AdL.F* and AdL.PB*F* were
measured in focus-forming unit (FFU) assays on 293-HA cells.
While AdL.F* exhibited PU/FFU ratios similar to those for
AdL, AdL.PB*F* gave PU/FFU ratios about fourfold higher
than those for AdL. This is consistent with the finding that
luciferase expression from AdL.PB*F* is about 20% of the
level detected from AdL following addition of equal particle
numbers to 293-HA cells (data not shown).

The efficiency of gene transfer was analyzed by assaying
luciferase expression in cells following incubation with Ad vec-
tors. The effects of the vector modifications on transduction of
AE25 cells are shown in Fig 2A. Whereas the addition of
soluble fiber reduced AdL transduction by �70-fold, it had no
effect on transduction by AdL.F*. This result is consistent with
a model of transduction where the only role of fiber is to bind
CAR. Interestingly, transduction by AdL.F* was reduced 12-
fold in the presence of penton base protein, which had no
effect on AdL transduction. Penton base affected AdL trans-
duction only on combination with fiber, when a small addi-
tional reduction was seen. For AdL.PB*, only fiber inhibited
transduction. The absence of additional penton base interac-
tions for this vector is indicated by the lack of effect of penton
base even when combined with fiber. Based on these results, a
vector able to bind neither CAR nor �v integrins was con-
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structed. This vector, designated AdL.PB*F* and also referred
to as doubly ablated, transduced AE25 cells to a level nearly 3
orders of magnitude below what was seen with AdL. This
residual transduction was less than 10-fold above the back-
ground measured in the absence of vector. Transduction by
this vector was unaffected in the presence of either fiber or
penton base or a combination of the two. Thus, it appeared
that penton base inhibited transduction only when fiber was
blocked from binding CAR and that this was mediated by the
RGD motif. The significantly reduced transduction for the
doubly ablated vector suggested that removal of the RGD
motif could be critical for disabling the native transduction
activity of Ad vectors in vivo.

On cells expressing a membrane-anchored single-chain an-
tibody that binds to the HA peptide epitope incorporated in
the coat proteins of the modified vectors, no significant differ-
ences were seen in transduction among the four vectors in the
absence of competitors (Fig. 2B). Thus, the ability to bind cells
via the anti-HA antibody overcomes the transduction deficien-
cies resulting from loss of CAR and �v integrins. Luciferase
levels detected following infection with AdL in the presence or
absence of competitors indicated no differences between
AE25-HA and AE25 cells. On AE25-HA cells, unlike AE25
cells, AdL.F* exhibited no sensitivity to competition by penton

base, presumably because the anti-HA–HA epitope interaction
promotes binding, which masks this just as fiber-CAR binding
does for AdL. AdL.PB*, on the other hand, remained very
sensitive to competition by fiber protein on the AE25-HA cells.
This suggested that the HA epitope inserted in place of the
RGD motif in penton base was not effectively bound by the
anti-HA protein. Transduction by AdL.PB*F* was dramati-
cally increased on AE25-HA cells compared to that on AE25
cells. The results obtained with AE25-HA cells indicated that

FIG. 1. Schematic diagram of Ad vectors with altered cell surface interactions. AdL.F* has a modification in the AB loop of fiber (see Materials
and Methods) that abolishes CAR binding and has an HA epitope inserted in the fiber HI loop. In AdL.PB*, the penton base RGD motif has been
replaced by an HA epitope. AdL.PB*F* combines the modifications found in AdL.PB* and AdL.F*.

FIG. 2. Specificity of transduction of AE25 (A) and AE25-HA (B)
cells by the panel of vectors. Cells were incubated with vector (50
Pu/cell) or medium alone (�) for 60 min, washed to remove vector,
and incubated for 18 h before being harvested. Competitors (fiber at 5
�g/ml, penton base at 100 �g/ml, or a combination of the two) were
incubated with the cells for 60 min before addition of the vector. Cell
lysates were assayed for luciferase expression. rlu, relative light units.
Symbols: � no competitor; 3, fiber; u, penton base; g, fiber plus
penton base.

TABLE 1. Summary of vector yield and activity from multiple
production runs.

