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INTRODUCTION 
Ovarian cancer is one of the most common causes of cancer death in women. In large part this is due to the late 
presentation of the disease. On this basis, it is clear novel therapeutic approaches are warranted.  In this regard, 
gene therapy represents one such novel approach which may be applied in the context of carcinoma of the 
ovary. For this technique to be successful clinically, highly efficient gene delivery vectors are necessary to 
deliver therapeutic genes specifically to tumor cells. Tropism-modified adenoviral vectors are the best agent for 
cell-specific gene delivery. Ovarian cancer-specific markers have been described which can be exploited as a 
means to achieve specific infection via “transductional targeting”. The specificity of gene expression can be 
further improved by placing the gene under the control of an ovarian cancer-specific promoter via a 
“transcriptional targeting” approach. This “double-targeting” strategy achieves a synergistic improvement in 
specificity, thus enabling a therapeutic result to be obtained. This project sought to develop an optimized gene 
delivery system based on a combination of the best available transductional and transcriptional targeting 
approaches for ovarian cancer. This system resulted in highly efficient and specific expression of toxin 
encoding genes in tumor cells, enabling these cells to be selectivity eradicated and thus offering a novel 
technique for the achievement of ovarian cancer gene therapy. 
 
BODY 
We sought to derive adenoviral vectors (Ads) which embodied the capacity for double targeting –  
transcriptional targeting and transductional targeting functioning in operational synergy. In the first regard, we 
identified a series of tumor selective promoters (TSPs) relevant to targeting carcinoma of the ovary tumor cells. 
These TSPs were used to derive EIA/B-deleted replication incompetent Ads whereby the candidate TSP 
maintained control of expression of the reporter transgene (Luciferase). Viral genomes were constructed; viral 
plaques rescued; and derived recombined Ads upscaled for characterization. Genomic analysis confirmed the 
rescue of the designed Ad which were grown to high titer for subsequent functional analysis (Task 1) [1-2]. 
 
We next sought to validate the targeting physiology of the derived vector. Useful vector candidates would 
exhibit a “tumor on/liver off” phenotype. For this analysis, we employed immortalized human ovarian cancer 
cells and human primary tumor cells to validate inductivity of the TSP. In addition, we employed human liver 
explants maintained as “tissue slice” culture to validate the “liver off” profits of the candidate promoter. 
Analysis of the promoter containing Ads validated the identification of candidate promoters which embodied an 
inductivity profile useful for our ovarian targeting purposes (Task 2). This represents a major accomplishment 
as to this point there was a paucity of TSPs for ovarian cancer compared to other epithelial neoplasms. These 
characterized TSPs now represent a reagent set of field-wide utility. In Figure 1 we provide evidence of the 
relative inductivities of studied TSPs: 
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Figure 1:  Promoter activity in four ovarian cancer cell lines.  
5x104 human ovarian cells (SKOV3.ip1, HEY, OV-4 and PA-1) 
and normal cells (HFBC) were plated on 24 well plates and 
infected at a MOI of 100 v.p./cell of Ad5-CMV.Luc, Ad5-Cox-
2.Luc, Ad5-CXCR4.Luc, Ad5-SLPI.Luc or Ad5-Survivin.Luc, 
respectively.  All the characteristics of the vectors are listed in 
Table 1. Luciferase activities were analyzed 48 hours later.  
Results are shown as relative light units (RLU) of luciferase 
activity.  The % of luciferase activity = (RLU induced by 
TSP)/(RLU induced by the CMV promoter) x 100.  The mean 
value ±SE of triplicate samples is shown.  
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Table 1.  The characteristics of adenoviral vectors used in this study 
Virus name Promoter Reporter E1 E3 Fiber modification Replication 
Ad5-CMV.Luc CMV (Cytomegalovirus) Luciferase No No No No 
Ad5-S.Luc S (Survivin) Luciferase No No No No 

Ad5-SLPI.Luc SLPI (Secretory 
leukoprotease inhibitor)  Luciferase No No No No 

Ad5-C.Luc C (CXCR4) Luciferase No No No No 

Ad5-Cox2.Luc Cox-2 
(Cyclooxygenase-2) Luciferase No No No No 

Ad-CMV.Luc.RGD CMV Luciferase No No RGD peptide in HI loop No 
Ad-CMV.Luc.pk7 CMV Luciferase No No polylysine 7 No 
Ad-
CMV.Luc.pk7RGD CMV Luciferase No No pk7/RGD No 

Ad-CMV.Luc.CK CMV Luciferase No No Canine knob No 
Ad-
CMV.Luc.CKpk7 CMV Luciferase No No Canine knob/pk7 No 

Ad-CMV.Luc. F5/3 CMV Luciferase No No Chimeric fiber protiens possessing the 
Ad3 knob No 

Ad-CMV.Luc. F3/3 CMV Luciferase No No Chimeric fiber with Ad3 shaft and knob No 
Adwt.F5/3 Native No Yes Yes F5/3 Yes 
Ad-Δ24.F5/3 Native No Δ24 Yes F5/3 Yes 
CRAd-C.F5/3 C (CXCR4) No Yes Yes F5/3 Yes 
CRAd-M.F5/3 M (Mesothelin) No Yes Yes F5/3 Yes 
CRAd-S.F5/3 S (Survivin) No Yes Yes F5/3 Yes 

 
For transductional targeting, we had initially sought to employ retargeting adapters based upon the “sCAR-
fusion” motif which our lab had developed. To this end, sCAR fusions were developed which allowed targeting 
to ovarian cancer markers CEA and CD40 [3-10]. In addition, we explored a strategy for infectivity 
enhancement based upon fiber knob serotype chimerism. We found that the fiber knob of the subgroup B type 3 
allowed the highest levels of infectivity enhancement of otherwise Ad-refractory tumor cells (Task 3). This 
represented a major accomplishment as the ability to enhance gene delivery for tumor targets will improve the 
outcome of a wide range of interventions. We have identified a spectrum of infectivity enhancements which 
will have potentially field-wide utility. In Figure 2 we demonstrate the relative potency of these enhancements 
of human ovarian cancer targets: 

 
 Figure 2: Comparison of tranductional activity in 
ovarian cancer cell lines with different capsid 
modified adenovirus vectors.  Ovarian tumor cells 
(5x104 cells) were plated onto 24 well plates and 
infected at a MOI of 100 v.p./cell of Ad5-
CMV.Luc and one of the fiber modified vectors, 
including Ad.RGD.Luc, Ad.pk7.Luc, Ad.F5/3.Luc 
Ad.F3/3, Ad.pk7.RGD.Luc, Ad.CK.Luc  or 
Ad.CK.pk7.Luc (see Table 1), respectively. 
Luciferase activities were analyzed 48 hours later.  
Results are shown as relative light units (RLU) of 
luciferase activity.  The % of luciferase activity = 
(RLU induced by TSP)/(RLU induced by the CMV 
promoter) x 100%.  The mean value ± SE of 
triplicate samples is shown.  
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Based on successful identification of transcriptional and transductional targeting principles, we sought to 
combine these approaches towards our goal of double-targeting of ovarian cancer tumor cells. Our initial 
therapeutic payload was based upon the HSV-tk toxin gene approach. However, the rapid development of 
conditionally replicative adenoviral agents suggested a payload approach with higher amplification potential. 
To this end, we developed CRAds which embodied the double targeting principles we had characterized to this 
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point. Evaluation of these double targeted Ads allowed definition of those agents with the highest therapeutic 
index vis à vis ovarian cancer (Task 4) [11-12]. Of note, these studies (Figure 3) demonstrated that our double 
targeting maneuvers improved the potency of the derived agent while also improving its specificity. 
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Figure 3: Oncolytic effect of CRAds in ovarian cells.  5 x 104 ovarian cells (HEY, SKOV3.ip1, UCI-101 and OV-4) cells were plated 
onto 24-well plates, and infected with one of the Ad vectors (Ad5-Δ24.F5/3, CRAd-C.F5/3, CRAd-M.F5/3, or CRAd-S.F5/3 and a 
positive control, Adwt.F5/3 [see Table 1]; a non-replicative negative control, Ad-Luc.F5/3) at the indicated MOIs (100, 10, 1v.p./cell) 
or mock-infected.  After a 10 day incubation, cells were stained with crystal violet. 
 
We ultimately sought to demonstrate the therapeutic gains which accrued our double targeting approach in 
human-like models. To this end, we exploited a hu/SCIP orthopic xenograft model which was operative in our 
laboratory. To enhance analysis of the therapeutic gains, we developed a method to accomplish dynamic/real 
time imaging analysis. Specifically, we derived a luciferase expressing variant of the human ovarian cancer cell 
line SkOV3ip.1. This line enabled light-based imaging analysis of tumor mass and provided a facile means to 
monitor the therapeutic effects of our viral agents. By means of this approach, we were able to identify an 
adenoviral agent with optimized double targeting as determined in a stringent human-like model of carcinoma 
of the ovary. On the basis of this analysis, we now have a lead agent for development in the context of human 
clinical trials (Task 5) [13-15]. We have confirmed the superior efficacy of our double targeted adenoviruses by 
imaging analysis in a stringent, human-like model of carcinoma of the ovary (Figure 4). These results establish 
clearly the gains which can accrue the targeting approach. Further, we have advanced for development a lead 
agent which embodies full translational potential. 
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Figure 4: Tumor growth inhibition: 1x107 of SKOV3Luc cells were 
inoculated i.p. and visible tumors were evident post 5 days post-
injection.  Ad vector and control (1x109 vp), including PBS, 
Adwt.F5/3 and CRAd-S.F5/3 (see Table 1), in 200ml volume was 
injected i.p. The injection continued once a week, 3 times.  After 
inoculation and before treatment, the bioluminescent imaging was 
determined as described in the Materials and Methods. Comparison 
of the bioluminescence imaging signals before and after treatment by 
group and  anti-tumor effect of CRAd agent.       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
KEY RESEARCH ACCOMPLISHMENTS 
• Identified a series of novel tumor selective promoters useful for ovarian cancer targeting 
• Identified adenoviral capsid modifications allowing enhanced infection of ovarian cancer tumor targeting 
• Developed novel tissue slice assay to allow analysis of targeting principles in a stringent/human-like context 
• Developed novel ovarian cancer mouse model which allows light-based imaging analysis of therapeutic 

intervention 
• Defined a novel viral agent for ovarian cancer which embodies optimized transcriptional and transductional 

targeting 
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A human adenoviral vector with a chimeric fiber from
canine adenovirus type 1 results in novel expanded
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The development of novel therapeutic strategies is impera-
tive for the treatment of advanced cancers like ovarian
cancer and glioma, which are resistant to most traditional
treatment modalities. In this regard, adenoviral (Ad) cancer
gene therapy is a promising approach. However, the gene
delivery efficiency of human serotype 5 recombinant adeno-
viruses (Ad5) in cancer gene therapy clinical trials to date
has been limited, mainly due to the paucity of the primary
Ad5 receptor, the coxsackie and adenovirus receptor (CAR),
on human cancer cells. To circumvent CAR deficiency, Ad5
vectors have been retargeted by creating chimeric fibers
possessing the knob domains of alternate human Ad
serotypes. Recently, more radical modifications based on
‘xenotype’ knob switching with non-human adenovirus have
been exploited. Herein, we present the characterization of a
novel vector derived from a recombinant Ad5 vector contain-

ing the canine adenovirus serotype 1 (CAV-1) knob
(Ad5Luc1-CK1), the tropism of which has not been pre-
viously described. We compared the function of this vector
with our other chimeric viruses displaying the CAV-2 knob
(Ad5Luc1-CK2) and Ad3 knob (Ad5/3Luc1). Our data
demonstrate that the CAV-1 knob can alter Ad5 tropism
through the use of a CAR-independent entry pathway distinct
from that of both Ad5Luc1-CK2 and Ad5/3-Luc1. In fact, the
gene transfer efficiency of this novel vector in ovarian cancer
cell lines, and more importantly in patient ovarian cancer
primary tissue slice samples, was superior relative to all
other vectors applied in this study. Thus, CAV-1 knob
xenotype gene transfer represents a viable means to achieve
enhanced transduction of low-CAR tumors.
Gene Therapy (2005) 12, 1696–1706. doi:10.1038/
sj.gt.3302588; published online 21 July 2005
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Introduction

Gene therapy is a novel approach for the treatment of
malignancies resistant to traditional therapeutic modal-
ities.1–3 To achieve therapeutic gene delivery, adenoviral
vectors (Ad) have been employed owing to their ability
to achieve superior levels of in vivo gene transfer
compared to alternative vector systems.2 However,
despite promising preclinical results obtained in model
systems, the major limitation in clinical applications
precluding positive outcomes has been inefficient trans-
duction of target tissues by the routinely used human
adenovirus serotype 5 vector (Ad5). This problem is
mainly due to the insufficient levels of the primary
adenoviral receptor, coxsackie-adenovirus receptor
(CAR), on target cancer cells.4,5 In particular, it has been
demonstrated that ovarian and breast cancer cells exhibit

relative resistance to adenoviral transduction as a result
of CAR deficiency.6,7 This observation predicates the
need to develop strategies to alter adenovirus tropism for
the goal of efficient gene delivery to cancer cells via
‘CAR-independent’ pathways.

A general approach to achieve tropism modification
is based on genetic modification of certain adenoviral
capsid proteins involved in viral binding and target cell
entry. Such strategies have largely been directed towards
modification of the adenoviral fiber capsid protein,
which recognizes the primary receptor CAR. Methods
to incorporate heterologeous-binding proteins have
exploited locales at the fiber carboxy- terminus and the
fiber–knob HI-loop.8,9 In addition, the approach of fiber–
knob serotype chimerism takes advantage of the fact that
a subset of human adenovirus serotypes recognize non-
CAR primary cellular receptors.10,11 These various
strategies have been successfully employed to achieve
a CAR-independent infection capacity for Ad5 vectors.
Of note, redirecting the binding of Ad5 to alternate
receptors has allowed infectivity enhancement in CAR-
deficient, Ad5-refractory tumor targets.4,12,13
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Not as rigorously explored, and perhaps more radical,
is a recently described approach entailing the develop-
ment of Ad ‘xenotypes’.14 In this scheme, the fiber–knob
of a non-human adenovirus is incorporated into the
capsid of a human Ad5 vector to confer novel tropism.
Non-human adenoviruses, including those from avian,
bovine, porcine, primate, feline, ovine, and canine
hosts,15–17 represent an underused resource in vector
design which could offer alternate cellular entry path-
ways for adenovirus vectors. Although some of these
viruses are being developed as gene delivery vectors
themselves,16 the substitution of the Ad5 fiber–knob with
these various xenotype fiber–knobs provides an efficient
means to analyze their tropism in the context of an Ad5
vector that has been rigourously studied and for which
molecular methods have been well established.2

Previously, we exploited the unique tropism of canine
adenovirus serotype 2 (CAV-2)18 to generate an Ad5/
CAV-2 chimeric vector, which exhibited profound in-
fectivity enhancement of CAR-deficient human tumor
cell targets.14 Another canine adenovirus strain, serotype
1 (CAV-1), has also been partially characterized.
Whereas, its cell entry biology has not been described
to the extent that has been accomplished for CAV-2, the
pathological, structural, biophysical, and serological
dissimilarities of CAV119–24 in comparison to CAV-2
suggest that a distinct underlying tropism may be
operational. In light of these considerations, we explored
the potential utilization of an adenoviral xenotype
possessing the fiber–knob of CAV-1.

Results

Generation of an Ad5 vector containing a chimeric fiber
with the CAV-1 knob domain
Applying structural knowledge of the human Ad5 fiber
protein25 in the context of the CAV-1 fiber indicates that
the CAV-1 fiber consists of an N-terminal tail of about 42
amino acids (aa), a shaft of 321 aa, and a remaining
C-terminus of 179 aa forming the knob (Figure 1a).26

A conserved threonine–leucine–tryptophan–threonine
(TLWT) motif at the N-terminus of the fiber–knob
domain is present in most mammalian Ads including
CAV-1. A chimeric fiber was constructed by substitution
of the Ad5 fiber–knob with the coding region of the
CAV-1 knob domain while preserving the TLWT motif
common to both Ad5 and CAV-1 fibers. This procedure
was performed by using a two-plasmid rescue

system essentially as described by Krasnykh et al.11

We generated an E1-deleted recombinant Ad genome
(Ad5Luc1-CK1) incorporating the chimeric Ad5 fiber
shaft/CAV-1 knob gene along with a firefly luciferase
reporter gene controlled by the CMV immediate early
promoter/enhancer in the E1 region. Genomic clones of
Ad5Luc1-CK1 were sequenced, and two correct clones

Figure 1 Design and molecular validation of an Ad5 vector containing the
CAV-1 fiber–knob domain. (a) Construction of the chimeric fiber of
Ad5Luc1-CK1 by incorporating the CAV-1 knob into the Ad5 fiber-shaft
protein. The T-L-W-T peptide sequence joining the shaft and knob regions
of both fibers is shown in bold. (b) PCR analysis of the fiber genes using Ad
genome templates from purified viral particles. CAV-1 virus was used as a
positive control. Lanes containing DNA size standards (M) and no PCR
template (NT) are designated. Primers used are specific for the CAV-1 or
Ad5 fiber gene knob domain. (c) Western blot analysis of fiber protein
trimerization. Purified virions (5� 109 vp) of AdLuc1-CK1 with the
chimeric fiber (lanes 1 and 2) and Ad5Luc1 with wild-type Ad5 fiber (lanes
3 and 4) were resuspended in Laemmli buffer before SDS-PAGE and
Western analysis with an antitail fiber mAb. The samples in lanes 1 and 3
were heated to 951C before electrophoresis. Fiber monomers (M) and
trimers (T) are indicated. The markers represent molecular mass in
kilodaltons.
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were chosen. Following transfection into HEK 293 cells,
cytopathic effect was observed between 8 and 9 days
post-transfection. Large-scale preparations of Ad5Luc1-
CK1 and the Ad5Luc1 control vector were produced and
purified by double cesium chloride gradient centrifuga-
tion. Of note, we applied isogenic vectors in this study
based on the Ad5 genome, displaying either the Ad5
knob (Ad5Luc1), CAV1 knob (Ad5Luc1-CK1), or the
CAV2 knob (previously named Ad5Luc1-CK but desig-
nated here as Ad5Luc1-CK2 for ease of distinction).14

Using a common scheme would standardize vector-
related properties including the reporter gene expression
cassette and capsid structure while allowing analysis of
gene transfer function as a result of modifying the knob.

The fiber–knob genes of Ad5Luc1 and Ad5Luc1-CK1
were confirmed by PCR using designed primer pairs to
specifically amplify the respective knob domains from
purified viral genome templates (Figure 1b). Trimeriza-
tion of the chimeric fiber from viral particles was
analyzed by SDS-PAGE followed by Western blot
analysis. The monoclonal 4D2 primary antibody which
recognizes the Ad5 fiber tail domain common to both
wild type Ad5 and chimeric fiber molecules was used.
Bands of approximately 200 kDa molecular weight
corresponding to the nondenatured trimeric fiber mole-
cule for both Ad5Luc1-CK1 and control virions were
observed. On the other hand, bands from boiled samples
of the same viruses resolved at an apparent molecular
mass of approximately 70 kDa, indicative of the fiber
monomer form (Figure 1c). Thus, both the correct
sequence integrity and trimerization of Ad5Luc1-CK1
were confirmed.

