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A potential barrier to the development of genetically targeted adenovirus (Ad) vectors for cell-specific
delivery of gene therapeutics lies in the fact that several types of targeting protein ligands require posttrans-
lational modifications, such as the formation of disulfide bonds, which are not available to Ad capsid proteins
due to their nuclear localization during assembly of the virion. To overcome this problem, we developed a new
targeting strategy, which combines genetic modifications of the Ad capsid with a protein bridge approach,
resulting in a vector-ligand targeting complex. The components of the complex associate by virtue of genetic
modifications to both the Ad capsid and the targeting ligand. One component of this mechanism of association,
the Fc-binding domain of Staphylococcus aureus protein A, is genetically incorporated into the Ad fiber protein.
The ligand is comprised of a targeting component fused with the Fc domain of immunoglobulin, which serves
as a docking moiety to bind to these genetically modified fibers during the formation of the Ad-ligand complex.
The modular design of the ligand solves the problem of structural and biosynthetic compatibility with the Ad
and thus facilitates targeting of the vector to a variety of cellular receptors. Our study shows that targeting
ligands incorporating the Fc domain and either an anti-CD40 single-chain antibody or CD40L form stable
complexes with protein A-modified Ad vectors, resulting in significant augmentation of gene delivery to
CD40-positive target cells. Since this gene transfer is independent of the expression of the native Ad5 receptor
by the target cells, this strategy results in the derivation of truly targeted Ad vectors suitable for tissue-specific
gene therapy.

Adenoviruses (Ads) are a family of over 50 viral mammalian
pathogens, whose nonenveloped protein capsids embody a sin-
gle copy of double-stranded DNA genome (36). Based on their
ability to agglutinate red blood cells and the homology of their
genomes, Ads have been classified into species A through F.
The vast majority of the studies of Ad biology have been done
on human Ad serotype 2 (Ad2) and Ad5, respectively, both
belonging to species C.

The well-understood life cycle of these viruses, combined
with relatively simple methods for the generation, propagation,
and purification of recombinants derived from Ad2 and Ad5,
made them attractive candidates as gene delivery vectors for
human gene therapy. However, two decades of the extensive
use of Ad-based vectors as prototypes of future gene thera-
peutics has revealed a number of limitations of this vector
system, which have hampered its rapid transition into the
clinic. One of these drawbacks is the relative inefficiency of
gene delivery by Ad vectors to certain types of diseased human
tissues. On the other hand, the susceptibility of many normal
tissues to Ad infection makes them random targets for Ad

vectors and results in the suboptimal distribution of the viruses
upon administration to patients.

Attempts to rectify this deficiency of Ad vectors have been
rationalized by the identification of the molecular determi-
nants of the virus tropism. A typical Ad capsid is an icosahe-
dron, whose planes are formed by the Ad hexon protein,
whereas the vertices are occupied by a penton assembly
formed by the penton base and protruding fiber proteins (9).
The cell entry mechanism used by the majority of human Ad
serotypes involves two sequential interactions between an Ad
particle and a cell. According to this concept, the first of the
two contacts involves the Ad fiber protein (17, 26) and the
so-called coxsackievirus and Ad receptor (CAR) (4, 39). Spe-
cifically, the carboxy-terminal knob domain of the fiber binds
to the immunoglobulin-like D1 domain of CAR (5, 13), result-
ing in the tight association of the virus with the cell. The
presence of CAR on a target cell is thus recognized as a critical
prerequisite of efficient infection. This binding step is followed
by the secondary contact, which involves the arginine-glycine-
aspartic acid (RGD) sequence found in the Ad penton base
protein and the cellular integrins �v�3 and �v�5 (45, 46). This
interaction triggers the internalization of the virion within a
clathrin-coated endosome (44). Acidification of the endosome
is believed to lead to the release of the virus into the cytoplasm,
followed by its translocation to the nucleus, where the repli-
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cation of the virus begins. It has been reported that, whereas
CAR is used by the majority of human Ads as a primary
receptor (34), other cell surface molecules are also exploited in
this capacity by certain Ad serotypes (1, 10, 24, 35). This
observation suggests that the receptor specificity of a given Ad
serotype may be modified by redirecting the virus to alternative
cellular receptors.

This targeting concept has been realized by using the fol-
lowing strategies. In adapter-mediated targeting, the tropism
of the virus is modified by an extraneous targeting moiety, the
ligand, which associates with the Ad virion either covalently or
noncovalently. Adapters or adapter-ligand complexes success-
fully used for Ad targeting include bispecific antibody (Ab)
conjugates, genetic fusions of single-chain Ab (scFv) with
CAR, or scFv-scFv diabodies (reviewed in reference 21).
Adapter-mediated targeting is rather versatile and technically
simple, it may use a wide range of targeting ligands, and it
allows for the rapid generation of analytical amounts of tar-
geted complexes and their fast validation. However, it requires
the production and purification of at least two different com-
ponents (the virus and targeting ligand), their subsequent con-
jugation in a targeting complex, and the purification of that
complex from nonreacted components. These requirements
substantially complicate the large-scale production of the vec-
tor complex, which may result in significant batch-to-batch
variations and complicate the regulatory approval of the vector
for clinical use.

In contrast, genetic targeting, which is based on the genetic
incorporation of the ligand into the Ad capsid (reviewed in
reference 22) results in a one-component, self-assembling, and
self-replicating vector, which, once made and validated, may be
amplified to any desired scale. The choice of ligands in this
strategy, however, is limited to proteins only. Furthermore,
additional limitations may be imposed by the potential struc-
tural or biosynthetic incompatibility of the ligand with the
protein components of Ad capsid. For instance, recent studies
by Magnusson et al. (27) have shown that protein ligands, such
as the epidermal growth factor or scFvs, whose correct folding
requires the formation of disulfide bonds, cannot be used for
genetic targeting of Ad.

