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The success of gene therapy depends on the specificity of transgene delivery by therapeutic vectors. The
present study describes the use of an adenovirus (Ad) fiber replacement strategy for genetic targeting of the
virus to human CD40, which is expressed by a variety of diseased tissues. The tropism of the virus was modified
by the incorporation into its capsid of a protein chimera comprising structural domains of three different
proteins: the Ad serotype 5 fiber, phage T4 fibritin, and the human CD40 ligand (CD40L). The tumor necrosis
factor-like domain of CD40L retains its functional tertiary structure upon incorporation into this chimera and
allows the virus to use CD40 as a surrogate receptor for cell entry. The ability of the modified Ad vector to infect
CD40-positive dendritic cells and tumor cells with a high efficiency makes this virus a prototype of choice for
the derivation of therapeutic vectors for the genetic immunization and targeted destruction of tumors.

Mammalian viruses possess a number of features which
make them rational prototypes as the means of gene delivery
and expression for research and therapeutic purposes. Natural
variability in the structures of virions, routes and modes of
infection, and replication dynamics among closely related vi-
ruses clearly shows their inherent plasticity as biological sys-
tems. This preexisting diversity logically leads to the concept of
directed evolution of viruses toward the goal of their practical
utilization.

Gene therapy represents the field of biomedicine where the
attempts to realize this concept have been most persistent, with
the major goals being the efficient and safe delivery of gene
therapy vectors to and their expression at the site of disease. In
this regard, the derivation of gene vectors from human adeno-
viruses (Ads) represents one of the most systematic and suc-
cessful efforts in changing the structure and infectious cycle of
a viral agent to make it suitable for therapeutic use. While
early developments in Ad vector technology resulted in a num-
ber of promising gene therapy vectors, the use of these agents
in clinical trials revealed the need for considerable improve-
ments in their safety, specificity, and efficacy.

One of the key problems with Ad-based therapies is the lack
of selective transduction of diseased tissue, which results from
the cell type-independent profile of expression of therapeutic
transgenes by Ad and the presence of its primary receptor in
various human tissues. The former issue is addressed by the
use in the design of new Ad vectors of tissue- and tumor-
specific elements of transcriptional control (1), the approach
known as transcriptional targeting. To solve the latter problem,
the strategy of transductional targeting, which is based on

modification of the receptor specificity of a vector, has been
proposed (22, 23).

Most of the Ad vectors designed for therapeutic use are
derived from human Ads of serotypes 2 and 5 (Ad2 and Ad5,
respectively), which are known to bind to target cells by virtue
of the fiber protein positioned at the vertices of the icosahedral
Ad capsid. Specifically, the carboxy-terminal domain of the
fiber protein, termed the knob (13), anchors the virion on the
cell surface by binding to the coxsackievirus and Ad receptor
(CAR) (3, 44). Therefore, the presence of CAR on the cell
surface is a key determinant of its accessibility or refractoriness
to Ad. Numerous studies have shown that the profiles of CAR
expression in normal and diseased tissues do not favor selec-
tive Ad-mediated gene delivery (20, 26, 30, 34), thereby neces-
sitating the development of Ad vectors capable of selectively
infecting target tissues by exploiting as surrogate receptors the
unique cell surface markers expressed by these cells.

Genetic modifications of the Ad virion to generate such
targeted vectors have focused primarily on alteration of the
tropism of the virus through incorporation of the target recep-
tor-specific ligands into its fiber. The major emphasis of these
efforts was on the insertion of small peptide ligands into either
the carboxy terminus or the so-called HI loop of the fiber.
However, these endeavors met with only very modest success
because of the limited capacity of the fiber knob to accommo-
date modifications (16, 51). The realization of these limitations
recently resulted in the new strategy of transductional targeting
of Ad, which capitalizes on the modular structure of the native
fiber protein as a leading principle of its rational redesign
toward the generation of a universal ligand-presenting mole-
cule. In this strategy, the fiber knob domain, alone or together
with the shaft domain (21, 27, 46), is replaced with a combi-
nation of two heterologous domains, one of which functions as
a receptor-binding ligand and the other of which supports the
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functional structure of the entire protein chimera. Krasnykh et
al. previously demonstrated the feasibility of this approach by
replacing the Ad fiber protein within the virion with a protein
chimera comprising an N-terminal portion of the fiber genet-
ically fused with phage T4 fibritin (FF) (21). Targeting of the
resultant Ad vector to an artificial receptor was achieved by
incorporation into the FF chimera of a short peptide ligand.

In the present study, we demonstrated the versatility of this
fiber replacement strategy by creating an Ad vector targeted to
human CD40 by virtue of the incorporation of the CD40 ligand
(CD40L) into its capsid. Our study showed that despite the
significant size of the ligand used and its complex tertiary
structure, both components of the targeting protein, the
CD40L domain and the FF backbone, folded properly, thereby
making the entire chimera fully functional. Importantly, for the
first time, a pair of cell surface molecules which are normally
involved in an intercellular interaction was used as a compo-
nent of an alternative cell entry pathway for a targeted Ad
vector. By demonstrating the efficient targeting of Ad with
CD40L to human cancer cells and dendritic cells (DCs), we
highlight the advantages offered by the fiber replacement
strategy for the generation of tropism-modified therapeutic
vectors.

MATERIALS AND METHODS

Cell lines. Human embryonal kidney cell line 293 (11) was purchased from
Microbix (Toronto, Ontario, Canada). Cell lines 293T/17 and T24 (human blad-
der carcinoma) were obtained from the American Type Culture Collection
(ATCC; Manassas, Va.). Cell lines 293.CD40, 293.CD40L, 293F28, and
293F�TAYT are derivatives of cell line 293 which express human CD40, human
CD40L, Ad5 wild-type fiber, or a mutant form of the fiber with a deletion of
amino acids 489 to 492, respectively; they were generated by transfection of 293
cells with plasmids pcDNA.CD40, pcDNA.CD40L, pVS2, and pVS�TAYT and
subsequent selection with a relevant antibiotic. Selection of the 293.CD40 and
293.CD40L clones was done with 1,000 �g of Geneticin (G418)/ml; the 293F28
and 293F�TAYT clones were selected with 600 �g of Zeocin (Invitrogen, Carls-
bad, Calif.)/ml. Cell clones expressing high levels of CD40 and CD40L were
identified by Western blotting of cell lysates with a rabbit polyclonal anti-CD40
or anti-CD40L antibody (Ab) (Santa Cruz Biotechnology, Santa Cruz, Calif.);
clones expressing wild-type and mutant fibers were detected with antifiber mono-
clonal Ab (MAb) 4D2 (15), provided by Jeffrey Engler (University of Alabama
at Birmingham [UAB]). All cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM)/F12 medium; derivatives of 293 cells were maintained in the
same medium containing 100 �g of G418/ml or 100 �g of Zeocin/ml. The
medium was supplemented with fetal calf serum (FCS) (10%), glutamine (2
mM), penicillin (100 U/ml), and streptomycin (100 �g/ml). FCS was purchased
from Gibco-BRL (Gaithersburg, Md.); media and supplements were obtained
from Mediatech (Herndon, Va.). All cells were propagated at 37°C in a 5% CO2

atmosphere.
Human DCs were derived from CD14-positive monocytes isolated from pe-

ripheral blood and were maintained in cultures according to a previously de-
scribed protocol (45).

