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The application of adenoviral vectors in cancer gene therapy is hampered by low receptor expression on
tumor cells and high receptor expression on normal epithelial cells. Targeting adenoviral vectors toward tumor
cells may improve cancer gene therapy procedures by providing augmented tumor transduction and decreased
toxicity to normal tissues. Targeting requires both the complete abolition of native tropism and the addition
of a new specific binding ligand onto the viral capsid. Here we accomplished this by using doubly ablated
adenoviral vectors, lacking coxsackievirus-adenovirus receptor and �v integrin binding capacities, together
with bispecific single-chain antibodies targeted toward human epidermal growth factor receptor (EGFR) or the
epithelial cell adhesion molecule. These vectors efficiently and selectively targeted both alternative receptors on
the surface of human cancer cells. Targeted doubly ablated adenoviral vectors were also very efficient and
specific with primary human tumor specimens. With primary glioma cell cultures, EGFR targeting augmented
the median gene transfer efficiency of doubly ablated adenoviral vectors 123-fold. Moreover, EGFR-targeted
doubly ablated vectors were selective for human brain tumors versus the surrounding normal brain tissue.
They transduced organotypic glioma and meningioma spheroids with efficiencies similar to those of native
adenoviral vectors, while exhibiting greater-than-10-fold-reduced background levels on normal brain explants
from the same patients. As a result, EGFR-targeted doubly ablated adenoviral vectors had a 5- to 38-fold-
improved tumor-to-normal brain targeting index compared to native vectors. Hence, single-chain targeted
doubly ablated adenoviral vectors are promising tools for cancer gene therapy. They should provide an
improved therapeutic index with efficient tumor transduction and effective protection of normal tissue.

Recombinant adenoviral vectors (AdV) appear to be prom-
ising for therapeutic interventions in humans, including gene
therapy for cancer and cardiovascular diseases. In this regard,
the principle attribute of AdV is their superior in vivo gene
transfer efficiency on many different human tissues. However,
this broad tropism at the same time represents an important
limitation for their use in therapeutic applications where spe-
cific gene transfer is required. In addition, several potential
target cells for gene therapy are poorly transduced by AdV due
to scarcity of an appropriate cell surface receptor (29, 43, 45).
Notably, many primary tumors express low levels of the cox-
sackievirus-adenovirus receptor (CAR), resulting in low levels
of gene delivery into these cancer cells (5, 12, 24, 27, 28).
Targeting AdV toward alternative surface receptors on specific
cell types may overcome these limitations. This requires abo-
lition of native viral tropism and introduction of a novel bind-
ing affinity.

Two general strategies are currently being considered to

target AdV in order to enhance vector infectivity and specific-
ity. In the first approach, AdV are genetically modified to alter
the binding specificity of the viral capsid, thus creating a stable
single-reagent genetic medicine (22). Presently, the major lim-
itation for further development of this type of vector is incom-
plete knowledge of the restrictions to successful ligand incor-
poration in adenovirus capsid proteins. In the second
approach, AdV are complexed with bispecific molecules that
on one side bind to the viral capsid and on the other side
redirect the virus to a novel receptor (7–9, 14, 15, 17, 28, 38,
43). Alternatively, a new ligand is chemically coupled onto the
viral capsid (35). The biggest advantage of this two-component
strategy is its versatility. The continuous identification of high-
affinity peptide ligands and antibodies vastly increases the
number of potential targets for this type of vector. However, a
major disadvantage of AdV targeted with bispecific molecules
is that inhibition of native receptor binding relies on neutral-
ization by the targeting molecules. Therefore, until now the
one-component approach was considered to offer the best ad-
vantages for manufacture of gene therapeutics, while the two-
component strategy was used mainly as a powerful means for
validating the utility of alternative receptors as potential tar-
gets for AdV-mediated gene delivery.

Recently, specific mutations which eliminate the interaction
with CAR were identified in the adenovirus fiber knob (20, 21,
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34). Such mutated AdV show reduced transduction of CAR-
expressing cells in vitro but retain significant CAR-indepen-
dent infectivity in vivo (11, 40). Because residual transduction
was found to be integrin dependent and mediated through the
adenovirus penton base protein (34, 40), AdV with both mu-
tations in the fiber knob eliminating the interaction with CAR
and a deletion of their �v integrin-binding penton base RGD
motif were constructed. These doubly ablated AdV exhibited
dramatically reduced tissue transduction after intravenous ad-
ministration in mice (11).

Here we show that by combining doubly ablated AdV with
bispecific targeting molecules, an important drawback of the
two-component strategy for AdV targeting has been overcome.
In this new system, abolition of native tropism no longer de-
pends on neutralization by the targeting molecule but is inher-
ent to the doubly ablated AdV. The bispecific targeting mole-
cules that we used efficiently redirected the doubly ablated
AdV toward alternative receptors on human cancer cells and
primary brain tumors, allowing CAR- and integrin-indepen-
dent gene delivery. This resulted in an improved targeting
index of tumor to normal tissue transduction. Hence, targeted
AdV such as those described here are likely to improve the
therapeutic potential of cancer gene therapy.

MATERIALS AND METHODS

Cell lines, primary tumor cells, and organotypic spheroids. Rat2 fibroblasts
and the human cancer cell lines OVCAR-3 (ovary carcinoma), HT29 (colon
carcinoma), 11B (head and neck squamous carcinoma), and U373MG (anaplas-
tic astrocytoma) were purchased from the American Type Culture Collection
(Manassas, Va.). LNCaP (prostate carcinoma) was a kind gift of L. Blok (Eras-
mus University Rotterdam, The Netherlands), MKN-28 (gastric carcinoma) was
kindly provided by M. Tsujii (Osaka University School of Medicine, Osaka,
Japan), and U118MG (glioblastoma multiforme [GBM]) was a kind gift of J. T.
Douglas (Gene Therapy Center, University of Alabama, Birmingham). LNCaP
cells were grown in RPMI 1640 with 10% fetal calf serum (FCS) and antibiotics;
all other lines were maintained in F12-supplemented Dulbecco modified Eagle
medium (DMEM) with 10% FCS and antibiotics. All culture media and supple-
ments were purchased from Gibco BRL Life Technologies, Paisley, United
Kingdom.