To overcome the limitations of these targeting strategies, we
sought to develop a new approach, which combines elements
of the genetic modification of the Ad capsid with the adapter-
mediated targeting. We establish here the feasibility and effi-
cacy of this strategy to target Ad vectors. Specifically, we show
that by incorporation of the immunoglobulin (Ig)-binding do-
main of Staphylococcus aureus protein A into the Ad fiber
protein, a virus vector capable of associating with the Fc do-
main of Ig can be derived. Furthermore, we genetically fused
the Ig Fc domain with a targeting scFv ligand and showed that
this domain can serve as a docking moiety during the forma-
tion of the Ad-ligand targeting complex. Most important, we
have shown that, upon self-assembly, this complex retains its
stability during purification and storage and can efficiently de-
liver transgenes to target cells by using the cell entry pathway
determined by its ligand component.

MATERIALS AND METHODS

Cell lines. 293 human embryonal kidney cells, their derivative 293T/17 (which
expresses the simian virus 40 large T antigen), and Namalwa Burkitt’s lymphoma

human cells were purchased from the American Type Culture Collection (Ma-
nassas, Va.). The generation of 293.CD40 cells stably expressing human CD40
will be described elsewhere (unpublished data). Namalwa cells were cultured in
RPMI medium adjusted to contain 1.5 g of sodium bicarbonate/liter supple-
mented with 2 mM L-glutamine, 4.5 g of glucose/liter, 1.0 mM sodium pyruvate,
and 7.5% fetal bovine serum (FBS). 293 and 293T/17 cells were propagated in
Dulbecco modified Eagle medium (DMEM)–F-12 medium with 10% FBS, 2 mM
glutamine, 100 U of penicillin/ml, and 100 �g of streptomycin/ml. FBS was
purchased from HyClone (Logan, Utah), and media and supplements were from
Mediatech (Herndon, Va.). All cells were propagated at 37°C in a 5% CO2

atmosphere.
Dendritic cells (DCs) were derived from the peripheral blood of normal

donors, by using a protocol approved by the UAB Institutional Review Board.
Peripheral blood mononuclear cells were purified with gradient centrifugation by
using Histopaque (Sigma Diagnostics, St. Louis, Mo.). CD14� monocytes were
then isolated by using CD14 Microbeads and magnetic cell sorting (Miltenyi
Biotec, Auburn, Calif.). They were cultured for 6 days in RPMI 1640 medium
with 10% FBS, 2 mM glutamine, 100 U of penicillin/ml, 100 �g of streptomycin/
ml, and 50 �M 2-mercaptoethanol containing 100 ng of recombinant human
interleukin-4 (R&D Systems, Minneapolis, Minn.) and 100 ng of recombinant
human granulocyte-macrophage colony-stimulating factor (Immunex, Seattle,
Wash.)/ml (40). Expression of molecular markers typical of immature DCs
(CD14� CD11c� CD40� CD86� HLADR�) was confirmed by staining with
relevant monoclonal antibodies (MAbs).

Antibodies. Rabbit anti-Ad2 polyclonal antibodies were purchased from the
National Institute of Allergy and Infection Diseases (Bethesda, Md.). Anti-
mouse and anti-rabbit immunoglobulin polyclonal antibodies conjugated with
horseradish peroxidase were from Amersham Pharmacia Biotech, Inc. (Piscat-
away, N.J.) and Dako (Carpinteria, Calif.), respectively. 4D2 anti-fiber (18)
mouse MAb was provided by Jeffrey Engler (University of Alabama at Birming-
ham). Penta-His MAb, which binds a five-histidine sequence, was purchased
from Qiagen (Valencia, Calif.).

Genetic engineering. Restriction endonucleases and T4 DNA ligase were
purchased from New England Biolabs (Beverly, Mass.). The PCR was performed
with Pfu DNA polymerase (Stratagene, La Jolla, Calif.).

To facilitate the modifications of the HI-loop of Ad5 fiber, the shuttle vector
pKanHI-BaeI carrying the Ad5 fiber gene with flanking regions of Ad genomic
DNA, and the recognition sequence for the restriction endonuclease BaeI within the
HI-loop was constructed by a two-step cloning strategy. First, the shuttle vector
pKan�HI was generated by subcloning of the 3.1-kb PmeI-EcoRI fragment of
pXK�HI (3), whose ends were filled in with the Klenow fragment of DNA poly-
merase I of Escherichia coli, into ApoI-AflIII-digested pZErO-2 (Invitrogen, Carls-
bad, Calif.). Next, a BaeI recognition site within the HI-loop-encoding sequence was
generated by cloning the duplex made with the oligonucleotides Bae.F (ACAACT
CGGTGGCGGTACCGGTGTATACGGCGGTCC) and Bae.R (GGACCGCCG
TATACACCGGTACCGCCACCGAGTTGT) into EcoRV-digested plasmid
pKan�HI, resulting in the shuttle vector pKanHI-BaeI.

A shuttle vector suitable for modifications of the carboxy terminus of the fiber
protein was designed by subcloning an AgeI-MfeI fragment of the previously
described pBS.F5LLBamHI (23) into the AgeI-MfeI-digested pKan�HI. This
resulted in plasmid pKanLL-BamHI encoding a modified fiber with a C-terminal
peptide linker (G4S)3, followed by a BamHI restriction site. This site was then
replaced with the BaeI recognition sequence by inserting a duplex made of two
oligonucleotides, LL-Bae-1F (GATCCCGGTGGCGGTACCGGTGTATACG
GCGGTTAATAAA) and LL-Bae-1R (GATCTTTATTAACCGCCGTATACA
CCGGTACCGCCACCGG), thereby generating pKanLL-BaeI.

Plasmid pDV67, which was constructed for the expression of Ad5 fiber and its
derivatives in mammalian cells, was obtained from Dan Von Seggern (43). To
simplify the transfer of the fiber genes assembled within pDV67 into the
pKan3.1-derived fiber shuttle vectors, the MfeI restriction site located upstream
from the cytomegalovirus (CMV) promoter was deleted to yield pVSI. A new
MfeI site was introduced downstream from the 3� end of the fiber open reading
frame by cloning an MfeI-XbaI linker (CTAGCCAATTGG) into XbaI-digested
pVSI, yielding pVSII.