Vector No. of lots
Yielda

Pu/cell Pu/FFu

AdL 10 2.57 � 104 � 1.13 � 104 17.1 � 2.5
AdL.F* 5 1.51 � 104 � 2.6 � 103 19.0 � 1.4
AdL.PB* 5 7.25 � 104 � 3.1 � 104 24.9 � 7.1
AdL.PB*F* 8 1.63 � 104 � 5.8 � 103 68.6 � 13.7

a Purified vector was analyzed by spectroscopy to determine the concentration
in Pu, and the total yield was normalized to the starting number of cells used in
the production run. FFU were determined in immunofluorescent-focus assays on
293 cells (AdL and AdL.PB*) or 293-HA cells (AdL.F* and AdL.PB*F*). The
results are expressed as mean � standard error.
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the CAR-ablated vector AdL.F* and the doubly ablated vector
AdL.PB*F* efficiently transduced cells capable of binding the
inserted HA epitope. Production of these vectors is dependent
on this surrogate interaction, and this observation supports the
idea that by incorporating appropriate ligands the modified
vectors remain highly active in transduction.

The modified vectors were further evaluated on Ramos cells,
which do not express �v integrins but do express CAR, and on
CHO cells, which lack CAR but express �v integrins. In the
presence of fiber protein, transduction of Ramos cells by AdL,
at multiplicity of infection of 50 Pu/cell, dropped 3 orders of
magnitude, virtually to background (Fig. 3A). Ramos cells
were refractory to AdL.F*, so the additional modification of
penton base gave no further reduction in transduction. CHO
cells are poorly transduced by AdL, so all vectors were added
at 1,000 Pu/cell. In contrast to the Ramos cells, CHO cells
exhibited no effect of ablating CAR binding (AdL.F*) or com-
peting with fiber (Fig. 3B). Transduction by AdL and by
AdL.F*, however, were both inhibited about fivefold in the
presence of penton base. The transduction phenotypes of the
modified vectors on both Ramos and CHO cells further dem-
onstrated the specificity of the modifications to fiber and pen-
ton base, which inhibit the interactions with CAR and �v
integrins, respectively.

The activities of the panel of vectors in vivo were examined
by direct intramuscular administration. Following injection
into the gastrocnemius muscle, AdL.F* resulted in similar
transduction to that due to AdL (Fig. 4), indicating that CAR
does not play a prominent role in transduction of skeletal
muscle by Ad vectors. Transduction of muscle was decreased
3-fold for the penton-modified vector AdL.PB*, but
AdL.PB*F* caused a dramatic reduction of nearly 100-fold.

Thus, while knocking out CAR binding alone had no effect on
expression following intramuscular injection, the combination
of this modification with the penton base alteration resulted in
a 25-fold drop relative to AdL.PB*.

Intravenous administration of Ad5-based vectors in mice
results in preferential expression in the liver, which is also a
prominent organ for CAR expression. Following intrajugular
administration, the CAR-ablated vector AdL.F* caused re-
duced transduction of the liver compared to AdL (Fig. 5), but
luciferase expression remained nearly 3 orders of magnitude
above that seen in livers from mock-injected animals. Deletion
of the RGD motif from penton base (AdL.PB*) was as effec-
tive in reducing liver transduction as was disabling CAR bind-
ing. The vector disabled for both binding CAR and binding �v
integrins (AdL.PB*F*) exhibited a drop in liver transduction
of more than 700-fold compared to AdL. The reduced trans-
duction by AdL.PB*F* was significantly lower than that by
either AdL.F* (P 	 0.03) or AdL.PB* (P 	 0.03). The last two
vectors exhibited decreases, respectively, of 10- and 20-fold
versus AdL. Thus, the two modifications had a synergistic
effect in reducing transduction of the liver. These results, to-
gether with the results from intramuscular injection, indicate
that removing both the CAR and the �v integrin binding of Ad
vectors is critical for reducing the native tropism of Ad vectors
in vivo.