Distinct binding and gene transfer properties
of Ad5Luc1-CK1 and Ad5Luc1-CK2
The rationale for developing our novel Ad5Luc1-CK1
vector was founded on the hypothesis that the CAV-1
knob tropism is distinct from the CAV-2 knob tropism
based on differences in the pathobiologies of the viruses
during infection in their native canine hosts. To validate
this concept, we first evaluated the receptor-binding
properties of Ad5Luc1-CK1 (Figure 2a and b) and
Ad5Luc1-CK2 (Figure 2c and d) on A549 human lung
cancer cells in a recombinant knob competitive inhibition
assay employing FACS-based detection of surface-bound
virions. As a control, Ad5Luc1 cell binding was also
analyzed with Ad5 knob protein blocking (Figure 2e).
Interestingly, the data obtained in this competitive
inhibition experiment show that the CAV-2 fiber–knob
protein cannot effectively block the Ad5Luc1-CK1 cell
binding (Figure 2b) whereas the CAV-1 fiber–knob
protein can inhibit Ad5Luc1-CK2 cell binding (Figure
2d) to the same extent that each recombinant knob can
prevent cell interaction of its respective vector.

To further confirm the distinction between Ad5Luc1-
CK1 and Ad5Luc1-CK2-mediated tropism as indicated
by the cell-binding assay, we sought to block Ad5Luc1-
CK1 and Ad5Luc1-CK2-mediated gene transfer in DK
dog kidney and SKOV3.ip1 ovarian cancer cells with the
recombinant knob proteins. The data obtained in this
competitive inhibition gene transfer experiment show
that the CAV-2 knob protein can partially block Ad5-
Luc1-CK1 gene transfer in only SKOV3.ip1 cells but not
completely (Figure 3a). However, the CAV-1 knob can

competitively block Ad5Luc1-CK1 gene transfer with
increasing concentrations (Figure 3b). Conversely, the
CAV-1 knob protein can totally inhibit Ad5Luc1-CK2
gene transfer in all tested cell lines (Figure 3c) in the
same manner that the CAV-2 knob can mediate inhibition
of Ad5Luc1-CK2 gene transfer (Figure 3d). These
findings are consistent with the results of the cell-binding
assay (Figure 2) and suggest the possibility of a common
receptor between the CAV-1 and CAV-2 knobs although
the Ad5Luc1-CK1 displayed a binding property distinct
from the Ad5Luc1-CK2.

Since CAV-2 has been shown to bind to CAR,14,27 we
investigated whether CAR may be a common receptor
for the CAV-1 and CAV-2 knobs. For this reason, we
performed a blocking experiment of Ad5Luc1-mediated
gene transfer in U118-hCAR-tailless cells (a CAR-positive
U118 cell line variant that heterelogously expresses the
extracellular domain of human CAR28) with CAV-1 and
CAV-2 fiber–knob proteins. Ad5 fiber–knob protein was
used as a control. Ad5Luc1 transduction in U118-hCAR-
tailless cells was strongly blocked by all three CAV-1
(95%), CAV-2 (98%), and Ad5 fiber–knob proteins (98%)
(data not shown), confirming that all three knobs can
interact with the CAR receptor.

Infectivity enhancement of CAV-1 knob xenotype Ad
in CAR-deficient cells
Our central goal was to investigate whether the CAV1
‘xeno-knob’ paradigm would mediate increased trans-
duction in CAR-deficient target cancer cells. To evaluate
the CAR-independent receptor-binding properties of our
novel Ad5Luc1-CK1 vector in comparison with Ad5-
Luc1, CAR-deficient U118MG glioma cell line and its
CAR-positive variant U118-hCAR-tailless, which artifi-
cially expresses the extracellular domain of human CAR,
were used in a cell-binding assay as described above. In
CAR-deficient cells U118MG, only a modest level of cell
surface-associated Ad5Luc1 (38%) was detected (Figure
4a). In contrast, 81% of the CAR-positive variant line
U118-hCAR-tailless cells were positive for Ad5Luc1
binding (Figure 4b). Importantly, our novel vector
Ad5Luc1-CK1 exhibited a remarkable 95% cell surface
binding in U118 MG (glioma) cells (Figure 4a) and cell
interaction comparable to that of Ad5Luc1 in U118-
hCAR-tailless cells (Figure 4b).

Successful initial attachment on the cell surface via
fiber–knob interaction does not necessarily result in
increased gene transfer. To validate effective gene
delivery conferred by the binding properties of the
CAV-1 knob, we evaluated Ad5Luc1-CK1-mediated gene
transfer in the U118MG and U118-hCAR-tailless cell lines
(Figure 5). Ad5Luc1 (containing the wild-type Ad5 fiber),
Ad5Luc1-CK2, and Ad5/3Luc1, (containing the Ad5
fiber shaft and the Ad3 knob) were used as controls.
Ad5Luc1 exhibited clear CAR-dependent tropism as
demonstrated by a 100-fold increase in transgene
expression in U118-hCAR-tailless cells versus the CAR-
deficient U118 MG cell line. Conversely, Ad5Luc1-CK1
gene delivery in U118 MG cells was about 100-fold
higher than that of Ad5Luc1 while infection of the
CAR-positive variant cell line yielded a comparable level
of luciferase activity. Although the Ad5 fiber–knob
competitively inhibited Ad5Luc1-mediated gene transfer
in U118-hCAR-tailless (over 85% at 10 mg/ml), it had no
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appreciable effect on Ad5/3Luc1, Ad5Luc1-CK1, and
Ad5Luc1-CK2 transduction (Figure 5). Thus, these data
suggest that CAV1 knob-mediated gene delivery is CAR
independent.

Ad3 receptor independence of CAV1 knob xenotype Ad
To further examine the distinct tropism of the CAV1 knob
xenotype vector, interaction of the virus with the Ad3
receptor was indirectly studied with an Ad3 knob-
blocking experiment. In this case, the SKOV3.ip1 human
ovarian cancer cell line was used because it abundantly
expresses the Ad3 receptor.29 Transgene expression

mediated by Ad5/3Luc1 decreased with increasing
concentrations of the Ad3 knob protein. In contrast, the
purified Ad3 knob exhibited no influence on transduc-
tion with Ad5Luc1-CK1 (Figure 6a). Thus, these data
show that Ad5Luc1-CK1 also displays an Ad3 receptor-
independent tropism.

Enhanced gene transfer of Ad5Luc1-CK1 in cancer
cell lines and primary ovarian cancer cells
Finally, we evaluated Ad5Luc1-CK1 transduction in a
variety of cancer cells, which are known to be deficient
in CAR. In all cases, the Ad5Luc1-CK1 vector achieved

Figure 2 Distinct binding of Ad5Luc1-CK1 and Ad5Luc1-CK2. Flow cytometry-binding assay of Ad5Luc1-CK1 and Ad5Luc1-CK2 on A549 cells in the
presence of purified CAV-1 fiber–knob protein and CAV-2 fiber–knob protein (50 mg/ml) (a–d). (a) Ad5Luc1-CK1+CAV-1 knob, (b) Ad5Luc1-CK1+CAV-2
knob, (c) Ad5Luc1-CK2+CAV-2 knob, (d) Ad5Luc1-CK2+CAV-1 knob, (e) Ad5Luc1+Ad5 knob fiber protein. The histograms shown represent unstained
cells (gray fill), cells preincubated with PBS and infected with virus (solid line), and cells preincubated with recombinant knob protein and incubated with
virus (dashed line). The percent blocking of virus binding represents histogram gating to determine the number of stained cells preincubated in the absence
of recombinant knob protein minus the number of stained cells preincubated in the presence of recombinant knob protein.
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enhanced transduction above the Ad5 vector, ranging
from 11- and 32-fold in SKOV3.ip3 and HEY (ovarian
cancer cell lines) to 65- and 100-fold in RD (rhabdomyo-
sarcoma cell line) and U118MG (glioma cell line) (Figure
6b). This gene delivery level was also greatly improved
relative to that of Ad5Luc1-CK2, further indicating the
distinction between the tropism of the CAV-1 versus the
CAV-2 knob. More importantly the excellent perfor-
mance of Ad5Luc1-CK1 was also observed in primary
ovarian cancer tissue samples, in which CAR levels are
highly variable and often very low.29 We utilized
precision cut tissue slices of patient tumor samples,
which represent a highly stringent ex vivo model system
with three-dimensional characteristics for preclinical
screening of adenoviral agents. Ad5Luc1-CK1 demon-
strated increased gene transfer capability in ovarian
cancer tissue slices (four patients) from 6.2- to 11.4-fold
higher than Ad5Luc1 (Figure 6c). Notably, the transduc-
tion capacity of Ad5Luc1-CK1 was superior overall
compared to our Ad5/3Luc1 and Ad5Luc1-CK2, two
chimeric vectors, which themselves have already shown
remarkable infectivity enhancements in the same disease
context previously.14,30 Of note, the Ad5Luc1-CK1 and
Ad5Luc1-CK2-mediated gene transfer in fibroblasts and
keratinocytes was poor.

Evaluation of Ad5Luc1-CK1 transduction in human
liver tissue slices
To evaluate liver transduction of Ad5Luc1-CK1 in the
most relevant context, the human liver, we infected
precision-cut human liver tissue slices of three donors
with Ad5Luc1 or Ad5Luc1-CK1. These precision-cut

liver slices maintain the tissue architecture and contain
the variety of cells normally found in liver.31 As shown in
Figure 7 the luciferase activity in human liver tissue
slices infected with Ad5Luc1-CK1 was significantly less
than luciferase activity in human liver tissue slices
infected with Ad5Luc1 (Po0.01).

Discussion

For many target cancer cells it has been noted that low
levels of the primary adenoviral receptor CAR may
present a limiting factor that compromises the utility of
Ad5 as a cancer gene therapy vector. To achieve the
levels of efficiency required in the context of cancer gene
therapy, it may be necessary to route conventional Ad via
CAR-independent pathways. Therefore, achieving CAR-
independent and expanded tropism is one of the central
tasks in Ad5 vector development for cancer gene therapy.
To this end, we endeavored such vector design by
genetic capsid engineering to replace the Ad5 fiber–knob
with the corresponding structure from a nonhuman
‘xenotype’ Ad, CAV-1. Interest has recently extended to
animal adenoviruses due to the desire to expand the
choice of novel gene delivery vectors and thus provide
more options for therapeutic strategies and design. In
this regard, there are two canine isolates, serotypes 1 and
2, which may offer novel adenovirus infection path-
ways.32 CAV-2 is one of the few non-human adeno-
viruses that have been investigated as a gene transfer
vector for human applications. Particularly, a replication-
deficient CAV-2 vector has been constructed14,16,33 and
displayed a distinct tropism not exhibited by human

Figure 3 Transduction efficiency of Ad5Luc1-CK1. Luciferase activities following infection of SKOV3.ip1 and DK cells with Ad5Luc1-CK1 (upper panels)
and Ad5Luc1-CK2 (lower panels) in the presence of purified CAV-1 fiber–knob protein (b and c) and CAV-2 fiber–knob protein (a and d). Luciferase activity
was determined 48 h postinfection and is presented as relative light units (RLU). Each column represents the average of six replicates using 100 vp/cell of
each vector and the error bars indicate the s.d.
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Ad5.18 The tropism of CAV-2 fiber–knob has also been
applied in the context of a chimeric Ad5 vector, which
provided significant infectivity enhancement over an
unmodified Ad5 virus.14 CAV-1, however, has not been
investigated for gene therapy purposes and represents a
potential basis for achieving novel adenoviral tropism. In
this regard, the data presented in this study represent the
first attempt to explore the tropism of the CAV-1 knob.

The rationale of our study to generate a modified Ad5
vector containing the CAV-1 fiber–knob domain was
established on the hypothesis that CAV-1 knob-mediated
tropism is distinct from that of the CAV-2 knob. The
reasons for this speculation include low DNA sequence
homology34,35 and the reported differences in disease
manifestations between CAV-1 and CAV-2.19,36,37 In
addition to structural, biophysical, and serological
dissimilarities, the two viruses differ greatly in their
biological properties. CAV-1 is known to cause allergic
uveitis, called the ‘blue eye syndrome’ and rarely
hepatitis,32 whereas CAV-2 is known to preferentially
infect the upper respiratory tract in young dogs,
resulting in a mild disease called kennel cough. Neither
the CAV-1 nor the CAV-2 receptor(s) have been rigor-
ously identified. Indeed, our blocking experiments
employing recombinant fiber–knob proteins revealed
that the CAV-1 and CAV-2 fiber–knobs may share a
common receptor as evidenced by the ability of the CAV-

1 knob to inhibit Ad5Luc1-CK2 function. CAV-2 has been
shown to bind directly to soluble recombinant human
CAR and can utilize human or murine CAR for cell entry
in vitro.27 This finding, combined with our observation
that both CAV-1 and CAV-2 knobs can competitively
decrease Ad5-mediated gene transfer, suggest that this
common receptor may likely be CAR.

Despite the result that both CAV-2 knob-mediated cell
binding and gene delivery was competitively inhibited
by the CAV-1 knob, the reverse phenomenon of CAV-2
knob blocking CAV-1 knob-mediated gene delivery
could not be demonstrated. This observation may be
due to a stronger interaction of the CAV-1 knob to the
common receptor relative to the CAV-2 knob. However,
the data may also be interpreted to support the idea that
the CAV-1 knob may possess the ability to bind to a
second receptor that is distinct from CAR. Interestingly,
the implication that CAV-2 binds to a second receptor has
been previously proposed based on gene delivery results
both in the context of a CAV-2 vector27 as well as an Ad5
chimeric vector.14 If both CAV-1 and CAV-2 knobs have
the ability to interact with secondary receptors in
addition to CAR, then the secondary receptors for these
two knobs may in fact be distinct based on our
competitive inhibition results. Certainly, further studies
would have to be conducted to validate these hypoth-
eses. In addition, the interplay between these chimeric
vectors and other confirmed and putative adenovirus
receptors, such as integrins and heparin sulfate, should
also be investigated.

Our major goal was to evaluate whether the CAV-1
‘xeno-knob’ paradigm would mediate expanded CAR-
independent tropism in CAR-negative target cancer cells.

Figure 4 Ad5Luc1-CK1 CAR-independent cell binding. Flow cytometry-
binding assay of Ad5Luc1, Ad5Luc1-CK1 on CAR-deficient U118MG
(glioma) cells (a) and the CAR-positive variant, U118-hCAR-tailless cells
(b). Gray line¼ cells alone, solid line¼ cells+Ad5Luc1-CK1, dashed
line¼ cells+Ad5Luc1.

Figure 5 Ad5Luc1-CK1CAR-independent gene transfer. Luciferase activ-
ities following infection of U118MG cells and U118-hCAR-tailless cells
with Ad5Luc1, Ad5/3Luc1, and Ad5Luc1-CK1 are presented. The
concentration of recombinant Ad5 fiber–knob protein used to block
infection is indicated in mg/ml. Luciferase activity was determined 48 h
postinfection and is presented as relative light units (RLU). Each column
represents the average of three replicates using 100 vp/cell and the error
bars indicate the s.d. *Po0.05 versus Ad5.
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Even though our data show that the CAV-1 knob may
interact with CAR, we were able to achieve enhanced
gene transfer with Ad5Luc1-CK1 in a CAR-independent
manner. Interestingly, with respect to the CAV-2 knob,
this same phenomenon was also observed.14 Previous
studies have utilized other chimeric strategies to attain
infectivity enhancement, including the use of the Ad3
knob in the context of an Ad5 vector. The Ad3 receptor
appears to be expressed at higher levels than CAR on
ovarian cancer cells, therefore allowing 5/3 serotype

chimeras to achieve greatly improved gene delivery.30

Our data revealed the inability of the Ad3 fiber–knob
protein to block Ad5luc-CK1 gene transfer, suggesting
that this CAV-1 knob chimera, in addition to being CAR
independent and distinct from the CAV-2 chimera, does
not enter cells via the Ad3 receptor, putatively identified
to be CD80, CD8638 and CD46.39

Variable expression of CAR has been documented in
many cancer types, such as glioma, melanoma, breast
cancer, prostate cancer, and rhabdomyosarcoma.12,13,40,41

It is known that for entry, viruses often exploit cellular
receptors important in conserved pathways. Interest-
ingly, previous studies suggest that CAR may act as a
tumor suppressor, which could be linked to its frequent
downregulation seen in highly tumorigenic cells.4 Over-
coming this deficiency, both Ad5Luc1-CK1 and Ad5-
Luc1-CK214 show the ability to bind to and transduce
CAR-deficient human glioma cells. Importantly, the
transduction by Ad5Luc1-CK1 was augmented by 100-
fold versus Ad5Luc1 and 75-fold versus Ad5Luc1-CK2 in
glioma cells and superior to Ad5Luc1 and Ad5Luc1-CK2
in human ovarian cancer, osteosarcoma, and rhabdo-
myosarcoma cell lines. The significant difference of
transduction in the various cancer cell lines between
Ad5Luc1-CK1 and Ad5Luc1-CK2 also strongly supports
our finding that the CAV-1 knob has a distinct tropism
from the CAV-2 knob.

Both Ad5/3Luc129,30 and Ad5Luc1-CK214 (Ad3 recep-
tor independent) have been reported to exhibit increased
infectivity enhancement in ovarian cancer cell lines and
primary ovarian cancer cells.29,30 We endeavored to
compare the infectivity enhancement of our seemingly
CAR, Ad3 receptor, and CAV2 receptor-independent
novel chimeric vector with Ad5/3Luc1 and Ad5Luc1-
CK2 in ovarian cancer targets. There is mounting
evidence that primary ovarian cancer express highly
variable and often low amounts of CAR.42 Thus, for
preclinical evaluation of therapeutic agents, it is crucial
to analyze cancer cell substrates that most closely and
stringently resemble the patient setting. Gene transfer
experiments were performed using primary ovarian

Figure 6 Enhanced gene transfer by Ad5Luc1-CK1 in cancer cells.
Luciferase activities following infection of ovarian cancer cell line
SKOV3.ip1 (a), a panel of cancer cell lines (b), and primary ovarian
tissue slices (four patients) (c) with the various vectors. Concentration of
recombinant Ad3 fiber–knob protein used to block infection (a) is indicated
in mg/ml. Luciferase activity was determined 48 h postinfection and is
reported in relative units (RLU). Each column represents the average of six
replicates using 100 vp/cell of the respective vector and the error bars
indicate the s.d. (b) and (c) represent the fold enhancement of luciferase
activity in cells infected with various vectors compared to Ad5Luc1.
*Po0.05 versus Ad5. Brackets represent *Po0.05 Ad5Luc1-CK1 versus
Ad5Luc1-CK2 (b).

Figure 7 Ad5Luc1-CK1 displays significant lower infectivity in human
liver tissue slices compared to Ad5Luc1. Human liver tissue slices from
liver samples of six donors were infected with Ad5Luc1 or Ad5Luc1-CK1
at 500 vp/cell and luciferase activity was measured after 24 h. Luciferase
activity was normalized for total protein. Each point represents the mean of
three experiments performed in triplicates (three liver tissue slices per
donor). Error bars represent s.d. from the mean. *Po0.05 versus Ad5.
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cancer tissue slices obtained by precision cut slice
technology, an in vitro model representing the architec-
tural features of in vivo tissue.43 In primary ovarian
cancer tissue slices, the infectivity enhancement by
Ad5Luc1-CK1 was greater than that of Ad5/3Luc1 and
Ad5Luc1-CK2. Of note, the gene transfer by Ad5Luc1-
CK2 versus Ad5Luc1 was only moderate in the primary
ovarian cancer tissue slices, further supporting the
distinction between the CAV-1 and CAV-2 knobs. The
levels of transduction we were able to achieve with
Ad5Luc1-CK1 in the primary ovarian cancer samples are
one of the highest we have observed in our experience
with genetically modified adenoviruses.

