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While adenovirus (Ad) gene delivery vectors are useful in many gene therapy applications, their broad
tropism means that they cannot be directed to a specific target cell. There are also a number of cell types
involved in human disease which are not transducible with standard Ad vectors, such as Epstein-Barr virus
(EBV)-transformed B lymphocytes. Adenovirus binds to host cells via the viral fiber protein, and Ad vectors
have previously been retargeted by modifying the fiber gene on the viral chromosome. This requires that the
modified fiber be able to bind to the cell in which the vector is grown, which prevents truly specific vector
targeting. We previously reported a gene delivery system based on a fiber gene-deleted Ad type 5 (Ad5) vector
(Ad5.bgal.DF) and packaging cells that express the viral fiber protein. Expression of different fibers in
packaging cells will allow Ad retargeting without modifying the viral chromosome. Importantly, fiber proteins
which can no longer bind to the producer cells can also be used. Using this approach, we generated for the first
time pseudotyped Ad5.bgal.DF particles containing either the wild-type Ad5 fiber protein or a chimeric fiber
with the receptor-binding knob domain of the Ad3 fiber. Particles equipped with the chimeric fiber bound to
the Ad3 receptor rather than the coxsackievirus-adenovirus receptor protein used by Ad5. EBV-transformed B
lymphocytes were infected efficiently by the Ad3-pseudotyped particles but poorly by virus containing the Ad5
fiber protein. The strategy described here represents a broadly applicable method for targeting gene delivery
to specific cell types.

Adenovirus (Ad)-based gene delivery vectors efficiently in-
fect many different cells and tissues, making them promising
tools for gene therapy (15, 23, 24, 52). However, this broad
tropism means that gene delivery cannot be directed to a
specific target cell. For example, a large fraction of intrave-
nously administered Ad is retained by the liver, which may not
be a desirable target (18, 44). Ad type 5 (Ad5) also transduces
dendritic cells, which present antigens very efficiently (20, 60)
and may exacerbate the antivector immune response. Vectors
with different targeting preferences might eliminate these
problems, allowing use of a lower (and therefore less immu-
nogenic) total particle dose. Altered vector tropism would also
extend the use of Ad-mediated gene delivery to cell types not
infected by Ad5, such as cells of the hematopoietic system.

Infection by Ad involves two distinct virus-cell interactions
(reviewed in reference 2). Attachment to a target cell occurs
via high-affinity binding of the viral fiber protein to a specific
cell surface receptor (6, 39). Internalization is then mediated
by interaction of the viral penton base protein with cellular av
integrins (57). This is distinct from fiber-receptor binding and
appears to be conserved among many Ad serotypes (35). Ads
(including Ad5) of all subgroups except subgroup B appear to
use a fiber receptor termed coxsackievirus-Ad receptor (CAR)
(3, 41, 49). Subgroup B includes Ad3, which has been shown to
use a different fiber receptor (6, 46). While CAR is widely
expressed in vivo (49), low CAR levels or its expression on an
inaccessible part of the cell (such as the basolateral surface of

lung epithelial cells) can prevent efficient transduction by Ad5
vectors (28, 38, 53). Replacement or alteration of the fiber
gene in the Ad chromosome has been shown to alter viral
tropism (12, 26, 45). In addition to the use of natural variants,
fiber proteins have been engineered to bind different receptors
either by genetic modification or by antibody- or ligand-medi-
ated strategies (8, 13, 25, 26, 36, 40, 54, 58). However, these
modified vectors can be propagated only if their fiber protein
retains the ability to bind to the cells used for virus production.
This places a significant constraint on vector retargeting. A
method for producing virions that cannot bind their native
receptors (e.g., CAR) would be more versatile.

Gene therapy strategies have been proposed for treatment
of Epstein-Barr virus (EBV)-induced diseases (11, 17, 21, 22,
42, 56). EBV is associated with such life-threatening disorders
as transplant-associated lymphoproliferation (30, 48),
Hodgkin’s disease (55), and AIDS-associated B-cell malignan-
cies (1, 9, 16, 32). EBV-infected B-lymphoid cell lines (B-
LCLs) are infectable only at high particle/cell ratios of Ad5-
based vectors. This is likely due to their low level of CAR
expression, as these cells express elevated levels of av integrins
on their surfaces as a consequence of EBV infection (17).
More efficient transduction of these cells should be possible
through manipulation of the Ad fiber protein, facilitating the
development of effective therapies.