Additional tissues from these mice were analyzed for lucif-
erase expression to examine the roles of CAR and �v integrin
interactions. The level of transduction detected with AdL in all
these tissues was �1% of that found in the liver. In the lung,
heart, kidney, spleen, and muscle, abolishing CAR binding
resulted in no reduction in transduction (Fig. 5). In fact, lung,
kidney, and muscle transduction appeared elevated. In con-
trast to ablating CAR binding, ablating �v integrin binding
alone reduced transduction in the lung, heart, and kidney (P 	
0.05, P 	 0.01, and P 	 0.01, respectively), although transduc-
tion of muscle was not significantly different from that by AdL.
The doubly ablated vector exhibited reduced transduction rel-

FIG. 3. Transduction of Ramos (A) and CHO (B) cells by a panel
of vectors. Cells (105) were incubated with vector at 50 Pu/cell
(Ramos) or 1,000 Pu/cell (CHO) or with medium alone (�). Compet-
itors and vectors were incubated with cells as described in the legend
to Fig. 2, and cells were assayed for luciferase expression at 18 h. rlu,
relative light units. Symbols are as in Fig. 2.

FIG. 4. Effects of fiber and penton base mutations in vivo on trans-
duction of skeletal muscle. Luciferase activities were assayed in the
gastrocnemius muscle 24 h after direct intramuscular injection of 1010

Pu of vector or buffer alone (mock) and were normalized to the protein
content of the samples (relative light units [rlu] per microgram). Each
column shows the average from four samples, and the error bars
represent the standard deviations.
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ative to AdL in the spleen (P 
 0.02) as well as the lung, heart,
kidney, and muscle (P 	 0.01 for all). With the exception of the
spleen, ablating integrin binding was more effective than abol-
ishing CAR binding for limiting transduction. In lung, heart,
and muscle, AdL.PB*F* resulted in significantly less transduc-
tion than did AdL.PB* (P 	 0.02, P 	 0.05, and P 	 0.04,
respectively), and in all five tissues the transduction measured
for AdL.PB*F* was not significantly above background. We
detected no difference among the vectors in the low level of
transduction of the superficial inguinal node or the diaphragm
(data not shown). In all tissues where transduction by AdL was
detected, AdL.PB*F* gave reduced luciferase expression.

Southern blot analyses were performed on DNA isolated
from individual tissues to examine vector distribution indepen-
dent of expression. Clear differences were seen among the
panel of vectors in terms of genomes detected in the liver (Fig.
6A). Quantitation of bound probe showed a two- to threefold
decrease for AdL.F* versus AdL, regardless of whether the
weakest AdL.F* sample was included in calculating the means.
A 9-fold decrease relative to AdL was seen for AdL.PB*, while
the vector signal was reduced by 13-fold for AdL.PB*F*. Thus,
in terms of vector particles localizing to the liver, �v integrin
binding had a greater impact than CAR binding. The syner-
gistic effect on transduction of combining the CAR and inte-
grin binding modifications was not observed at the level of
localization of particles to the liver.

AdL DNA was localized primarily in the liver at 24 h post-
administration. In the lung and heart, the AdL DNA level was
at or below the level of detection (Fig. 6B and C). As reported
above, expression in these tissues was less than 1% of that
detected in the liver. A similar reduction in vector genomes
would give a signal barely above background in the Southern
blot analysis. Vector DNA was more readily detected in the
spleen (Fig. 6D). In addition, a different pattern was seen for
the panel of vectors in this tissue. There was no difference
between the amounts of AdL.F* and AdL, while the amount of
AdL.PB* was reduced about twofold. By contrast, the amount
of AdL.PB*F* was increased nearly threefold versus AdL.
Quantitation of bound probe indicated that the amount of
AdL detected per 5 �g of splenic DNA was 8% of that de-
tected with an equal quantity of liver DNA. Since the normal

mouse liver is about nine times the size of the normal spleen in
terms of weight, the fraction of the AdL dose present in the
spleen was quite small compared to that in the liver. While the
AdL.PB*F* level was elevated in the spleen relative to that of
AdL and was also nearly threefold higher than that of
AdLPB*F* in the liver on a per-microgram-of-DNA basis, the
size difference between the two organs indicates that the ma-
jority of this vector also localized to the liver.