Genetic engineering. To produce soluble human CD40L (sCD40L) in bacteria,
the DNA sequence encoding the tumor necrosis factor (TNF)-like domain of
CD40L (amino acids Gly116 through Leu261) was amplified from plasmid pcDL-
SR�hCD40L (ATCC 79814) by “sticky-end” PCR (sePCR) (55) and fused with
six histidine codons (six-His tag). This procedure was accomplished with two
pairs of primers: primers CD40L.NdeI.F.long (TAT GGG CAG CAG CCA TCA
TCA TCA TCA TCA CGG TGA TCA GAA TCC TCA AAT) and
CD40L.NotI.R.short (GCT TAT CAG AGT TTG AGT AAG CCA AAG G)
and primers CD40L.NdeI.F.short (5�-TGG GCA GCA GCC ATC ATC ATC
ATC ATC ACG GTG ATC AGA ATC CTC AAA T) and CD40L.NotI.R.long
(GGC CGC TTA TCA GAG TTT GAG TAA GCC AAA GG) (the sequences
coding for the six-His tag are underlined). The PCR products were mixed in
equimolar amounts, denatured, annealed, and ligated with NdeI-NotI-digested
pET20b(�) (Novagen, Madison, Wis.). The resultant plasmid was designated
pET.sCD40L.

To generate mutant forms of CD40L, CD40L/AV and CD40L/VA, in which
the cysteine residues at positions 83 and 123 (Cys83 and Cys123) were replaced
with alanine and valine or with valine and alanine, the same sePCR technique
was used. This time, the DNA sequences were amplified by using pET.sCD40L
as the template. To amplify the sequence between Cys83 and Cys123 and intro-
duce the Ala and Val substitutions, primers with altered nucleotides (underlined)
were used in pairs: primers Ala.F.long (CTT CGC TTC CAA TCG GGA AGC)
and Val.R.short (ACA GGT TTG GCG GAA CTG TG) and primers
Ala.F.short (GCT TCC AAT CGG GAA GCT TC) and Val.R.long (CCC GAC
AGG TTT GG CGG AA). Similarly, to amplify the same sequence containing
Val and Ala substitutions, sePCR was carried out with primers Val.F.long (CTT
CGT TTC CAA TCG GGA AGC) and Ala.R.short (GCA GGT TTG GCG
GAA CTG TG) and primers Val.F.short (GTT TCC AAT CGG GAA GCT
TCG A) and Ala.R.long (CCC GGC AGG TTT GGC GGA A). The sequence
located upstream from the mutant region was amplified with two pairs of prim-
ers: primers 6H/CD40L.NdeI.F.long (TAT GGG CAG CAG CCA TCA TCA
TCA TCA TCA CGG TGA TCA GAA TCC TCA AAT) and R.long (GAA
GGT GAC TTG GGC ATA GAT A) and primers 6H/CD40L.NdeI.F.short
(TGG GCA GCA GCC ATC ATC ATC ATC ATC ACG GTG ATC AGA ATC
CTC AAA T) and R.short (GTG ACT TGG GCA TAG ATA TAA TAG A).
The sequence located downstream from this region was amplified with primers
F.long (CGG GCA ACA ATC CAT TCA C) and CD40L.NotI.R.long (GGC
CGC TTA TCA GAG TTT GAG TAA GCC AAA GG) and primers F.short
(CAA CAA TCC ATT CAC TTG GGA) and CD40L.NotI.R.short (GCT
TAT CAG AGT TTG AGT AAG CCA AAG G). PCR products representing
the mutant region or each of the flanking sequences were mixed in pairs in
equimolar amounts, denatured, annealed, mixed together, and ligated with
NdeI-NotI-digested pET20b(�). This process resulted in pET.sCD40L/AV
and pET.sCD40L/VA.

To incorporate DNA encoding the CD40-binding domain of human CD40L
(Gly116 through Leu261) into the FF fusion gene (21), the corresponding se-
quence was amplified from pCDL-SR�-CD40L with primers sCD40L.F (GGG
AGA TCT GGT GAT CAG AAT CCT CAA ATT GCG) and sCD40L.R (GGG
AAT ATT AGA GTT TGA GTA AGC CAA AGG ACG) (BglII and SspI
recognition sites are underlined). The PCR product was digested with BglII and
SspI and cloned into BamHI-SwaI-digested pXK.FF.LL and pQE.6H.FF.LL,
resulting in pXK.FF/CD40L and pQE.6H.FF/CD40L, respectively. Of note, plas-
mids pXK.FF.LL and pQE.6H.FF.LL contain the gene encoding the chimeric
Ad5 fiber-phage T4 fibritin protein fused with the carboxy-terminal linker
(21). The protein encoded by pQE.6H.FF.LL also contains an N-terminal
six-His tag. The BamHI and SwaI sites located at the end of the linker se-
quence allow for the cloning of ligand-encoding sequences at the end of the
chimeric gene.

To express the chimeric FF/CD40L protein in mammalian cells, the AgeI-MfeI
fragment from pXK.FF/CD40L, containing the sequence of the FF/CD40L gene,
was transferred into expression plasmid pVS2 (N. Korokhov, G. Mikheeva, A.
Krendelshchikov, N. Belousova, V. Simonenko, V. Krendelshchikova, A. Pere-
boev, A. Kotov, O. Kotova, P. L. Triozzi, W. A. Aldrich, K.-M. Lo, P. T.
Banerjee, S. D. Gillies, D. T. Curiel, and V. Krasnykh, submitted for publication)
digested with the same restriction endonucleases. A recombinant Ad genome
containing the firefly luciferase-expressing cassette in place of the E1 region and
the FF/CD40L gene in place of the wild-type fiber gene was generated by
homologous DNA recombination in Escherichia coli as previously described (4).
To this end, the FspI-SalI fragment isolated from shuttle plasmid pXK.6H.
FF.LL.CD40L and SwaI-linearized rescue plasmid pVK700 (2) were used as
partners for recombination. The resultant plasmid was designated pVK719.