Recombinant genes encoding the Ad5 fiber modified by incorporation of the
so-called C domain (Cd) of Staphylococcus aureus protein A within the HI loop
and at the carboxy (i.e., C) terminus were assembled in two steps. First, AgeI-
MfeI fragments isolated from the plasmids pKanHI-BaeI, pKan-LL-BaeI,
pHI.PB10, pHI.PB40, and pHI.PB80 (3) were cloned into AgeI-MfeI-digested
pVSII. Next, the nucleotide sequence encoding the Cd of S. aureus protein A was
assembled with two pairs of oligonucleotides—(i) T1 (GCGGATAACAAATT
CAACAAAGAACAACAAAATGCTTTCTATGAAATCTTACATTTACCTA
ACTTAAACGAAGAACAACGTAACGGCTTC) and B1 (GTTACGTTGTTC
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TTCGTTTAAGTTAGGTAAATGTAAGATTTCATAGAAAGCATTTTGTT
GTTCTTTGTTGAATTTGTTATCCGCGGATC) and (ii) T2 (ATCCAAAGC
CTTAAAGACGATCCTTCAGTGAGCAAAGAAATTTTAGCAGAAGCTA
AAAAGCTAAACGATGCTCAAGCACCAAAATAATA) and B2 (TTTTGG
TGCTTGAGCATCGTTTAGCTTTTTAGCTTCTGCTAAAATTTCTTTGCT
CACTGAAGGATCGTCTTTAAGGCTTTGGATGAAGCC)— and cloned
into the BaeI-cleaved derivatives of pVSII described above. The resultant ex-
pression plasmids were designated pVS-HI-Cd, pVS-LL-Cd, pVS-PB10-Cd,
pVS-PB40-Cd, and pVS-PB80-Cd.

Shuttle vectors containing these modified fiber genes were constructed by
replacing the AgeI-MfeI fragment of the shuttle vector pKan�HI by the AgeI-
MfeI fragments of pVS-HI-Cd, pVS-LL-Cd, pVS-PB10-Cd, pVS-PB40-Cd, and
pVS-PB80-Cd.

Recombinant Ad genomes incorporating the modified fiber genes were de-
rived by homologous DNA recombination in Escherichia coli BJ5183 with SwaI-
linearized plasmid pVL3200 essentially as described previously (8). pVL3200 is
a derivative of pTG3602 (8), which contains an Ad5 genome with E1, E3, and the
fiber gene deleted. In place of the deleted E1, the genome contains a CMV
immediate-early promoter-driven expression cassette comprising the firefly lu-
ciferase gene and the green fluorescent protein (GFP) gene linked to an internal
ribosome entry site.

To prepare a targeting ligand, the sequence encoding a fusion protein desig-
nated Fc-G28.5, comprising the secretory leader sequence, anti-CD40 single-
chain antibody (scFv) G28.5 (32) tagged with the Fc domain of human immu-
noglobulin, and a six-histidine sequence (His6), was assembled within the
expression cassette of the AdApt shuttle vector (Crucell, Leiden, The Nether-
lands). The genome of Ad5.Fc-G28.5 containing this cassette in place of the
deleted E1 region was then generated by homologous DNA recombination with
the ClaI-linearized pTG3602 rescue vector (8).

Details of all genetic engineering procedures are available upon request.
Viruses. All Ad vectors were generated by transfection of 293 cells with

PacI-digested Ad rescue vectors as described previously (20). The viruses were
propagated in 293 cells and purified by equilibrium centrifugation in CsCl gra-
dients according to a standard protocol (15). Protein concentrations in viral
preparations were determined by using the Dc protein assay (Bio-Rad, Hercules,
Calif.) with purified bovine serum albumin (BSA) as a standard. The virus titers
were calculated as follows: 1 �g of protein � 4 	 109 viral particles (vp).

Recombinant proteins. To express Fc-G28.5, Ad5.Fc-G28.5 was used for in-
fection of 6 	 109 293 cells at a multiplicity of infection (MOI) of 100 vp/cell. The
medium from the infected cells was collected at 72 h postinfection and loaded
onto a HiTrap rProtein A FF 5-ml column (Amersham) equilibrated with phos-
phate-buffered saline (PBS). After the column was washed with five column
volumes of PBS, bound proteins were eluted with 0.1 M sodium citrate (pH 3.4).
To preserve the activity of the scFv, 1-ml fractions were collected into tubes with
200 �l of 1.5 M Tris-HCl (pH 8.8). The collected protein was dialyzed against
PBS and loaded onto a 1-ml HiTrap His6 FF column (Amersham). After the
column was washed with PBS, the protein was eluted with a linear gradient of
imidazole (20 to 500 mM) in PBS. The protein was collected and dialyzed against
PBS. The final protein concentration was determined by using the Dc protein
assay (Bio-Rad) with BSA as a standard.

The design, expression, and purification of the recombinant protein compris-
ing the extracellular domain of human CAR have been reported by Dmitriev et
al. (11). The expression of the His6-tagged knob domain of Ad5 fiber in E. coli
and its purification by immobilized ion metal affinity chromatography have been
described previously (23).

All chromatographic separations were performed by utilizing the ÄKTA pu-
rifier system on prepacked columns from Amersham.

The recombinant protein Fc-CD40L, which consists of a genetic fusion of the
DNA encoding the human tumor necrosis factor-like domain of human CD40
ligand sequence at its amino terminus to the hinge region of the Fc domain of
human IgG
1, was expressed in murine NS/0 cells and purified as previously
described (25).

Preparation of targeted Ad. Complexes of Ad with Fc-containing targeting
ligands were generated during purification of viruses from infected 293 cells.
Briefly, 293 cells were infected with Ads at an MOI of 300 vp/cell. Cells were
harvested at 55 h postinfection and resuspended in 2% FBS-DMEM. Viruses
were released from the cells by three freeze-thaw cycles, and the cell debris was
removed by centrifugation. The supernatant was layered onto a preformed step
gradient of CsCl and centrifuged for 3 h at 4°C and 25,000 rpm. Banded viruses
were collected, mixed with Fc-G28.5 or Fc-CD40L proteins at a concentration of
30 �g/ml, and incubated for 30 min at room temperature. Vector complexes were
purified from unbound proteins by equilibrium centrifugation in CsCl gradients,

dialyzed (10 mM Tris-HCl [pH 8.0], 50 mM NaCl, 2 mM MgCl2, 10% glycerol),
and stored at �80°C until use.