We used real-time PCR analysis to further quantify differ-
ences in genome copies between the vectors within specific
tissues. The results are presented as percentages of the num-
bers of copies detected for AdL in the respective tissue, since
differences in PCR efficiency among organs limit a direct com-
parison of the number of vector copies detected in different
tissues (Table 2). The number of relative copies detected for
each vector in the liver by PCR agreed well with the Southern
blot results. Abolition of CAR binding resulted in two- to
threefold drop in the number of vector genomes detected. For
AdL.PB*, the reduction was 10-fold relative to AdL and sig-
nificantly reduced relative to AdL.F* (P 	 0.03). The level of
the doubly ablated vector was reduced 15-fold relative to that
of AdL and was not significantly lower than that of AdL.PB*.
PCR detection of the different vectors in the spleen also
matched the results of Southern blotting, with AdLPB*F* giv-
ing an elevation in the number of vector copies. We were able
to detect vector DNA in the lung, heart, kidney, and diaphragm
and found that loss of CAR binding did not result in a statistically
significant reduction in the level of vector genomes in these tis-
sues (Table 2). In contrast, AdL.PB* levels were significantly
reduced relative to AdL levels in the lung (P 	 0.01) and heart
(P 	 0.01), as were the levels of AdL.PB*F* (P 	 0.01 for both).
The levels of AdL.PB*F* were also significantly reduced relative
to those of AdL in the diaphragm (P 	 0.02) and relative to
those of AdL.F* in the kidney (P 	 0.04). Thus, the penton
base modification had a broader effect than the fiber modifi-
cation in reducing the number of vector copies in these tissues.

DISCUSSION

Using a panel of Ad vectors disabled for CAR binding, �v
integrin binding, or both, we have found that ablating interac-

FIG. 5. Transduction of specific tissues following intravenous administrations with the panel of vectors. Animals received 1011 Pu of vector
intrajugularly. Liver, lung, heart, kidney, spleen, and muscle (gastrocnemius) were collected at 24 h postinjection and analyzed as described in the
legend to Fig. 4. Four samples were used for each vector except for AdL, for which three were used. rlu, relative light units.
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tions with both CAR and �v integrin is essential to significantly
reduce the native tropism of an Ad vector. While fiber protein
efficiently inhibited infection by the wild-type Ad vector in
vitro, fiber modifications that abolish CAR binding resulted in
a vector that was resistant to this inhibition. Therefore, there
appeared to be no additional role of fiber in vector attachment.
The vector that lacked CAR binding, however, exhibited sen-
sitivity to inhibition by purified penton base that was not seen
for the wild-type vector. This suggested that an interaction
involving penton base could mediate transduction in the ab-
sence of fiber-CAR binding and prompted us to construct a
vector ablated for both CAR and �v integrin binding. The
significant reduction in transduction for the doubly ablated
vector, AdL.PB*F*, relative to the CAR-ablated vector,
AdL.F*, indicated that an interaction between penton base
and �v integrins was involved in the residual transduction by

FIG. 6. Detection of vector DNA by Southern blot analysis, DNA isolated from liver (A), lung (B), heart (C), and spleen (D) was digested with
KpnI and hybridized to a probe from the pol region of Ad5. The blots were exposed to X-ray film for 24 h (A) or 48 h (B to D). Quantitation of
the bound probe using an InstantImager instrument is shown in the lower panels of A and D. The counts per minute reported were corrected by
subtraction of background determined in adjacent regions of the blot. Samples from mock-treated animals were not above background.

TABLE 2. Relative copies for the panel of vectors within specific
tissues as detected by Taqman PCRa

Tissue
Relative no. of copies (% of AdL value)b

AdL AdL.F* AdL.PB* AdL.PB*F*

Liver 100 � 20 39 � 11 10 � 3.4 7.4 � 1.7
Spleen 100 � 44 69 � 13 41 � 16 171 � 36
Lung 100 � 24 103 � 53 7.4 � 4.8 14 � 4.5
Heart 100 � 20 87 � 30 9.3 � 5.6 17 � 6.6
Kidney 100 � 77 22 � 8 7.4 � 5.2 4.8 � 0.5
Diaphragm 100 � 41 82 � 76 29 � 18 8.8 � 2.2

a Tissue DNA was analyzed using primers and probes that recognize the pIX
region of Ad5. Results were obtained as the number of of copies per nanogram
of DNA.