Plasmid pcDNA.CD40, encoding human CD40, was generated by replacing
the HindIII-XbaI fragment within pcDNA3 (Invitrogen) with the cDNA of CD40
isolated as a HindIII-XbaI fragment from plasmid hCD40pcDM8 (40), provid-
ed by Ivan Stamenkovic. Similarly, plasmid pcDNA.CD40L, expressing human
CD40L, was designed by cloning the BamHI fragment of pcDL-SR�hCD40L,
which contains CD40L cDNA, into the BamHI site of pcDNA3.

To generate a gene encoding an Ad5 fiber protein with the previously de-
scribed deletion of the TAYT sequence (positions 489 to 492 in the wild-type
Ad5 fiber protein) (38) (F5�), an “inverse” PCR with plasmid pXK3.1 (2) and
primers with the sequences AAC GCT GTT GGA TTT ATG CC and GCC TTC
AGT AAG ATC TCC ATT TC was carried out. This PCR resulted in a linear-
ized copy of pXK3.1 lacking the TAYT-encoding sequence. The sequence was
circularized with T4 DNA ligase, resulting in pXK3.1�TAYT. The plasmid
vector for the expression of the mutant fiber was constructed by ligating the
BstXI-MfeI fragment of pXK3.1�TAYT with BstXI-MfeI-digested pVS2. The
new plasmid was named pVS�TAYT.
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Viruses. The virus containing FF/CD40L, Ad5Luc.FF/CD40L, was rescued by
the two-step procedure developed by Von Seggern et al. (50). First, 293F28 cells,
which stably express the wild-type Ad5 fiber, were transfected with PacI-digested
pVK719. The rescued virus at this point was mosaic in the sense that the Ad
virions randomly incorporated a mixture of wild-type fibers and FF/CD40L
chimeras. After additional rounds of amplification on 293F28 cells, the virus was
used for infection of either 293 or 293F�TAYT cells to obtain versions contain-
ing only FF/CD40L chimeras or FF/CD40L chimeras in combination with the
Ad5 mutant fiber (F5�).

All Ad vectors were isolated from infected cells and purified by equilibrium
centrifugation in CsCl gradients as previously described (10). The viral particle
titer was determined spectrophotometrically by the method of Maizel et al. (29)
with a conversion factor of 1.1 � 1012 viral particles per absorbance unit at 260
nm.

Recombinant proteins. The six-His-tagged sCD40L protein and its derivatives
were expressed in E. coli BL21(DE3)(pLysS) essentially as described by Pullen et
al. (36). The expression of recombinant proteins was induced in a 500-ml bac-
terial culture with 0.5 mM isopropyl-�-D-thiogalactopyranoside (IPTG) for 3 h at
25°C, after which the cells were harvested and frozen at �80°C. Frozen cells were
resuspended in 25 ml of a buffer containing 20 mM bis-Tris (pH 6.8), 100 mM
NaCl, 5 mM EDTA, 1 mM dithiothreitol, and 10% glycerol and lysed by soni-
cation on ice. The lysates were cleared by centrifugation at 14,000 � g for 30 min
at 4°C, mixed at a ratio of 1:5 with phosphate buffer (PB) (50 mM NaHPO4 [pH 8.0],
300 mM NaCl) containing 1 mM phenylmethylsulfonyl fluoride, and applied to a
3-ml Ni-nitrilotriacetic acid (NTA)–Sepharose (Qiagen) column. The column was
washed with 15 ml of PB, and bound proteins were eluted with a linear gradient of
imidazole (20 to 160 mM) in PB. Fractions containing sCD40L were combined;
dialyzed against a buffer containing 25 mM morpholineethanesulfonic acid (pH 6.4),
1 mM EDTA, 1 mM dithiothreitol, 5% glycerol, and 150 mM NaCl; concentrated
on a CentriPlus YM-30 concentrator (Millipore, Bedford, Mass.); filtered
through a 0.22-�m-pore-size filter; and stored at 4°C.

Recombinant six-His-tagged FF/CD40L protein was expressed in E. coli
SG13009 harboring pQE.FF/CD40L and then purified by immobilized ion metal
affinity chromatography (IMAC) with NTA-Sepharose (Qiagen) essentially as
described above for sCD40L. The protein was dialyzed against phosphate-buff-
ered saline (PBS) and stored at 4°C.

To express the FF/CD40L protein in 293T/17 cells, the cells were transfected
with pVS.FF/CD40L by using DOTAP liposomal transfection reagent (Roche,
Mannheim, Germany) according to the manufacturer’s protocol. At 48 h after
transfection, the cells were collected and lysed in cell culture lysis reagent
(Promega, Madison, Wis.) for subsequent analysis by immunoblotting.

The expression and purification of the recombinant Ad5 fiber protein were
described previously (8).

The concentrations of the proteins in purified preparations and in cell lysates
were determined by using a DC protein assay (Bio-Rad, Hercules, Calif.).

Flow cytometry. Cells of line 293 or 293.CD40 grown in cultures were detached
from the plastic support by treatment with Versene solution (Mediatech) and
washed with PBS containing 0.1% bovine serum albumin and 0.01% sodium
azide. Aliquots of 5 � 105 cells were incubated for 1 h at 4°C with either
anti-CD40 MAb G28.5 (25) or one of the recombinant sCD40L proteins diluted
in PBS at a concentration of 5 or 1 �g/ml, respectively. Following a washing step,
the cells probed with G28.5 were incubated for 1 h at 4°C with fluorescein
isothiocyanate (FITC)-conjugated rabbit anti-mouse immunoglobulin G (Sigma,
St. Louis, Mo.), while those probed with sCD40L were incubated with an FITC-
conjugated anti-six-His MAb (Covance, Princeton, N.J.). After two additional
washing steps, the cells were analyzed with a FACScan (Becton Dickinson,
Mountain View, Calif.) at the UAB Cell Sorting Facility. Cells incubated with the
secondary antibody only were used as a negative control.