We recently described a system consisting of fiber-expressing
cell lines and a fiber gene-deleted Ad vector (50, 51). Since the
fiber incorporated into such a vector during the last round of
viral growth need not bind the producing cells, this method will
allow the use of a much broader variety of fiber proteins in
retargeting. While the cells previously reported could comple-
ment a fiber gene-deleted virus, the level of fiber expression
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varied from cell to cell and was significantly below that seen in
a normal infection (51). By improving translational regulation
of fiber expression in the packaging cell lines, we have now
increased the amount of fiber incorporated into particles to
near-wild-type levels. Pseudotyped Ad particles with distinct
cell tropisms were produced in packaging cell lines which ex-
pressed two different fiber proteins (Fig. 1). In particular, Ad
particles containing a chimeric fiber protein with the receptor-
binding domain of Ad3 (46) infected EBV-infected B-LCLs
much more efficiently than standard Ad5 vectors.

MATERIALS AND METHODS

Cells and viruses. THP-1, MRC-5, FaDu, and A-10 cells were purchased from
the American Type Culture Collection. 211B is a 293-derived cell line that
expresses the wild-type Ad5 fiber protein (51). E1-2a (14), an A549-derived cell
line which complements Ad E1 and E2a functions, was obtained from Michael
Kadan, Genetic Therapy, Inc. The JR, TO, and TL LCLs were established as
described previously (17) by EBV infection of lymphocytes from three healthy
donors. B-10 cells are a subclone of the JR LCL and were produced by limiting
dilution followed by PCR analysis to determine loss of the EBV genome (S.
Huang, unpublished data). THP-1, all LCLs, and B-10 cells were maintained in
RPMI 1640 medium (Gibco)–10% fetal calf serum (FCS; Hyclone). 211B,
MRC-5, and A-10 cells were grown in Dulbecco modified Eagle medium–10%
FCS. E1-2a and its derivatives were grown in Richter’s modified medium (Bio
Whitaker)–10% FCS. Peripheral blood mononuclear cells (PBMCs) were iso-
lated from normal human blood (General Clinical Research Center, Scripps
Clinic) by sedimentation on Ficoll-Paque (Pharmacia) according to the manu-
facturer’s instructions. Wild-type Ad2 and Ad3 were purchased from the Amer-
ican Type Culture Collection. Construction of Ad5.bgal.wt and Ad5.bgal.DF (50)
has been previously described. Av1LacZ4 (37) is a first- generation Ad5 vector
containing a Rous Sarcoma virus-driven b-galactosidase reporter gene.
Av9LacZ4 (45) is identical to Av1LacZ4 except that the fiber gene in the vector
chromosome was replaced by a recombinant gene encoding a chimeric fiber
protein with the receptor-binding domain of the Ad3 fiber (46).

DNA constructs. The complete Ad5 tripartite leader (TPL) contained in
pDV67 and pDV69 was constructed by assembly of PCR fragments. The third
TPL exon (nucleotides [nt] 9644 to 9731 of the Ad5 genome) was amplified by
using the primers 59 CTC AAC AAT TGT TGG ATC CGT ACT CC 39 and 59
GTG CTC AGC AGA TCT TGC GAC TGT G 39. The resulting product was
cloned to the BamHI and BglII sites of pDE1Sp1a (Microbix Biosystems) by
using novel sites in the primers (in boldface) to create pDV52. A fragment
corresponding to the first TPL exon, the natural first intron, and the second TPL
exon (Ad5 nt 6049 to 7182) was amplified by using primers 59 GGC GCG TTC
GGA TCC ACT CTC TTC C 39 and 59 CTA CAT GCT AGG CAG ATC TCG
TTC GGA G 39 and cloned into the BamHI site of pDV52, again using novel
sites in the primers (in boldface), to create pDV55. This plasmid contains a
1.2-kb BamHI/BglII fragment consisting of the first TPL exon, the natural first
intron, and the fused second and third TPL exons. Finally, pDV60 was con-
structed by inserting this TPL cassette into the BamHI site upstream of the Ad5
fiber gene in pcDNA3/Fiber (51).

To construct pDV61, a 1.9-kb Asp718/NotI fragment containing the partial
Ad5 TPL and wild-type Ad5 fiber gene was transferred from pCLF (51) to
pcDNA3.1/Zeo(1) (Invitrogen). In an analogous process, pDV67 was con-
structed by transferring a 2.9-kb Asp718/XbaI fragment from pDV60 to the
pcDNA3.1/Zeo(1) backbone.

The chimeric Ad3-Ad5 fiber gene was amplified from pGEM5T3H (46) by
using the primers 59 ATG GGA TCC AAG ATG AAG CGC GCA AGA CCG
39 and 59 CAC TAT AGC GGC CGC ATT CTC AGT CAT CTT 39 and cloned
to the BamHI and NotI sites of pcDNA3.1/Zeo(1) via novel BamHI and NotI
sites (in boldface) engineered into the primers to create pDV68. Finally, the
complete TPL fragment described above was then added to the unique BamHI
site of this plasmid to create pDV69.