Transient expression of recombinant fiber proteins. 293T/17 cells were trans-
fected with the pVS-derived expression vectors by using the DOTAP liposomal
transfection reagent (Roche, Mannheim, Germany) according to the manufac-
turer’s protocol. At 72 h posttransfection, the cells were washed with PBS,
harvested, and lysed in cell culture lysis reagent (Promega, Madison, Wis.) at 106

cells/ml. Cell lysates were used for enzyme-linked immunosorbent assay (ELISA)
and for immunoblotting.

Western blot. Samples were incubated in Laemmli sample buffer at 96°C for 5
min and separated on 4 to 20% gradient polyacrylamide gel (Bio-Rad). For
“seminative” electrophoresis, samples were not boiled. The proteins were elec-
troblotted onto a polyvinylidene difluoride membrane, and the blots were de-
veloped with the WesternBreeze immunodetection system (Invitrogen) accord-
ing to the manufacturer’s protocol with either the 4D2 or Penta-His antibodies
as primary probes.

ELISA. The wells of 96-well Nunc Immuno-Plates (Fisher Scientific, Pitts-
burgh, Pa.) were coated overnight at 4°C with proteins diluted in 50 mM car-
bonate buffer (pH 8.6) at a concentration of 5 �g/ml. The unsaturated surface of
the wells was then blocked for 1 h at room temperature by the addition of 200 �l
of blocking buffer (Tris-buffered saline [TBS] with 0.05% Tween 20 and 0.5%
casein) to each well. The blocking buffer was replaced with 100 �l of cell lysates
or Ad preparations diluted in binding buffer (TBS with 0.05% Tween 20 and
0.05% casein). Plates were incubated at room temperature for 1 h and then were
washed four times with washing buffer (TBS with 0.05% Tween 20). Bound fiber
proteins or Ad particles were detected by incubation for 1 h at room temperature
with 4D2 MAb or anti-Ad2 polyclonal antibodies, respectively. The wells were
washed four times with washing buffer; either goat anti-mouse immunoglobulin
G or goat anti-rabbit immunoglobulin antibodies conjugated with horseradish
peroxidase (Dako) were then added, and incubation was continued for 1 h. The
color was developed with a Sigma FAST o-phenylenediamine dihydrochloride
tablet kit as recommended by the manufacturer. The color intensity was mea-
sured at 490 nm with an EL800 plate reader (Bio-Tek Instruments, Winooski,
Vt.).

Gene transfer assay. To study Ad-mediated luciferase gene delivery, 5 	 105

cells grown in a 24-well plates were washed once with PBS and preincubated for
10 min at room temperature with 200 �l of either Ad5 knob protein diluted in
2% FBS-DMEM at a concentration of 100 �g/ml or 2% FBS-DMEM alone.
Cells were infected at an MOI of 10 vp/cell with Ad vectors diluted in 200 �l of
2% FBS-DMEM and incubated for 30 min at room temperature. The medium
containing the unbound viruses was then aspirated, and the cells were washed
once with 2% FBS-DMEM. A total of 500 �l of growth medium was then added,
and the cells were incubated at 37°C to allow for luciferase expression. After 24 h
the cells were lysed in 0.25 ml of luciferase reporter lysis buffer and assayed for
luciferase activity by using the luciferase assay system (Promega) according to the
manufacturer’s protocol. Each datum point was set in triplicate and calculated as
the mean of three determinations. Preliminary experiments demonstrated a
linear response with the luciferase activity versus the MOI of the input virus over
a range of 0.1 to 100 vp/cell.

To target Ad vectors, some experiments included preincubation of the viruses
with Fc-containing proteins. Specifically, 1.5 �g of Fc-G28.5 was incubated with
1010 vp of Ad in 10 �l of PBS for 30 min at room temperature. The mixtures were
then diluted with 2% FBS-DMEM down to 2.5 	 107 vp/ml, and 200-�l aliquots
were added to the cells.

RESULTS

Design and expression of Ad5 fiber proteins modified with
the Cd of S. aureus protein A. To design a versatile mechanism
of attachment of targeting ligands to Ad particles, we chose to
modify the structure of each of these components with distinct
protein moieties capable of forming stable heteroduplexes
upon association with each other. To this end, we chose to
introduce within the fiber protein of the Ad5 vector the so-
called Cd of S. aureus protein A. This domain is known to bind
with high selectivity and affinity to the Fc domain of Igs. There-
fore, Ad virions incorporating such Cd-modified fibers were
expected to bind targeting ligands designed to contain an Fc
domain.

A total of five genes coding for different Cd-containing fibers
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were designed by incorporation of the Cd open reading frame
into either the carboxy terminus of the fiber protein (Fb-LL-
Cd) or the HI loop of its knob domain. In the latter instance,
in addition to direct fusion of the Cd sequence with that of the
HI loop (Fb-HI-Cd), we made three other constructs (Fb-
HI10-Cd, Fb-HI40-Cd, and Fb-HI80-Cd), in which the Cd was
flanked within the loop with flexible linkers derived from the
Ad5 penton base protein (3). These additional constructs were
designed to avoid potential steric hindrance that could be
caused by the proximity of the knob to Cd within the fusion

molecule. We sought to avoid such a structural problem by
extending Cd away from the knob. The length of the linkers in
these constructs was 5, 20, or 40 amino acid residues.