Generation of conformation-specific anti-CD40L MAbs. To generate hybrid-
oma cell lines producing MAbs specific to the native configuration of the TNF-
like domain of human CD40L, the standard protocol established at the UAB
Hybridoma Shared Facility was used. The recombinant sCD40L protein de-
scribed above was used for the immunization of mice and for the preliminary
screening of primary clones by an enzyme-linked immunosorbent assay (ELISA).
Positive clones were subjected to an additional round of cloning, and the spec-
ificity of the antibodies produced by the resultant lines was assessed by using
them for CD40L binding in dot blot and fluorescence-activated cell sorting
(FACS) applications. Specifically, the antibodies were initially screened in a dot
blot assay with denatured, polyvinylidene difluoride (PVDF) membrane-bound
sCD40L. Antibody species which showed no binding in this assay were subse-
quently used to probe cell-associated human CD40L expressed by 293.CD40L
cells (see above); parental CD40L-negative 293 cells were used as a negative
control. This procedure allowed for the selection of six hybridoma lines which

produced MAbs reacting with the cell-bound CD40L protein but not with the
denatured sCD40L protein. One of these lines, 2B3, was used for the preparative
production of MAbs in mice. Antibodies were purified from ascitic fluid by using
rProtein A-Sepharose Fast Flow columns (Amersham Pharmacia Biotech, Pis-
cataway, N.J.) according to the manufacturer’s protocol.

Western blot analysis. Aliquots of either purified Ad vectors equal to 1010 viral
particles or cell lysates containing 1 �g of total soluble protein were denatured
by boiling for 5 min in sample buffer and loaded onto a sodium dodecyl sulfate
(SDS)–7.5% polyacrylamide gel. Upon separation, viral proteins were electro-
blotted onto a PVDF membrane and detected with antifiber MAb 4D2. The blots
were developed by using an ECL Plus detection kit with a horseradish peroxi-
dase-conjugated secondary anti-mouse antibody, both purchased from Amer-
sham Pharmacia Biotech.

ELISA. Anti-human CD40L MAb 2B3, which binds to the extracellular por-
tion of CD40L in its native configuration, was generated at the UAB Hybridoma
Core Facility by using purified sCD40L as an antigen. For the ELISA, 0.2-�g
aliquots of 2B3 diluted in 50 mM carbonate-bicarbonate buffer (pH 9.6) were
allowed to adsorb overnight at 4°C to wells of a 96-well Nunc-Maxisorp ELISA
plate. The plate was blocked with blocking buffer (Tris-buffered saline [TBS],
0.05% Tween 20, 0.5% casein) for 2 h at 4°C and then washed six times with
washing buffer (TBS, 0.05% Tween 20). Purified viruses diluted in TBS to
concentrations ranging from 2 � 108 to 4 � 1011 particles/ml were added to the
wells in 100-�l aliquots and allowed to bind to the antibody for 1 h at room
temperature. The wells were washed six times with washing buffer, and the bound
virions were probed with rabbit anti-Ad2 serum (ATCC). Following incubation
for another hour, the wells were washed, incubated with goat anti-rabbit immu-
noglobulin G conjugated to horseradish peroxidase (DAKO, Carpinteria, Calif.),
washed again, and developed with o-phenylenediamine (Sigma) as recom-
mended by the manufacturer. The absorbance of the samples at 490 nm was
determined with a microtiter plate reader.

Gene transfer experiments. Cells of lines 293, 293.CD40, and T24 grown in
wells of 24-well plates to 90 to 100% confluence were washed with serum-free
growth medium and then incubated on ice with 0.2 ml of either plain medium or
medium containing a blocking agent. In the latter instance, recombinant Ad5
fiber knob (24) or sCD40L proteins were added to the medium at various
concentrations (see the figure legends). One hour later, the cells were infected at
a multiplicity of infection (MOI) of 10 or 100 viral particles per cell with an Ad
vector, which was added in 0.2-ml aliquots of medium containing 4% FCS. After
incubation on ice for 1 h, the medium containing the virus and the inhibitor was
removed, and the cells were washed with medium containing 10% FCS. Fresh
medium was added, and incubation was continued at 37°C for 22 h to allow
reporter expression. The cells were washed with PBS and lysed in luciferase
reporter lysis buffer (Promega). The luciferase activity in the cell lysates was
measured according to the manufacturer’s protocol. Each data point was
set in triplicate and calculated as the mean of three determinations. In in-
stances where gene transfer was done without the addition of a blocking
agent, the virus was added to the cells in 0.4-ml aliquots of medium contain-
ing 2% FCS.

All incubation and washing steps in the gene transfer experiments involving
DCs were done in suspension. To minimize standard deviations in the data,
which could result from the loss of a fraction of the cells during the washing
steps, the luciferase activity measured in the cell lysates was normalized to the
protein concentration in the resultant cell lysates. Otherwise, the format of these
studies was the same as that described above.

Labeling of Ad vectors with [methyl-3H]thymidine. Cells of lines 293 and
293�TAYT grown in 175-cm2 flasks were infected with either Ad5Luc1 or
Ad5Luc.FF/CD40L (MOI of 300 viral particles per cell) diluted in DMEM/F12
medium with 2% FCS. At 18 h postinfection, 1 mCi of [methyl-3H] thymidine
(Amersham, Arlington Heights, Ill.) was added to each flask, and the cells were
further incubated at 37°C until a complete cytopathic effect was observed. The
cells were harvested, and viruses were purified from the cell lysates by centrifu-
gation in CsCl gradients according to a standard protocol (10). The specific
radioactivity of the labeled virus preparations measured in a liquid scintillation
counter was in the range of 10�5 to 10�4 cpm per virion.

Ad-binding assay. The binding of 3H-labeled Ad to cells was assayed according
to a procedure described previously by Shayakhmetov and Lieber (39). Specifi-
cally, target cells (4 � 105 cells per aliquot) were incubated on ice for 1 h with
3H-labeled Ad. A total of 4,000 viral particles per cell were added to cells in
200-�l aliquots of DMEM/F12 medium with 2% FCS. The cells were pelleted by
centrifugation for 5 min at 2,000 � g and washed twice with 0.5 ml of ice-cold
DMEM/F12 with 2% FCS. After the final wash, the cell-associated radioactivity
was measured in a scintillation counter. The number of viral particles bound per
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cell was calculated by using the specific radioactivity of the virus preparations, the
total radioactivity of the samples, and the number of cells.

RESULTS

Disulfide-free form of human CD40L possesses CD40-bind-
ing capability. To design an Ad vector targeted to CD40-
expressing human tissues, we chose to modify the virus tropism
by using the TNF-like domain of human CD40L, which had
been shown to bind to CD40 (48). The carboxy-terminal loca-
tion of this domain within the CD40L molecule and its glob-
ular, trimeric structure both predicted its successful function-
ing as a targeted ligand upon genetic fusion with the FF
chimera previously designed by Krasnykh et al. for Ad target-
ing (21). Before using the TNF-like domain of human CD40L
for the genetic modification of Ad tropism, we wished to in-
vestigate whether the disulfide bond present within the CD40L
protein (19) is crucial for its binding to CD40. Should this bond
be compulsory for the correct folding of CD40L, the genetic
fusion of this protein with Ad5 protein components would be
highly problematic, as Ad5 virions are assembled in the nucle-
oplasm, a reducing environment of which makes the formation
of such bonds impossible.