Construction of stable cell lines. E1-2a cells were electroporated as previously
described (51) with pDV61, pDV67, or pDV69, and stable lines were selected
with Zeocin (600 mg/ml; Invitrogen). Candidate clones were evaluated by immu-
nofluorescence (51) using a polyclonal antibody generated against the Ad2 fiber
(57). Those lines expressing the highest level of nuclear fiber were further
characterized. Lines 601 and 633 were produced by transfection of pDV61 and
pDV67, respectively, and therefore express the wild-type Ad5 fiber. Line 644
contains pDV69 and expresses the chimeric 5T3H fiber.

Virus growth and analysis. Ad stocks were prepared in the indicated cell lines
and plaque titered on 633 cells essentially as described elsewhere (50). E1-2a
cells (14) and their derivatives contain a dexamethasone-inducible construct for
complementation of E1a. 601, 633, and 644 cells were therefore treated with 0.3
mM dexamethasone for 24 h prior to infection, and 0.5 mM dexamethasone was
included in the overlay for plaque assays. Protein concentrations of viral prep-
arations were determined by using the Bio-Rad protein assay with purified
bovine serum albumin as a standard. Particle number was calculated by using the
formula 1 mg of protein 5 4 3 109 viral particles. Western blotting was per-
formed as described elsewhere (51), using polyclonal rabbit antibodies raised
against either the Ad2 (57) or Ad3 (45) fibers.

Infection and receptor binding assays. Cells (2 3 105) in a total volume of 200
ml were incubated with the indicated Ad preparation for 3 h at 37°C. Cells were
then washed twice with fresh medium and returned to 37°C. Two days later, cells
were fixed and stained with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside
(X-Gal) and counted by light microscopy as described previously (50). For
competition assays, cells were preincubated on ice for 1 h with either recombi-
nant Ad3 fiber (10 mg/ml) purified from baculovirus or with a crude baculovirus
lysate (100 mg/ml) containing the recombinant Ad2 fiber protein (57). Expression
of av integrins on cell surfaces was assayed by fluorescence-activated cell sorting
assay using monoclonal antibodies (the gift of David Cheresh, Scripps Research
Institute) against either avb3 (LM609) or avb5 (P1F6) as previously described
(17). For virus binding assays, CsCl-purified Ad2 or Ad3 was labeled with 125I by
using Iodogen tubes (Pierce). Free iodine was removed by filtration with a PD-10
Sephadex column (Pharmacia). Cells (106 cells in a volume of 200 ml either with
or without a 100-fold excess of unlabeled virus) were rocked at 4°C for 2 h with
106 cpm of the labeled virus, washed three times with phosphate-buffered saline,
and counted.

RESULTS

Increased fiber expression in packaging lines. We previ-
ously reported the development of packaging cell lines that
expressed Ad5 fiber at a level considerably below that seen in
a normal infection (51). In an attempt to increase fiber pro-
duction, we explored the use of additional viral regulatory
elements. During a normal Ad infection, the translation of host
cell proteins is inhibited. Viral proteins continue to be pro-
duced due to the action of the TPL, three small exons which
are spliced onto the 59 end of late viral mRNAs. In addition to
the leader’s role in translational control, sequences in the first
TPL intron have been reported to increase transcription from
the viral major late promoter in Ad-infected cells (19, 29, 33,
34). Inclusion of a cassette containing a nearly complete TPL
cDNA but lacking any TPL introns (43) allowed nuclear accu-
mulation of fiber in packaging cell lines (51). We hypothesized
that a more complete version of the TPL might improve fiber
expression. A construct (pDV67) containing the entire first
TPL intron, as well as complete copies of all three exons, was
constructed and incorporated into expression constructs (Fig.
2A). Both versions of the fiber expression construct were elec-
troporated into the E1a/E2a-complementing cell line E1-2a
(14), and stable cell lines were isolated. Fiber expression was
assayed by indirect immunofluorescence using a polyclonal
antibody raised against the Ad2 fiber protein. As the Ad2 and

FIG. 1. Strategy used for production of pseudotyped Ad vectors. A fiber
gene-deleted Ad vector such as Ad5.bgal.DF is grown in packaging cell lines
expressing different fiber proteins. The resulting particles will have distinct cell
tropisms.
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Ad5 fibers are nearly identical, this antibody efficiently recog-
nizes the Ad5 fiber protein. The improved TPL resulted both
in a generally higher level of fiber protein expression and in a
much smaller number of low-expressing cells (Fig. 2). One
fiber-expressing clone carrying each construct (lines 601 and
633 contain the original and improved constructs, respectively)
was selected for further evaluation.