Finally, we wished to evaluate the hepatotropism of
Ad5Luc1-CK1, since CAV-1 has been reported to rarely
cause hepatitis in dogs.32 Importantly, our data showed
that liver transduction of Ad5Luc1-CK1 was significantly
lower compared to Ad5Luc1.

Herein, we have constructed a novel Ad5 chimeric
xenotype CAV-1 knob vector, which exhibited expanded
tropism and displayed superior transduction efficiency
in a panel of cancer cells. Importantly, primary tumor
tissue slices were also more efficiently transduced with
this CAV-1 knob chimeric vector compared to other
vectors. The enhanced infectivity appears to be both
CAR and Ad3 receptor independent and was also
distinct from the transduction pathway of the CAV-2
knob. These results highlight the potential of applying
the CAV-1 xeno knob for effective adenovirus cancer
gene therapy.

Materials and methods

Cell culture
Human embryonic kidney 293 cells, human embryonic
rhabdomyosarcoma RD cells, CAR-negative human
glioma U118 MG cells, human osteosarcoma MG63 cells,
human ovarian cancer OV3 cells, human lung adeno-
carcinoma A549 cells, prostate cancer PC-3 cells, breast
cancer MB-435 cells, Chinese hamster ovary (CHO)
and teratocarcinoma PA-1 cells were obtained from
the American Type Culture Collection (ATCC, Manassas,
VA, USA). Human ovarian adenocarcinoma cell lines,
Hey and SKOV3.ip1, were kind gifts from Drs Judy Wolf
and Janet Price (M.D. Anderson Cancer Center, Houston,
TX, USA), and Dr Timothy J Eberlein (Harvard Medical
School, Boston, MA, USA), respectively. Primary fibro-
blasts and primary keratinocytes were obtained from Dr
NS Banerjee, Department of Biochemistry and Molecular
Genetics, University of Alabama at Birmingham, Birnig-
ham, AL, USA). All cells were maintained according
to the suppliers’ protocols. U118MG-hCAR-tailless
cells, which express a truncated form of human CAR
(comprising the extracellular domain, transmembrane,
and the first two aa from the cytoplasmic domain) have
been described previously.28 These cells were propagated
in a 50:50 mixture of Dulbecco’s modified Eagle’s
medium and Ham’s F-12 medium (DMEM/F-12)
supplemented with 10% (v/v) fetal calf serum (FCS,
Gibco-BRL, Grand Island, NY, USA), L-glutamine 2 mM,
penicillin (100 U/ml), and streptomycin (100 mg/ml).
Stably transfected U118MG-hCAR-tailless cells were
maintained in 400 mg/ml G418. Media and supplements
were purchased from Mediatech (Herndon, VA, USA).

Human primary ovarian cancer tissue samples
Approval was obtained from the Institutional Review
Board prior to initiation of studies on human tissues.
Human ovarian primary tumors were obtained from
epithelial ovarian carcinoma patients who have under-
gone debulking as primary therapy and have not had
prior chemotherapy (Department of Surgery, University
of Alabama at Birmingham (UAB)). Omental samples
with extensive tumor infiltration were used to obtain
samples since these specimens were the most easily
obtained and had large tumor volumes from which
adequate slices could be acquired (Krumdieck Tissue
Slicer). Time from harvest to slicing was kept to a
minimum (o2 h).

Human primary liver tissue samples
Human liver samples were obtained (Department of
Surgery, UAB) from six seronegative donor livers that
were to be transplanted into waiting recipients. Ap-
proval was obtained from the Institutional Review Board
prior to initiation of studies on human tissue. All liver
samples were flushed with University of Wisconsin
(UW) solution (ViaSpan, Barr Laboratories, Inc. Pomona,
NY, USA) prior to harvesting and kept on ice in UW
solution until slicing. Time from harvest to slicing was
kept at an absolute minimum (o2 h).

Krumdieck tissue slicer
The Krumdieck tissue slicing system (Alabama Research
& Development44) was used in accordance with the
manufacturer’s instructions and previously published
techniques.45 A coring device was used to create an
8 mm diameter core of ovarian cancer samples and
human liver samples. This material was then placed in
the slicer filled with ice-cold culture medium. Slice
thickness was set at 250 mm using a tissue slice thickness
gauge, and slices were cut using the reciprocating blade
at 30 revolutions per minute (r.p.m.). Afterwards, the
slices were stored in ice-cold culture media prior to
culturing. The tissue slices were placed in six-well plates
(one slice/well) containing 2 ml of complete media
(RPMI with 1% antibiotics, 1% L-glutamine, and 10%
FCS for ovarian cancer tissue slices and William’s
medium E with 1% antibiotics, 1% L-glutamine, and
10% FBS for liver tissue slices). The plates were then
incubated at 371C/5% CO2 in a humified environment
under normal oxygen concentrations for 2 h. A plate
rocker set at 60 r.p.m. was used to agitate the slices and to
ensure adequate oxygenation and viability.45,46

Flow cytometry virus-binding assay
Cells grown in T75 flasks were dislodged with EDTA
(0.5 mmol) and resuspended in phosphate buffer solu-
tion (PBS) containing 1% bovine serum albumin (BSA).
The cells (5� 105 cells/ml) were incubated with 100 viral
particles of the respective vector, or buffer alone, for 1 h
at 41C in 250 ml of PBS–BSA. After three washes with 4 ml
of cold PBS–BSA, the cells were incubated with a 1:500
dilution of polyclonal rabbit anti-Ad5 hexon antiserum
(Cocalico Biologicals, Reamstown, PA, USA) at 41C in
250 ml of PBS–BSA. The cells were washed again three
times in 4 ml of cold PBS–BSA and incubated with 250 ml
of a 1:150 dilution of FITC-labeled goat anti-rabbit IgG
secondary antibody (Jackson Immunoresearch Labs,
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West Grove, PA, USA) for 1 h in PBS–BSA at 41C. The
cells were analyzed at the UAB FACS Core Facility using
a FACScan flow cytometer (Beckton Dickenson, San Jose,
CA, USA).

For the recombinant knob competitive inhibition
binding assay, A549 cells (5� 105 cells/ml in 100 ml) were
incubated with 100 ml PBS–BSA alone or buffer contain-
ing 50 mg/ml recombinant fiber–knob at 41C for 30 min
prior to addition of the viruses, and then antibody
staining was performed as described above. To deter-
mine the percent blocking of virus binding by the
addition of recombinant fiber–knob, histograms repre-
senting the staining intensity of cells preincubated in the
absence or presence of recombinant knob protein were
analyzed. First, the number of cells in the histogram peak
representing cells preincubated in the absence of
recombinant knob protein was determined by gating
the staining to include 99% of the events detected. Then,
the percent change in staining intensity was determined
by subtracting the number of gated cells in the histogram
peak representing cells blocked in virus binding by
preincubated in the presence of recombinant knob
protein.

Plasmid construction
The CAV-1 fiber–knob (537 bp) domain was amplified
from viral DNA isolated from wild-type CAV-1 virus,
a kind present from MD Morrison.32 The following
primers were applied: (forward) 50-TATGGACTGGAC
CTGATCCAAACGTT-30 and (reverse) 50-TTTATCATTG
ATTTTCCCCCACATAGGTGAAGG-3’ (the stop codon
TGA and the poly-adenylation signal TAAA are under-
lined). The plasmid pSHAFT is a cloning vector, which
contains the Ad5 fiber gene with the knob region deleted
and replaced by a small linker containing SmaI and
EcoICRI restriction sites.11 The plasmid was linearized
by the enzymes SmaI and EcoICRI digestion giving
two blunt ends. After gel purification, the PCR product
containing the CAV-1 knob was ligated into the linear-
ized pSHAFT resulting in pSHAFT-CK1. This plasmid
contains the chimeric fiber gene encoding the complete
Ad5 fiber shaft with the CAV-1 knob domain followed by
a stop codon and polyadenylation sequence at the 30 end.
The chimeric fiber gene in pSHAFT was digested with
NcoI and MunI to liberate a 0.75 kb DNA fragment
containing the carboxy terminus of the shaft and
the CAV-1 knob domain and then ligated into the
NcoI–MunI-digested shuttle vector PNEB.PK3.611 result-
ing in pNEB.PK.3.6-CK1.

Generation of recombinant adenovirus
Recombinant adenovirus genomes containing the chi-
meric CAV-1 fiber–knob gene were generated by homo-
logous recombination in BJ5183 Escherichia coli with Swal-
linearized rescue plasmid PVK700 and the fiber contain-
ing PacI-KpnI-fragment of pNEB.PK.3.6-CK1. PVK700
was derived from pTG3602,47 but contains an almost
compete deletion of the fiber gene and a firefly luciferase
reporter gene driven by the cytomegalovirus (CMV)
immediate early promoter in place of the E1 region.
Genomic clones were subjected to sequencing and PCR
analysis prior to transfection into 293 cells. Ad5Luc1 is a
replication-defective E1-deleted unmodified control
Ad5 vector containing a firefly luciferase reporter gene
also driven by the CMV promoter.11 Ad5Luc1-CK2,

previously named as Ad5Luc1-CK,14 is a replication-
defective E1-deleted Ad5-based vector containing the
CAV-2 knob domain in a chimeric Ad5 fiber molecule.
All vectors were propagated in 293 cells and purified by
double cesium chloride (CsCl) ultracentrifugation and
dialyzed against phoshate-buffered saline with Mg2+, Ca
2+, and 10% glycerol. Final virus aliquots were analyzed
for viral particle (vp) titer (absorbance at 260 nm) using a
conversion factor of 1 OD¼ 1012 vp/ml. All vectors used
in this study are essentially isogenic except for the fiber–
knob modifications. Using a common vector structure
would standardize all conditions including the reporter
expression cassette while allowing analysis of gene
transfer efficiency as a consequence of varying the knob.

PCR validation of viral genome
Viral DNA was extracted from 1�108 vp of Ad5Luc1,
Ad5Luc1-CK1, and wild-type CAV-132 (Blood Mini Kit,
Qiagen) and used as templates for PCR checking. To
detect the presence of the Ad5 and CAV-1 fiber–knob
genes, each viral genome was amplified in a PCR
reaction mixture (Qiagen) containing 50 nM of primer
pairs for 30 cycles of denaturation (941C, 1 min),
annealing (541C, 1 min), and extension (721C, 1 min).
The sequences of the various fiber–knob primer sets are
as follows: Ad5 (forward) 50-AGTGCTCATCTTATTATA
AGA-30, Ad5 (reverse) 50-CACCACCGCCCTATCCTG
AT-3’; CAV-1 (forward) 50-TATGGACTGGACCTGATC
CAAACGTT-30 and (reverse) 50-TTTATCATTGATTTTCC
CCCACATAGGTGAAGG-30. PCR products were detec-
ted by 1% agarose gel electrophoresis with ethidium
bromide staining.

Recombinant fiber–knob proteins
The Ad3, Ad5, and CAV-2 recombinant fiber proteins
were produced and purified as described previously.11,14

The recombinant knob domain of CAV-1 contains an
N-terminus 6-histidine tag and was constructed in the
pQE-81L expression plasmid (Qiagen, Hilden, Germany).
The CAV-1 fiber–knob domain was amplified by PCR
using the following primers: (forward) 50-CAAACACGG
ATCCCCTCAAAACAAAA-30 and (reverse) 50-TTTAT
CATTGATTTTCCCCCACATAGGTGAAGG-30. The for-
ward primer contains a two-basepair mutation (bold) to
create a 50- end BamHI restriction site (underlined). The
PCR product containing the canine 1 fiber–knob region
was digested with BamHI, gel purified, and ligated into
BamHI-SmaI-digested pQE-81L. The resulting plasmid
pQE-81L-CAV-1 was analyzed by restriction analysis and
sequenced. Expression plasmids were introduced into
E. coli, and the 6-His-containing fiber–knob proteins
from bacterial cultures were purified under native condi-
tions in nickel-nitrilotriacetic acid (Ni-NTA) agarose
columns (Qiagen). Concentrations of the final purified
knob protein were determined by the Lowry method
(Bio-Rad). The trimerization ability of the recombinant
CAV-1 fiber–knob was confirmed by Western blot
analysis of boiled and unboiled purified knob proteins
using a mouse monoclonal Penta-His antibody (Qiagen)
and a horseradish peroxidase-conjugated anti-mouse
immunoglobulin antibody at a 1:3000 dilution (Dako
Corporation, CA, USA), followed by incubation with
3-30-diaminobenzene peroxidase substrate (DAB; Sigma
Company, USA).
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Western blot analysis
Aliquots of the Ad vectors equal to 5� 109 viral particles
were diluted into Laemmli buffer and incubated at room
temperature or 951C for 5 min and loaded onto a 4–20%
gradient SDS-polyacrylamide gel (Bio-Rad, Hercules,
CA, USA). Following electrophoresis protein separation,
the protein samples were electroblotted onto a PVDF
membrane. The primary 4D2 monoclonal antibody
(recognizing the Ad5 fiber tail domain) was diluted
1:3000 (Lab Vision, Freemont, CA, USA) and used to
probe the protein blot. Immunoblots were developed
by addition of a secondary horseradish peroxidase-
conjugated anti-mouse immuno-globulin antibody at a
1:3000 dilution (Dako Corporation, Carpentaria, CA,
USA), followed by incubation with 3-30-diaminobenzene
peroxidase substrate for colorimetric development (DAB;
Sigma Company, St Louis, MO, USA).

Ad-mediated gene transfer experiments
To determine gene transfer efficiency, 2� 104 cells were
seeded per well in a 24-well plate. The next day, the
respective cells were infected for 1 h at 371C with each
vector at 100 vp/cell in 500 ml of infection medium
containing 2% FCS. Luciferase activities of cell lysates
were measured 48 h later using the Promega luciferase
assay system (Madison, WI, USA). Experiments were
performed in triplicates or six replicates (where indi-
cated). Error bars represent standard deviations from the
mean. For the gene transfer assays involving blocking
conditions, recombinant fiber proteins at 0.5 and/or 1, 5,
and 10 mg/ml final concentrations were incubated with
the cells at 371C in transduction media 30 min prior to
the addition of the virus. Following infection for 1 h, the
cells were washed with transduction media to remove
unbound virus and the blocking agent. All cells were
maintained at 371C in an atmosphere of 5% CO2. For
gene transfer assays of patient tissue slices, all viral
infections were performed with 500 vp/cell in 2% FCS
complete culture media.31 The cell number for the tissue
slices was estimated at 1�106 cells/slice based on an
approximate 10 cell slice thickness (B250 mm) and 8 mm
slice diameter. Infections were allowed to proceed for
24 h. The medium was removed and replaced with 10%
FCS-complete culture medium. The infected ovarian
cancer tissue slices and human liver tissue slices were
placed in cell culture lysis buffer (Promega) and
homogenized with an ultra sonicator (Fisher Scientific
Model 100) at a setting of 15 W for 10 s. The homogenate
was centrifuged to pellet the debris, and the luciferase
activities were measured using the Promega luciferase
assay system (Madison, WI, USA). Experiments were
performed in triplicate. Error bars represent s.d. from
the mean. Protein concentration of the tissue homo-
genates was determined using a Bio-Rad DC protein
assay kit (Bio-Rad, Hercules, CA, USA) to allow nor-
malization of the gene expression data relative to the
number of cells.

Statistics
Data are presented as mean values7s.d. Statistical
differences among groups were assessed with a two-
tailed Student’s t-test. P(*)o0.05 was considered sig-
nificant.
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Abstract

Adenovirus serotype 5 (Ad5) has been used for gene therapy with limited success because of insufficient infectivity in cells with
low expression of the primary receptor, the coxsackie and adenovirus receptor (CAR). To enhance infectivity in tissues with low
CAR expression, tropism expansion is required via non-CAR pathways. Serotype 3 Dearing reovirus utilizes a fiber-like r1 protein
to infect cells expressing sialic acid and junction adhesion molecule 1 (JAM1). We hypothesized that replacement of the Ad5 fiber
with r1 would result in an Ad5 vector with CAR-independent tropism. We therefore constructed a fiber mosaic Ad5 vector, des-
ignated as Ad5-r1, encoding two fibers: the r1 and the wild-type Ad5 fiber. Functionally, Ad5-r1 utilized CAR, sialic acid, and
JAM1 for cell transduction and achieved maximum infectivity enhancement in cells with or without CAR. Thus, we have developed
a new type of Ad5 vector with expanded tropism, possessing fibers from Ad5 and reovirus, that exhibits enhanced infectivity via
CAR-independent pathway(s).
� 2005 Elsevier Inc. All rights reserved.

Keywords: Gene therapy; Adenovirus; Reovirus; r1 spike protein; Tropism expansion; Coxsackie and adenovirus receptor
Adenoviral vectors, in particular human serotype 5
(Ad5), have been widely employed for cancer gene ther-
apy applications, owing to their unparalleled ability to
accomplish in vivo gene transfer [1]. Despite this capac-
ity, the limited efficacies noted in human gene therapy
trials have suggested deficiencies of this vector vis-à-vis
the achievement of efficient gene delivery. In this regard,
it has been observed that human tumor cells frequently
manifest a relative deficiency of the primary Ad recep-
tor, coxsackie and adenovirus receptor (CAR) [2]. This
CAR deficiency renders many tumor cells resistant to
Ad infection, undermining cancer gene therapy strate-
gies that require efficient tumor cell transduction. Thus,
this unanticipated aspect of tumor biology potentially
0006-291X/$ - see front matter � 2005 Elsevier Inc. All rights reserved.
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confounds direct exploitation of current generation of
human Ad-based vectors.

To address this issue, strategies have been proposed
to alter the tropism of Ad to accomplish CAR-indepen-
dent infection of tumor cells [2]. Initial efforts to this end
focused on the use of so-called retargeting adaptors that
cross-link Ad to non-CAR receptors that are overex-
pressed on tumor cells [2,3].

Genetic capsid modification has also been endeav-
ored to achieve these same functional ends. This ap-
proach has rationally focused on the fiber knob
domain, the primary determinant of Ad tropism, to
achieve CAR-independent cell entry. Ad fiber pseudo-
typing, the genetic substitution of either the entire fiber
or the fiber knob domain with its structural counterpart
from another human Ad serotype, has been realized. Fi-
ber-pseudotyped vectors display CAR-independent
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tropism by virtue of the natural diversity in receptor rec-
ognition found in species B and D Ad fibers. This ap-
proach has identified vectors with superior infectivity
to Ad5 in several clinically relevant cell types [4–6].
These studies clearly established that genetic capsid
modification can achieve the goal of enhanced transduc-
tion of tumor cells via CAR-independent cell entry.