Fresh material was collected during surgery of patients with brain tumors after
informed consent and processed within 3 h after dissection. Pathological confir-
mation of the diagnosis was made on the tumor material that was processed for
cell and spheroid culture. Primary glioma cell cultures were obtained after
mechanical dissociation from confirmed GBM, according to the technique de-
scribed by Darling (6). The primary cells were cultured in DMEM supplemented
with 10% FCS and antibiotics. Glial origin of the cultured cells was confirmed by
morphology and by staining of early passages with anti-GFAP monoclonal anti-
body (MAb) clone 6F2 (Dako, Glostrup, Denmark). Gene transfer experiments
were done before passage 5. Organotypic multicellular spheroids (OMS) were
prepared from three supratentorial GBM and one infratentorial meningioma by
the technique originally described by Bjerkvig et al. (2). Briefly, the tumor tissue
was cut with 21-gauge needles into 0.3- to 0.5-mm pieces, which were incubated
individually in 48-well plates coated with agarose (2% in phosphate-buffered
saline [PBS]) in DMEM with 10% FCS, antibiotics, and 2 mM L-glutamine. After
cells were checked for viability by morphology, spheroids of similar diameter
(400 to 500 �m) were used for gene transfer experiments. Additionally, from
each individual patient explants were made from small pieces of damaged brain
removed from the corticotomy tract or from the surroundings of the tumor that
was resected during surgery and were cultured according to the same procedure.
Gene therapy experiments on tumor spheroids and normal brain explants were
performed within the first 2 weeks after tumor removal.

Construction of recombinant AdV. AdL is a replication-defective AdV derived
from human adenovirus serotype 5 (Ad5), with deleted E3 sequences (1.9-kb
XbaI fragment deleted with XbaI site filled) and a cytomegalovirus promoter-
driven firefly luciferase gene expression cassette in place of the E1 region. All
other AdV are derivatives of AdL with specific mutations in the fiber and penton
base genes that eliminate binding to CAR and �v integrins, respectively. AdL.F

(RAEK-HA) contains four point mutations in the AB loop of the fiber knob
(R412S, A415G, E416G, and K417G) that abolish binding to CAR, and
AdL.F(TAYT-HA) comprises a deletion of amino acids T489AYT492 in the FG
loop of the fiber knob that abolishes binding to CAR (34). In addition, AdL.F
(RAEK-HA) and AdL.F(TAYT-HA) carry an insertion of the amino acid se-
quence SRGFKSYPYDVPDYAG in the HI loop of the fiber knob between
amino acids G443 and D444, where the underlined amino acids represent a
hemagglutinin (HA) peptide motif that enables propagation of AdV with CAR
binding abolished on 293-HA cells (10). AdL.PB(HA)F(TAYT-HA) comprises
the mutations described for AdL.F(TAYT-HA) and, additionally, has �v integrin
binding eliminated through replacement of amino acids H337AIRGDTF344 in the
penton base (41) with amino acids SRGYPYDVPDYAGTS, where the under-
lined sequence again represents an HA peptide motif.

Purified virus stocks were prepared by two successive bandings on CsCl gra-
dients. Virus was stored at �80°C in 10 mM Tris (pH 7.8)–150 mM NaCl–10 mM
MgCl2–40% glycerol until use. Viral particle (VP) titers were determined by
measurement of optical density at 260 nm, and focus-forming unit titers were
determined on 293-HA cells by staining with anti-DBP–fluorescein isothiocya-
nate antibody (Strategic Biosolutions, Newark, Del.) at 24 h postinfection. Ratios
of VP to focus-forming units were 11 for AdL, 18 for AdL.F(RAEK-HA), 142 for
AdL.F(TAYT-HA), and 256 for AdL.PB(HA)F(TAYT-HA).

Production of bispecific single-chain targeting antibodies. Bispecific scFv ex-
pression constructs comprising the adenovirus infection-neutralizing S11 anti-
body (38) were made as previously described (14), by inserting scFv fusion genes
into pSTCF (1). This creates in-frame fusions with an amino-terminal murine
immunoglobulin �-chain leader sequence and carboxy-terminal Myc-His6 tag.
Anti-epidermal growth factor receptor (anti-EGFR)-targeting bispecific scFv
425-S11 has been described before (14); anti-epithelial cell adhesion molecule
(anti-EpCAM) bispecific scFv C28-S11 was constructed according to the same
procedure by using anti-EpCAM scFv C28, a derivative of UBS-54 (19) (kindly
provided by T. Logtenberg, Crucell Holland B.V., Leiden, The Netherlands).
CHO cells were stably transfected with these constructs and cultured in a CL 350
cultivation system (INTEGRA Biosciences AG, Wallisellen, Switzerland) in
CHO-S-SFM II medium (Life Technologies). Undiluted culture supernatant of
the same batch was used for all targeting experiments. The relative bispecific
scFv concentration was determined by enzyme-linked immunosorbent assay us-
ing recombinant fiber knob protein (23) as the antigen and anti-Myc MAb 9E10
(4) followed by rabbit anti-mouse immunoglobulin G–horseradish peroxidase
conjugate and o-phenylenediamine substrate (Dako) for detection. The concen-
tration of 425-S11 was approximately 15 times higher than that of C28-S11.