A chimeric fiber protein composed of amino acid residues 1
to 403 of the Ad5 fiber (the N-terminal tail and shaft domains)
and 136 to 319 of the Ad3 protein (the receptor-binding C-
terminal domain) was previously found to bind the Ad3 recep-
tor rather than CAR (46). Incorporation of the gene encoding

this chimeric protein (termed 5T3H) into an Ad5 chromosome
produced a vector which infected cells with the tropism ex-
pected for Ad3 (45). An expression plasmid (pDV69) encoding
this protein in place of the wild-type Ad5 fiber was constructed
(Fig. 2A) and transfected into E1-2a cells as described above.
The modified fiber protein was expressed at high levels in
several of the resulting lines, as seen both by immunofluores-
cence and by Western blotting (Fig. 2C). Since the N-terminal
403 amino acids of the chimeric protein are derived from Ad5,
it is efficiently detected by the anti-Ad2 fiber antibody. One
line, clone 644, was selected for further evaluation.

The E1-, E3-, and fiber gene-deleted Ad5 vector Ad5.bgal.DF

FIG. 2. Expression of Ad5 fiber in cell lines. (A) Constructs used for fiber
expression. In all plasmids, the fiber cDNA is driven by the cytomegalovirus
(CMV) immediate-early promoter. pDV61 contains a partial TPL cDNA with no
introns and lacking the first 32 nt of the first leader segment. In pDV67, this
fragment was replaced by a TPL cassette (see Materials and Methods) which
includes all three complete leader segments as well as the native first intron. (B)
Nuclear expression of fiber protein. Cells (approximately 50,000/well) were
plated on eight-well chamber slides, fixed, and stained with a polyclonal anti-Ad2
fiber serum (which also detects the Ad5 fiber). Line 601 and 633 were generated
by transfection of pDV61 and pDV67, respectively. Note the increased and more
consistent fiber expression in nuclei of 633 cells. As a control, non-fiber-express-
ing E1-2a cells were stained in parallel. (C) Increased synthesis of fiber protein
from the complete TPL. Proteins extracted from the indicated cell lines (3 3 105

cells/lane) were electrophoresed and immunoblotted as described previously
(50), and fiber was detected by using the anti-Ad2 fiber polyclonal antibody.
Cont., control. (D) The complete TPL increases fiber content of Ad5.bgal.DF
particles. Ad5.bgal.DF was CsCl purified from either 601 or 633 cells. The
purified particles (10 mg) were electrophoresed on a sodium dodecyl sulfate–8 to
16% polyacrylamide gel (Novex) and immunoblotted. Fiber protein was detected
with the anti-Ad2 fiber antibody. As a control, 10 mg of purified Ad5.bgal.wt
(WT) was run alongside the mutants. To verify equal loading, the blot was
reprobed with an antibody against the Ad2 penton base.
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(50) was used to assess fiber complementation by the various
cell lines. We prepared stocks of this virus in cells expressing
the wild-type Ad5 fiber under the control of either the partial
Ad TPL contained in pDV61 (line 601) or the complete TPL
plus intron as in pDV67 (line 633). As a control, fiber levels in
these preparations were compared to the level in the first-
generation vector Ad5.bgal.wt, which is identical to Ad5.bgal.DF
except for the fiber deletion. Consistent with the increased
level of fiber synthesis in line 633, Ad5.bgal.DF grown in these
cells contained a much larger (nearly normal) amount of fiber
protein than those produced in line 601 (Fig. 2D).

Particle yields of Ad5.bgal.DF were comparable to those of
Ad5.bgal.wt (Table 1). However, the infectious titers of the
viral preparations were quite different. Virus produced in cells
(line 601) expressing fiber from the incomplete TPL construct
was much less infectious than the control, as seen by the in-
creased particle/PFU and particle/b-galactosidase transducing
unit (TU) ratios (Table 1). As well as increasing the amount of
fiber on the particles, growth of Ad5.bgal.DF in cells carrying
the improved expression construct (line 633) partially rescued
the defect in plaque formation. Interestingly, while the number
of particles per PFU was still approximately 70-fold higher
than for a first-generation Ad vector, LacZ transduction of 293
cells was now similar to (within fourfold of) normal (Table 1;
compare preparations 1 and 2 to preparations 7 and 8). This
may indicate that deletion of the fiber gene affects late events
in the virus life cycle, rather than early events such as gene
delivery to the nucleus (see Discussion). Together, these re-
sults demonstrated that the reduced infectivity of Ad5.bgal.DF
grown in cells (such as 211B or 601) expressing fiber under the
control of the partial TPL was at least partly due to a deficit of
fiber, as increased fiber content on particles due to the im-
proved expression construct correlated with improved infectiv-
ity.