On this basis, advanced strategies to achieve further
infectivity enhancement have been proposed. We previ-
ously derived a fiber mosaic Ad5 vector that incorporates
two distinct fibers: the Ad5 fiber and a chimeric fiber that
incorporates the Ad3 fiber knob domain. This strategy
provided viral entry via two different pathways with
additive gains in infectivity [7]. We next explored a strat-
egy to expand Ad tropism by means of exploiting the tro-
pism of non-Ad viruses. Specifically, we endeavored the
construction and characterization of fiber mosaic Ad5
vectors that contained fibers of Ad5 and reovirus. In par-
ticular, the receptor-binding molecule of serotype 3
Dearing (T3D) reovirus, called the r1 protein, was incor-
porated into fiber mosaic Ad5 vectors together with the
wild-type Ad5 fiber. This fiber-like r1 attachment pro-
tein is known to bind sialic acid [8] and junction adhesion
molecule 1 (JAM1) [9], which together determine T3D
reovirus tropism. Since T3D reovirus tropism is clearly
distinct from that of Ad, the r1 protein is a promising
candidate for incorporation into a fiber mosaic Ad vec-
tor, which could bind to neoplastic cells using the widely
expressed cell receptors JAM1, sialic acid, and CAR. Our
study establishes a novel strategy to achieve infectivity
enhancement based on a fiber mosaic Ad5 vector, which
contains fibers from different virus families.
Materials and methods

Cell lines. The 293 cells were purchased from Microbix (Toronto,
Ontario, Canada). Human embryonic rhabdomyosarcoma RD cells,
human glioma cell line U118MG, human head and neck tumor cell line
FaDu, human ovarian cancer cell lines ES-2, OV-3, SK-OV-3, and
OVCAR-3, Chinese hamster ovary (CHO) cells, and Lec2 cells were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA). Human ovarian adenocarcinoma cell lines OV-4 and
Hey were a kind gift from Dr. Timothy J. Eberlein (Harvard Medical
School, Boston, MA) and Dr. Judy Wolf (M.D. Anderson Cancer
Center, Houston, TX), respectively. L929 cells, U118MG-hCAR-tail-
less cells, and 211B cells were maintained as described previously
[8,10,11]. Cell lines were cultured in media recommended by suppliers
(Mediatech, Herndon, VA, and Irvine Scientific, Santa Ana, CA). FBS
was purchased from Hyclone (Logan, UT). All cells were grown at
37 �C in a humidified atmosphere of 5% CO2. Primary human ovarian
carcinoma cells were established in culture from fresh malignant ascites
fluid obtained from patients with pathologically confirmed ovarian
adenocarcinoma during surgery at the University of Alabama at Bir-
mingham (UAB) Hospital. Approval was obtained from the UAB
Institutional Review Board before acquisition of samples. Cancer cells
were purified from ascites fluid by a previously described immuno-
magnetic-based method [12].

Generation of the r1 chimeric fiber construct. A schematic of the r1
chimeric fiber structure is shown in Fig. 1A. To design the r1 chimeric
fiber, the fiber tail domain of Ad5 was amplified by PCR from plasmid
pNEB.PK.3.6 [5]. The PCR product was cloned into pGEM4ZT3DS1
that encodes T3D reovirus r1, resulting in pGEM4ZT3DS1delBam-
Ad5tail. The Ad5tail and entire r1 sequence was PCR-amplified from
pGEM4ZT3DS1delBamAd5tail, using the primers 5 0-GCCATG
AAGCGCGCAAGACCGTCTGAA (sense), 5 0-TTTACTAGATGA
AATGCCCCAGTGCCGC (the first antisense for addition of stop
codon and polyadenylation signal), and 5 0-GAAATCAATTGTTTAC
TAGATGAAATGCCC (the second antisense for addition of MunI
restriction site). The resultant PCR product of the r1 chimeric fiber
was cloned into pNEB.PK.3.6, resulting in pNEB.PK.3.6Ad5tail/r1.
The sequence of pNEB.PK.3.6Ad5tail/r1 was confirmed by DNA
sequencing. This r1 chimeric fiber was designated as F5S1.

To design the expression vector for the r1 chimeric fiber, we cloned
the F5S1 sequence into plasmid pShuttle-CMV (Qbiogene, Carlsbad,
CA). The resultant expression plasmid was designated as pShuttle-
CMV-AdSig.

Generation of shuttle plasmids for fiber mosaic Ad5 genome. The
construct was based on a fiber mosaic Ad genome that encodes two
fiber genes (the wild-type Ad5 fiber and Fiber-Fibritin, designated as
FF) in the L5 region, which has been described previously [13]. Our
strategy was to replace the fibritin part in the chimeric fiber FF with
the r1 sequence and create the r1 chimeric fiber (F5S1H). Coding
sequence of r1 was amplified from plasmid pNEB.PK.3.6Ad5tail/r1
with the primers 5 0-CAGAACGTTGGGGATCCTCGCCTACG
TGAAGAAGTAGTAC and 5 0-TCCTCTAGATCCGCCCGTGAAA
CTACGCGGGTACGAAAC. The PCR product was cloned into
AclI/XbaI sites of FF in plasmid pZpTG 5FF3 [13]. We replaced the
fibritin sequence with r1 coding sequence in-frame with a carboxy-
terminally encoded 6-histidine (6-His) stretch, resulting in F5S1H. The
resulting plasmid was designated as pZpTG5F/S1.6H. An AgeI/AgeI
fragment of this plasmid was cloned into the AgeI site of
pNEB.PK.FSP [5] to obtain a shuttle plasmid, designated as
pNEB.PK.FSPF5S1/F5, which contains tandem fiber genes: the r1
chimeric fiber, F5S1H, and the wild-type Ad5 fiber.

Generation of recombinant Ad. A schematic of the viruses used in
this study is shown in Fig. 1B. Recombinant Ad5 genomes con-
taining the tandem fiber genes were derived by homologous recom-
bination in Escherichia coli BJ5183 with SwaI-linearized rescue
plasmid pVK700 and the tandem fiber-containing PacI and KpnI-
fragment of pNEB.PK.FSPF5S1/F5 essentially as described
previously [14]. The recombinant region of the genomic clones was
sequenced prior to transfection into 293 cells. All vectors were
propagated in 293 cells and purified using a standard protocol [15].
The resultant fiber mosaic virus was Ad5-r1. Viral particle (v.p.)
concentration was determined by the method of Maizel et al. [16].
An infectious titer was determined according to the AdEasy Vector
System (Qbiogene).

PCR amplification of viral genome fragments. Viral DNA was
amplified using the Taq PCR Core Kit (Qiagen, Valencia, CA). The
sequences of the primers were as follows: Ad5tail-sense 5 0-ATGAAGC
GCGCAAGACCGTCTGAAGAT; Ad5knob-antisense 5 0-TTATTCT
TGGGCAATGTATGAAAAAGT; and r1head-antisense 5 0-ATTCT
TGCGTGAAACTACGCGG.

Protein electrophoresis and Western blotting. To detect the incorpo-
ration of fibers in virus particles, Ad vectors equal to 5.0 · 109 v.p. were
resolved by SDS–PAGE and Western blotting as described previously
[13].

To detect trimerization of the r1 chimeric fiber, F5S1, the
expression plasmid pShuttle-CMV-AdSig was transiently transfected
into 293 cells using SuperFect Transfection Reagent (Qiagen). Cell
lysates were used for SDS–PAGE and Western blotting. For JAM1
detection, a panel of cell lines was harvested for SDS–PAGE and
analyzed by Western blotting using anti-JAM1 monoclonal antibody
(BD Biosciences Clontech, Palo Alto, CA).

Recombinant proteins. Recombinant T3D r1 was produced as de-
scribed in Chandran et al. [17]. Ad5 fiber knob domain recombinant
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Fig. 1. Schema of fiber mosaic Ad5 genomes. (A) Key components of the r1 chimeric fiber. In the r1 chimeric fiber, the tail of Ad5 fiber is fused to
the reovirus fiber protein r1 (designated as F5S1). A six-histidine (6-His) tag is fused to the carboxy-terminus of the r1 chimeric fiber through a
linker (designated as F5S1H). (B) Map of Ad5 genomes with fiber modification. In both vectors, the E1 region is replaced by CMV promoter/
luciferase transgene cassette. Ad5Luc1 is a control virus that carries the wild-type Ad5 fiber. Ad5-r1 is a fiber mosaic vector that carries the r1
chimeric fiber with a carboxy-terminal 6-His tag (F5S1H) as well as the wild-type Ad5 fiber.
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protein was produced and purified as described previously [5]. Con-
centration of protein in all experiments was determined by the Brad-
ford method (Bio-Rad Laboratories, Hercules, CA).

In vitro gene transfer assays. Cells were infected with virus at 37 �C
for 1 h and unbound virus was washed away. After 24 h of incubation
at 37 �C, a luciferase assay was performed (Promega, Madison, WI)
according to the manufacturer�s instructions. Data are presented as
mean values ± SD.

Competitive inhibition assay. Recombinant Ad5 fiber knob proteins
or anti-JAM1 polyclonal antibody (c-15, Santa Cruz Biotechnology,
SantaCruz, CA)was incubatedwith the cells at 37 �C for 15 min prior to
infection. Alternatively, cells were treated with 333 milliunits/ml of
Clostridium perfringens neuraminidase type X (Sigma–Aldrich, St.
Louis, MO) at 37 �C for 30 min to remove cell-surface sialic acid, fol-
lowed by two washes with PBS. Cells were then adsorbed with viruses at
37 �C for 1 h. Unbound virus and blocking agents were washed away.
After 24 h of incubation at 37 �C, the cells were processed for luciferase
assay, as described above. For r1 blocking experiments, anti-T3D r1
antibody (9BG5, a gift from Dr. Patrick W.K. Lee, University of
Calgary, Calgary, Canada) [18] was incubated with virus at room
temperature for 1 h prior to cell infection. Subsequent procedures were
same as described above. Data are presented as mean values ± SD.

Flow cytometry. For CAR detection, the cells were incubated with
2 lg/ml of the anti-human CAR monoclonal antibody RmcB
(hybridoma was purchased from ATCC) or normal mouse IgG1j
(Sigma–Aldrich) for 1 h on ice. Subsequently, the cells were washed
and incubated with FITC-conjugated anti-mouse IgG (Sigma–Aldrich)
for an additional 1 h. For sialic acid measurement, cells were incubated
with 1 lg/ml FITC-labeled wheat germ agglutinin (WGA; Sigma–Al-
drich) on ice for 1 h. After washing with 1% BSA/PBS, the cells were
analyzed by flow cytometry at the UAB FACS Core Facility.
Results

Generation of a chimericfiber (F5S1) containing reovirusr1

To create a functional chimeric fiber structurally com-
patible with Ad5 capsid incorporation, we designed the
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r1 chimeric fiber to comprise the amino-terminal tail seg-
ment of theAd5 fiber sequence genetically fused to the en-
tire T3D r1 protein, with (F5S1H) or without (F5S1) a
carboxy-terminal 6-His tag as a detection marker
(Fig. 1A).

Prior to Ad5 vector design, we evaluated the trimer-
ization capacity of the r1 chimeric fiber (F5S1), using
pShuttle-CMV-AdSig, a fiber expression plasmid. Fol-
lowing transfection of 293 cells, cell lysates were subject-
ed to SDS–PAGE and Western blot analysis using two
primary antibodies, the 4D2 monoclonal antibody
(Neomarkers, Fremont, CA) that recognizes the Ad5 fi-
ber tail domain common to both the wild-type Ad5 and
the r1 chimeric fiber, and an anti-T3D r1 polyclonal
antibody (a gift from Dr. Max L. Nibert, Harvard Med-
ical School, Boston, MA) that recognizes r1. We detect-
ed a band for Ad5 fiber from 211B cell lysates [10] at
approximately 180 kDa with the 4D2 antibody (Fig. 2,
lane 1). This band corresponds to the trimeric fiber mol-
ecule, while an approximately 60 kDa band in boiled ly-
sates represents fiber monomers (lane 2). The chimeric
fiber was detected with both the 4D2 antibody (lane 3)
and an anti-T3D r1 antibody (data not shown) at an
apparent molecular mass of 160–170 kDa. When heat
denatured, the monomeric chimeric fiber was detected
at an apparent molecular mass of 50 kDa (lane 4). This
analysis demonstrates that the r1 chimeric fiber F5S1 is
capable of trimerization, which is required for Ad capsid
incorporation.

Construction of fiber mosaic viruses

We sought to create a fiber mosaic Ad5 encoding
both the Ad5 fiber and chimeric fibers in the L5 region
1 2 3 4

u b u b

Ab Ad5 tail (4D2)

63.8
80.9

182.9

(kD)

49.5

Fig. 2. Western blot analysis of F5S1 chimeric fiber protein in lysates of
transiently transfected cells. Fiber proteins were detected by anti-Ad5
fiber tail antibody (4D2). Lanes 1 and 2, 211B cell lysate as a positive
control for the wild-type Ad5 fiber; lanes 3 and 4, pShuttle-CMV-AdSig
transfected 293 cell lysate for F5S1 chimeric fiber detection (without 6-
His). We used cell lysates from 211B cells expressing the wild-type Ad5
fiber as a positive control for detection ofAd5 fiber. The samples in lanes
2 and4were heat denatured (b),which resulted indissociation of trimeric
proteins tomonomers,while lanes 1 and3 containproteins in their native
trimeric configuration (unboiled (u)).
of the Ad5 genome. We employed a tandem-fiber cas-
sette wherein the F5S1H r1 chimeric fiber was posi-
tioned upstream of the wild-type fiber gene. In this
configuration, each fiber was positioned before the
untranslated sequences of the wild-type fiber to provide
equal transcription, splicing, polyadenylation, and regu-
lation by the major late promoter. We constructed E1-
deleted recombinant Ad genomes (Ad5-r1) containing
the wild-type Ad5 fiber, the r1 chimeric fiber
(F5S1H), and a firefly luciferase reporter gene controlled
by the CMV immediate early promoter/enhancer. Fol-
lowing virus rescue and large-scale propagation in 293
cells, we obtained Ad5-r1 vector at concentrations
ranging from 1.1 · 1011 v.p./ml to 5.31 · 1012 v.p./ml,
depending on the individual preparation. These concen-
trations compared favorably with that of Ad5Luc1 at
3.74 · 1012 v.p./ml. In addition, the v.p./plaque-forming
unit (PFU) ratios determined for Ad5-r1 and Ad5Luc1
were 22 and 13.3, respectively, indicating excellent virion
integrity for both species. Of note, the control vector
used throughout this study, Ad5Luc1, is isogenic to
Ad5-r1 in all respects except for the fiber locus.

Definition of fiber gene configurations for fiber mosaic

Ad

We confirmed the fiber genotype of Ad5Luc1 and
Ad5-r1 via diagnostic PCR, using Ad5 fiber or the r1
chimeric fiber primer pairs and genomes from purified
virions as PCR templates (Fig. 3A). To confirm that
Ad5-r1 virions contained both trimerized fibers, we per-
formed SDS–PAGE followed by Western blot analysis
on viral particles. Using the 4D2 antibody we observed
fiber bands at approximately 180 kDa for unboiled sam-
ples of Ad5Luc1 and Ad5-r1 virions, corresponding to
fiber trimers (Fig. 3B, lanes 1 and 3). In boiled samples,
the 4D2 antibody detected bands of apparent molecular
mass of approximately 60 kDa, indicative of fiber mono-
mers (lanes 2 and 4). Due to the near-identical sizes of
the r1 chimeric and the wild-type Ad5 fiber proteins,
it was difficult to visualize both fibers simultaneously
via Western blot with 4D2.

To confirm the presence of the r1 chimeric fiber pro-
tein in virions, we used the anti-Penta His monoclonal
antibody (Qiagen) that recognizes 6-His tags (Fig. 3C)
and the anti-T3D r1 antibody (Fig. 3D). Using the
anti-Penta His antibody, we observed the fiber bands
corresponding to both trimeric and monomeric r1 chi-
meric fiber proteins (Fig. 3C, lanes 2 and 3). The trimer-
ic band of the r1 chimeric fiber was also detected with
the anti-T3D r1 antibody (Fig. 3D, lane 3), however,
the monomeric band of the r1 chimeric fiber protein
was faint because of relatively weak binding affinity of
the anti-T3D r1 antibody (Fig. 3D, lanes 2 and 4).
These results confirm that the trimeric F5S1H r1 chime-
ric fiber was incorporated into Ad5-r1 virions.
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Fig. 3. Analysis of fibers in rescued viral particles. (A) Detection of fiber genes in Ad genome. Rescued viral particles were analyzed with PCR, using
pairs of Ad5 fiber primers or r1 chimeric fiber primers. pVKAd5-r1 was used as a positive control for both fibers. No PCR template is designated as
Control. (B–D) Western blot analysis of fiber proteins in purified virions. (B) A total of 5.0 · 109 v.p. per lane of Ad5Luc1 with the wild-type Ad5
fiber (lanes 1 and 2) or Ad5-r1 with dual fibers (lanes 3 and 4) were resuspended in Laemmli buffer prior to SDS–PAGE and electrotransfer and
detected with the 4D2 anti-Ad5 fiber tail antibody. The samples in lanes 2 and 4 were boiled (b), while lanes 1 and 3 (unboiled (u)) contain proteins in
their native trimeric configuration. (C) A total of 5.0 · 109 v.p. per lane of Ad5-r1 with dual fibers (lanes 2 and 3) was probed with an anti-6-His
antibody. Lane 1, recombinant Ad5 knob with a 6-His tag as a positive antibody control; lane 2, unboiled Ad5-r1 virions; and lane 3, boiled Ad5-r1
virions. The arrow indicates the position of the trimeric r1 chimeric fiber protein. (D) A total of 5.0 · 109 v.p. per lane of Ad5-r1 with dual fibers
(lanes 3 and 4) were probed with an anti-T3D r1 antibody. Lanes 1 and 2, recombinant r1 protein. The samples in lanes 2 and 4 were boiled, while
lanes 1 and 3 contain proteins in their native trimeric configuration (unboiled).
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Ad5-r1 vector exhibits native Ad5 tropism

Our hypothesis was that the inclusion of the r1 chi-
meric fiber, F5S1H, into an Ad5 vector would provide
infectivity enhancement to Ad-refractory cell types via
expanded vector tropism. To test whether this vector re-
tained CAR-dependent tropism, we evaluated Ad5-r1
infection in a pair of tumor cell lines that vary only in
their CAR expression. The human U118MG glioma cell
line is CAR-deficient [11]. The U118MG-hCAR-tailless
cell is a CAR-positive variant line that artificially
expresses the extracellular domain of human CAR
[11]. Ad5Luc1 was used as a positive control for CAR
binding. As shown in Fig. 4A, Ad5Luc1 exhibited
CAR-dependent tropism, as shown by a 40-fold increase
in luciferase transgene expression in U118MG-hCAR-
tailless cells relative to the parental CAR-deficient
U118MG cells. Similarly, Ad5-r1 exhibited CAR-de-
pendent tropism, as demonstrated by a 53-fold increase
in transgene expression in U118MG-hCAR-tailless cells
relative to the CAR-deficient U118MG cells (Fig. 4A).
Incubation of U118MG-hCAR-tailless cells with recom-
binant Ad5 knob protein at 50 lg/ml prior to infection
efficiently inhibited over 70% of Ad5Luc1 and Ad5-r1
luciferase activity (Fig. 4B). These data indicate that
Ad5-r1 retains CAR-based tropism, confirming the
functionality of the wild-type fiber in our fiber mosaic
Ad5.