AdV-mediated transduction. Cell lines and primary cell cultures were seeded
at 104 cells/well in 96-well plates or at 105 cells/well in 24-well plates and cultured
overnight before AdV transduction. For targeting, AdV were incubated at 5 �
109 VP/ml in 50% (vol/vol) bispecific scFv CHO supernatant and 50% (vol/vol)
F12-supplemented DMEM with 2% FCS for 30 min at room temperature.
Control transduction experiments with 425-S11 on CAR-deficient U118MG cells
showed that the amount of bispecific scFv used was at least 10-fold higher than
that needed to obtain maximal enhancement of gene delivery. After incubation,
AdV were diluted to their final concentration in F12-supplemented DMEM with
2% FCS, except for transduction of LNCaP cells, which was done in RPMI 1640
with 10% FCS, and used to transduce cells at the indicated multiplicity of
infection (MOI). In all experiments, the same number of VP per cell was used for
the different AdV and their complexes with bispecific scFv. After incubation at
37°C for 1 h in most experiments, or for periods ranging from 2 min to 24 h for
the time-dependent transduction experiment, the virus was removed from the
cells and replaced by the standard culture medium. In one experiment, trans-
duced cells were treated with trypsin (BioWhittaker, Verviers, Belgium) in PBS
for 5 min at room temperature immediately following exposure to virus before
addition of standard culture medium. Analysis of transduction efficiency by
luciferase activity measurement was performed at 24 h after infection.

To transduce a mixed population of OVCAR-3 and U373MG cells, these cells
were seeded in a 1:2 proportion at low density in 96-well plates and allowed to
form mixed monolayers of OVCAR-3 islands within a U373MG network. Trans-
duction was performed as described above for 1 h at 108 VP per well. Gene
transfer was detected by luciferase immunocytochemistry at 48 h after infection.

Brain tumor spheroids and normal brain explants were cultured in separate
wells of a 96-well plate coated with agarose in 150 �l of DMEM with 10% FCS.
Fifty microliters of medium with 108 VP of AdV or AdV-bispecific scFv com-
plexes produced as described above was added per well, and transduction was
allowed to proceed at 37°C overnight. Analysis of transduction efficiency by
luciferase activity measurement was performed after 20 to 22 h.

Analysis of luciferase expression. Luciferase activity was measured using the
luciferase chemiluminescence assay system (Promega, Madison, Wis.). For cells,

2754 VAN BEUSECHEM ET AL. J. VIROL.



culture medium was replaced with reporter lysis buffer and the whole culture
plate was subjected to a single freeze-thaw cycle. Spheroids and brain explants
were removed from their culture well, rinsed in PBS, and subjected to three
cycles of freeze-thawing and vigorous vortexing in reporter lysis buffer. Chemi-
luminescence was measured with a Lumat LB 9507 luminometer (EG&G
Berthold, Bad Wildbad, Germany) during the 10 s immediately after addition of
the cell extract to the luciferase assay reagent. Relative light unit values were
normalized per number of cells seeded per well, or per spheroid or explant, after
subtraction of the background. In the experiment where cells were treated with
trypsin following transduction, data were corrected for loss of viable cells by
measuring WST-1 (Roche Diagnostics, Mannheim, Germany) conversion during
1 h prior to cell harvest.

Immunocytochemistry for luciferase expression was done after fixation of cells
in tissue culture plates by using 50:50 (vol/vol) methanol-acetone with 2.5 �g of
antiluciferase MAb LUC-Y (J. Grill et al., submitted for publication) per ml,
followed by rabbit anti-mouse immunoglobulin G–alkaline phosphatase conju-
gate (Dako) and nitroblue tetrazolium–5-bromo-4-chloro-3-indolylphosphate
substrate (Dako). Stained cells were photographed at a magnification of �100 or
�200.

RESULTS

Targeting AdV with native tropism abolished by using bispe-
cific single-chain antibodies. Previously, we have successfully
redirected AdV with native tropism toward EpCAM or EGFR
by using bispecific antibodies that bind on one side to the
adenovirus fiber knob and on the other side to EpCAM or
EGFR, respectively (14, 15). To investigate whether bispecific
scFv bind to AdV with fiber knob mutations eliminating CAR
binding, we incubated three different AdV expressing the fire-
fly luciferase marker gene with the EGFR-targeting bispecific
scFv 425-S11 (14). These AdV were AdL with native Ad5
tropism and the Ad5-derived vectors with CAR binding abol-
ished, i.e., AdL.F(RAEK-HA) and AdL.F(TAYT-HA) (34),
carrying mutations in the fiber knob AB loop and FG loop,
respectively. The three AdV and their complexes with 425-S11
were used to infect CAR- and EGFR-positive OVCAR-3 can-
cer cells, and gene transfer was measured by luciferase activity
assay. To discriminate between CAR-dependent and CAR-
independent transduction, the cells were preincubated with
excess recombinant Ad5 fiber knob protein (23). As can be
seen in Fig. 1A, both mutations eliminating CAR binding re-
duced gene transfer to a level similar to that obtained with
native AdL after competition with recombinant Ad5 fiber
knob. Targeting with 425-S11 protein augmented gene delivery
by AdL and AdL.F(TAYT-HA) but not that by AdL.F(RAEK-
HA). The 425-S11-mediated gene transfer was not inhibited by
recombinant Ad5 fiber knob, confirming that it was CAR in-
dependent. Thus, the 425-S11 bispecific scFv mediated CAR-
independent gene transfer of AdV with native fibers and with
FG loop-mutated fibers. The AdV with the FG loop mutation
could also be used in conjunction with chemical antibody con-
jugates based on the anti-fiber knob antibody 1D6.14 (8, 15)
(data not shown). Apparently, the AB loop mutation elimi-
nated the binding epitope for S11, whereas the FG loop mu-
tation abolished CAR binding but did not affect the epitope for
S11 or 1D6.14 antibodies. Therefore, all further experiments to
explore targeting of vectors lacking CAR binding with bispe-
cific scFv were done with FG loop mutant AdV only.