b To control for tissue differences, the results are reported as percentages of
the number of copies of AdL detected in the respective tissue following subtrac-
tion of background. The values listed are expressed as mean � standard error.
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AdL.F*. The inability of penton base protein to inhibit
AdL.PB*F* transduction confirmed that the RGD loop of
penton base was involved in the penton base-mediated trans-
duction by AdL.F* and that additional interactions of penton
base with cellular receptors were not involved in vector uptake.

The importance of abolishing both CAR and �v integrin
binding for ablating native vector tropism was borne out by in
vivo analysis. Following intravenous injection into mice, trans-
gene expression from Ad was preferentially localized to the
liver. Vectors unable to bind CAR caused a 10- to 20-fold
reduction in transgene expression in the liver. This is consistent
with what has been reported for Ad vectors complexed with
neutralizing anti-fiber antibodies attached to targeting ligands
(9, 17). Deleting only the RGD motif that mediates the �v
integrin interaction, however, had as great an effect in reducing
liver transduction as did loss of CAR binding. However, the
most dramatic result was the drop in liver transduction mea-
sured with the doubly ablated vector. The fiber and penton
base modifications had a synergistic effect, resulting in a �
700-fold decrease of luciferase expression in the liver. The
residual transduction resulted in expression that was within 1
log unit of that seen in mock-treated animals.

The penton base-�v integrin interaction has been proposed
to be important for efficient internalization of Ad from the cell
surface via receptor-mediated endocytosis, and this interaction
may also be important for cell signaling and for release of
vector cores from the endosome (reviewed in reference 14).
Based on these observations, one might expect that the impact
of the penton base RGD mutation on in vivo transduction is
inefficient internalization. This would suggest that at least part
of the reduced expression from the doubly ablated vector re-
sulted from loss of transduction activity of the particles rather
than from targeting. If this were the case, employing the doubly
ablated vector as a base for targeted vectors might require, for
example, selecting target receptors that could mediate endo-
cytosis of the vector. While differences in receptor internaliza-
tion may influence the relative effectiveness of retargeting the
doubly ablated vector to specific novel receptors, our results
suggest that the consequences of the RGD deletion in reducing
transduction could take effect prior to internalization. First, no
difference in transduction activity among the unmodified, the
CAR-ablated, the integrin-ablated, and the doubly ablated vec-
tors was detected on AE25-HA cells. It appears that under
these conditions, attachment via the anti-HA receptor or CAR
is sufficient for efficient internalization. Second, the RGD de-
letion caused a marked reduction in the level of vector ge-
nomes detected in a number of tissues. Unless the Southern
and PCR analyses preferentially detected internalized ge-
nomes, these results point to an influence of the RGD deletion
on vector distribution rather than just to vector internalization.

Expression data from experiments with additional tissues
besides the liver underscored the importance of deleting the
penton base RGD motif for altering Ad tropism. No significant
decrease in transduction was seen in the lung, heart, kidney,
spleen, or skeletal muscle for the CAR-ablated vector,
AdL.F*. Following intravenous injection, AdL.F* gave ele-
vated expression in skeletal muscle and some evidence for
elevated expression in the lung and kidney. Expression from
AdL.PB*, on the other hand, was significantly reduced relative
to that from AdL in the lung, heart, and kidney. In the spleen,

a combination of the penton base and fiber modifications was
necessary to reduce expression.

Both AdL.F* and AdL.PB* showed a decrease in the number
of vector genomes in the liver by Southern blot analysis, but the
penton base modification had a greater effect. With the possi-
ble exception of the kidney, Taqman PCR detected no signif-
icant decrease in the numbers of AdL.F* genomes in tissues
other than the liver. In contrast, the numbers of AdL.PB* ge-
nomes were reduced in the lung, heart, kidney, spleen and dia-
phragm. The reduction of the numbers of AdL.PB* genomes
was similar to that of the numbers of AdL.PB*F* genomes,
except in the spleen, where the AdL.PB*F* level was elevated
relative to that of AdL. These results indicate not only that
interactions other than those with the fiber receptor can influ-
ence vector distribution but also that in most tissues the penton
base interaction has more influence than binding of CAR by
fiber.