To explore this matter, we chose to derive a recombinant
protein comprising the TNF-like domain of human CD40L,
sCD40L, and two versions of this molecule, sCD40L/AV and
sCD40L/VA, in which the pair of cysteine residues forming the
disulfide bond in the wild-type molecule was mutated. In order
to minimize the effect of these mutations on the overall pattern
of folding of sCD40L and its stability, we chose to replace these
cysteines with either valine-alanine or alanine-valine pairs.
This approach capitalized on the finding of Worn and Pluck-
thun that the structural configuration of these substitute amino
acid pairs provides some stability to disulfide-deprived single-
chain antibodies (53).

Open reading frames for all three proteins were fused with
the sequence for an N-terminal six-His tag and expressed
in E. coli BL21(DE3)(pLysS) by using plasmid vectors
pET.6H.sCD40L, pET.6H.sCD40L/AV, and pET.6H.sCD40L/
VA. SDS-polyacrylamide gel electrophoresis (PAGE) analysis
of these proteins showed that they were predominantly ex-
pressed in a soluble form (Fig. 1). A functional test of the
sCD40L proteins was carried out by flow cytometry, in which
the 293.CD40 cell line derived from the 293 cells stably express
human CD40. This analysis demonstrated that all three forms
of sCD40L, the wild type and the mutants, were able to bind to
cell surface-localized CD40 (Fig. 2). The shifts in the cell-
associated fluorescence intensity observed with each of the
sCD40Ls proteins were comparable to those seen when anti-
CD40 MAb G28.5 was used as a CD40-specific probe. No
binding of either sCD40Ls or G28.5 to CD40-negative 293 cells
was observed, suggesting the specificity of binding to CD40
expressed on 293.CD40 cells.

These results clearly showed that even in the absence of the
internal disulfide bond, the TNF-like domain of CD40L retains
its CD40-binding capacity and is thus suitable as a targeting
ligand for an Ad vector.

A genetic fusion of sCD40L with the FF chimera is ex-
pressed as a stable trimeric protein. We next wished to use the
TNF-like domain as a targeting moiety in the context of a

genetic fusion with the chimeric molecule comprising FF. This
goal was rationalized by previous success in using the ligand-
containing derivative of the FF chimera to replace the fiber in
an Ad capsid for the purpose of vector targeting to an alter-
native receptor (21).

Therefore, the TNF-binding domain of CD40L was geneti-
cally fused to the carboxy terminus of the FF protein and
expressed in E. coli. The ability of the resultant FF/CD40L
molecule to self-assemble into homotrimers, which is an essen-
tial structural characteristic of the wild-type Ad5 fiber, was
assessed by SDS-PAGE of the purified protein (Fig. 3A). A
comparison of the electrophoretic mobilities of the fully
denatured and native forms of FF/CD40L with similarly pre-
pared samples of the wild-type Ad5 fiber confirmed that
FF/CD40L is expressed as a full-size molecule which forms
stable trimers.

The same results regarding the stability of FF/CD40L and its
trimerization capacity were obtained in an experiment in which
this protein was transiently expressed in mammalian cells.
Since FF/CD40L contains the nuclear localization signal of the
Ad5 fiber, it was expected to translocate to the nucleus and
follow the biosynthetic and intracellular trafficking pathways
characteristic of the wild-type fiber. The sequence encoding
FF/CD40L was subcloned into mammalian expression plasmid
pVS2, which was then used to transfect 293T/17 cells in order
to direct the production of the chimera. Western blot analysis
of the product of expression showed that, like bacterially ex-
pressed FF/CD40L, the protein produced by 293T/17 cells was
stable and retained its trimerization capacity (Fig. 3B). The
lack of any visible degradation of the chimera indicated its
correct folding in the nuclei of transfected cells. These results
suggested that the designed protein meets the criteria imposed
by the structure of the Ad capsid and thus can be incorporated
into a complete Ad particle.

The TNF-like domain of CD40L retains its CD40-targeting
capability upon genetic incorporation into the Ad capsid. As
our results predicted the suitability of the FF/CD40L chimera
for fiber replacement and Ad targeting, we next wished to

FIG. 1. Expression of recombinant forms of human sCD40L pro-
tein in E. coli. Recombinant proteins corresponding to the TNF-like
domain of either the native human CD40L, sCD40L (lane 1), or its
mutated, cysteine-free forms, CD40L/AV and CD40L/VA (lanes 2 and
3, respectively), were expressed in E. coli by using plasmid vector
pET20b(�). All of these molecules were designed to contain amino-
terminal six-His tags. The proteins were purified from cleared bacterial
lysates by affinity chromatography on Ni-NTA–Sepharose, denatured
in a sample buffer, and analyzed by SDS-PAGE.
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derive an Ad vector incorporating this targeting protein and
characterize its structure and tropism. The FF/CD40L gene
was transferred into the genome of replication-incompetent,
E1-deleted Ad expressing a luciferase reporter. This genome
was generated and then used to rescue Ad5Luc.FF/CD40L as
described in Materials and Methods. The rescue and subse-
quent propagation of the virus were carried out according to
the two-step procedure developed by Von Seggern et al. (50);
the first step was carried out with fiber-complementing cells,
and the final propagation of the vector was carried out with 293
cells. The yield of the purified virus was equal to 1.8 � 104 viral
particles per cell, which is well within the range of yields nor-
mally seen for unmodified Ad5 vectors.

The presence of FF/CD40L within Ad5Luc.FF/CD40L cap-
sids was confirmed by SDS-PAGE of purified virions, which
showed that the efficiency of integration of FF/CD40L into the
viral particles was similar to that of the wild-type fiber (Fig. 4).

FIG. 2. Specific binding of sCD40L proteins to CD40-expressing cells. 293 (A) or 293.CD40 (B) cells were probed with either anti-CD40 MAb
G28.5 or one of the three recombinant proteins comprising the TNF-like domain of human CD40L (white profiles). sCD40L corresponds to the
wild-type CD40L protein, while sCD40L/AV and sCD40L/VA are cysteine-free mutants. The bound proteins were detected with an FITC-
conjugated secondary Ab. Control samples were incubated with the secondary Ab only (black profiles). The cells were sorted on a FACScan flow
cytometer.