Since AdV with CAR binding abolished retain significant
penton base-mediated transduction (11, 34, 40), the use of
vectors with the penton base RGD motif also deleted is pref-
erable. To investigate whether targeting with bispecific scFv is

also possible in the absence of penton base-integrin interac-
tions, we compared 425-S11-mediated gene delivery by native
AdL, AdL.F(TAYT-HA) (with CAR binding eliminated), and
doubly ablated AdL.PB(HA)F(TAYT-HA) (with CAR bind-
ing plus penton base RGD eliminated) at various MOIs. Fig-
ure 1B shows that, in the tested range of 10 to 10,000 VP per
cell, transduction by native AdV and by EGFR-targeted native
AdV was linearly related to the MOI. Transduction by AdV
with CAR binding eliminated was strongly reduced at low
MOI, but this reduction was mostly lost at MOIs of 100 VP/cell
and higher. Doubly ablated AdV, however, exhibited a con-
stant, approximately 1.5-log-unit-reduced transduction com-
pared to native AdV over the entire MOI range. EGFR tar-
geting by 425-S11 bispecific scFv worked quite efficiently in
combination with doubly ablated AdV. Even at the high MOI
of 10,000 particles per cell, EGFR-targeted doubly ablated
AdV retained a high targeting index (i.e., targeted transduc-
tion with bispecific scFv over control transduction without
bispecific scFv) of 81, while the targeting index of AdV with
CAR binding eliminated was only 3 at this MOI. Thus, espe-
cially at higher AdV concentrations, it is preferable to combine

FIG. 1. EGFR targeting of AdV with CAR and integrin binding
abolished. OVCAR-3 cells were transduced for 1 h with AdL, AdL.F
(RAEK-HA), AdL.F(TAYT-HA), or AdL.PB(HA)F(TAYT-HA) at
an MOI of 100 VP/cell (A) or of 10, 100, 1,000, or 10,000 VP/cell
shown from left to right (B), with or without EGFR targeting using
425-S11 bispecific scFv. (A) Where indicated, OVCAR-3 cells were
preincubated with fiber knob protein before transduction with or with-
out EGFR targeting. Twenty-four hours after infection, cells were
analyzed for luciferase activity. The data are the means and standard
deviations from three independent experiments performed in dupli-
cate (A) or from a representative experiment performed in triplicate
(B). RLU, relative light units.
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bispecific scFv with doubly ablated AdV to achieve selective
gene delivery.

Efficiency and kinetics of targeted gene transfer with mu-
tated AdV on human cancer cell lines. To investigate the ver-
satility of our targeting approach, we decided to compare
CAR- and integrin-independent transduction on a panel of
human cancer cell lines from different tissue origins, using
bispecific scFv targeted toward EGFR or EpCAM. These two
cell surface molecules are completely unrelated in aspects rel-
evant for AdV transduction. EGFR is rapidly internalized via
endocytosis (39), and EGFR ligation activates phosphatidyl-
inositol 3-OH kinase (PI3K)-dependent signaling (18), a pro-
cess involved in adenovirus entry (26). In contrast, the pan-
carcinoma antigen EpCAM is very slowly internalized (15, 44)
and has no known interaction with signaling pathways.

Five human cancer cell lines that expressed all three poten-
tial primary binding molecules for AdV and targeted AdV, i.e.,
CAR, EGFR, and EpCAM, as confirmed by fluorescence-
activated cell sorter analysis (not shown), were selected. The
cell lines, which represented carcinomas from ovary, colon,
stomach, squamous head and neck, and prostate, were trans-
duced with AdL, AdL.F(TAYT-HA), or AdL.PB(HA)F
(TAYT-HA) with or without anti-EGFR 425-S11 or anti-Ep-
CAM C28-S11. Figure 2 shows that both EGFR and EpCAM
served as targets for AdV-mediated transduction on all five cell
lines. In general, EGFR-mediated gene delivery was more
efficient than EpCAM-mediated gene transfer. Importantly,
neither of the two alternative entry pathways required CAR or
integrin binding by fiber knob and penton base, respectively.

Moreover, most cell lines were more efficiently transduced by
targeted doubly ablated AdV than by targeted AdV with CAR
binding abolished. EGFR targeting was four- to sevenfold
more efficient in the absence of integrin interaction on all lines
except HT29, and EpCAM targeting was three- to fivefold
more efficient in the absence of integrin interaction on the
OVCAR-3, MKN-28, and 11B lines. In addition, with the ex-
ception of colon carcinoma line HT29, all lines were trans-
duced by targeted native AdV and targeted doubly ablated
AdV with similar efficiencies. Thus, replacing native AdV with
doubly ablated AdV did not compromise the efficacy of tar-
geted gene delivery. Most importantly, the use of CAR- or
doubly ablated vectors increased the gene transfer specificity
on all cancer cell lines, as can be deduced from their aug-
mented targeting indices compared to native AdV. For EGFR
targeting, the average targeting index increased from 8 (range,
2 to 21) for AdL to 36 (range, 19 to 54) for AdL.F(TAYT-HA)
to 146 (range, 59 to 252) for AdL.PB(HA)F(TAYT-HA). For
EpCAM targeting, the values were 4 (range, 2 to 8), 31 (range,
5 to 63), and 49 (range, 17 to 81), respectively. Hence, the most
specific, target molecule-dependent transduction was obtained
using the doubly ablated AdV.