The fiber-Cd genes were assembled in the mammalian ex-
pression plasmid pVS2, and the resultant recombinant vectors
were then used to direct the expression of these genes in
293T/17 cells. These expression experiments were intended to
demonstrate that the designed protein chimeras could be ex-
pressed at levels comparable to that of the wild-type (wt) Ad5
fiber (see Fig. 1, Fbwt) and that they possess the structural and
functional properties required for both the incorporation of
these proteins into Ad virions and for binding to Fc-containing
proteins. As seen in Fig. 1, immunoblotting of the lysates of
pVS-transfected 293T/17 cells showed that the quantities of
the fiber-Cd proteins were similar to the amount of the wt fiber
expressed by the control plasmid. A comparison of the mobil-
ities of the chimeras in denatured and nondenatured samples
showed clearly that all of the newly designed proteins formed
trimers upon self-association. Of note, the substantial amount
of the Fb-LL-Cd monomer present in nondenatured sample
suggested that the Fb-LL-Cd trimer was less stable than the
other designed fibers. Since trimerization of the fiber is a
prerequisite of its association with the penton base protein, the
results of this assay were indicative of the suitability of the
fiber-Cd proteins for Ad capsid modification.

We next examined the Fc-binding capability of the Cd in the
context of the fiber-Cd chimeras. This was accomplished by an
ELISA that used the lysates of fiber-Cd-expressing 293T/17
cells for a binding assay using the Fc-G28.5 protein (see below)
as bait. This assay demonstrated that each of the fiber-Cd
chimeras bound to the Fc domain, whereas, predictably, the wt
fiber did not bind to Fc-G28.5 even at the highest concentra-
tion used (Fig. 2A).

In addition, to investigate whether the interaction of the

FIG. 1. Analysis of the transiently expressed fiber-Cd proteins.
293T/17 cells transfected with pVS-derived expression plasmids were
lysed, and aliquots of the lysates containing 5 �g of total soluble
protein were loaded on a sodium dodecyl sulfate-polyacrylamide elec-
trophoresis gel in sample buffer. The fiber proteins in some of the
samples were fully denatured by a 5-min incubation at 96°C (lanes b).
These samples were expected to contain the fiber monomers only. In
parallel, similarly prepared samples analyzed under seminative condi-
tions were not heat denatured (lanes a) and were supposed to contain
the fiber-Cd proteins in a trimeric configuration. Upon separation, the
proteins were electroblotted onto a polyvinylidene difluoride mem-
brane and probed with anti-fiber tail MAb 4D2.

FIG. 2. Assessment of the Fc- and CAR-binding ability of the transiently expressed fiber-Cd proteins. The bait proteins, Fc-G28.5 (A) and
recombinant CAR (B), adsorbed on ELISA plates were probed with serial dilutions of lysates of fiber-Cd-expressing 293T/17 cells. The quantity
of the recombinant fibers used in the assay was normalized according to the concentration of total soluble protein in the lysates. The bait-bound
fibers were then detected with anti-fiber MAb, followed by horseradish peroxidase-conjugated anti-mouse immunoglobulin G antibodies. OD490,
optical density at 490 nm.
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fiber-Cd proteins with CAR was affected by incorporation of
the Cd, the capacity of these chimeras to bind CAR was tested.
An ELISA with a soluble form of CAR protein, sCAR, as the
target showed that, although the receptor-binding site within
the modified fibers was affected by incorporation of Cd (Fig.
2B), all modified fibers largely retained the ability to bind
CAR.

Therefore, taken together, these experiments made it clear
that despite very substantial modifications of the fiber struc-
ture, all five fiber-Cd proteins possess key functional proper-
ties, which are essential for the realization of this Ad targeting
scheme.

Derivation of Ad vectors containing Cd-modified fibers. To
generate Ad vectors containing Cd-modified fibers, the genes
encoding these proteins were transferred to the fiber shuttle
plasmids and then into an Ad genome from which the early
regions E1 and E3 and also the fiber gene had been deleted.
This genome, incorporated into the Ad rescue vector
pVL3200, was previously modified to contain an expression
cassette comprising two reporter genes, the firefly luciferase,
and GFP in place of the E1 region. Transcription of these
reporters, linked with an internal ribosome entry site, is driven
by the hybrid CMV5 promoter, which incorporates functional
elements of the immediate-early CMV promoter and the ma-
jor late promoter of Ad5 (28). The designations of the
pVL3200-derived Ad vectors contain the abbreviation “DR,”
such as Ad5.DR-LL-Cd, to reflect the presence of a “double
reporter” (luciferase and GFP) in their genomes.

The Ad genomes isolated from the resultant plasmids were
used to rescue the Ad vectors of interest by transfection of 293
cells as described in Materials and Methods. Upon rescue and
propagation, the viruses were purified, and their titers were
determined. The dynamics of the infection by these vectors did
not differ from those seen for a control Ad vector, Ad5.DR,
incorporating wt fibers. As shown in Table 1, the titers of all six
viruses were very similar. Also, as would have been predicted
by the trimerization pattern of the transiently expressed fi-
ber-Cd proteins, an immunoblot analysis of purified viruses
showed efficient incorporation of these fiber chimeras into Ad
capsids (Fig. 3A). In the aggregate, these observations sug-
gested that the modifications of the fiber with Cd did not have
any deleterious effect on the assembly of the virions.

Production of the targeting Fc single-chain antibody ligand.
Having completed the modification of the Ad vectors, we next
sought to design a complementary ligand molecule, which
would be capable of targeting the virus via association with its
altered capsid. To this end, we used the Fc domain of human
Ig as a fusion partner for a targeting single-chain antibody
(scFv) to generate a bifunctional “anchor-ligand” molecule.

The role of the Fc domain in our targeting scheme is twofold.
First, it is used to facilitate the expression and secretion of the
targeting ligand; second, it also serves as an anchor, which
allows the ligand to associate with the Cd-modified Ad capsids.
This concept was realized by designing a recombinant protein
comprising the Fc domain of human IgG1 fused at its carboxy
terminus with an scFv derived from the anti-human CD40
MAb G28.5. This Fc-G28.5 fusion also contained a carboxy-
terminal His6 tag for detection and purification purposes. The
Fc-G28.5-encoding gene was placed under the transcriptional
control of the CMV5 promoter and incorporated into the
genome of a replication-incompetent Ad5 vector, Ad5.Fc-
G28.5, where it replaced the E1 region.