FIG. 3. Analysis of trimerization of recombinant FF/CD40L chi-
meras. FF/CD40L proteins (lanes 3 and 4) expressed in either E. coli
(A) or 293T/17 cells (B) were analyzed by SDS-PAGE or Western
blotting, respectively. Wild-type Ad5 fiber protein expressed in insect
cells was used as a control (lanes 1 and 2). Samples comprising IMAC-
purified proteins (A) or cleared cell lysates (B) were loaded on the gels
in amounts normalized by total protein contents. Lanes 1 and 3 contain
samples which were fully denatured by boiling in a sample buffer prior
to loading on the gels. Samples in lanes 2 and 4 were not denatured
and thus contain proteins in their native configurations.

FIG. 4. Incorporation of FF/CD40L proteins into Ad particles.
Samples of the modified Ad vector, Ad5LucFF/CD40L (lanes 2 and 4),
or the unmodified control, Ad5Luc1 (lanes 1 and 3), containing 1010

viral particles were resolved by SDS-PAGE with (lanes 1 and 2) or
without (lanes 3 and 4) boiling in a sample buffer. Proteins electro-
blotted onto a PVDF membrane were detected with antifiber MAb
4D2.
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As predicted by our earlier results with transiently expressed
FF/CD40L, no degradation of the chimera was seen.

Having demonstrated the incorporation of the targeting pro-
tein into the virus, our next goal was to investigate whether the
folding of the TNF-binding domain of CD40L contained
within FF/CD40L was the same as that in native CD40L. This
goal was addressed by probing purified Ad5Luc.FF/CD40L
virions with conformation-specific anti-CD40L MAb 2B3 in an
ELISA. Strong binding of Ad5Luc.FF/CD40L particles to this
MAb clearly showed that, despite the absence of the disulfide
bond within the CD40L portion of the targeting chimera, its
native structure had not been compromised (Fig. 5).

The ultimate test of the functionality of FF/CD40L as a
CD40-targeting moiety was carried out by using Ad5Luc.FF/
CD40L for gene transfer to CD40-expressing cells. To this end,
293.CD40 (CD40-positive) and 293 (CD40-negative) cells were
infected with either Ad5Luc.FF/CD40L or the isogenic
Ad5Luc1 vector, which contains the wild-type Ad5 fiber. To
demonstrate the receptor specificity of Ad5Luc.FF/CD40L in-
fection, we used recombinant Ad5 fiber knob and sCD40L
proteins as specific blockers of CAR and CD40, respectively
(Fig. 6). As expected, infection by Ad5Luc1, which relies on
CAR as the primary binding receptor, was very efficient in both
293 and 293.CD40 cells. Predictably, it was blocked in the
presence of the Ad5 fiber knob but was not affected by
sCD40L. In marked contrast, a very significant difference in the
efficiency of infection by Ad5Luc.FF/CD40L was seen in
293.CD40 versus 293 cells. Not only did CD40-positive cells
express 100-fold more luciferase than receptor-negative ones,
but also reporter expression in 293.CD40 cells was selectively
inhibited by sCD40L. Since no inhibition of Ad5Luc.FF/
CD40L infection by the Ad5 fiber knob was seen, in aggregate
these results clearly show that the replacement of the fiber in
the Ad5 virion with the FF/CD40L chimera resulted in the

desired alteration of the tropism of the vector by rendering its
cell entry mechanism CD40 dependent.

Somewhat disappointing was the difference in the observed
efficiencies of gene transfer to 293.CD40 cells for control vec-
tor Ad5Luc1 and targeted Ad5Luc.FF/CD40L, with the latter
being 40-fold less efficient. One explanation for this observa-
tion is that while FF/CD40L is an efficient retargeting con-
struct, in its present configuration it is less than a perfect fiber
substitute as far as the overall structure and stability of Ad
virions is concerned. The major goal of the experiments de-
scribed below was to circumvent this problem of the subopti-
mal efficiency of Ad5Luc.FF/CD40L infection.

Incorporation of the mutant Ad5 fiber protein into
Ad5Luc.FF/CD40L virions results in improved gene transfer
without compromising the target specificity of the vector. To
circumvent the aforementioned problem, we put forward the
hypothesis that the infectivity of Ad5Luc.FF/CD40L particles
might be improved by incorporating a full-size Ad5 fiber. Ob-
viously, the resultant virions had to be designed in a way which
would not compromise the targeting of the vector to CD40.
Therefore, we wished to test this concept by designing a mosaic
version of Ad5Luc.FF/CD40L which, in addition to FF/CD40L,

FIG. 5. Structural integrity of the TNF-like domain of CD40L incor-
porated into the FF/CD40L chimera. A control virus containing unmod-
ified Ad5 fibers, Ad5Luc1, or CD40-targeted Ad5LucFF/CD40L was in-
cubated with the conformation-specific anti-CD40 MAb 2B3 adsorbed on
an ELISA plate. Bound virions were detected with a polyclonal anti-Ad2
Ab. The amounts of each virus used are shown below the graph (number
of particles). OD490, optical density at 490 nm.

FIG. 6. Receptor specificity and efficiency of transduction by a CD40-
targeted Ad vector. CD40-negative 293 cells and CD40-positive 293.CD40
cells were transduced with Ad5LucFF/CD40L or untargeted Ad5Luc1
(control) at an MOI of 10 viral particles/cell. Prior to infection, the cells in
the samples shown by the gray and white bars were preincubated with the
recombinant Ad5 fiber knob and with sCD40L (each used at 100 �g/ml),
respectively. Black bars correspond to luciferase activity in cells infected in
the absence of inhibitors. Luciferase activity (relative light units) detected
in the lysates of infected cells is the average of three measurements. Error
bars indicate standard deviations.
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would also contain a full-size Ad5 fiber engineered to lack
CAR-binding ability. This goal was accomplished by propagat-
ing Ad5Luc.FF/CD40L in 293F�TAYT cells derived from 293
cells to constitutively express an Ad5 fiber whose binding to
CAR was abolished by the previously described deletion (38).
This additional vector amplification step resulted in a virus
preparation designated Ad5Luc.FF/CD40L.F5�, which con-
tained viral particles randomly incorporating both types of
modified fibers (Fig. 7).

The infectivity of this mosaic vector was then compared to
those of Ad5Luc1 and Ad5Luc.FF/CD40L, the latter vector
being used in the original, one-fiber configuration. In keeping
with our expectations, the results of this comparison (Fig. 8A)
showed that the mosaic vector outperformed both Ad5Luc1
and Ad5Luc.FF/CD40L in infecting 293.CD40 cells; we noted
a 17-fold increase in gene transfer over that observed with
Ad5Luc.FF/CD40L. Interestingly, a nearly equivelent increase
in gene transfer to CD40-negative 293 cells by Ad5Luc.FF/
CD40L.F5� was also observed, raising concerns that the in-
corporation of the mutant Ad5 fiber could result in binding of
the mosaic vector to cell surface molecules other than CD40
and CAR. These concerns were ruled out by a subsequent
cell-binding experiment in which radiolabeled Ad vectors were
allowed to bind to either 293 or 293.CD40 cells under condi-
tions preventing the internalization of the viruses.