To gain more insight in the targeted transduction process,
OVCAR-3 cells were exposed to AdL, AdL.PB(HA)F(TAYT-
HA), EGFR-targeted AdL.PB(HA)F(TAYT-HA), or Ep-
CAM-targeted AdL.PB(HA)F(TAYT-HA) for different peri-
ods, ranging from 2 min to 24 h (Fig. 3). Surprisingly, the four
vectors exhibited quite similar transduction kinetics, with a
rather constant rate of gene delivery over the entire period.

FIG. 2. Targeting toward EGFR and EpCAM on a panel of human cancer cell lines. Human carcinoma cell lines (OVCAR-3, ovary; HT29,
colon; MKN-28, stomach; 11B, head and neck; and LNCaP, prostate) with confirmed expression of CAR, EGFR, and EpCAM were transduced
for 1 h with AdL (N), AdL.F(TAYT-HA) (F*), or AdL.PB(HA)F(TAYT-HA) (F*PB*) at an MOI of 100 or 1,000 VP/cell, with or without
EGFR-specific scFv 425-S11 or EpCAM-specific scFv C28-S11. Luciferase activity was measured after 24 h. The cell lines exhibited considerable
diversity in sensitivity to AdV transduction. Therefore, all data were normalized on the basis of native AdV transduction, which was set at 1. The
data shown are the means and standard deviations from two independent experiments performed in triplicate. Relative targeted transduction was
compared between AdL.F(TAYT-HA) and AdL.PB(HA)F(TAYT-HA) by using Student’s t test. Significant augmentation by penton base RGD
deletion was observed for EGFR targeting on OVCAR-3 (6.9-fold; P � 0.02), MKN-28 (4.4-fold; P � 0.02), 11B (4.8-fold; P � 0.02), and LNCaP
(5.4-fold; P � 0.02) and for EpCAM targeting on OVCAR-3 (3.7-fold; P � 0.03), MKN-28 (3.0-fold; P � 0.006), and 11B (4.8-fold; P � 0.0003).
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This showed that the targeting indices determined using a 1-h
transduction protocol are relevant for shorter and longer ex-
posures as well. The rate of gene delivery differed by only a
factor 2 between EGFR-mediated and EpCAM-mediated
gene transfer. In addition, when bound but not yet internalized
virus was removed from the cell surface by treatment with
trypsin, the rate of EpCAM-mediated gene transfer was re-
duced by only approximately 40%, while native and EGFR-
mediated transduction was not significantly affected (data not
shown). Thus, despite a very large difference in inherent inter-
nalization rate between EGFR and EpCAM, AdV uptake via
these molecules was only two- to fourfold different. Further-
more, it could be deduced that nonspecific uptake of untar-
geted AdL.PB(HA)F(TAYT-HA) requires more than 100-
fold-longer exposure of the cells to reach the same level of
transduction as EGFR- or EpCAM-targeted gene delivery
(Fig. 3).

Specificity of targeted doubly ablated AdV for tumor cells
expressing the target molecule. We confirmed the specificity of
EGFR-targeted doubly ablated AdV for cells expressing hu-
man EGFR by using three cell lines with different CAR and
EGFR expression profiles. The human glioblastoma cell lines
U373MG and U118MG are CAR-EGFR double positive and
CAR deficient, EGFR positive, respectively. As a surrogate for

EGFR-deficient cells, we used the rodent cell line Rat2. Rat2
cells express rat CAR and rat EGFR, but because the 425-S11
bispecific scFv is specific for human EGFR, they should not be
transduced by EGFR-targeted doubly ablated vectors. As can
be seen in Fig. 4, 425-S11 scFv targeted the doubly ablated
AdV toward U118MG cells but not toward Rat2 cells. This
showed that the targeted gene transfer was dependent on hu-
man EGFR and independent of CAR. To further confirm the
specificity for EGFR, the 425-S11 antibody was replaced by
C28-S11. For glioma cells, which are deficient in EpCAM,
C28-S11 is an irrelevant bispecific scFv targeting moiety. As
expected, C28-S11 targeted doubly ablated AdV did not trans-
duce U118MG cells. It can furthermore be seen in Fig. 4 that
native AdL and EGFR-targeted AdL transduced Rat2 cells
equally efficiently. Thus, while the degree of 425-S11 saturation
on the viral particles was optimal for targeting, it was insuffi-
cient to neutralize CAR-mediated uptake. This finding under-
scored the need to use AdV with native tropism abolished in
conjunction with bispecific targeting molecules.

Next, we tested the targeted AdV in the context of a mixed
cell population containing cells positive and negative for the
target molecule. To this end, EpCAM-positive OVCAR-3 cells
and EpCAM-negative U373MG cells were seeded at low den-
sity and allowed to form morphologically distinguishable
monolayer structures. The cells were subjected to infection
with AdL or AdL.PB(HA)F(TAYT-HA) at a high MOI with
or without EpCAM-specific C28-S11 and stained for luciferase
expression 2 days later. The staining method has a narrow
detection window that allows assessment of approximately five-
fold differences in transduction efficiency. Figure 5 shows that
native AdL transduced U373MG cells more efficiently than
OVCAR-3 cells (Fig. 5B), while AdL.PB(HA)F(TAYT-HA)
did not exhibit detectable infectivity on either cell type (Fig.
5D). EpCAM targeting augmented transduction of OVCAR-3
cells by AdL but did not prevent transduction of U373MG cells
through native AdL tropism (Fig. 5C). In contrast, EpCAM-
targeted AdL.PB(HA)F(TAYT-HA) transduced only EpCAM-
expressing OVCAR-3 cells (Fig. 5E and F). Most OVCAR-3
cells stained positive after transduction with EpCAM-targeted
doubly ablated AdV, but their staining was less intense than
that of OVCAR-3 cells transduced with EpCAM-targeted na-
tive AdV. This indicated a less-than-fivefold difference in
transduction efficiency between the two vectors in this experi-
ment. In conclusion, the targeted doubly ablated vector was
specific for the subpopulation of cells expressing the target
molecule.