Ad5-r1 vector exhibits sialic acid- and JAM1-dependent

tropism

To confirm that Ad5-r1 exploits the non-CAR recep-
tor sialic acid and JAM1 by virtue of the chimeric fiber,
we further characterized Ad5-r1 tropism by performing
competitive blocking experiments using 9BG5, a r1-spe-
cific monoclonal antibody that recognizes the T3D r1
head domain and blocks r1/JAM1 interaction [18].
Pre-incubation of Ad5-r1 with 9BG5 prior to infection
blocks over 50% of Ad5-r1 transgene expression in
L929 cells, a sialic acid and JAM1-positive cell line com-
monly used for propagating reovirus (Fig. 4C).
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Table 1
Ad5-r1 luciferase gene expression and co-receptor expression in various cell lines

Cell line JAM1a Sialic acidb CARc CAR reference Activity vs. Ad5Luc1d

Fold increase in luciferase

L929 P P L/N Flow cytometry data 45.3
OV-4 P P L/N Flow cytometry data 5.8
Hey P P L/N Flow cytometry data 7.0
OV-3 P P L/N Flow cytometry data 4.7
ES-2 P P L/N Flow cytometry data 10.7
SK-OV-3 P P L/N Kashentseva et al. [22] 4.4
OVCAR-3 P P M Kelly et al. [21] 8.5
U118MG L/N P L/N Kim et al. [11] 6.1
U118MG-hCAR-tailless L/N P P Kim et al. [11] 5.5
RD L/N P L/N Cripe et al. [20] 6.4
FaDu P P L/N Kasono et al. [19] 3.9
CHO L/N P L/N Flow cytometry data 6.8
Lec2 L/N N L/N Flow cytometry data 2.3

a P, highly JAM1-positive; L/N, little or none. As determined by Western blot analysis.
b P, highly sialic acid-positive; N, none. As determined by flow cytometric analysis.
c P, highly CAR-positive; M, moderate; L/N, little or none.
d Multiplicity of infection ranged from 10 to 1000 v.p./cell. Luciferase activity was measured at 24 h post-infection.
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The r1 protein has been reported to utilize the co-re-
ceptors JAM1 and sialic acid [8,9]. It has been shown that
ther1knob-like headdomainbinds to JAM1 localized on
the cell surface and that an anti-JAM1 antibody reduced
reovirus replication 10- to 100-fold [9]. Similarly, in the
presence of anti-r1or anti-JAM1monoclonal antibodies,
a 4-fold decrease in sialic acid-independentr1bindinghas
been reported [9]. To further explore the role of JAM1 in
Ad5-r1 infection, we performed competitive blocking
experiments using an anti-JAM1 antibody. We used the
JAM1-positive L929 cell line for these studies. Exposure
of L929 cells to 100 lg/ml anti-JAM1 antibody resulted
in approximately 30% inhibition of Ad5-r1 transgene
expression (Fig. 4D). To further clarify Ad5-r1 tropism,
we performed neuraminidase treatment to remove cell-
surface sialic acid and competitive blocking experiments
using an anti-JAM1 antibody, and Ad5 knob protein.
For this analysis, we used the low-CAR human ovarian
cancer Hey cell line due to its high sialic acid and JAM1
expression. Transduction by Ad5-r1 was inhibited 29%
by neuraminidase, 42% by an anti-JAM1 antibody, and
50% by combined treatment with neuraminidase and an
anti-JAM1 antibody (Fig. 4E). Combined treatment with
neuraminidase, an anti-JAM1 antibody, and Ad5 knob
protein reduced transduction 74% compared to controls
receiving no blocking agent (Fig. 4E), with similar results
in U118MG and OV-3 cells (data not shown). Together,
these findings confirm that theAd5-r1 vector utilizes sial-
ic acid and the JAM1-binding domain of the r1 chimeric
fiber (F5S1H) for cell transduction.

Ad5-r1 vector exhibits increased transduction of CAR-
deficient cells

To demonstrate the contribution of the r1 chimeric
fiber to Ad tropism expansion, we evaluated Ad5-r1
infectivity in several cell lines. Table 1 shows the co-re-
ceptor expression profiles and infectivity of cell lines
tested [19–22]. As expected, Ad5-r1 provided the maxi-
mum increase in gene transfer (45-fold) relative to Ad5-
Luc1 in L929 cells, which express r1 receptors sialic acid
and JAM1, but no detectable CAR (Table 1, Fig. 5A).
In other sialic acid/JAM1-positive and low-CAR cancer
cell lines, Ad5-r1 also provided increased luciferase
activity from 3.9-fold (FaDu) to 10.7-fold (ES-2) (Table
1, Fig. 5A). Furthermore, in cancer cells expressing only
sialic acid that are JAM1/CAR-negative, Ad5-r1 pro-
vided more than 6-fold higher luciferase activity relative
to Ad5Luc1 in RD and U118MG cells (Table 1,
Fig. 5A). Thus, we found that the presence of sialic acid
and/or JAM1 co-receptors in cell lines contributed to
the Ad5-r1 infection via the usage of the r1 chimeric fi-
ber. To further demonstrate the r1 chimeric fiber contri-
bution to Ad5-r1 infection, we selected a pair of cell
lines, JAM1/CAR-negative CHO cells and its sialic
acid-negative derivative Lec2 cells (Table 1, Fig. 5B).
In CHO cells, Ad5-r1 provided a 6.8-fold augmentation
in luciferase activity versus Ad5Luc1, while infectivity
enhancement of Ad5-r1 on sialic acid-negative Lec2
cells was negligible, suggesting that Ad5-r1 can exploit
sialic acid as a co-receptor.

Many clinically relevant tissues are refractory to Ad
infection, including ovarian cancer cells, due to negligi-
ble CAR levels [21]. To evaluate the Ad5-r1 infectivity
of patient tissue, we analyzed Ad5-r1 transduction of
primary human ovarian carcinoma cells. Importantly,
Ad5-r1 increased gene transfer to three unpassaged pri-
mary ovarian cancer patient samples from 3.9- to 13.5-
fold versus Ad5Luc1 (Fig. 5C).

Herein, we have outlined the construction, rescue,
purification, and initial tropism characterization of a
novel vector containing a non-Ad fiber molecule. Our
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results show that in low-CAR cells, Ad5-r1 provides
expanded tropism and increased gene transfer compared
to wild-type Ad5 via an alternate infection pathway uti-
lizing the reovirus co-receptors JAM1 and sialic acid.
The expanded tropism of this vector represents a crucial
attribute for Ad-based gene therapy vectors.
Discussion

A major obstacle to be overcome in Ad5-based can-
cer gene therapy is the paucity of the primary receptor,
CAR, on human primary tumor cells. Variable, but usu-
ally low, expression of CAR has been documented in
many cancer cell types including glioma, rhabdomyosar-
coma, and ovarian cancer [4,11,20]. Thus, Ad gene ther-
apy vectors with CAR-independent and/or expanded
tropism may prove valuable for maximal transduction
of low-CAR tumors at minimal vector doses.

To achieve expanded tropism by utilizing distinct
receptors, we have established a new type of fiber mosaic
Ad5 vectors, wherein two fibers derived from different
virus families are incorporated in a single virion. This
is a novel approach to genetically modify Ad5 vector
tropism by means of adding the reovirus receptor-bind-
ing spike (r1) protein to the Ad5 capsid. We selected the
spike from reovirus T3D due to its ability to infect
numerous tumor cell types that express either JAM1
or sialic acid [23,24].

The main technical feasibility for this new vector is
the structural similarity between Ad fiber and the reovi-
rus r1 protein, which is a trimeric fiber-like molecule
protruding from the 12 vertices of the icosahedral reovi-
rus virion [25]. The crystal structure of the reovirus r1
attachment protein reveals an elongated trimer with
two domains: a compact head with a b-barrel fold and
a fibrous tail containing a triple b-spiral [25]. The r1
protein contains two receptor-binding domains: one
within the fibrous tail that binds sialic acid [8] and the
other in the globular head that binds to JAM1 [9].

In designing ar1 chimeric fiber, we considered theAd5
tail portion to be indispensable for incorporation of a r1
chimeric fiber into the Ad5 penton base. We therefore de-
signed our r1 chimeric fiber to contain the Ad5 tail and
reovirus r1. The entire r1 molecule was included since
it contains receptor-binding domains in both the tail
and head regions [26]. In addition, we engineered a 6-
His tag into the C-terminus of r1 for protein detection.
We were initially concerned that the incorporation of
the 6-His motif could alter JAM1 recognition, since the
C-terminus is proximal to the predicted JAM1-binding
motif in the D-E loop of the b-barrel structure [25]. To
our knowledge, however, there are no reports suggesting
that C-terminal additions are deleterious to normal r1/
JAM1 interaction(s). Indeed, it is unlikely that the 6-His
tag interferes significantly with the r1/JAM1 interaction
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since the contribution of JAM1 to the tropism of our
mosaic virus was sufficient to result in a 42% decrease in
luciferase activity in the presence of an anti-JAM1 anti-
body (Fig. 5E). Further, we expect that the sialic acid-
binding domain localized to the r1 tail domain would
remain unaffected by the C-terminal tag [8,27].

We confirmed the trimerization of the F5S1 r1 chi-
meric fiber and constructed an Ad5 genome encoding
a tandem fiber cassette, resulting in an Ad5 vector
expressing both the Ad5 fiber and a r1 chimeric fiber.
We confirmed that the fiber mosaic Ad5 virions incorpo-
rated both fibers by Western blot analysis and by char-
acterizing the functional ability of both fibers to utilize
the appropriate receptor(s) for viral transduction.

Consistent with our hypothesis of enhanced infectiv-
ity, we observed augmented gene transfer with Ad5-r1
in all cell lines tested, ranging from 2.3- to 45-fold. This
augmentation was variable and often occurred in cell
lines with supposedly similar receptor expression pro-
files. We believe this variation is due to variable receptor
expression between cell lines. In this regard, we wish to
highlight that the semi-quantitative methodology (Wes-
tern blot analysis and FACS) used to determine receptor
expression in these lines likely masks minor receptor
variations between cell lines that accounts for the ob-
served results. Importantly, the observed expanded tro-
pism of Ad5-r1 extended to a stringent clinical
substrate, human primary ovarian tumor tissue,
although the augmentation of gene transfer was also
variable. While primary ovarian cancer cells are often
low in CAR, the specific receptor profiles are unknown.
On this basis, the variability in gene transfer very likely
reflects natural variability of CAR, JAM1, and sialic
acid expression between individual patient samples.
These results serve to highlight the utility of Ad vectors
that exhibit expanded tropism via utilization of multiple
receptors. This vector capacity would be of importance
in any future clinical application wherein tissue receptor
expression is poorly defined.

During the course of this work, Mercier et al. [28]
reported the construction and characterization of an
Ad vector containing only the reovirus r1 fiber. This
vector demonstrated JAM1- and SA-dependent tropism
that was CAR-independent, resulting in an Ad vector
with reovirus tropism only. Mercier demonstrated a 3-
fold infectivity enhancement in human dendritic cells
relative to Ad5, but did not report any infectivity
enhancement in human cancer cells or other substrates.
In contrast, we have used the concept of ‘‘fiber mosai-
cism,’’ the use of two separate fibers with distinct recep-
tor recognition, to provide maximum enhanced
infectivity via use of multiple receptors. On this basis,
we assert that our fiber mosaic Ad5-r1 vector could of-
fer distinct advantages over Ad vectors with single
receptor recognition in the context of an infectivity-en-
hanced vector for cancer applications.
Our goal was to create a vector with expanded tro-
pism to achieve maximum infectivity enhancement uti-
lizing multiple receptors in CAR and non-CAR cell
entry pathways. In this study, the fiber mosaic Ad5-r1
vector provided enhanced infectivity in low-CAR cancer
cell lines resulting from multi-receptor binding proper-
ties derived from different virus families. It is our ulti-
mate intent to exploit mosaic adenovirus paradigms in
various combinations in order to accomplish additivity
or synergism of infectivity enhancements. On this basis,
the infectivity gains we demonstrate in this study may
contribute to a combinational approach of clinical
relevance.
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Ionizing Radiation Enhances Adenoviral Vector
Expressing mda-7/IL-24-mediated Apoptosis in

Human Ovarian Cancer
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Ovarian cancer is the fifth most common cause of cancer-related death in women. Current interventional approaches, including
debulking surgery, chemotherapy, and/or radiation have proven minimally effective in preventing the recurrence and/or mortality
associated with this malignancy. Subtraction hybridization applied to terminally differentiating human melanoma cells identified
melanoma differentiation associated gene-7/interleukin-24 (mda-7/IL-24), whose unique properties include the ability to
selectively induce growth suppression, apoptosis, and radiosensitization indiverse cancer cells,without causing anyharmful effects
in normal cells. Previously, it has been shown that adenovirus-mediated mda-7/IL-24 therapy (Ad.mda-7) induces apoptosis in
ovarian cancer cells, however, the apoptosis induction was relatively low. We now document that apoptosis can be enhanced by
treating ovarian cancer cells with ionizing radiation (IR) in combination with Ad.mda-7. Additionally, we demonstrate thatmda-7/
IL-24 gene delivery, under the control of a minimal promoter region of progression elevated gene-3 (PEG-3), which functions
selectively in diverse cancer cells with minimal activity in normal cells, displays a selective radiosensitization effect in ovarian
cancer cells. The present studies support the use of IR in combination withmda-7/IL-24 as a means of augmenting the therapeutic
benefit of this gene in ovarian cancer, particularly in the context of tumors displaying resistance to radiation therapy. J. Cell.
Physiol. 208: 298–306, 2006. � 2006 Wiley-Liss, Inc.

Ovarian cancer is the fifth leading cause of cancer
deaths among US women and has the highest mortality
rate of all gynecologic cancers (Jemal et al., 2004). The
majority of patients initially present with stage III or IV
disease and display poor prognosis. Unfortunately,
despite advances in initial debulking surgery and
chemotherapy, many patients will have recurrence in
the abdomen or pelvis that frequently is not responsive
to further chemotherapy and carries a negative prog-
nosis (Christian and Thomas, 2001). Therefore, treat-
ments that improve initial disease control in the
abdomen and pelvis have the potential to extend the
progression-free interval and possibly also survival.
Additionally, mortality from epithelial ovarian carci-
noma has remained high for the past few decades. These
facts underscore the need for development of new
effective therapies.

Since human ovarian carcinoma is considered to be
the result of acquired genetic alterations, gene therapy
offers a novel approach for treating this neoplastic
disease (Gomez-Navarro et al., 1998; Wolf and Jenkins,
2002). However, to realize the promise of gene therapy,
identifying a gene therapeutic that does not harm
normal cells and can kill only tumor cells would

represent an ideal weapon to combat this prevalent
female disease and cancer in general. A number of
diverse gene therapy approaches for ovarian cancer
have been endeavored using adenoviral vectors (Ad), in
both animal models (Barnes et al., 1997; Robertson et al.,
1998; Alvarez et al., 2000; Casado et al., 2001) and
human clinical trials (Alvarez and Curiel, 1997; Collinet

� 2006 WILEY-LISS, INC.

Contract grant sponsor: NIH; Contract grant numbers: R01
CA083821, R01 CA097318, R01 CA098712, P01 CA104177;
Contract grant sponsor: Army DOD Idea Development Award;
Contract grant number: W81XWH-05-1-0035; Contract grant
sponsor: The Samuel Waxman Cancer Research Foundation;
Contract grant sponsor: Chernow Endowment.

*Correspondence to: Paul B. Fisher, Department of Pathology and
Urology, Columbia University Medical Center, College of Physi-
cians and Surgeons, BB-1501, 630 West 168th Street, New York,
NY 10032. E-mail: pbf1@columbia.edu

Received 15 February 2006; Accepted 8 March 2006

DOI: 10.1002/jcp.20663



et al., 2000). Some of these approaches have included
Ad-mediated delivery of p53, a tumor suppressor gene,
or Bax, a pro-apoptotic gene, or toxin encoding genes,
such as HSV-TK and cytosine deaminase. Although
many therapeutic approaches have been developed,
most of them are limited in their application due to their
low therapeutic potential and high toxicity to normal
tissues. Of note, a recent Phase II/III trial of p53 gene
therapy failed due to low therapeutic benefit (Zeimet
and Marth, 2003). Therefore, identification and devel-
opment of novel genes with high therapeutic potential
and minimal toxicity to normal tissues (high therapeutic
index) are warranted. In principle, such genes would
provide significant benefit in treating this prevalent
cancer.

Melanoma differentiation associated gene-7 (mda-7)
is a secreted cytokine belonging to the interleukin (IL)-
10 family that has been designated IL-24. Multiple
independent studies have confirmed that delivery of
mda-7/IL-24 by a replication-incompetent adenovirus,
Ad.mda-7, or as a GST-MDA-7 fusion protein selec-
tively kills diverse cancer cells, without harming
normal cells, and radiosensitizes various cancer cells,
including non-small cell lung carcinoma, renal carci-
noma, and malignant glioma (Kawabe et al., 2002; Su
et al., 2003, 2005a; Yacoub et al., 2003a,b,c; Sauane
et al., 2004; Lebedeva et al., 2005b). In addition,mda-7/
IL-24 possesses potent anti-angiogenic, immunostimu-
latory, and bystander activities (Fisher, 2005). The
sum of these attributes makes mda-7/IL-24 a signifi-
cant candidate for cancer gene therapy (Fisher, 2005).
Indeed, Ad.mda-7 has been successfully used for Phase
I/II clinical trials for solid tumors and has shown
promising results in tumor inhibition (Fisher et al.,
2003; Cunningham et al., 2005; Fisher, 2005; Lebedeva
et al., 2005a; Tong et al., 2005). Although the ultimate
end-result of Ad.mda-7 infection is induction of apop-
tosis, it employs different signal transduction path-
ways, such as activation of p38 MAPK, PKR, TRAIL, in
different tumor cell types to achieve this objective
(Pataer et al., 2002; Saeki et al., 2002; Sarkar
et al., 2002).

The therapeutic potential of mda-7/IL-24 gene ther-
apy in the context of epithelial ovarian carcinoma
has not been investigated extensively. We have pre-
viously demonstrated that Ad.mda-7 gene therapy
induces apoptosis in ovarian cancer cells but not in
normal mesothelial cells (Leath et al., 2004). However,
the apoptosis induction efficiency was low. The purpose
of the present study was: (1) to develop combinatorial
approaches to improve apoptosis induction in ovarian
carcinoma cells; and (2) to evaluate ovarian cancer
cell targeted gene therapy by tumor-specific transgene
expression using the novel promoter derived from
progression elevated gene-3 (PEG-3) (Su et al., 1997,
1999). We now document that this resistance to Ad.mda-
7 is reversible in ovarian cancer cells by employing
ionizing radiation (IR). Additionally, we demonstrate
that, mda-7/IL-24 gene delivery under the control of a
minimal promoter region ofPEG-3 (Su et al., 1997, 1999,
2000, 2001b) which functions selectively in diverse
cancer cells with minimal activity in normal cells (Su
et al., 2000, 2001b, 2005b; Sarkar et al., 2005a,b),
displays a selective radiosensitization effect in ovarian
cancer cells. The present study confirms that the
therapeutic potential of mda-7/IL-24 can be augmented
by IR with the added advantage of being able to sensitize
both radiation- and mda-7/IL-24-resistant cells to
programmed cell death.