The data shown in Fig. 8B demonstrate that the binding of
Ad5Luc.FF/CD40L.F5� virions to both 293 and 293.CD40
cells was indistinguishable from that of Ad5Luc.FF/CD40L
particles, which lack the mutant fiber. Therefore, the observed
increase in the infectivity of the mosaic virus was not due to
enhanced binding to cells, and its target receptor specificity
thus was not compromised.

CD40-targeted Ad vectors demonstrate increased infectivity
for DCs and cancerous cells. The experiments carried out with
293.CD40 cells demonstrated the CD40-dependent profile of
infection by the targeted viruses containing the FF/CD40L
protein as well as its efficacy, suggesting that, compared to the
unmodified Ad5 vector, these viruses may be even more effi-
cient in delivering transgenes to human cells which are CD40
positive but express CAR at low levels.

First, we tested these vectors on human DCs which had been
shown previously to express CAR poorly but to be CD40 positive
(42). These phenotypic features were also supported by our own
FACS data (Fig. 9A). The target DCs were derived from CD14-

positive monocytes isolated from peripheral human blood
by the standard procedure used at the UAB Cell Processing
Facility. These cells were transduced in vitro by each of
the three Ad vectors, Ad5Luc1, Ad5Luc.FF/CD40L, and
Ad5Luc.FF/CD40L.F5�, followed by a reporter expression
assay. Luciferase activity in DCs treated with control vector
Ad5Luc1 was at the background level, indicating the lack of
any detectable transduction (Fig. 9B). In good agreement
with the previously observed infectivities of CD40-targeted
vectors for 293.CD40 cells, these viruses transduced DCs
at much higher rates. Specifically, Ad5Luc.FF/CD40L- and
Ad5Luc.FF/CD40L.F5�-infected DCs expressed the reporter
at levels 220- and 1,250-fold higher than Ad5Luc1-treated
cells.

CD40-targeted vectors also proved to be more efficient in
transducing T24 bladder cancer cells, whose CD40-positive
phenotype and low level of CAR expression have been re-
ported elsewhere (17, 47) and also confirmed by us (Fig.
9A). However, in this instance, the difference in gene trans-
fer between targeted and nontargeted vectors was less pro-
nounced (Fig. 9B). As before, Ad5Luc.FF/CD40L.F5� was

FIG. 7. Integration of mutant F5� and FF/CD40L proteins into
mosaic Ad5Luc.FF/CD40L.F5� virions. Aliquots of 1010 viral particles
of Ad5Luc1 (lane 1), Ad5Luc.FF/CD40L (lane 2), and Ad5Luc.FF/
CD40L.F5� (lane 3) were fully denatured, and viral proteins were
separated by SDS-PAGE. The wild-type (F5) and mutant (F5�) Ad5
fibers as well as the FF/CD40L chimera were identified on the blots
with MAb 4D2.

FIG. 8. Comparison of the gene transfer and cell-binding profiles
of Ad5 vectors. (A) Transduction of 293 and 293.CD40 cells with
Ad5Luc1, Ad5Luc.FF/CD40L, or Ad5Luc.FF/CD40L.F5� was done
essentially as described in the legend to Fig. 6, except that no inhibition
of infection was attempted. (B) Radiolabeled viruses were allowed to
bind to cells under conditions which prevented their internalization.
After unbound virus was removed, the cell-associated radioactivity was
measured with a scintillation counter. All of the measurements were
done in triplicate. part/cell, particles per cell.
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the most efficient, resulting in expression of the reporter at
a level 40-fold higher than that obtained with control vector
Ad5Luc1.

Consistent with the design of the targeted Ad vectors and our
previous findings with 293.CD40 cells, transduction of both DCs
and T24 cells by these viruses was efficiently inhibited by sCD40L
while being unaffected by the Ad5 fiber knob. These additional

data further confirmed the CAR-independent, CD40-mediated
pathway of infection exploited by CD40L-modified Ad during cell
entry.

DISCUSSION

Human CD40 is a type I transmembrane protein that be-
longs to the family of TNF receptors (reviewed in reference
48). It was discovered as a surface marker on B cells, where it
activates proliferation, differentiation, and immunoglobulin
production and induces the reexpression of telomerase activity
in memory B cells to prolong their life span. Subsequently, the
expression of CD40 was detected in DCs as well as in human
tumors, including those of the breasts (14, 52), bladder (17),
and ovaries (9, 12). Its involvement in the generation of the
immune response and its localization on the cell surface make
CD40 an attractive target receptor for therapeutic Ad vectors.
Such vectors could be used either for genetic immunization
against cancer or infectious agents or for the selective destruc-
tion of tumors by means of tumor-restricted virus replication.
This particular concept of Ad targeting is further supported
by the fact that the aforementioned types of CD40-positive
cells are known to express CAR poorly and thus are infected
by regular Ad5-based vectors inefficiently (7, 12, 18, 37, 42,
47).

Early attempts to realize this concept focused on the devel-
opment of CD40-targeted Ad vectors whose tropism was mod-
ified by using the so-called protein bridge approach. In those
instances, the capsid of Ad was not altered, and targeting of the
vector to CD40 occurred through its association with either
bispecific Ab conjugates comprising an anti-Ad Ab cross-
linked with an anti-CD40 Ab (6, 42, 43) or a recombinant
protein incorporating the extracellular portion of human CAR
genetically fused with an anti-CD40 single-chain Ab (35).
While efficient from the targeting standpoint, this approach
proved to be technically cumbersome, as it required the pro-
duction of several components of the vector complex, their
conjugation and/or association to form the targeted vector
complex, and additional purification steps.