Expression of Fc-G28.5 in 293 cells by Ad5.Fc-G28.5 re-
sulted in accumulation of the protein in the culture medium,
from which it was purified by affinity chromatography on a
protein A column, followed by immobilized ion metal affinity
chromatography. A total of 6.8 mg of the fusion was purified in
this way upon infection of 6 	 109 293 cells. Analytical gel
filtration chromatography of Fc-G28.5 showed that it was
present in the sample in the form of a dimer, which is typical
of Fc-containing proteins. Electrophoresis of the resultant
preparation showed that the Fc-G28.5 ligand was �95% pure
(data not shown) and thus suitable for subsequent vector tar-
geting experiments.

TABLE 1. Yields of Ad.DR vectors in 293 cells

Virus No. of particles/
108 cells

Ad5.DR ................................................................................ 1.1 	 1012

Ad5.DR-HI-Cd.................................................................... 7.5 	 1011

Ad5.DR-HI10-Cd................................................................ 6.4 	 1011

Ad5.DR-HI40-Cd................................................................ 9.3 	 1011

Ad5.DR-HI80-Cd................................................................ 7.6 	 1011

Ad5.DR-LL-Cd ................................................................... 8.5 	 1011

FIG. 3. Characterization of Ad virions incorporating fiber-Cd pro-
teins. (A) Western blotting of Cd-modified Ad. Aliquots equal to 1010

vp of CsCl-purified Ad vectors were boiled in the sample buffer, and
their protein components were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The fibers electrotransferred onto
a membrane were identified with anti-fiber tail MAb 4D2. Lane 1,
Ad5.DR-HI-Cd; lane 2, Ad5.DR-HI10-Cd; lane 3, Ad5.DR-HI40-Cd;
lane 4, Ad5.DR-HI80-Cd; lane 5, Ad5.DR-LL-Cd; lane 6, Ad5.DR.
(B) Binding of Cd-containing Ad vectors to Fc-modified targeting
ligand. The ligand, Fc-G28.5, was adsorbed on an ELISA plate and
incubated with aliquots of the purified Cd-modified Ad virions ranging
from 1 	 109 to 3 	 1011 vp. Fc-bound Ad particles were detected by
using anti-Ad2 polyclonal antibodies. OD490, optical density at 490
nm.
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At this point we sought to confirm that both components of
the newly designed gene delivery system, the viral vector and
the targeting ligand, were able to associate with each other.
This was addressed by an ELISA in which Fc-G28.5, used as
the bait, was probed with purified Ad particles. As expected,
this assay showed strong binding of each of the Cd-modified
vectors to the ligand, whereas virtually no binding was ob-
served with the control Ad lacking Cd in the capsid (Fig. 3B).
Thus, these findings proved the feasibility of the formation of
targeting vector complexes and therefore rationalized subse-
quent cell transduction studies.

Preliminary assessment of gene transfer properties of Ad-
ligand targeting complexes. A comparison of the gene delivery
characteristics of the Ad::Fc-G28.5 complexes was done by
means of a transduction experiment with 293.CD40 cells as the
target. Prior to infection with the modified Ad vectors, the cells
were preincubated with either medium alone, medium contain-
ing recombinant Ad5 fiber knob protein, or medium contain-
ing the knob and Fc-G28.5 ligand. Since all of the Ad vectors
used in these studies contained fibers with functional CAR-
binding sites, we sought to discriminate between the gene
transfer which could occur via CAR-mediated cell entry versus
that which was expected to result from the attachment of the
targeting complexes to CD40. This was accomplished by block-
ing CAR on the surface of the target cells with the knob
protein (23). Ad vectors incorporating wt fibers, as well as
parental 293 cells, which do not express any detectable CD40,
were used as negative controls.

This experiment showed that all Cd-modified Ads were able
to use the Fc-G28.5 ligand for CD40-mediated infection, with
no significant variations between the vectors (Fig. 4). These
data obviated the need to study all five modified vectors.
Therefore, we chose to proceed with Ad5.DR-HI10-Cd,
Ad5.DR-HI40-Cd, and Ad5.DR-LL-Cd, since these constructs
represented two different Ad fiber modification approaches:
the redesign of the HI loop and the carboxy terminus of the
protein.

Preparation and characterization of preformed Ad-ligand
complexes. Although the preliminary vector validation exper-
iments showed the ability of Cd-modified viruses to use an
Fc-fused scFv ligand for targeting, we sought to further exam-
ine the properties of these targeting complexes. This time, the
Ad-ligand complexes were made at a preparative scale and
purified from unbound ligand, which otherwise would compet-
itively inhibit the infectivity of the vectors. This was done to
test whether the vector complexes could be made in bulk and,
upon purification, stored until use without losing their infec-
tivity. By mixing the components of the complex at a high
ligand/virus ratio (1,800:1), we sought to create conditions un-
der which all of the Cd anchoring sites within the virions would
be occupied by the ligand.

Each of the three viruses—Ad5.DR-HI10-Cd, Ad5.DR-
HI40-Cd, and Ad5.DR-LL-Cd—was mixed and incubated with
the targeting Fc-scFv ligand as described in Materials and
Methods and subsequently purified in CsCl gradients. Next, we
assessed the efficiency of association of the ligand with each of
the viruses in an immunoblot assaywith a Penta-His MAb,
which binds to the His6 tag present in the ligand molecule. This
analysis showed that Fc-G28.5 protein bound most efficiently
to Ad5.DR-LL-Cd, while the amounts of the ligand found in
preparations of Ad5.DR-HI10-Cd and Ad5.DR-HI40-Cd were
smaller (Fig. 5).