EGFR-targeted gene transfer into primary human glioblas-
toma cells. We decided to further explore the utility of EGFR-
targeted doubly ablated AdV for gene therapy of human ma-
lignant gliomas. Such vectors would be particularly useful in
this context, because primary malignant gliomas are often low
in CAR expression and high in EGFR expression, while CAR
expression is high and EGFR is absent in the normal surround-
ing brain (12). Tumor specimens were obtained from 10 pa-
tients undergoing surgery for GBM, and single-cell cultures
were established. After pathological confirmation of the diag-
nosis with the processed material, early passages of the cell
cultures were used for further experiments. Fluorescence-ac-
tivated cell sorter analysis for CAR showed that most samples
expressed only very low or undetectable levels, while one spec-

FIG. 3. Time-dependent transduction by EGFR-targeted and Ep-
CAM-targeted AdV. OVCAR-3 cells were exposed to AdL (closed
circles), AdL.PB(HA)F(TAYT-HA) (open circles), EGFR-targeted
AdL.PB(HA)F(TAYT-HA) (triangles), or EpCAM-targeted AdL.PB
(HA)F(TAYT-HA) (squares) at 100 VP/cell for periods ranging from
2 min to 24 h. Luciferase activity was measured at 24 h after infection.
Each data point represents the mean and standard deviation from two
experiments performed in triplicate. During the span of the experi-
ment, a transduction saturation point was not reached. Therefore,
transduction rates could be deduced from the slopes of the graphs
(relative light units [RLU] per 104 cells per minute) by regression
analysis. Transduction rates were 2.1 � 103 for AdL (r � 0.99), 2.3 �
102 for AdL.PB(HA)F(TAYT-HA) (r � 0.90), 1.4 � 104 for EGFR-
targeted AdL.PB(HA)F(TAYT-HA) (r � 0.90), and 7.0 � 103 for
EpCAM-targeted AdL.PB(HA)F(TAYT-HA) (r � 0.92).
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imen was high in CAR (data not shown). All samples were
subjected to infection with AdL or AdL.PB(HA)F(TAYT-
HA) with or without EGFR targeting by 425-S11 antibody.
Figure 6 shows that the native vector AdL transduced cells
from different patients with high variability, with the most
efficient gene delivery into the high-CAR specimen. As expected,
gene delivery by the doubly ablated vector was reduced on all

samples. EGFR targeting augmented gene transfer into the
entire panel of primary gliomas except the high-CAR sample.
The median efficiency of EGFR-targeted gene transfer was
similar for native and doubly ablated vectors. Only transduc-
tion of the high-CAR sample was clearly lower with the doubly
ablated AdV than with native AdV. This showed that on this
material most of the transduction by the targeted native AdV

FIG. 4. Specificity of EGFR-targeted doubly ablated AdV for human EGFR-expressing cells. Human U373MG and U118MG glioblastoma cell
lines and rat fibroblast cell line Rat2 were transduced with AdL or AdL.PB(HA)F(TAYT-HA), with or without human EGFR-specific scFv
425-S11 or human EpCAM-specific scFv C28-S11, for 1 h at an MOI of 100 VP/cell. Luciferase activity was measured at 24 h after infection. The
data shown are the means and standard deviations from two (U373MG) or four (U118MG and Rat2) independent experiments performed in
triplicate. RLU, relative light units.

FIG. 5. Specificity of EpCAM-targeted doubly ablated AdV for EpCAM-positive cells within a mixed cell population. EpCAM-positive
OVCAR-3 and EpCAM-negative U373MG cells were allowed to form a mixed cell layer, in which OVCAR-3 cells grow into tight colonies while
U373MG cells form a network surrounding these colonies. The cells were not transduced (A) or were transduced with AdL (B and C) or
AdL.PB(HA)F(TAYT-HA) (D to F), with (C, E, and F) or without (B and D) human EpCAM-specific scFv C28-S11, for 1 h at 108 VP/well. After
2 days, cells were stained with an antiluciferase MAb and photographed at a magnification of �100 (A to E) or �200 (F).
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was CAR mediated. The doubly ablated AdV gave a better
EGFR targeting index than the native AdV (123 versus 18).
Hence, the highly specific and effective transduction by EGFR-
targeted doubly ablated AdV observed with human cancer cell

lines as described above was confirmed with primary glioblas-
toma specimens.

Evaluation of the efficiency and selectivity of EGFR-targeted
gene transfer into primary human brain tumors. Finally, we
determined the selectivity of EGFR-targeted AdV for human
brain tumors relative to the normal surrounding brain tissue.
To this end, we employed OMS established from the brain
tumors of four patients. These tumors were GBM (patients
VU-37, VU-47, and VU-61) and meningioma (patient VU-59).
In addition, we cultured explants from small samples of dam-
aged brain, taken from the corticotomy tract or from the im-
mediate surroundings of the tumors of all four patients. Im-
munohistochemistry analysis showed that many cells in the
surrounding brain were CAR positive and most cells were
EGFR negative, while brain tumor cells were heterogeneous
for CAR and EGFR expression (not shown). OMS and brain
explants were individually cultured and transduced with AdL
or AdL.PB(HA)F(TAYT-HA), with or without 425-S11. In
general, AdL transduced OMS and brain explants of similar
size with similar efficiency. To correct for differences in sample
quality, gene transfer efficiencies were expressed relative to
native AdV transduction for each individual patient. As can be
seen in Fig. 7, the transduction efficiency of native AdL varied
considerably between individual OMS and brain explants from
the same donor, generally within a range of 2 orders of mag-
nitude. Transduction by AdL.PB(HA)F(TAYT-HA) into both
tumor and normal brain was strongly reduced for all four

FIG. 6. Transduction of primary human glioblastoma cells with
EGFR-targeted AdV. Early passages of cell cultures established from
10 different GBM tumors were transduced with AdL or AdL.PB
(HA)F(TAYT-HA), with or without 425-S11 antibody, for 1 h at an
MOI of 100 VP/cell. Luciferase activity was measured at 24 h after
infection. Each data point represents the average from triplicate in-
fections; the lines give the median of each set of 10 data points. Closed
symbols are for specimens with low or undetectable CAR expression;
open symbols show the results from an exceptional high-CAR glioblas-
toma. RLU, relative light units.