These problems could be avoided if a CD40-specific vector
could be designed by the genetic modification of Ad tropism,
resulting in a one-component, self-replicative gene therapy
agent. The existence of a natural ligand for CD40, CD40L,
appears to facilitate this task. Furthermore, the high degree of
similarity in the overall structures of the CD40L and Ad fiber
proteins (5, 48) makes this approach even more attractive by
suggesting that targeting protein chimeras comprising func-
tional domains derived from each of the two proteins could be
designed to target the vector. Of note is that both molecules
consist of three major structural domains, whose order within
the proteins is the same and whose functions parallel each
other. Specifically, the N termini of each of the proteins func-
tion as anchoring moieties, the C-terminal domains are in-
volved in receptor recognition, and the rod-like domains lo-
cated in the middle serve to extend the receptor-binding
domains away from either the cell surface (CD40L) or the
virion (Ad fiber). However, the concept of targeting of Ad to
CD40 with CD40L is best supported by the remarkable struc-
tural similarity between the TNF-like domain of CD40L and
the Ad fiber knob domain (19, 49, 54). Both domains are

FIG. 9. CD40-mediated transduction of human cells with
Ad5Luc.FF/CD40L. (A) The expression of CAR and CD40 by human-
monocyte-derived DCs and T24 bladder cancer cells was assessed by
flow cytometry with relevant antibodies (see Materials and Methods
for details). Of note, the control peak on the left panel overlaps the
RmcB-generated signal and thus is not seen. (B) The infectivities of
the targeted vectors, Ad5Luc.FF/CD40L and Ad5Luc.FF/CD40L.F5�,
and that of the control vector, Ad5Luc1, were compared. Gray and
white bars show samples blocked with 100 �g each of the Ad5 fiber
knob and sCD40L/ml, respectively, prior to addition of the virus. Black
bars correspond to luciferase activity in cells infected in the absence of
inhibitors. Error bars indicate standard deviations from the average
reporter activity seen in three identical samples.
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trimeric and folded as � sandwiches, each formed by the two
layers of � strands and similarly oriented relative to the three-
fold symmetry axis. This structural similarity translates into
similar modes of interaction of CD40L and the Ad fiber with
their cognate receptors.

Based on these considerations, we first attempted the design
of CD40-targeted Ad vectors by direct replacement of the Ad5
fiber knob with the TNF-like domain of human CD40L. How-
ever, the results of these studies were largely negative: not only
did all of our fiber-CD40L chimeras fail to trimerize, but also
their transient expression in Ad5-infected cells prevented the
assembly of progeny virions, making the rescue of the targeted
vectors impossible (unpublished data). We have considered
two hypotheses to explain this failure. First, the structure of the
engineered fiber-CD40L proteins could be compromised by
incorrect folding of the TNF-like domain of CD40L upon
fusion with the fiber and localization to the cell nucleus. In this
regard, it should be noted that cysteine residues at positions 83
and 123 of human CD40L are linked by a disulfide bond,
whose formation requires the oxidative environment of the
endoplasmic reticulum, as well as the involvement of disulfide
isomerases. Whereas these requirements are met during the
biosynthesis of native CD40L, they cannot be fulfilled upon
fusion with the Ad fiber due to the nuclear localization of the
resultant chimera caused by the nuclear localization signal
present in the fiber tail (15). Therefore, the reducing environ-
ment of the nucleoplasm and the lack of disulfide isomerases in
the nucleus could compromise the proper folding of the
CD40L component of the targeting protein. The recently re-
ported failures in the modification of Ad tropism with disul-
fide-constrained ligands, epidermal growth factor, and single-
chain antibodies (28) clearly support this view.

The other potential cause of the problem with the fiber-
CD40L fusion was that the stability of the trimeric TNF-like
domain of CD40L was insufficient to maintain the integrity of
the entire fusion, resulting in a monomeric protein which could
not be incorporated into the Ad virion. This hypothesis is
supported, albeit indirectly, by previous findings on the contri-
bution of the CD40L stalk domain to the stability of the mol-
ecule (41) and the improved CD40 binding of recombinant
sCD40L stabilized with GCN4 peptide (33). Furthermore,
these reports suggested that the solution for the problem with
the fiber-CD40L fusion may involve increasing the stability of
the targeting protein chimera through the incorporation into
its design of an additional stabilizing moiety.

To test these concepts, the present work started with the as-
sessment of the contribution of the disulfide bond present within
CD40L to the folding and functionality of this protein. Our data
on the CD40-binding capacity of recombinant sCD40L proteins
lacking Cys83 and Cys123 showed that this bond is not essential for
the interaction of CD40L with CD40. As this finding proved that
our hypothesis of improper folding of CD40L was incorrect, we
next chose to improve the stability of the targeting protein chi-
mera by making a triple fusion molecule comprising the previ-
ously designed FF backbone (21) and the TNF domain of
CD40L. Upon expression and purification, the resultant FF/
CD40L protein showed the expected trimerization properties and
the ability to bind cell-anchored CD40.

We next demonstrated that the incorporation of the FF/
CD40L chimera into the Ad virion does not affect the func-

tional structure of its CD40-binding component, resulting in
a vector capable of infecting target cells through a CD40-
mediated pathway. However, comparison of the CD40-tar-
geted virus with untargeted Ad containing wild-type fibers
showed an unfavorable 40-fold difference in transduction
efficiency on 293.CD40 cells, which express CAR and CD40
at high levels. Simultaneously, our experiments with radio-
labeled Ad5LucFF/CD40L and Ad5Luc1 revealed that the
binding of both viruses to 293.CD40 cells was equally effi-
cient. That result led us to the hypothesis that complete
deletion of the fiber in Ad5LucFF/CD40L affected its ability
to accomplish a step in the infection process downstream
from primary binding to the cell surface. For instance, this
deletion could affect the dynamics of the escape of the virus
from the endosome following internalization, as well as its
intracellular trafficking. Previously published findings on the
altered intracellular migration of Ad5 virions incorporating
Ad serotype 7 fibers provide reasonable grounds for such an
explanation (31, 32). To test this hypothesis, we constructed
a mosaic version of Ad5LucFF/CD40L which, in addition to
the FF/CD40L chimera, also contained an Ad5 fiber protein
unable to bind to CAR due to a mutation in the knob
domain. The presence of this mutated fiber protein indeed
increased the infectivity of the CD40-targeted vector to the
level seen for Ad5Luc1.

Subsequent use of Ad5LucFF/CD40L bearing either FF/
CD40L alone or in combination with the mutated Ad5 fiber
protein showed the superior efficacy of this vector on human
monocyte-derived DCs, suggesting that it may serve as a pro-
totype for the derivation of therapeutic vectors for genetic
immunization. For instance, such vectors could be used ex vivo
or in vivo for directed delivery of antigen-encoding genes to
human DCs to induce the development of an antigen-specific
immune response. Similarly, the fact that Ad5LucFF/CD40L
proved to be far more efficacious than Ad5Luc1 in transducing
human bladder tumor cells suggests that its conditionally rep-
licative derivatives would be rational choices as gene therapeu-
tic agents for fighting this type of cancer.

The present work shows for the first time that the Ad fiber
replacement strategy may be used to derive efficient and selective
Ad vectors targeted to specific cell surface molecules expressed by
target cells. This approach makes possible the use of complex
polypeptide ligands for Ad targeting and thus expands the range
of target receptors to be exploited by therapeutic vectors.
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