Transduction properties of the preformed Ad-ligand com-
plexes on established cell lines. The receptor specificity of the
resultant vector complexes was assessed by using them to infect
Namalwa human lymphoblastoid cells, which are CAR positive
and naturally express CD40. As seen in Fig. 6, the vector
complexes clearly outperformed the relevant untargeted Ad,
with the difference in the infection efficiencies being in the
range of an order of magnitude for each vector. Importantly,
this augmentation of infectivity was entirely due to the target-
ing of the vectors to CD40, since the addition of the fiber knob
protein had no effect on the gene transfer. Of special note,

FIG. 4. Ligand-mediated transduction of CD40� cell targets. 293.CD40 (A) or 293 (B) cells preincubated with either Ad5 fiber knob protein,
fiber knob plus Fc-G28.5 protein, or plain medium were infected with each of the Cd-modified vectors at an MOI of 10 vp/cell. Ad5DR vector
incorporating wt Ad5 fibers was used as a control. The bars correspond to the luciferase activity in relative light units detected in transduced cells
at 24 h postinfection (i.e., the average activity obtained in three replicates). The error bars show standard deviations.
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Ad5.DR-HI10-Cd demonstrated an infection profile that was
very similar to that of Ad5.DR-HI40-Cd (not shown).

The CD40 dependence of the infection by the targeted com-
plexes was further confirmed by transducing Namalwa cells
with Ad5.DR-LL-Cd::Fc-G28.5 in the presence of various con-
centrations of free ligand. This resulted in the inhibition of
transduction in an Fc-G28.5 concentration-dependent manner,
which unambiguously demonstrated the direct involvement of
CD40 in the cell entry pathway used by the ligand-containing
vector complex (Fig. 7). As expected, the infectivity of the
Ad5.DR vector, which contains wt fibers and is thus unable to
associate with Fc-G28.5, was not affected by the addition of the
free ligand.

In vitro transduction of primary human DCs with the CD40-
targeted vectors. An additional test of the cell transduction
ability of the Ad5.DR-LL-Cd::Fc-G28.5 vector was done with
human DCs as targets. These DCs were derived from CD14�

monocytes isolated from human peripheral blood as described
in Materials and Methods. For the purpose of comparison, a
similarly prepared vector complex containing the CD40-bind-
ing domain of human CD40 ligand, CD40L, fused with Fc was
also used. This experiment demonstrated that the Cd-modified
vector, when complexed with either of the two targeting li-
gands, was able to deliver the reporter gene to DCs 28- to
35-fold more efficiently than the control unmodified vector,
Ad5.DR (Fig. 8). In line with previous reports of the poor
expression of CAR (2, 37, 38) and elevated levels of CD40 in
DC (6, 7), the use of the Ad5 fiber knob and scFvG28.5 as
inhibitors of infection revealed that the CD40-mediated com-
ponent of overall gene transfer by the targeted vectors was
higher than that involving CAR, which was observed for un-
targeted Ad. On another note, the scFvG28.5 constituent of the
targeting protein was more efficient in directing the vector
complex to DCs than was the natural ligand of CD40, CD40L,
thus further supporting the choice of scFvs as targeting moi-
eties for Ad.

DISCUSSION

We describe here an attempt to develop an Ad vector tar-
geting approach that would combine the advantages of the
previously established protein bridge-mediated and genetic
modification of virus tropism.

This approach was dictated by the major limitation to the
genetic targeting of Ad, which otherwise remains the most
straightforward and efficient way to modify Ad tropism. This
limitation is the structural and biosynthetic incompatibility of
the protein components of Ad capsid, including the receptor-

FIG. 5. Incorporation of Fc-G28.5 fusion protein into targeting
vector complexes. Targeting complexes formed by association of the
Fc-G28.5 ligand with either Ad5.DR-HI10-Cd, Ad5.DR-HI40-Cd, or
Ad5.DR-LL-Cd were purified from unincorporated ligands on CsCl
gradients, and aliquots of each preparation corresponding to 1.5 	 109

vp were analyzed by immunoblotting alongside samples of Ad vectors
that were not incubated with Fc-G28.5. (A) Membrane probed with
anti-fiber MAb; (B) result of the ligand detection done with Penta-His
MAb. �, samples preincubated with ligand; �, samples containing Ad
vectors only. Lane C shows a mixture of 1.5 	 109 vp of Ad5.DR with
12 ng of Fc-G28.5.

FIG. 6. Transduction of cells by the preformed targeted vector
complexes. CD40� Namalwa cells were infected with either Ad5.DR-
HI40-Cd or Ad5.DR-LL-Cd at MOIs of 10 or 500 vp/cell, respectively.
Each of the Cd-modified vectors was used either alone (�) or in
association with the Fc-G28.5 ligand (�). Ad5.DR was used as an
unmodified vector control. The infection was done with or without
recombinant Ad fiber knob protein being added to the incubation
mixture. The luciferase activity in the transduced cells is shown in
relative light units. The standard deviations are represented by the
error bars.

FIG. 7. Ligand-mediated inhibition of gene transfer by
Ad5.DR-LL-Cd::Fc-G28.5 vector complex. CD40� Namalwa cells pre-
incubated with medium alone or with increasing concentrations of the
Fc-G28.5 ligand were transduced with the preformed Ad5.DR-LL-
Cd::Fc-G28.5 vector at an MOI of 100 vp/cell. Ad5.DR vector con-
taining unmodified fiber was used as a negative control. The luciferase
activity detected in the lysates of cells transduced with the viruses in
the presence of competing ligand protein was normalized to that in the
cells infected in the absence of free Fc-G28.5. The datum points
represent the results of three independent determinations with the
error bars corresponding to standard deviations.
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binding fiber, with certain types of protein molecules, which
could be attractive candidates as Ad targeting ligands. These
candidate proteins include a number of naturally existing mol-
ecules, both secretory and anchored within the cell membrane,
whose functional structure requires extensive posttranslational
modifications, which are not available to the Ad proteins lo-
calized within the nucleus of infected cells. The major struc-
tural feature that limits the use of these proteins as Ad ligands
is the presence of the disulfide bonds in their molecules. These
bonds can only be formed in the oxidative environment of the
endoplasmic reticulum (ER) by disulfide isomerases, which are
residents of the ER. Soon after translation, the fiber and other
proteins constituting the Ad capsid traffic to the nucleus whose
reducing environment prevents the formation of disulfide
bonds. Obviously, the same would hold true for any extraneous
protein genetically fused with the fiber. The redirecting of the
fiber to the ER, although technically feasible, does not solve
the problem, since the fiber is then excluded from the assembly
of the progeny Ad virions, which takes place in the nucleus.
Being only theoretical until recently, these considerations have
been proved lately by the experiments done by Magnusson et
al. (27), who showed that two types of ligands containing di-
sulfide bonds, the epidermal growth factor and scFv, cannot be
genetically fused with the functional fiber.