FIG. 7. Transduction of primary human brain tumor spheroids and normal brain explants. Glioma (patients VU-37, VU-47, and VU-61) or
meningioma (patient VU-59) OMS and normal brain explants from the same patients were cultured individually and exposed overnight to AdL
or AdL.PB(HA)F(TAYT-HA), with or without 425-S11 antibody, at 108 particles per spheroid. After 20 to 22 h, spheroids and explants were lysed
and luciferase activity was measured. Each data point represents a single tumor spheroid (closed symbols) or brain explant (open symbols). The
lines indicate the median values for each experimental group. All values are given as the percentage of the median transduction by the control
vector AdL for the same patient. The relative tumor-to-normal brain targeting index is given above each panel, with the index of the control AdL
set to 1.
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patients, with median efficiencies below 1% of those for the
native control. EGFR targeting slightly enhanced the tumor-
to-normal brain targeting index of native AdV in three of the
four cases (up to threefold). EGFR targeting of doubly ablated
AdV, however, resulted in a clear and reproducible augmen-
tation of the targeting index (mean, 16.3-fold; range, 5.1- to
37.9-fold). Figure 7 furthermore shows that EGFR targeting of
doubly ablated AdV enhanced transduction not only of tumor
spheroids but also, to a lesser extent, of normal brain explants.
To investigate the nature of the latter transduction, we exposed
VU-59 normal brain explants to 425-S11 or C28-S11 targeted
AdL.PB(HA)F(TAYT-HA). EGFR targeting with 425-S11
augmented gene delivery into individual explants on average
96-fold (range, 0.3- to 595-fold), while irrelevant EpCAM tar-
geting with C28-S11 did not significantly enhance the trans-
duction efficiency (mean, 2.7-fold; range, 0.03- to 8.4-fold).
Hence, augmented gene transfer was 425-S11 specific, suggest-
ing that the normal brain explants comprised some EGFR-
positive cells. Indeed, some EGFR-positive microglial cells
were detected by immunohistochemistry on normal brain ex-
plants of patient VU-37, and pathological evaluation of VU-61
normal brain explants revealed infiltrated tumor cells (not
shown). In conclusion, EGFR-targeted doubly ablated AdV
more efficiently transduced primary brain tumors, relative to
the surrounding normal brain, than did either native AdL or
EGFR-targeted native AdL.

DISCUSSION

A prime objective in the development of AdV for gene
therapy is cell type-specific targeting through vector tropism
modification. Targeting may augment gene delivery to tissues
of interest that do not express sufficient native AdV receptor
and may diminish immunogenicity, toxicity, and in vivo seques-
tration of the vector. Toward this goal, the native AdV tropism
needs to be abolished completely, and a new binding ligand
with specificity for the target tissue must be added to the AdV.
The present study provides such targeted AdV, where the
native interaction with primary and secondary AdV receptors
is eliminated through genetic means and new binding affinities
are introduced through bispecific adapter molecules. These
vectors obviate an important drawback of previous two-com-
ponent vector systems where abolition of native tropism de-
pended on neutralization by the adapter molecule. Standard-
ized production of the latter type of targeted vector with
completely blocked native tropism is not trivial. In addition,
the stability of such targeting complexes might be insufficient in
vivo to retain full neutralization. The best results after systemic
vascular delivery of two-component targeted vectors reported
so far were obtained using AdV with bispecific antibodies that
block the CAR binding domain in the fiber knob. Although
this approach considerably reduced non-target organ transduc-
tion (13, 32), more than 90% of gene transfer still occurred in
normal tissues (32). Thus, these studies clearly indicated that
more stringent methods for abolition of native tropism were
warranted.

By combining specific adenovirus capsid mutations that
eliminate CAR and �v integrin interaction (11, 34, 41) with
bispecific scFv fusion proteins (14), we constructed targeted
AdV that provide stringent target molecule specificity. Neither

exposure of cells deficient in the target molecule nor use of
AdV targeted with irrelevant bispecific scFv led to consider-
able transduction. The gene transfer efficiencies obtained with
vectors with specificity for EGFR or EpCAM on human cancer
cell lines were at or well above native AdV infectivity. This
information could not be gathered before, because native AdV
targeted with bispecific scFv always retained a native transduc-
tion component that precluded measurement of the true effi-
ciency of targeted gene transfer. On most cell lines, EGFR-
mediated transduction was more efficient than EpCAM-
mediated gene transfer. This difference may be a reflection of
differences in receptor densities on the cell surface or, alter-
natively, may be caused by the lower concentration of the batch
of EpCAM-specific targeting molecules. The kinetics of the
targeted gene delivery suggested that the internalization rate
of the target molecule was a less important factor determining
transduction efficiency. This implies that many cell surface
molecules may serve as efficient targets for AdV-mediated
gene transfer, provided that high-affinity binding to the viral
capsid is established. Our bispecific scFv expression cassette
serves as a versatile adapter for this purpose, since it allows
simple exchange of scFv with different specificities.