In the liver, both AdL.PB* and AdL.PB*F* showed a re-
duction in vector copies of about 10-fold, but whereas
AdL.PB* expression was decreased about 20-fold relative to
that of AdL, the reduction of AdL.PB*F* expression was 700-
fold. The magnitude of the decrease in expression of
AdL.PB*F* greatly exceeds the reduction in the number of
detectable genomes. In AdL.F*, we detected a 2- to 3-fold
drop in the number of vector copies together with a 10- to
20-fold drop in expression. The greater effect on expression of
the CAR-ablating modification in the context of the RGD
deletion suggests that the penton base can mediate transduc-
tion in the liver, just as we observed in vitro. It is likely that
there are multiple mechanisms causing localization of Ad vec-
tors to the liver, and future studies are needed to analyze the
specific types of cells in the liver that take up vector.

The data reported here were collected from tissues har-
vested at 24 h after vector administration. DNA analysis has
indicated that as much as 90% of an intravenous dose of Ad
vector disappears within the first 24 h via clearance and deg-
radation in the liver (30). When circulation through the liver
was bypassed, systemic administration of Ad to mice resulted
in persistence of the vector in the circulation and enhanced
transduction of the lung, kidney, and intestine (31). Kupffer
cells appear to play a role in clearance by the liver, but the
precise mechanism has not been elucidated (1, 12, 21, 29). The
increase in the vector DNA level detected in the spleen for
AdL.PB*F* could reflect altered vector circulation in the ab-
sence of CAR and integrin binding. The magnitude of the
increase seen for AdL.PB*F* DNA in the spleen, however,
was insufficient to account for the decrease of AdL.PB*F*
DNA in other tissues and does not indicate any increase in the
total amount of vector DNA detected at 24 h. Based on these
results, it appears that absence of CAR and �v integrin binding
does not enable an Ad vector to escape rapid clearance and
degradation following intravenous administration.

The enhanced transduction in lung, kidney, and skeletal
muscle that we detected for AdL.F* and the increased levels of
AdL.PB*F* in the spleen provide evidence that altering the
interactions of Ad vectors with CAR and �v integrin can alter
their distribution in vivo. Given the similar levels of expression
from AdL and AdL.F* following direct intramuscular injec-
tion, the greater expression from AdL.F* following systemic
administration appears to reflect a difference in distribution of
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the two vectors. At the same time, interactions beyond those
with CAR and �v integrins affect the fate of Ad vectors fol-
lowing systemic delivery (7, 31). While access to specific target
tissues can be limited by physical barriers (5, 13, 25), the rapid
clearance of Ad vectors in the liver impacts any application
where a vector might be administered systemically. The vectors
we evaluated have ablated receptor specificity. While limiting
the interaction of Ad vectors with native receptors is critical for
development of vectors that have greater specificity for target
tissues, the efficacy of novel receptor specificities incorporated
in the doubly ablated vector remains to be tested.

Since the liver is the major site of transgene expression
following intravenous administration of Ad vectors in mice, the
dramatic reduction in transduction of this organ by the doubly
ablated vector represents a significant finding for developing
targeted Ad vectors. The reduced levels of this vector in most
tissues examined should enhance the targeting specificity of
forms of the vector carrying novel targeting sequences. Tar-
geting of phage particles to specific tissues has been demon-
strated in vivo through the incorporation of short linear pep-
tide motifs (2, 15). Targeted Ad vectors could be developed by
incorporating these ligands (23), or Ad vectors might be used
directly to identify ligands. Vectors with ablated tropism,
through loss of CAR and �v integrin binding, provide an im-
proved platform for evaluating the targeting potential of pep-
tide ligands incorporated in Ad capsids. Further modifications
of the vector to avoid rapid clearance from the circulation
might result in even greater targeting efficiency, as well as in
advantages from enabling therapeutic efficacy at lower vector
doses.
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