MATERIALS AND METHODS
Cell lines, culture conditions, and radiation protocol

The SKOV3 (p53 null), human ovarian adenocarcinoma
cells, and human mesothelial cells were purchased from the
American Type Culture Collection (Manassas, VA). Human
ovarian adenocarcinoma cell lines HEY (p53 wild-type),
SKOV3.ip1 (p53 null), and OV-4 (p53 mutant) were kindly
provided by Dr. Judy Wolf and Dr. Janet Price (M.D. Anderson
Cancer Center, Houston, TX) and Dr. Timothy J. Eberlein
(Harvard Medical School, Boston, MA), respectively. SKOV3,
SKOV3.ip1, and OV-4 cells were cultured and maintained in
complete medium composed of DMEM:F12 (Cellgro; Media-
tech, Washington, DC) supplemented with 10% fetal bovine
serum (FBS) (Hyclone Laboratories, Logan, UT), 5 mM
glutamine (Cellgro; Mediatech), and 1% penicillin and strep-
tomycin (Cellgro; Mediatech). HEY cells were cultured
and maintained in complete medium composed of RPMI
(Cellgro; Mediatech) supplemented with 10% FBS, 5 mM
glutamine, and 1% penicillin and streptomycin. Human
mesothelial cells were cultured and maintained in complete
medium composed of a 1:1 mixture of Media 199 (Cellgro;
Mediatech) and MCDB 105 Media (Sigma-Aldrich, St. Louis,
MO) supplemented with 20% FBS, 5 mM glutamine, 1%
penicillin and streptomycin, and 10 ng/ml human epidermal
growth factor (Life Technologies, Grand Island, NY). All cells
were grown in a humidified atmosphere of 5% CO2 at 378C.
Infections of all cells utilized respective infection medium
which contained 2% FBS. Cells were irradiated with 2 Gy of IR
using a 137Cs g-irradiation source. SB203580 was purchased
from Sigma Chemical Co.

Construction of adenovirus (Ad) and infection protocol

The recombinant replication-incompetent Ads, Ad.CMV-
GFP, Ad.PEG-GFP, Ad.CMV-Luc, Ad.PEG-Luc, Ad.CMV-
mda-7 (CMV promoter driving mda-7/IL-24 expression), and
Ad.PEG-mda-7 (PEG-Prom driving mda-7/IL-24 expression)
were created in two steps as described previously and plaque
purified by standard procedures (Su et al., 2005a). As a control,
a replication-incompetent Ad.vec without any transgene was
used. Cells were infected with a multiplicity of infection (moi) of
100 plaque-forming units (pfu) per cell with different Ads.

Fluorescence microscopy for GFP evaluation

Cells (2� 105/well) were plated in triplicate in 6-well plates.
The next day, cells were infected with Ad.CMV-GFP and
Ad.PEG-GFP at a moi of 100 pfu/cell for 2 h in 2% infection
medium. Subsequently, 2 ml of complete media was added and
incubated at 378C. After 48 h, the cells were analyzed for green
fluorescent protein (GFP) expression by observing under a
fluorescent microscope.

Luciferase assay

Cells were plated in 12-well plates in 2 ml of complete
medium. The next day, supernatant was aspirated and the
cells were infected withAd.CMV.Luc andAd.PEG.Luc at a moi
of 100 pfu/cell in 200 ml of 2% medium. Following incubation for
2 h, complete medium was added. Luciferase assays were
performed using commercial kits (Promega, Madison, WI) 48 h
after infection. Protein concentration was determined using
BCA Protein Assay Kit from Pierce Biotechnology (Rockford,
IL) as per manufacturer’s recommendations. The luciferase
activity was then determined by calculating relative luciferase
activity (RLU)/mg of protein as previously described (Leath
et al., 2004).

Cell viability assay

Cells were seeded in 96-well tissue culture plates (1.5� 103

cells per well) and treated the next day as described in the
figure legends. At the indicated time points, the medium was
removed, and fresh medium containing 0.5 mg/ml MTT was
added to each well. The cells were incubated at 378C for 4 h and
then an equal volume of solubilization solution (0.01 N HCl in
10% SDS) was added to each well and mixed thoroughly. The
optical density from the plates was read on a Dynatech
Laboratories MRX microplate reader at 540 nm.
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Apoptosis and necrosis (Annexin-V binding assay)

Cells were trypsinized and washed with complete media and
then twice with PBS. The aliquots of the cells (2� 105) were
resuspended in 1� binding buffer (0.5 ml) and stained with
APC (allophycocyanin)-labeled Annexin-V (BD Biosciences,
Palo Alto, CA) according to the manufacturer’s instructions.
DAPI was added to the samples after staining with Annexin-V
to exclude late apoptotic and necrotic cells. The flow cytometry
was performed immediately after staining.

Clonogenic survival assay

Cells were treated as described in the Figure legends. The
following day, after trypsinization and counting, cells were
replated in 60-mm dishes (500 cells per dish) in triplicates.
After 2 or 3 weeks, cells were fixed with 4% formaldehyde and
stained with 5% (w/w) solution of Giemsa stain in water.
Colonies> 50 cells were scored and counted.

Western blot assay

Cell lines were grown on 10-cm plates and protein
extracts were prepared with RIPA buffer containing a cocktail
of protease inhibitors. A measure of 50mg of protein was applied
to 12% SDS–PAGE and transferred to nitrocellulose/PVDF
membranes. The membranes were probed with polyclonal or
monoclonal antibodies to mda-7/IL-24, anti-PEA-3, anti-c-
JUN, phospho-P38 MAPK, total P38 MAPK, and EF-1a

RNA isolation and Northern blot analysis

Total RNA was extracted from cells using the Qiagen
RNeasy mini kit according to the manufacturer’s protocol
and was used for Northern blotting as previously described (Su
et al., 2001b). Briefly, 10 mg of RNA for each sample was
denatured, electrophoresed in 1.2% agarose gels with 3%
formaldehyde, and transferred onto nylon membranes. The
blots were probed with an a-32P[dCTP]-labeled, full-length
humanmda-7/IL-24 cDNA probe. Following hybridization, the
filters were washed and exposed for autoradiography.

Statistical analysis

All of the experiments were performed at least three times.
Results are expressed as mean�SE. Statistical comparisons
were made using an unpaired two-tailed student’s t-test. A
P< 0.05 was considered significant.

RESULTS
Ovarian cancer cell lines exhibits low levels of

adenoviral-mediated gene expression

Previous studies document that ovarian cancer
cell lines have low coxsackie adenovirus receptor
(CAR) expression (Leath et al., 2004), which is a primary
receptor for adenovirus infection. Two replication-
incompetent adenoviruses expressing GFP, one under
the control of the CMV promoter (Ad.CMV-GFP) and
the other under the control of the PEG-Prom (Ad.PEG-
GFP) were constructed (Su et al., 2005b). To determine
the status of adenoviral infectivity we examined GFP
expression by fluorescence microscopy following infec-
tion with Ad.CMV-GFP and Ad.PEG-GFP at a moi of
100 pfu/cell 2 days post-infection. Infection with
Ad.CMV-GFP resulted in high GFP expression in
normal human mesothelial cells and in SKOV3 cells
and low level GFP expression in SKOV3.ip1, OV-4, and
HEY cells. With Ad.PEG-GFP infection, none to barely
detectable GFP could be observed in normal human
mesothelial cells and in ovarian cancer cell lines the
GFP expression level was comparable to that observed
after Ad.CMV-GFP infection (Fig. 1A). These findings
indicate that ovarian cancer cells have variable levels of
CAR that preclude efficient adenoviral transduction and
subsequent transgene expression.

PEG-Prom functions selectively in cancer cells

To quantify PEG-Prom activity in ovarian cancer
and normal human mesothelial cells a luciferase-based
reporter gene assay was employed. We constructed
Ad.PEG-Luc in which the expression of the luciferase
reportergenewasunderthecontrolof thePEG-Promina
replication-incompetent adenoviral vector and infected
normal mesothelial cells or the different ovarian cancer
cell lines. Luciferase activity was measured 48 h after
infection and expressed as RLU per mg protein. Normal
human mesothelial cells demonstrated no activity
supporting the limited GFP expression detected immu-
nohistochemically following infection with Ad.PEG-
GFP (Fig. 1B, upper part). When compared to normal
human mesothelial cells, all of the ovarian cancer cells
showed significantly increased PEG-Prom activity,
although the activity in HEY cells was much lower than
that in the other three ovarian cancer cell lines. The
findings from GFP expression and luciferase reporter
studies further confirm that the PEG-Prom functions
selectively in cancer cells and is a useful tool to ensure
cancer cell-targeted transgene expression.

PEA-3 and AP-1 controls PEG-Prom activity in
ovarian cancer cells

PEA-3 and AP-1 are two transcription factors con-
ferring cancer cell-selective function of thePEG-Prom in
multiple cancer cell types, such as prostate, breast,
central nervous system (malignant glioma), and pan-
creatic cancers (Sarkar et al., 2005a,b; Su et al., 2005b).
To determine the involvement of these two factors in
regulating PEG-Prom activity in ovarian cancer cells,
the relative abundance of PEA-3 and Jun, a component
of AP-1, proteins in ovarian cancer, and normal human
mesothelial cells was analyzed by Western blot analysis
(Fig. 1B, lower part). The expression of PEA-3 and Jun
was significantly higher in all of the ovarian cancer cells
when compared to that in normal human mesothelial
cells, except for HEY cells, which showed comparable
level of Jun expression to normal human mesothelial
cells. These findings confirm that like other cell types
previously examined, PEA-3 and AP-1 also controlPEG-
Prom activity in ovarian cancer cells.

Infection with Ad.CMV-mda-7 and Ad.PEG-mda-7
generates MDA-7/IL-24 protein

To extend our studies further we used two additional
replication-incompetent adenoviruses expressing mda-
7/IL-24, one under the control of CMV promoter
(Ad.CMV-mda-7) and the other under the control of
PEG-Prom (Ad.PEG-mda-7). The authenticity of these
Ad were confirmed by Western blot analysis for MDA-7/
IL-24 following infection of ovarian cancer cells and
normal human mesothelial cells at a moi of 100 pfu/cell.
Normal human mesothelial cells showed abundant
MDA-7/IL-24 protein following Ad.CMV-mda-7 infec-
tion, but no MDA-7/IL-24 protein after Ad.PEG-mda-7
infection (Fig. 1C). In ovarian cancer cells, infection with
Ad.CMV-mda-7 resulted in more intracellular MDA-7/
IL-24 protein than infection with Ad.PEG-mda-7. The
relative levels of MDA-7/IL-24 and GFP proteins
correlated well in different ovarian cancer cell lines,
with SKOV3 cells showing the highest level of trans-
genes and HEY cells showing the lowest. These findings
further confirm that although the PEG-Prom is func-
tionally less active than CMV promoter, it ensures
cancer cell-specific expression of MDA-7/IL-24.
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Ad.CMV-mda-7 and Ad.PEG-mda-7 induce
apoptosis in ovarian cancer cells

Experiments were next performed to determine
whether infection with Ad.CMV-mda-7 or Ad.PEG-
mda-7 could induce growth suppression and apoptosis
in ovarian cancer cells. Cell viability was assessed by

standard MTT assay 3 and 6 days after Ad infection. As
expected neither Ad.CMV-mda-7 nor Ad.PEG-mda-7
affected the viability of normal human mesothelial
cells (Fig. 2A). Although both Ad.CMV-mda-7 and
Ad.PEG-mda-7 decreased cell viability in all the ovarian
cancer cells, the effect, although significant, was
marginal, except for SKOV3 cells, which displayed a

Fig. 1. GFP, Luc, and MDA-7/IL-24 expression following infection of
normal mesothelial and ovarian carcinoma cells with various
adenoviruses and de novo levels of Jun, PEA-3, and EF-1a protein in
mesothelial and ovarian carcinoma cells. A: Variable infectivity of
ovarian cancer cells by adenovirus as determined by GFP expression.
The indicated cells were infected with either Ad.CMV-GFP or
Ad.PEG-GFP at a moi of 100 pfu/cell, and GFP expression was
analyzed by fluorescence microscopy at 2d post-infection. B: Upper
part: PEG-promoter drives high luciferase expression in ovarian
cancer cells, but not in normal human mesothelial cells. The indicated
cells were infected with Ad.PEG-luc at a moi of 100 pfu/cell, and
luciferase activity was measured at 48 h post-infection and expressed

as RLU/mg protein. The data represent the mean�SD of three
independent experiments, each performed in triplicate. Lower part:
The expressions of JUN, PEA-3, and EF-1a protein were analyzed by
Western blot analysis in ovarian cancer cells and normal human
mesothelial cells. C: Infection of ovarian cancer cells and normal
human mesothelial cells with Ad.CMV-mda-7 or Ad.PEG-mda-7
results in variable amounts of intracellular MDA-7/IL-24 protein.
Cells were infected with the indicated viruses at a moi of 100 pfu/cell
and total cell lysates were prepared at d 1, d 2, and d 3 post-infection.
The cell lysate used for Ad.vec was the lysate prepared at d 3 post-
infection. The expression of MDA-7/IL-24 and EF-1a proteins were
evaluated by Western blot analysis.
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more pronounced effect (Fig. 2A). Analysis of apoptosis
by Annexin-V staining produced similar corroborating
results as the MTT assays (Fig. 2B). No significant
increase in apoptotic cells was observed in normal
human mesothelial cells upon infection with Ad.CMV-
mda-7 or Ad.PEG.mda-7. Both of these Ads induced
marginal but significant increases in apoptotic cells in
the ovarian cancer cells.

Ad.CMV-mda-7 and Ad.PEG-mda-7 induce
apoptosis by activating p38 MAPK

Experiments were performed to determine whether
Ad.CMV-mda-7 and Ad.PEG.mda-7 infection in ovarian
cancer cells activates the p38 MAPK pathway that
has been shown to mediate apoptosis induction
by Ad.mda-7. In normal human mesothelial cells,
infection with Ad.CMV-mda-7 or Ad.PEG.mda-7 did
not increase phospho-p38 MAPK levels 2 days post-
infection (Fig. 3A). In SKOV3, SKOV3.ip1, and OV-4
cells, which showed significant susceptibility to growth
inhibition, Ad.CMV-mda-7 or Ad.PEG.mda-7 infection
resulted in a significant increase in phospho-p38 MAPK

levels. However, in HEY cells, which are relatively
resistant to growth inhibition, the increase in phospho-
p38 MAPK was marginal. Treatment with the specific
p38 MAPK inhibitor SB203580 protected the cells from
growth inhibition following infection with Ad.CMV-
mda-7 or Ad.PEG.mda-7 (Fig. 3B). These findings
indicate that activation of p38 MAPK also plays an
important role in mediating growth inhibition bymda-7/
IL-24 in ovarian cancer cells.

Combination of g-irradiation and Ad.CMV-mda-7
or Ad.PEG.mda-7 infection overcomes resistance
of ovarian cancer cells to both ionizing radiation

and mda-7/IL-24

Since Ad.CMV-mda-7 or Ad.PEG.mda-7 alone showed
relatively low apoptosis induction in ovarian cancer cells,
we hypothesized that a combinatorial approach with
other anti-cancer strategies might be useful in augment-
ing growth suppression and apoptosis. Previous studies
confirm that mda-7/IL-24 is a potent radiosensitizer in
multiple cancer subtypes, including non-small cell lung
carcinoma, breast carcinoma, prostate carcinoma, and

Fig. 2. Effect of infection of normal mesothelial and ovarian
carcinoma cells with Ad.CMV-mda-7 or Ad.PEG-mda-7 on cell
viability and apoptosis induction. A: Infection with Ad.CMV-mda-7
or Ad.PEG-mda-7 results in a decrease in cell viability in ovarian
cancer cells. Cells were infected with the indicated viruses and cell
viability was assessed by MTT assay at 3 d and 6 d post-infection. A
significant loss in cell viability was evident in the SKOV3 and OV-4

cell lines. Results are the average from at least three experiments
�SD. B: Infection with Ad.CMV-mda-7 or Ad.PEG-mda-7 variably
induces apoptosis in different ovarian cancer cells. The indicated cell
type was infected with the designated viruses for 72 h, and Annexin-V
binding assay was performed as described in Materials and Methods.
Results are the average from at least three experiments �SD.
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glioblastoma multiforme (Kawabe et al., 2002; Su et al.,
2003; Yacoub et al., 2003a,b,c). These studies prompted
us to test the effect ofg-radiation (IR) in combination with
Ad.CMV-mda-7 or Ad.PEG.mda-7 in the context of
ovarian cancer. In all four ovarian cancer cell lines,
Ad.CMV-mda-7, Ad.PEG-mda-7, or 2 Gy of IR alone
produced a marginal enhancement in the percentage of
Annexin-V positive cells. However, a combination of 2 Gy
of IR with Ad.CMV-mda-7 or Ad.PEG-mda-7 signifi-
cantly enhanced Annexin-V staining in all four ovarian
cancer cell lines (Fig. 4A). Similarly, in colony formation
assays, infection with Ad.CMV-mda-7 or Ad.PEG-mda-7
alone significantly reduced colony formation only in the
SKOV3 cell line; however, a combination treatment
with 2 Gy IR further reduced the number of colonies not
only in SKOV3 cell but also in the other three ovarian
cancer cell lines (Fig. 4B). No significant induction of
apoptosis or reduction in colony formation was apparent
with this combinatorial treatment approach in normal
human mesothelial cells. These results suggest that
the combination ofmda-7/IL-24 and IR might be a useful
and efficacious approach for treating ovarian cancer
patients.

MDA-7/IL-24 protein production in ovarian cancer
cells directly correlates with a decrease in cell

survival by combination treatment with
Ad.CMV-mda-7 or Ad.PEG-mda-7 and IR

We next endeavored to define the possible mechanism
of augmentation of mda-7/IL-24-induced cell killing by
IR. Infection with Ad.CMV-mda-7 generated high levels
ofmda-7/IL-24 mRNA as early as 1 day after infection in
SKOV3 and OV-4 cells (Fig. 5A). Although in SKOV3.ip1
and HEY cells mda-7/IL-24 mRNA level was not high
1 day after infection, which can be explained by low
infectivity, it accumulated gradually and by 3 days post-
infection all four ovarian cancer cells had high and
comparable levels of mda-7/IL-24 mRNA. This finding

Fig. 3. Infection with Ad.CMV-mda-7 or Ad.PEG-mda-7 induces p38
MAPK phosphorylation and treatment with SB203580 protects
ovarian cancer cells from mda-7-mediated apoptosis. A: Cells were
infected with the indicated viruses as described in Figure 1C. Total
cellular extracts were prepared at 48 h post-infection and the levels of
phospho-p38 and total p38 MAPK were analyzed by Western blot
analysis. B: Cells were infected with the indicated viruses and treated
with 1 mM SB203580. Cell viability was assessed by MTT assay at 4 d
post-infection. Results are the average from at least three experiments
�SD.