This problem of the incompatibility of Ad proteins with
desired targeting ligands was resolved in the present study by
allowing the virus and the ligand to follow their natural bio-
synthetic pathways in a nonconflictual manner and, upon
proper folding and assembly, associate in a functional vector
complex. The study presented here establishes the feasibility of
this concept by showing that individual components of such a
binary system may be engineered and then put together to
form a targeted vector. The molecular constituents of the
mechanism of self-assembly used in our study are the Fc do-
main of human immunoglobulin and the Fc-binding domain of
S. aureus protein A, which are used to modify the ligand and

the virus, respectively. The natural affinity of the protein A for
Fc thus underpins the targeted complex formation.

This vector targeting approach has been previously used to
modify the tropism of Sindbis virus (30), retrovirus (29), and
adenoassociated virus (33). Perhaps the major reason that pre-
cluded the use of this strategy to target Ad was the need to
incorporate into the virions a substantial portion of protein A,
whose size, even if minimized, exceeded that of the peptide
ligands previously used for Ad targeting. The perception of the
ligand-accommodating capacity of Ad virion has changed re-
cently as a result of a study done in our laboratory (3) and also
a study by Parrott and Barry (31); these studies demonstrated
that relatively large polypeptide ligands may fit into the frame-
work of the receptor-binding fiber knob domain without af-
fecting the overall structure of the fiber. We chose to capitalize
on these recent findings to incorporate a 59-amino-acid long
domain C of protein A into either the HI loop or carboxy
terminus of the Ad5 fiber to create a docking site for an
Fc-modified targeting ligand. We demonstrated that none of
the modifications affected the yield or the growth dynamics of
the resultant Ad vectors and that the engineered fibers could
be incorporated into mature Ad virions very efficiently. Appar-
ently, none of these modifications caused any significant
changes in the folding of the fiber, since its binding to natural
Ad receptor, CAR, which requires the involvement of amino
acid residues localized on two knob subunits, was not affected.

In our experimental scheme, the Fc domain of Ig fused with
the ligand served a double duty: in addition to being a facili-
tator of the expression and secretion of the ligand, it also
functioned as an element of the two-component mechanism
mediating the association of the ligand with the virus. The Fc
domain of Ig has long been used for the purposes of recom-
binant protein expression (14, 16, 19, 25). Its incorporation
into the protein of interest normally results in a substantial
increase in the yield of the protein and also greatly simplifies
the purification of the fusion on protein A-containing matrixes.
The use of this domain in our study fully met our expectations
since it allowed us to produce the secretory form of the tar-
geting ligand in substantial amounts and easily purify it by
affinity chromatography. We then showed that, when mixed,
the virus and the ligand undergo self-assembly into a targeting
complex, which can be purified from unincorporated ligand
and then stored as a ready-to-use reagent while retaining its
gene delivery properties.

When tested in an in vitro gene transfer to cells of estab-
lished lines, the preformed complexes of Ad with Fc-tagged
anti-CD40 scFv or CD40L showed selective gene transfer to
target cells via the CD40-mediated pathway. Importantly,
these experiments demonstrated that association with the tar-
geting ligand results in structural interference with the CAR
binding site within the knob, thereby rendering the vector
complexes truly targeted.

The subsequent use of these CD40-targeted vectors to infect
human monocyte-derived DCs allowed us to demonstrate an
augmentation of overall gene transfer, which was 30-fold
higher than that achieved with an isogenic control Ad incor-
porating unmodified, wt fibers, thereby suggesting that the
vectors designed in the present study may be a more efficient
means of delivery of antigen-encoding genes to DCs for ge-
netic immunization.

FIG. 8. Targeted transduction of human monocyte-derived DCs.
DCs derived from human monocytes as described in Materials and
Methods were transduced with either Ad5.DR (Fb wt) or Cd-modified
Ad5.DR-LL-Cd vector. In the latter instance, the vector was used in
either the untargeted form or precomplexed with one of the targeting
ligands, Fc-G28.5 or Fc-CD40L. Recombinant Ad5 fiber knob and/or
Fc-G28.5 proteins were added to some samples to block the interac-
tion between the virus and the CAR or CD40, respectively. Each
datum point is an average of two measurements. The error bars show
standard deviations.
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From the standpoint of technology development, the strat-
egy of Ad targeting described here may be viewed as a new
version of the protein bridge-based approach, which offers
significant advantages over previously described methods. For
instance, by providing a universal solution for the expression of
secretory targeting ligands, our approach compares favorably
to a previously used strategy using chemical cross-linking of
antibodies to form a targeting conjugate: generation of those
conjugates proved to be inefficient and thus requires large
amounts of starting components. Reproducibility in the yields
is also an issue. If compared to the approach using targeting
fusion proteins incorporating extracellular component of CAR
and a targeting moiety, the strategy presented here is more
versatile since it should be applicable to Ad serotypes that do
not recognize CAR and whose receptors are either unknown
or not of protein nature. The high degree of the structural
similarity of Ad fiber knob domains from different serotypes
(12, 41, 47) predicts the compatibility of the protein A domain
C with the frameworks of fiber knobs other than that of Ad5.

Although the Cd-modified Ad vectors described here were
designed to be targeted with the Fc-ligand fusions, they should
be fully suitable for vector targeting utilizing full size antibod-
ies as well. A recent report by Volpers et al. (42), which
described the construction and characterization of a similarly
designed Ad vector, clearly showed the feasibility of such a
targeting approach.
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