Pseudotyping of an Ad vector. In addition to producing
vectors with the wild-type Ad5 tropism, the packaging cell
technology should allow retargeting by pseudotyping a vector
with modified fiber proteins or with fibers from different Ad
serotypes. To test this hypothesis, we used the chimeric 5T3H
fiber described above (46). Virus particles containing this fiber
would be expected to bind and infect cells via the Ad3 receptor
rather than the CAR protein used by Ad5.

Growth of Ad5.bgal.DF in cells (line 644) expressing the
chimeric fiber produced yields of viral particles similar to those
seen with the other packaging lines (Table 1), and immunoblot
analysis (Fig. 3A) demonstrated that they contained high levels
of the chimeric fiber protein. Purified particles of Av9LacZ4,

which is an E1-deleted virus containing the chimeric 5T3H
gene in its chromosome (45), and of Ad5.bgal.wt were ana-
lyzed as positive controls. While both the wild-type Ad5 and
chimeric 5T3H fibers could be detected by a polyclonal anti-
body raised against the Ad2 fiber, an anti-Ad3 fiber antibody
detected only the chimeric fiber by virtue of its Ad3 knob
domain. As a control for protein loading, the membrane was
reprobed with a polyclonal antibody directed against the Ad2
penton base protein (which cross-reacts with the Ad5 penton
base protein).

We found that Ad5.bgal.DF viral particles containing the
chimeric fiber protein were slightly more infectious than those
equipped with the Ad5 fiber (Table 1). This might reflect either
a somewhat higher level of the Ad3 receptor on 633 cells or
more efficient complementation of the fiber deletion. Since
comparing plaque titers of virions which use different attach-
ment receptors may be misleading, we have given all multiplic-
ities of infection as the number of physical particles per cell.
Receptor usage by the pseudotyped Ad5.bgal.DF was assessed
in competition experiments. 211B cells (which express both
CAR and the Ad3 receptor) were infected in the presence or
absence of excess recombinant Ad2 or Ad3 fiber proteins (Fig.
3B). Addition of recombinant Ad2 fiber completely blocked
infection by virus containing the Ad5 fiber protein but not by
Ad3-pseudotyped virus. Conversely, an excess of recombinant
Ad3 fiber which abolished infection by the Ad3-pseudotyped
particles had no effect on those containing the Ad5 fiber. Con-
sistent with the role of av integrins in infection and internal-
ization of both Ad3 and Ad5 (35), infection by either prepa-
ration of Ad5.bgal.DF was blocked by addition of excess
recombinant Ad2 penton base protein.

Altered in vitro tropism and infection of B-LCLs. Experi-
ments with genetically modified viruses showed that a number
of different cell types are more readily infected through inter-
action with the Ad3 receptor than by the CAR-dependent
pathway used by Ad5 (45). To further evaluate our pseudotyp-
ing system, we assayed the ability of Ad5.bgal.DF carrying
either the Ad5 or chimeric 5T3H fibers to infect several of
these: FaDu (a head and neck tumor line), THP-1 monocytic
cells, and MRC-5 fibroblasts. Consistent with the previous
studies (45), use of the chimeric Ad5-Ad3 fiber protein in-
creased infection of all of these lines at equal particle/cell
ratios (Fig. 4). In contrast, the rat smooth muscle cell line A-10
was infected somewhat more readily by Ad5- than by Ad3-
pseudotyped particles (Fig. 4), also in agreement with previous
results (S. C. Stevenson, unpublished data).

Gene delivery to EBV-infected B cells could allow the de-

TABLE 1. Particle titers and infectivities of vector preparationsa

Prepn Virus Cell line Particles/ml PFU/ml Particles/PFU TU/ml Particles/TU

1 Ad5.bgal.wt 293 7.1 3 1011 1.8 3 1010 39 1.3 3 1011 5.5
2 Ad5.bgal.wt 211B 1.6 3 1012 1.2 3 1011 13 6.5 3 1011 2.5
3 Ad5.bgal.DF 293 8.2 3 1011 1.9 3 107 43,157 9.6 3 108 854
4 Ad5.bgal.DF 293 3.2 3 1011 1.4 3 107 22,857 1.5 3 108 2133
5 Ad5.bgal.DF 601 9.3 3 1011 1.8 3 108 5,166 1.5 3 1010 62
6 Ad5.bgal.DF 601 1.6 3 1011 6.5 3 107 2,461 3.1 3 109 52
7 Ad5.bgal.DF 633 2.3 3 1012 1.0 3 109 2,300 1.7 3 1011 13.5
8 Ad5.bgal.DF 633 1.4 3 1012 1.0 3 109 1,400 2.3 3 1011 6.1
9 Ad5.bgal.DF 644 2.0 3 1012 2.7 3 109 740 ND ND
10 Ad5.bgal.DF 644 7.9 3 1011 1.0 3 109 790 ND ND

a Each line represents a separate preparation of virus. Either Ad5.bgal.DF or Ad5.bgal.wt was grown in the indicated cell line (typically 10 162-cm2 flasks/
preparation), and viral stocks were prepared. Following CsCl purification, particle number was determined by assaying protein concentration and infectious virus titers
were determined by plaque assay on 633 cells (PFU per milliliter) and by infection of 293 cells followed by X-Gal staining for the b-galactosidase transgene product
(TU per milliliter). ND, not determined.