Fig. 4. Combination of Ad.CMV-mda-7 or Ad.PEG-mda-7 plus IR
induces enhanced killing and apoptosis in ovarian cancer cells. A:
Effect of single and combination treatment with Ad. CMV-mda-7 or
Ad.PEG-mda-7 plus IR on apoptosis induction in ovarian cancer cells.
The indicated cell type was either uninfected or infected with Ad.vec,
Ad.CMV-mda-7, or Ad.PEG-mda-7 and the next day was exposed to 2
Gy of IR. An Annexin-V binding assay was performed at 48 h post-
irradiation as described in Materials and Methods. Results are the
average from at least three experiments�SD. B: Effect of combination
treatment with Ad.CMV-mda-7 or Ad.PEG-mda-7 plus IR on growth
of ovarian cancer cells. Cells were either uninfected or infected and
untreated or treated with IR as described in Figure 4A and colony
forming assays were performed as described in the Materials and
Methods section. Data are presented as a percentage of colony
formation to that of the uninfected and untreated group. Results
shown are averages �SD of triplicate samples.
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contrasts with the observation that in HEY cells very
little MDA-7/IL-24 protein levels were observed even
at 2 days post-infection (Fig. 1C and 5B). An inherent
block inmda-7/IL-24 mRNA translation into protein has
been observed in pancreatic cancer cells that can be
overcome by multiple combinatorial approaches such as
inhibition of K-ras or induction of reactive oxygen
species (Su et al., 2001a; Lebedeva et al., 2005b, 2006).
When ovarian cancer cells were treated with g-radiation
elevated levels of MDA-7/IL-24 protein were de-
tected upon infection with both Ad.CMV-mda-7 and
Ad.PEG.mda-7 in all four ovarian cancer cells. These
findings indicate that g-radiation treatment helps over-
come the translational block delimiting MDA-7/IL-24
protein production, thus facilitating augmentation of
apoptosis induction.

DISCUSSION

We presently demonstrate a potentially clinically
relevant phenomenon that a combination of mda-7/IL-
24 with IR promotes apoptosis in ovarian cancer cells
that are initially resistant to either agent used alone. In
ovarian cancer cells, IR (at 2 Gy) or mda-7/IL-24 (either
as Ad.CMV-mda-7 or as Ad.PEG-mda-7) alone did not
significantly affect cell growth, except for SKOV3
cells, whereas a combination of both agents significantly
reduced cell viability in all four ovarian cancer cell
lines examined in the present study. Furthermore, we
demonstrate that simultaneous treatment of IR plus

mda-7/IL-24 could override the translational block of
mda-7/IL-24 mRNA into protein in ovarian cancer cells,
which could explain the enhanced efficacy of this
combinatorial approach.

Several tumor-specific or ovarian cell carcinoma-
specific promoters have been investigated in the
preclinical settings. Robertson et al. (1998) found that
a plasmid containing the HSV/TK gene, under the SLP1
(secretory leukoproteinase inhibitor gene, which is
highly expressed in a variety of epithelial tumors,
including ovarian cancer) promoter, could kill ovarian
cancer cell. Another study (Tanyi et al., 2002) reported
increased Luc production in several types of epithelial
cancer cell lines, including ovarian cancer cell lines,
with minimal activity in non-epithelial and immorta-
lized normal cell lines when delivered under the control
of SLP1 promoter. However, the same group found some
non-specific Luc activity in many cell types, using OSP1,
a retroviral promoter reported to be transcriptionally
active only in rat ovaries. In our present study, besides
the CMV promoter, we used the PEG-Prom to control
mda-7/IL-24 gene expression (Su et al., 2000, 2001b,
2005b) selectively in cancer cells. We demonstrate
that Ad.PEG-mda-7 induced apoptosis selectively in
cancer cells without inducing harmful effects to normal
human mesothelial cells. The advantage of using
the PEG-Prom is that its cancer cell specificity is
attributed to two transcription factors, PEA-3 and AP-
1, which are overexpressed in >90% of cancers.
Additionally, the PEG-Prom is functionally active in
all cancer cells irrespective of their p53, Rb, or other
tumor suppressor gene status. Thus, employing the
PEG-Prom to drive transgene expression only in cancer
cells has selective advantages over other tissue- or
cancer-specific promoters.

Consistent with a previous report (Leath et al., 2004),
this study demonstrates thatmda-7/IL-24 induces a low
and variable degree of apoptosis in ovarian cancer cells
when delivered via a replication-incompetent adeno-
virus under the control of either the CMV or PEG
promoters. One of the reasons for this finding is low
expression of MDA-7/IL-24 protein due to low Ad-
mediated mda-7/IL-24 gene delivery. However, defects
(or blocks) in signaling mechanisms contributing to this
low apoptosis induction require investigation. Cur-
rently, the signaling mechanisms involved in mda-7/
IL-24-mediated apoptosis induction in specific ovarian
cancer cells remain incompletely understood. Previous
studies showed that activation of p38 MAPK plays an
important role in mediating Ad.mda-7-induced apopto-
sis in melanoma, prostate carcinoma, and malignant
glioma cells (Sarkar et al., 2002; Lebedeva et al., 2005a;
Gupta et al., 2006). Using only one ovarian cancer cell
line, a recent report showed that induction of the FAS-
FASL pathway mediates Ad.mda-7-mediated cell kill-
ing (Gopalan et al., 2005). However, in this study we
demonstrate that both Ad.CMV-mda-7 and Ad.PEG-
mda-7 activated the p38 MAPK pathway in ovarian
cancer cells and the level of phosphorylated p38 MAPK
correlated with the killing effect of Ad.CMV-mda-7 and
Ad.PEG-mda-7 in these cells. Additionally, SB203580, a
selective p38 MAPK inhibitor significantly abolished
the mda-7/IL-24-induced killing effect. Thus, activation
of p38 MAPK might be a key element in mda-7/IL-24-
induced apoptosis induction in multiple cell types,
including ovarian carcinoma.

To circumvent the limitation of low transduction
efficiency, we were interested in defining strategies that
could be utilized to improve delivery of mda-7/IL-24,

Fig. 5. Combination treatment with mda-7/IL-24 and IR reverses the
translational block in ovarian cancer cells. A: Infection of Ad.CMV-
mda-7 induces an abundant amount of MDA-7/IL-24 RNA. Total RNA
was isolated at d 1, d 2, and d 3 after infection as described in
Materials and Methods, and analyzed by Northern blotting. The blots
were probed with a a-32P[dCTP]-labeled, full-length human mda-7/IL-
24 cDNA probe and exposed for autoradiography. B: Combination
treatment of IR plus MDA-7/IL-24 enhances mda-7/IL-24 protein.
Cells were infected with Ad.vec, Ad.CMV-mda-7, or Ad.PEG-mda-7
and untreated or treated with IR the next day. Protein lysates were
prepared 24 h after IR and Western blotting was performed as
described in Materials and Methods to determine the levels of MDA-7/
IL-24 protein. Equal protein loading was confirmed by Western
blotting with an EF-1a antibody.
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especially to those cells that were most resistant
(SKOV3.ip1, HEY). Treatment options for ovarian
cancer patients frequently involve debulking surgery
combined with various therapeutic approaches, includ-
ing radiation, chemotherapy, immunotherapy, and
recently anti-angiogenic therapy (Wolf and Jenkins,
2002; Jemal et al., 2004). In this context, methods
enhancing the effectiveness of anti-cancer agents, with-
out promoting toxicity, would be of immense value and
could provide a means of significantly improving clinical
responses. Studies in NSCLC (Kawabe et al., 2002)
and malignant gliomas (Su et al., 2003; Yacoub et al.,
2003b,c) formally showed that radiation enhances
tumor cell sensitivity to mda-7/IL-24. In two recent
studies (Su et al., 2005a, 2006), we have uncovered an
important property of mda-7/IL-24: an ability to induce
a potent radiation enhancement ‘‘bystander anti-tumor
effect’’ not only in cancer cells inherently sensitive to
this cytokine but also in tumor cells overexpressing the
anti-apoptotic proteins BCL-2 or BCL-xL and exhibiting
resistance to the cytotoxic effects of both radiation and
MDA-7/IL-24. These findings offer promise for drama-
tically expanding the use of mda-7/IL-24 for cancer
therapy, especially in the context of radiation therapy.
Additionally, recent reports indicate that Ad.mda-7
lethality in NSCLC cells can also be augmented by
combination treatment with the non-steroidal anti-
inflammatory drug sulindac (Oida et al., 2005) and that
Ad.mda-7 amplifies the anti-tumor effects of Herceptin
(trastuzumab), an anti-p185ErbB2 murine monoclonal
antibody (mAb) that binds to the extracellular domain of
ErbB2, in breast carcinoma cells overexpressing HER-2/
neu (McKenzie et al., 2004). Overall, these studies
employing radiation, a chemotherapeutic agent, and a
mAb reinforce the possibility of augmenting the anti-
cancer activity of mda-7/IL-24 and increasing its
therapeutic index as a gene therapy for diverse cancers
by using combinatorial therapy approaches (Fisher,
2005; Gupta et al., 2006). Our present studies reveal
that radiation might be an effective component of the
combinatorial treatment for ovarian cancer cells along
with Ad.CMV-mda-7 or Ad.PEG-mda-7.

In summary, a combination of IR plus mda-7/IL-24
(administered as Ad.CMV-mda-7 or Ad.PEG-mda-7)
enhances apoptosis induction in ovarian cancer cells,
which initially demonstrated relative resistance to
either of these agents alone. In contrast, similar
experimental protocols applied to normal human
mesothelial cells do not induce significant harmful
effects. The unique synergy in ovarian cancer cells
correlates with the ability of IR to relieve the transla-
tional block preventing conversion of mda-7/IL-24
mRNA into protein. These in vitro data suggest that
combination treatment of Ad.mda-7 and IR has poten-
tial to increase tumor response to radiotherapy and/or
gene therapy and warrants further investigation using
in vivo tumor models.
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ABSTRACT

Hyperthermia can be produced by near-infrared laser irradiation of gold nanoparticles present in tumors and thus induce tumor cell killing via
a bystander effect. To be clinically relevant, however, several problems still need to be resolved. In particular, selective delivery and physical
targeting of gold nanoparticles to tumor cells are necessary to improve therapeutic selectivity. Considerable progress has been made with
respect to retargeting adenoviral vectors for cancer gene therapy. We therefore hypothesized that covalent coupling of gold nanoparticles to
retargeted adenoviral vectors would allow selective delivery of the nanoparticles to tumor cells, thus feasibilizing hyperthermia and gene
therapy as a combinatorial therapeutic approach. For this, sulfo- N-hydroxysuccinimide labeled gold nanoparticles were reacted to adenoviral
vectors encoding a luciferase reporter gene driven by the cytomegalovirus promoter (AdCMVLuc). We herein demonstrate that covalent coupling
could be achieved, while retaining virus infectivity and ability to retarget tumor-associated antigens. These results indicate the possibility of
using adenoviral vectors as carriers for gold nanoparticles.

Cancer targeted therapies rely on exploiting susceptibility
parameters of tumor versus normal cells. The increased

susceptibility of tumors to heat makes hyperthermia a feasible
treatment option.1 A variety of heat sources have been
explored, including laser light, focused ultrasound, as well
as microwaves. More recently, the use of near-infrared-
absorbing gold nanoparticles has successfully been applied
to reduce tumor burden and increase survival in animal
experiments.2 Selectivity of heat induction is based on
enhanced permeability of the tumor vasculature and subse-
quent retention of the intravenously administered nanopar-
ticles, which can be heated using deep penetrating near-
infrared (NIR) laser light.3 However, enhanced permeability
and retention pathophysiology do not occur in all tumors,
mandating alternative methods of targeted nanoparticle tumor
delivery before successful clinical application can be achieved.

We hypothesized that the recent improvements in targeted
adenoviral vectorology might provide the platform for tumor
selective delivery of these nanoparticles. We therefore sought
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to establish the feasibility of covalently coupling gold
nanoparticles to adenoviral vectors, as a means to achieve
the desired targeted localization. We anticipated that this
linkage could be achieved without compromising key ad-
enoviral infectivity properties that constitute the functional
basis of its tumor-targeting capabilities. This combination
of a targeted viral vector with an amplifying nanoparticle
payload thus seeks to exploit favorable aspects of each
component to realize an optimized anticancer effect. This
type of combinatorial system represents a novel paradigm
for the design of tumor-targeted nanoparticles.

Association of Gold Particles with Adenoviral Vectors.
The sulfo-NHS-ester on the gold nanoparticles employed has
reactivity toward primary amines that are abundantly present
on the adenoviral capsid lysine residues (Figure 1).

For the initial characterization of the feasibility of coupling
gold nanoparticles to adenoviral vectors, a ratio of 1000:1
gold:adenovirus (particle:particle) was employed in the
synthesis procedure. After the reaction, the mixture was
purified using CsCl gradient centrifugationsa standard
method for adenoviral vector purification. Fractions collected
from the bottom of the centrifugation tube were analyzed
for the presence of virus using an anti-hexon antibody (Figure
2A) and for the presence of gold using silver staining (Figure
2B). Although staining for the presence of virus appears to
be more sensitive than detection of gold, a comparison of
the staining patterns of both slot blots demonstrated co-
localization of virus with gold, indicating co-migration of
both components through the CsCl gradient. These results
suggested a covalent association between the gold nano-
particles and the adenoviral vectors.

During centrifugation of gold-labeled viral particles in a
CsCl gradient, a shift in the height of the viral band in the
centrifuge tube was observed, which was dependent on the
amount of gold nanoparticles employed in the synthesis

procedure, indicating an increased density of the viral
particles upon gold labeling (Table 1, Figure 3). To exclude
aspecific, noncovalent interaction of gold nanoparticles with
the viral vectors, a synthesis procedure employing gold
nanoparticles labeled with a nickel-nitrilotriacetic acid
(Ni-NTA) instead of a sulfo-NHS reactive group was
performed. In this reaction, the shift in vector band localiza-
tion could not be observed (Table 1, Figure 3), confirming
the covalent nature of interaction of the sulfo-NHS particles
with the virions. It should be noted, however, that the surface
charge of sulfo-NHS labeled particles is neutral, whereas the
surface charge of Ni-NTA labeled particles is negative.
Since adenoviruses have a net negative charge on their capsid
surface as well,4 nonspecific electrostatic absorption of
Ni-NTA labeled particles to the virions could be less than
electrostatic absorption of sulfo-NHS particles. Nonetheless,
the absence of Ni-NTA labeled particles in CsCl purified
virions indicates that association of nanoparticles with virions
in the gradient is not based on the weight of the particles.

Electron Microscopy of Gold-Labeled Adenoviral Vec-
tors. Electron microscopy was used to visualize gold
nanoparticles reacted to the surface of adenoviral vectors that
were purified by CsCl centrifugation as above. Vectors were
deposited onto carbon-coated copper grids; no staining was
used in order to avoid occlusion of the 1.4 nm nanoparticles
on the surface of the virions. Gold nanoparticles could not

Figure 1. Gold nanoparticles can covalently be attached to primary
amines present in capsid proteins. The sulfo-NHS ester attached
on the 1.3-nm gold particle will react with primary amines of lysine
residues present in the adenoviral capsid, resulting in an amide bond
between the gold particle and the adenovirus. There are over 10 000
lysines in the proteins that make up the capsid, although not all of
these will be accessible for chemical reaction.

Table 1. Positions of Viral Bands in Centrifugation Tubes after CsCl Gradient Centrifugation

virus-gold combination
distance from bottom

to lower band
distance from bottom
to upper band (cm)

total distance
gradient (cm)

virus alone, no gold nanoparticles no lower band 4.3 6.6
virus + 10000 Ni-NTA gold nanoparticles no lower band 4.2 6.6
virus + 10000 Sulfo-NHS gold nanoparticles 2.8 cm 4.2 6.6

Figure 2. Slotblot analysis demonstrating the presence of aden-
ovirus and gold in fractions collected after virus CsCl purification.
Gold nanoparticles were first reacted with adenoviral vectors in a
1000:1 ratio. The reaction mixture was then purified using
centrifugation over a CsCl gradient, a standard method of viral
vector purification. After the bottom of the centrifugation tube was
punctured, 28 fractions were collected and analyzed for the presence
of adenovirus using staining for the hexon capsid protein (A) and
the presence of gold nanoparticles using silver enhancement staining
(B). The original reaction mixture prior to purification was used
as a positive control (+control).
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be observed in virus preparations that were either unlabeled
(Figure 4A) or labeled with Ni-NTA gold nanoparticles
(Figure 4C). One does see some “texture”, but this arises
from the little bit of underfocus used to better see the virions
and is not to be confused with gold particles. In contrast,
gold nanoparticles could clearly be observed in the virus
preparation labeled with sulfo-NHS gold nanoparticles
(Figure 4B, small black dots on the edges of the virions, see
magnified insert). The gold particles in Figure 4B have rather
sharp boundaries and similar sizes, as opposed to the texture
in Figure 4C. This further strengthened the observation of a
covalent interaction between the two components.

Gold-Labeled Adenoviral Vectors Retain Infectivity in
HeLa Cells.Modification of capsid proteins such as the here-
described chemical modification with gold nanoparticles may
result in a loss of infectivity of the adenoviral vectors. We
therefore evaluated gene transfer of a luciferase encoding
adenoviral vector AdCMVLuc, labeled with different amounts
of gold in HeLa cells. These cells are previously reported to

be readily infected with adenoviral vectors.5 AdCMVLuc
infectivity at a multiplicity of infection (MOI) of 25 was
not affected by the synthesis procedure itself. This was
demonstrated by the comparable levels of luciferase activity
of sham-labeled versus fresh, unmodified AdCMVLuc
(Figure 5). Further, a gold:adenovirus ratio of 100:1 (particle:
particle) also did not affect infectivity. However, higher gold:
adenovirus ratios did significantly decrease infectivity com-
pared to unlabeled AdCMVLuc (Figure 5). Results were
similar for both lower (5) and higher (125) MOIs (data not
shown). This suggested a threshold of the number of gold
nanoparticles that can be coupled to adenoviral vector without
disrupting the natural infectivity mechanism of adenoviral
gene transfer.

Gold-Labeled Adenoviral Vectors Can Be Retargeted
to CEA Expressing Tumor Cells. A majority of human
tumors are deficient in the primary receptor for adenoviral
vectors, the Coxsackie adenovirus receptor (CAR), resulting
in poor tumor cell transduction. To overcome this hurdle,
approaches have been established whereby the adenoviral
vector is physically retargeted to alternate receptors on the
tumor cell surface. One example is retargeting of adenoviral
vectors to the tumor-associated antigen carcino embryonic
antigen (CEA), which is overexpressed on several neoplasias
such as colon carcinoma. To establish whether gold-labeled
adenoviral vectors could still be retargeted to CEA,
AdCMVLuc was preincubated with the fusion protein
sCAR-MFE, which on one side binds to the adenoviral capsid
and on the other side binds to CEA. Gene transfer in MC38-
CEA-2 cells, a CEA overexpressing cell line, was markedly
increased upon preincubation of fresh, unmodified
AdCMVLuc with the sCAR-MFE fusion protein (Figure 6,
fresh AdCMVLuc, white versus black bar). Similar to results
obtained in HeLa cells, a gold:adenovirus ratio of 100:1
(particle:particle) did not affect retargeting to and infectivity
in CEA expressing cells. A gold:adenovirus ratio of 1000:1
significantly but moderately affected retargeting and infectiv-
ity, whereas ratios of 3000:1 and higher resulted in infectivity
levels lower than untargeted, unmodified AdCMVLuc
(Figure 6). This indicated that up to a ratio of 1000 gold
nanoparticles per adenoviral vector in the reaction mixture,
retargeting to tumor-associated antigens could still be
achieved.