Our study also provided more insight into the targeted AdV
transduction process. Native AdV cell entry is promoted by �v

integrin interaction and requires PI3K activation (26, 42). Re-
cently, however, it was observed that inhibition of the penton
base-integrin interaction with neutralizing antibodies en-
hanced targeted AdV transduction (9). This suggested that
while �v integrin interaction augments native adenovirus in-
fection, it might not be involved in targeted AdV uptake.
Integrin-independent targeted AdV transduction has so far
been reported only with targeting moieties comprising active
mitogenic ligands for tyrosine kinase growth factor receptors,
including basic fibroblast growth factor, insulin-like growth
factor 1, EGF, and tumor necrosis factor alpha (9, 25). Tar-
geting toward the bombesin/gastrin-releasing peptide receptor,
on the other hand, appeared to still depend on penton base-
activated endocytosis (17). Inhibitors of tyrosine kinase recep-
tor- and PI3K-mediated signal transduction had contradictory
effects on the targeted AdV transduction in different studies
(16, 25), leaving the role of signal transduction in the targeted
AdV uptake pathway unresolved. All of these previous studies
used neutralizing peptides, antibodies, or Ad protein or phar-
macologic signal transduction inhibitors to interfere with pen-
ton base-initiated signaling. Their conflicting results may have
been caused by incomplete inhibition on the one hand or
pleiotropic effects of the inhibitors on the other hand. We now
for the first time targeted AdV toward alternative cell surface
receptors by using vectors that inherently lack �v integrin in-
teraction due to absence of the penton base RGD motif. This
allowed a more direct study of integrin-independent AdV en-
try, without any further addition of inhibitory molecules.
EGFR- or EpCAM-targeted doubly ablated AdV had an effi-
ciency similar to that of targeted native AdV and were more
efficient than targeted AdV with CAR binding abolished on
most cancer cell lines. The bispecific scFv that targets toward
EGFR comprises the anti-EGFR scFv 425, which is an EGFR
antagonist and thus should not trigger the EGFR-mediated
signaling cascade (33, 37). Moreover, EpCAM, which is not
involved in PI3K activation at all, served as an efficient target
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molecule for AdV transduction as well. These findings sug-
gested, therefore, that penton base-triggered PI3K activation is
not required for efficient targeted AdV entry and does not
need to be complemented through tyrosine kinase activation.
In fact, the interaction of targeted AdV with integrins in many
cases even antagonized gene delivery. Deletion of the penton
base RGD motif strongly enhanced the targeted gene transfer
efficiency (three- to sevenfold) on most tested cancer cell lines.
This suggested that disengaging targeted AdV transduction
completely from known native entry pathways yields the most
efficient targeting strategy. This was at least true for EGFR-
and EpCAM-mediated transduction but may apply to other
target molecules on cancer cells as well. The lack of a need for
triggering cell signaling pathways could be an advantage in the
context of cancer gene therapy, where cell activation is pref-
erably avoided. In addition, it may be beneficial for in vivo
gene therapy in general, because triggering of signaling events
may potentiate early immune responses to the vector (3). Thus,
our findings support further exploration of AdV with penton
base RGD deleted for targeted gene delivery.

The improved specificity, as indicated by the targeting index,
of EGFR-targeted doubly ablated AdV on cancer cell lines was
confirmed with a panel of low-passage primary glioma cell
cultures. EGFR-mediated gene delivery into primary cancer
cells was 2 orders of magnitude more efficient than untargeted
transduction. To investigate the performance of EGFR-tar-
geted doubly ablated AdV in a clinically relevant microenvi-
ronment for brain tumors, we employed OMS. These struc-
tures retain the complex tissue architecture present in the
tumor, including (heterogeneous) tumor cells, connective tis-
sue, immune cells, and capillaries, with intact cell-cell and
cell-matrix contacts (30, 36). They thus represent the most
clinically relevant in vitro model for human tumors. Native
AdV transduced tumor OMS and brain explants with similar
efficiencies, demonstrating the need for targeting strategies in
gene therapy for brain tumors. EGFR-targeted doubly ablated
AdV exhibited a clear preference for transduction of EGFR-
expressing brain tumor OMS compared to EGFR-deficient
normal brain explants. On average, the tumor-to-normal brain
transduction ratio was improved 16-fold (range, 5- to 38-fold)
compared to native AdV. In fact, this ratio probably underes-
timates the true vector specificity, because in the normal brain
samples of at least two of the four patients, infiltrated tumor
cells or activated EGFR-positive microglial cells were de-
tected, and this was not ruled out in the other two cases. These
observations were not unexpected, since the normal brain ex-
plants were established from tissue adjacent to the tumor and
proliferating reactive microglial and astroglial cells expressing
EGFR can be found in brain lesions and local inflammations
(31). Thus, targeted transduction of these EGFR-positive cells
may account for most of the gene delivery measured in normal
brain explants.

Taken together, our results support further consideration of
doubly ablated AdV targeted with bispecific scFv as vectors for
gene therapy. To this end, their efficacy and specificity will
need to be confirmed under in vivo conditions. Depending on
the route of administration, these conditions may be quite
different from those in tissue culture. After intratumor injec-
tion, a high concentration of cells will be exposed to a high
vector concentration for extended periods, while vascular vec-

tor administration may result in a very short virus-cell interac-
tion at low concentration. In this respect, it is very promising
that we observed a rather constant targeting index over a range
of AdV concentrations (MOI of 10 to 10,000) and exposure
times (2 min to 24 h). Moreover, selective transduction was
also seen in spheroids, where the tumor and normal tissue
architecture and composition were retained. Hence, the
present study has encouraging implications for the develop-
ment of human clinical gene therapy approaches.
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