VOL. 74, 2000 PSEUDOTYPING OF ADENOVIRUS VECTORS 357



velopment of therapies for a variety of lymphoproliferative
disorders. For example, ex vivo purging of donor marrow to
eliminate infected cells could reduce the risk of EBV-associ-
ated lymphoproliferative disease, and EBV-induced malignan-
cies such as AIDS-associated lymphoma are also potential
targets. However, neither B cells nor EBV-transformed LCLs
are efficiently infected by Ad5-based vectors. As the tropism of
Ad3-pseudotyped particles appeared to be somewhat broader,
we examined whether EBV-infected LCLs could be infected by
using this system. The ability of Ad3-pseudotyped particles to
infect LCLs generated by EBV infection of lymphocytes from
three different healthy human donors was tested. In agreement
with previous reports, there was little or no infection of these
by particles carrying the Ad5 fiber (Fig. 5A). In contrast, virus

particles equipped with the chimeric fiber protein were able to
efficiently infect all of these lines. At equal particle/cell ratios,
all LCLs examined were at least 10-fold more infectable with
the Ad3 receptor. We also examined infection of a cell line
(B-10) which was derived from the JR LCL by limiting dilution
and no longer carries detectable levels of the EBV genome
(Huang, unpublished data). Although the parental JR cells are
very efficiently infected by the Ad3-pseudotyped particles (Fig.
5A), infection of B-10 was undetectable even at very high (up
to 50,000 particles/cell) multiplicities of infection (data not
shown).

Further studies were performed to correlate the efficiency of
infection with the level of attachment and internalization re-
ceptors expressed by the cells. The three LCLs tested all bound
very low levels of radiolabeled Ad2 particles, indicating that
they expressed little or no CAR (Fig. 5B). In contrast, all three
were able to specifically bind labeled Ad3 particles (Fig. 5B).
This result suggested that fiber receptor distribution was
largely responsible for the increased infection of these cells by
Ad3-pseudotyped particles. Although B-10 cells were not in-
fectable by the Ad3-pseudotyped virus, we found that they
could nonetheless bind Ad3 at a low level. The inability of Ad
to infect these cells might therefore be due to lack of integrin
expression or function. To examine this possibility, we ana-
lyzed expression of av integrins on all four cell lines by fluo-
rescence-activated cell sorting using antibodies specific for
avb5 or avb3 integrins. All of the LCLs which supported in-
fection expressed both avb5 and avb3 integrins, while B-10 cells
expressed neither (Fig. 5C). This finding emphasizes that ex-
pression of both a fiber receptor and of av integrins are re-
quired for efficient Ad infection.

Selective gene delivery to EBV-infected cells. The results
above suggested that the minority of EBV-infected B cells
present in donor marrow or peripheral blood would be pref-
erentially infected by vectors using the Ad3 receptor. To test
this hypothesis, we performed a mixing experiment with unin-
fected PBMCs and EBV-infected cells. JR LCLs were mixed at
various ratios with PBMCs isolated from a healthy human
donor, and the mixture was then infected with Ad5.bgal.DF
particles containing the 5T3H fiber protein. No infection of
normal PBMCs alone was detected. Moreover, the percent of
total cells infected increased with the fraction of JR cells added
(Fig. 6). This finding indicates that EBV-infected cells can be
selectively infected in vitro by relatively short (3-h) exposure to
a retargeted Ad vector.

DISCUSSION

We previously reported a fiber gene-deleted Ad5 vector and
its growth in fiber-expressing packaging cell lines. The data
presented here demonstrate that such a vector can be retar-
geted simply by production in packaging lines expressing dif-
ferent fiber proteins. A wide variety of fibers, including those
which cannot bind to the host cells used for virus production,
should be useful in such cell lines. This is especially important
since developing viruses targeted to infect a single cell type
would involve eliminating their binding to the natural fiber
receptor (CAR). Our system will also simplify development of
Ad-mediated therapies aimed at different applications. Rather
than generating a new viral chromosome each time a transgene
is to be delivered to a new target, a single vector could be
targeted to different cell populations by pseudotyping with the
appropriate fiber proteins. The cell lines described here were
derived from the very efficient E1a/E2a-complementing line
(14) and should allow the future development of Ad vectors
with deletions of E1a, E3, L5 (fiber), and E2a.

FIG. 3. Incorporation of fiber proteins into viral particles. (A) Production of
particles containing wild-type Ad5 or chimeric fiber proteins. Ten-microgram
aliquots of Ad5.bgal.DF purified from either 293 (non-fiber-expressing), 633
(wild-type fiber-expressing), or 644 (chimeric 5T3H fiber-expressing) cells were
analyzed by immunoblotting. Equal amounts of the first-generation vectors
Ad5.bgal.wt (which contains the wild-type Ad5 fiber gene) and Av9LacZ4 (con-
taining the chimeric 5T3H fiber gene) were analyzed as positive controls. An
anti-Ad3 fiber antibody detects only the chimeric fiber protein in Av9LacZ4 or
644-grown Ad5.bgal.DF, while both fiber proteins are detected by the anti-Ad2
fiber serum. As a control, the blot was reprobed with an anti-penton base
antibody, which detects all viral preparations. (B) Receptor usage by the
pseudotyped particles. 211B cells were infected with Ad5.bgal.DF (1,000 parti-
cles/cell) produced in either 633 (5F) or 644 (3F) cells. To assess receptor usage,
cells were preincubated with an excess of recombinant Ad2 or Ad3 fiber or of
recombinant Ad2 penton base. Twenty-four hours after infection, cells were fixed
and stained with X-Gal and the number of infected cells was counted by light
microscopy. Values are expressed as the percentage of cells infected in the
absence of competitor and represent the mean 6 standard deviation of triplicate
samples. This experiment was repeated several times with similar results.
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Our original generation of packaging cell lines (51) ex-
pressed the Ad5 fiber at a relatively low level. They produced
Ad particles containing a substoichiometric amount of fiber
protein, with reduced infectivity relative to first-generation
vector particles (50). This appears to be a property of the fiber
expression construct used to generate these lines. While inclu-
sion of an incomplete TPL fragment greatly increased fiber
expression over that seen from a construct lacking TPL se-
quences, there was a large amount of cell-to-cell variation in
fiber expression (51). Attempts to isolate cells that expressed
fiber more uniformly by recloning line 211B were unsuccessful
(data not shown).

In addition to the TPL’s role in translational regulation, its
natural first intron has been reported to act as a transcriptional
enhancer for the Ad major late promoter (19, 29, 33, 34). We
found that inclusion of this intron could also greatly increase
fiber production from our cytomegalovirus-driven construct.
Cell lines (such as line 633) carrying this construct not only
expressed more fiber protein but exhibited much less cell-to-
cell variability in expression level. Since synthesis of the major
Ad structural proteins is coordinately regulated, this type of

construct may be useful in developing systems for complemen-
tation of other viral proteins such as penton and hexon.

Ad5.bgal.DF growth in the improved packaging lines re-
sulted in a near-normal fiber content on the particles and
improved infectivity severalfold relative to particles grown in
cells carrying the original expression construct. Interestingly,
while the ability of Ad5.bgal.DF particles produced in the new
cell lines to transduce LacZ is very close to the wild-type level
(Table 1), the particle/PFU ratio remains significantly (approx-
imately 70-fold) higher. This suggests that there is an addi-
tional defect associated with the fiber gene deletion, beyond a
simple deficit of fiber protein, which is not efficiently comple-
mented by the packaging system that we are using. The fact
that plaque formation but not gene delivery is reduced suggests
that this defect might affect a stage in the viral life cycle occurring
after delivery of the viral chromosome to the nucleus. In this
light, it is interesting that Yeh and coworkers (59) reported
similar findings in work with an E4-lacking Ad5 vector.

There were several previous reports (4, 7, 10) of fiber mu-
tants being associated with defects in viral assembly or matu-
ration, but we did not detect obvious assembly problems with

FIG. 4. Differential infectivity of pseudotyped particles. The cell lines indicated were incubated with Ad5.bgal.DF, produced in either 633 (5F) or 644 (3F) cells,
at the particle/cell ratios indicated. After 3 h, virus was removed and the cells were washed twice with medium. Forty-eight hours after infection, cells were fixed and
stained with X-Gal, and the percentage of cells infected was determined by light microscopy. Values shown are the mean 6 standard deviation of triplicate samples
and are representative of several experiments. n.d., no infection was detected.
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Ad5.bgal.DF even in the complete absence of fiber. Indeed, a
cryoelectron microscopic analysis of our fiberless particles
showed their structure to be essentially normal (50). However,
another group recently reported production of a fiber gene-
deleted Ad vector and did find differences in several aspects of
the viral biology (27). In addition to the expected reduced
infectivity, they reported slight differences in maturation of
some capsid proteins as determined by pulse-labeling with
[35S]methionine, increased cytoplasmic versus nuclear localiza-
tion of the particles, and altered particle density on CsCl gra-
dients (27). It is possible that while the defects detected by
LeGrand et al. (27) are functionally significant, they were not
severe enough to have been detected by the methods that we
used. We are now examining the phenotype of our vector
particles in more detail in order to understand the differences
in our results.

Use of the chimeric 5T3H fiber protein generated Ad5 vec-
tor particles which infected cells via the Ad3 receptor rather
than the CAR protein used by Ad5 (Fig. 3 and 4). This is in
agreement with previous data showing that an Ad5 vector with
this chimeric fiber gene substituted into its chromosome dis-

played Ad3 tropism (45). The retargeted virus remained de-
pendent on the integrin-penton base interaction, since infec-
tion by particles containing either fiber was blocked by
competition with excess recombinant Ad2 penton base. We
also found that the LCL-derived B-10 cell line, which lacks
detectable av integrins, was refractory to infection even though
the cells could bind labeled Ad3 particles.

EBV-infected B lymphocytes are logical therapeutic targets
for a number of diseases such as AIDS-associated central ner-
vous system lymphoma or transplant-associated lymphoprolif-
eration. Although uninfected B cells are not efficiently infected
by Ad due to lack of integrin expression, the upregulation of av
integrins induced by EBV infection allows virus internalization
and gene delivery (17) if very high particle/cell ratios of an Ad5
vector are used. This inefficient infection is likely due to the
low level of CAR expression which we and others (47) have
found on these cells. As would be predicted from the binding
data shown here, we found that LCLs were much more readily
infected by vector particles that contained the Ad3 fiber knob.
Our results are in agreement with a previous report (5) show-
ing that LCLs could be transduced by an Ad-polylysine com-

FIG. 5. Infection of LCLs by pseudotyped Ad vectors. (A) The EBV-transformed lines JR, TO, and TL were infected as described in the legend to Fig. 4 with the
indicated particle/cell ratios of Ad5.bgal.DF produced in either 633 (5F) or 644 (3F) cells. n.d., no infection was detected. Values shown are the mean 6 standard
deviation of triplicate samples and are representative of several experiments. (B) Ad binding to LCLs. Purified 125I-labeled wild-type Ad2 or Ad3 was incubated (106

cpm) at 4°C with the indicated cells (106 cells) to assess virus binding. As a positive control, Ad2 binding to SW480 cells (which express high levels of CAR) was also
measured. To determine the level of nonspecific binding, identical samples were incubated with 125I-Ad in the presence of 100-fold excess of unlabeled virus. Cells were
then washed three times in cold phosphate-buffered saline, and bound radioactivity was determined. Specific binding was determined as (cpm bound in the absence
of competitor) 2 (cpm bound with competitor). Values reported are means of duplicate samples and are representative of several experiments. (C) av integrin
expression on LCLs. Cells were incubated with antibodies directed against either avb3 (LM609) or avb5 (P1F6) followed by incubation with fluorescein isothiocyanate-
labeled goat anti-mouse immunoglobulin. Binding was then analyzed by flow cytometry. Control samples were incubated with the secondary antibody alone.
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plex (in which the Ad moiety mediated endosome disruption)
provided that the complex was able to bind to the cells. Inter-
estingly, recent studies have detected replication of subgroup B
(the subgroup which includes Ad3) Ads, notably Ad35, in pa-
tients who are immunosuppressed due to transplantation or to
AIDS (31). These serotypes are rarely found in healthy indi-
viduals. EBV infection is often reactivated in such patients
(48), and it is possible that the EBV-induced upregulation of
integrins allows productive infection of lymphocytes by these
Ad serotypes. In preliminary studies, we have found that wild-
type Ad3 is indeed capable of infecting and replicating in
B-LCLs (D. J. Von Seggern and S. K. Fleck, unpublished data).

The differential infectivities of normal and EBV-infected B
cells may be useful in such gene therapy strategies as purging
donor bone marrow of EBV-infected cells before transplanta-
tion or the in vivo treatment of EBV-induced lymphomas.
Previous work in our group has shown that introduction of a
ribozyme targeted against the EBNA-1 transcript can reduce
the EBV genome to undetectable levels in LCLs (17). Gene
therapy strategies for these diseases based on specific tran-
scription of suicide genes driven by EBV-responsive promoters
have also been proposed (11, 21, 22, 42). Combining selective
infection of EBV-positive cells by retargeted Ad vectors with
such EBV-targeted therapeutic strategies might provide effec-
tive and specific treatments.
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