Figure 3. Photograph of gold-labeled adenoviral vectors in a CsCl
gradient. 1× 1012 viral particles were reacted with either no gold
nanoparticles (left), 10 000 Ni-NTA gold particles per viral particle
(middle) or 10 000 sulfo-NHS gold particles per viral particle. The
gold nanoparticles not reacted to the virus in the middle and right
tube remain in the upper portion of the gradient (brown color above
arrow A). The white band in the area indicated by arrow A consists
of remaining unlabeled virions, the light brown band indicated by
arrow B indicates gold-labeled virions and can only be observed
in the right centrifuge tube.

Figure 4. Electron microscopy identifies gold nanoparticles
associated with adenoviral vectors. Vectors were either unlabeled
(A), sulfo-NHS gold nanoparticles labeled (B), or Ni-NTA gold
nanoparticles labeled (C). Adenoviral vectors were examined using
electron microscopy using a JEOL JEM 1200FX operated at 80
kV. Original magnification 100000×, scale bar 100 nm.

Figure 5. Infectivity of gold-labeled adenoviral vectors is retained
at lower particle-to-vector ratios. Gold nanoparticles were reacted
with AdCMVLuc at ratios of 100:1, 1000:1, 3000:1, and 5000:1.
After reaction, HeLa cells were infected with 100 vp/cell and
luciferase expression was determined after 24 h. Bars represent
mean( standard deviation. Asterisks indicatep < 0.05.
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It has been recognized that exploitation of multiple
treatment modalities will be needed to achieve success in
cancer therapy. This has been pioneered using combinations
of radiation, surgery, and chemotherapy, which are now
standard therapeutic approaches. The addition of gene therapy
to the arsenal of available treatment options will lead to a
further increase in therapeutic combinatorial opportunities.
This has already been demonstrated by synergistic effects
between conditionally replicative adenoviruses (CRAds)
together with radiation6 or chemotherapy.7 To extend this
paradigm to a combination of gene therapy and hyperthermia,
we herein investigated the possibility to covalently couple
gold nanoparticles to adenoviral vectors, without affecting
virus infectivity or retargetability. The herein established
gold-labeled vectors can thus next be analyzed for hyper-
thermia-mediated tumor cell death induction.

It has been known that rapidly proliferating cells, such as
tumor cells, are more sensitive to heat shock than slowly
proliferating cells through a variety of mechanisms, including
mitotic delay, cell cycle arrest, and plasma membrane
damage.8,9 The selectivity of hyperthermia for tumors is
further conveyed by a tumor’s usually limited blood supply,
thus creating an environment with hypoxia and low pH,
which is not found in healthy tissue.1 One of the mechanisms
by which hyperthermia has been induced is near-infrared
absorption and subsequent heating of gold nanoparticles10-12

or nanoshells.3 So far, tumor selectivity of these particles
has been achieved based on enhanced permeability and
retention of particles due to “leaky” tumor architecture.3

Although the tumor selectivity obtained by these mechanisms
is promising, the specificity that would be obtained by
covalent conjugation of the gold nanoparticles to tumor-
targeted adenoviral vectors, as demonstrated in this paper,
would be beneficial for an increased tumor to healthy tissue
ratio and thus a better therapeutic index. This is particularly
valid for smaller solid gold nanoparticles that are expected
to interfere to a lesser extent with virus infectivity and
retargeting compared to gold nanoshells, which have a size
between 100 and 140 nm.

In the current work we have employed relatively small
gold nanoparticles, for which effective heating will require
extremely short (femto- or at least picosecond) laser pulses.13

Alternatively, “nanoclusters” can be formed, where gold
nanoparticles are clustered together, resulting in increased
absorption efficiency.13 Indeed, the proximity of the three-
dimensional location of gold nanoparticles within one virus
(“bio-nanoclusters”) may provide the condition for plasmon-
plasmon resonances that accompany increased absorption and
a shift to the near-IR range. Nevertheless, we plan to explore
the possibility of larger solid gold nanoparticles to be
incorporated in the adenoviral platform.

Considerable advancements in tumor-specific targeting of
adenoviral vectors for gene therapy have been achieved using
both bispecific adapter molecules14 as well as genetic capsid
modification.15 Furthermore, adenoviral vectors are compat-
ible with chemical modification, as shown with fluoro-
phores16 or poly(ethylene glycol) derivatives.17 This led us
to explore the possibility of covalently coupling gold
nanoparticles to targeted adenoviral vectors and thus retarget
the nanoparticles to tumor-associated antigen expressing
tumor cells, as demonstrated in this paper. The achieved
targeting to tumor cells now creates the opportunity to test
the therapeutic effects of near-infrared (NIR) laser-induced
hyperthermia-mediated tumor cell death. These data further
provide a rational basis to investigate the synergistic
therapeutic gains accrued by a combination of hyperthermia
with gene therapy. For example, hyperthermia-sensitive
promoters such as hsp70 can drive the expression of
cytokines such as interleukin-12 or tumor necrosis factor-
alpha.18 Furthermore, hyperthermia induced viral replication
of CRAds might be a feasible strategy, thus combining
multiple ways of cell death induction using a single vector.

Another important issue that still needs to be addressed is
the optimal spatial location of the particles for most effective
cancer cell killing. One option might be a location near the
cell membrane (during initial vector binding and internaliza-
tion) or even inside the membrane itself, since only a low
laser energy is required for plasma membrane damage
through thermal denaturation or bubble formation phenom-
ena. This will lead to immediate cell death, mainly through
necrosis.19 Another option might be the nucleus (after
complete penetration of the vector into the cells), where laser-
induced nuclear damage may lead to cell damage through
other mechanisms such as apoptosis, cell cycle arrest, etc.8,9

Along with adenoviral vectors, other methods of tumor-
selective targeting have been exploited in the literature, such
as direct conjugation of therapeutic modalities to antibodies19

or inclusion of such modalities in liposomal formulations.20

However, some potential limitations of directly conjugating
gold nanoparticles to tumor-targeted antibodies include the
limited number of modalities that can be attached without
disrupting antibody specificity, whereas liposomes can be
modified with particles to a higher extent, forming metal-
losomes.21 These metallosomes may have a favorable body
distribution and hence tumor specificity, as well as decreased
immunogenicity compared to viral vectors. However, ef-
ficacy of adenoviral gene transfer is still unparalleled in in

Figure 6. Retargeting of gold-labeled adenoviral vectors to CEA
is retained at lower particle-to-vector ratios. Gold nanoparticles were
reacted with AdCMVLuc at ratios of 100:1, 1000:1, 3000:1, and
5000:1. After reaction, MC38-CEA-2 cells were infected with 100
vp/cell of AdCMVLuc without (white bars) or with (black bars)
sCAR-MFE fusion protein preincubation, to retarget the viral vector
to the expressed CEA. Luciferase expression was determined after
24 h. Bars represent mean( standard deviation. Asterisks indicate
p < 0.05.
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vivo systems, favoring the use of adenoviral vectors for
possible combinatorial approaches of hyperthermia with gene
therapy, as described above.

In addition to gold, we are currently exploring the
feasibility of coupling other metal nanoparticles to adenoviral
vectors, such as iron-platinum (FePt) nanoparticles. These
nanoparticles have magnetic properties that make them ideal
for either imaging of particle localization (e.g., using MRI
techniques), or magnetic-induced hyperthermia for cell
killing, analogous to the gold NIR approach.22,23

Finally, to further improve on the herein established gold
conjugated adenoviral vector paradigm, other methods of
coupling nanoparticles to the adenoviral surface need to be
investigated. The relatively nonspecific coupling via the
sulfo-N-hydroxysuccinimide reactive group on the gold
particle to primary amines of lysine-residues present in the
capsid interferes with virus infectivity and retargetability at
higher gold-virus ratios. Genetic manipulation of the
nanoparticle binding locales will allow us to specifically
conjugate particles to capsid proteins not involved in virus
infectivity or interaction with targeting methods. Such
modifications will allow for an increase in payload capacity
of the virus, i.e., the number of nanoparticles that can be
coupled without negatively affecting the virus, and thus
create a wider therapeutic window. For example, nickel-
nitrilotriacetic acid (Ni-NTA) modified gold particles,24 used
in the here-described experiments as a negative control,
would be capable of binding six histidine residues that have
carefully been inserted in certain capsid proteins, such as
hexon25 or pIX.26 Ultimately, combination of multiple
modalities within one viral particle, i.e., a targeting site in
genetically modified virus capsid proteins allowing physical
localization of the vector with the tumor cell, a nanoparticle
binding site allowing induction of hyperthermia and imaging
opportunities, combined with tumor-specific induction of
therapeutic gene expression and viral replication may prove
to be an optimal platform for cancer therapy.
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Transductional targeting of adenovirus vectors for gene therapy
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Cancer gene therapy approaches will derive considerable benefit from adenovirus (Ad) vectors capable of self-directed localization

to neoplastic disease or immunomodulatory targets in vivo. The ablation of native Ad tropism coupled with active targeting

modalities has demonstrated that innate gene delivery efficiency may be retained while circumventing Ad dependence on its

primary cellular receptor, the coxsackie and Ad receptor. Herein, we describe advances in Ad targeting that are predicated on a

fundamental understanding of vector/cell interplay. Further, we propose strategies by which existing paradigms, such as

nanotechnology, may be combined with Ad vectors to form advanced delivery vehicles with multiple functions.
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Introduction

The understanding of the molecular basis of many
pathologies, especially cancer, now demands rationally
designed molecular interventions for therapeutic regimes.
Over the last 15 years, the field of gene therapy has
emerged as a potentially powerful therapeutic platform to
serve this end.
The central dogma of gene therapy is employment of

gene delivery as a therapeutic molecular intervention to
selectively correct or eradicate defective tissues. Early
gene therapy efforts, however, revealed that the clinical
benefit of gene delivery modalities was irrevocably linked
to specific localization of the therapeutic agent. For
example, insufficient transduction of cancer cells and
solid tumor masses may limit clinical efficacy of cancer
gene therapy approaches.1–5 Hence, a fundamental
requirement for the achievement of cancer gene therapy
is the employment of advanced molecular biology and
disease-specific cellular physiology to design targetable
gene delivery vectors.
Vectors based on human adenovirus (Ad) serotypes 2

and 5 continue to show increasing promise as gene
therapy delivery vehicles, particularly in the context of
cancer gene therapy, due to several key attributes: These
replication-deficient Ad vectors display in vivo stability
and superior gene transfer efficiency to numerous dividing
and nondividing cell targets in vivo, and are rarely linked
to any severe disease in humans. Further, production
parameters for clinical grade Ad vectors are well

established. In 2004, Ad vectors comprised one-fourth
of all clinical trial gene therapy vectors (256 of 987), with
almost two-thirds of gene therapy trials being for cancer
(565 of 987).6

Nonetheless, clinical trial results of nontargeted Ad
vectors have clearly exposed the need to advance Ad
vector technology. The relatively poor clinical perfor-
mance of Ad vectors can be attributed, in large part, to
their broad native tropism, emphasizing the need for the
derivation of Ad agents that have the capacity for
intrinsic, self-directed, specific localization to the dis-
ease-affected target tissue. The following is a discussion of
Ad biology, barriers to Ad targeting and a review of the
strategies applied toward increasing the targeting capacity
of this delivery vector. Lastly, we propose unique future
applications for Ad-based vectors that derive from
recently established targeting and molecular imaging
feasibilities reported herein.

Adenovirus structure

The family Adenoviridae contains, among others, 51
human Ad serotypes that are divided into six species
(A–F) based on genome homology and organization,
oncogenicity and hemagglutination properties.7–9 The
human Ad is a nonenveloped icosahedral particle that
encapsulates up to a 36-kilobase double-stranded DNA
genome. The Ad capsid is comprised of several minor and
three major capsid proteins: hexon is the most abundant
structural component and constitutes the bulk of the
protein shell; five subunits of penton form the penton
base platform at each of the 12 capsid vertices to which
the 12 fiber homotrimers attach (Figure 1). At the distal
tip of each linear fiber is a globular knob domain, which
serves as the major viral attachment site for cellular
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receptors. Hexon appears to play only a structural role as
a coating protein, while the penton base and the fiber are
responsible for virion–cell interactions that constitute Ad
tropism. Detailed structures of hexon,10–12 penton base13

and fiber14,15 have been determined by crystallography;
the high-resolution structure of the entire virion has been
determined by various methods.16,17

Adenovirus entry biology

Entry of Ad into cells involves two distinct steps:
attachment to a primary receptor molecule at the
cell surface, followed by interaction with molecules
responsible for virion internalization. Initial high-affinity
binding of the virion occurs via direct binding of the fiber
knob domain to its cognate primary cellular receptor,
which is the 46 kDa coxsackie and adenovirus receptor
(CAR) for most serotypes, including Ad2 and Ad5,
which are widely used in gene therapy approaches.18,19

Other receptors have been described for Ad5, although
the nature of their interaction(s) with the Ad5 virion
is unclear and their roles appear limited. These receptors
include heparin sulfate glycosaminoglycans,20,21 class I
major histocompatability complex22 and vascular
cell adhesion molecule-1.23 Following receptor binding,
receptor-mediated endocytosis of the virion is effected
by interaction of penton base Arg–Gly–Asp (RGD)
motifs with cellular integrins, including avb3 and

avb5,24 avb1,25 a3b1 and a5b1.
26 Virus enters the cell in

clathrin-coated vesicles27 and is transported to endo-
somes. Subsequent acidification of the endosome results
in virion disassembly and release of the virus remains into
the cytosol, then to the nucleus where viral replication
takes place.

Transductional targeting of Ad

This mechanistic understanding of Ad cellular entry
explains clinical findings by numerous groups that have
demonstrated that cells expressing low levels of CAR are
refractory to Ad infection and gene delivery. This CAR
dependency results in a scenario wherein nontarget but
high-CAR cells can be infected, whereas target tissues, if
low in CAR, remain poorly infected. Of key relevance to
cancer gene therapy, increased CAR expression appears
to have a growth-inhibitory effect on some cancer cell
lines, while loss of CAR expression correlates with tumor
progression and advanced disease. In addition, CAR has
been shown to play a role in cell adhesion, and its
expression may be cell cycle dependent.28,29 In short,
while Ad delivery is uniquely efficient in vivo, CAR
biodistribution is incompatible with many gene therapy
interventions. We therefore hypothesized that if CAR
expression could be induced in target tissues, resultant
increases in Ad-mediated infection and gene expression
would result in therapeutic gain. Indeed, a number of
chemical agents predicted to affect cell cycle or cell
adhesion were identified that increased CAR levels
and Ad gene expression in ovarian cancer cells in vitro
and in vivo.30

Adenovirus vector biodistribution in vivo, however, is
not determined solely by receptor biodistribution.31

Intravenous administration of Ad results in accumulation
in the liver, spleen, heart, lung and kidneys of mice,
although these tissues may not necessarily be the highest
in CAR expression.32,33 This is true with regard to the
liver in particular, which sequesters the majority of
systemically administered Ad particles via hepatic macro-
phage (Kupffer cell) uptake34 and hepatocyte transduc-
tion,35 leading to Ad-mediated inflammation and liver
toxicity.36–39 Thus, the nature of Ad–host interactions
dictating the fate of systemically applied Ad has come
under considerable scrutiny.
Initial attempts to ‘de-target’ the liver were based on

the supposition that CAR- and integrin-based inter-
actions were required for liver transduction in vivo.
Strategies to inhibit hepatocyte and/or liver Kupffer cell
uptake by ablating CAR- or integrin-binding motifs in the
Ad capsid have been largely unsuccessful, however,
indicating that native Ad tropism determinants contribute
little to vector hepatotropism in vivo.40–44 These data
notwithstanding, work by several groups has implicated
the fiber protein as a major structural determinant of liver
tropism in vivo (reviewed by Nicklin et al.45). For
example, shortening of the native fiber shaft domain of
the Ad5 fiber46 or replacement of the Ad5 shaft with the
short Ad3 shaft domain47 was shown to attenuate liver

Figure 1 Generalized Ad structure depicting major structural

components of a wild-type Ad capsid. Hexon, penton base, pIX,

pIIIa and fiber structures are shown. Adenovirus capsids contain up

to a 36-kilobase double-stranded DNA genome, shown as the dark

line inside the capsid.
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uptake in vivo following intravenous delivery. In related
work, Smith et al.48 examined the role of a putative
heparan sulfate proteoglycan (HSPG)-binding motif,
KKTK, in the third repeat of the native fiber shaft.
Replacement of this motif with an irrelevant peptide
sequence reduced reporter gene expression in the liver by
90%. This was also the first indication of the importance
of HSPG as an Ad receptor in vivo.
More recently, Shayakhmetov et al.49 uncovered a

major role for coagulation factor IX (FIX) and comple-
ment component C4-binding protein (C4BP) in hepato-
cyte and Kupffer cell uptake of intravenous Ad. Indeed,
Ad5 vectors containing fibers genetically modified to
ablate FIX and C4BP binding provided 50-fold lower
liver transduction with reduced inflammation and hepato-
toxicity. Further analysis demonstrated that these blood
factors mediated in vivo tropism by crosslinking Ad to
hepatocellular HSPG and the low-density lipoprotein
(LDL)-receptor-related protein. Kupffer cell sequestra-
tion of Ad particles was likewise heavily dependent on Ad
association with FIX and C4BP.
These efforts serve to highlight the complexity of

vector/host interplay, and have identified important
genetic modifications that have important practical
implications for designing safer and more effective Ad-
based vectors for clinical applications. In the absence of a
clinically defined upper limit for ectopic liver transduction
in humans, it is clear that the concepts of ‘de-targeting’
and ‘re-targeting’ must be simultaneously employed to
allow for maximum vector efficacy at the lowest possible
dose. Therefore, engineering of targeted delivery with Ad
requires the elimination of native tropism to be replaced
by an alternative tropism based on targeting other
receptor molecules, all while retaining innate Ad gene
transfer efficiency. Two distinct approaches have been
employed to transductionally target Ad-based therapeutic
vectors: (1) adapter molecule-based targeting and (2)
targeting achieved via structural manipulation of the Ad
capsid via genetic means.

Adapter-based Ad targeting

The formation of a ‘molecular bridge’ between the Ad
vector and a cell surface receptor constitutes the adapter-
based concept of Ad targeting (Figure 2). Adapter
function is performed by so-called ‘bi-specific’ molecules
that crosslink the Ad vector to alternative cell surface
receptors, bypassing the native CAR-based tropism. This
approach is predicated by the aforementioned two-step
entry mechanism of the Ad virion, wherein attachment is
distinct from its ability to internalize into the targeted cell.
In this way, alternative means of cellular attachment do
not impede Ad cell entry. The majority of current
adapter-based Ad targeting approaches incorporate the
two mandates of delivery targeting, that of ablation of
native CAR-dependent Ad tropism and formation of a
novel tropism to previously identified cellular receptors.
Bispecific adapter molecules include, but are not limited
to: bi-specific antibodies, chemical conjugates between

antibody fragments (Fab) and cell-selective ligands such
as folate, Fab-antibody conjugates using antibodies
against target cell receptors, Fab-peptide ligand conju-
gates and recombinant fusion proteins that incorporate
Fabs and peptide ligands (Figure 3a).
The first in vitro demonstration of Ad targeting via the

adapter method resulted in CAR-independent, folate
receptor-mediated cellular uptake of the virion by cancer
cells overexpressing this receptor.50 This was accom-
plished using a bispecific conjugate consisting of an anti-
knob neutralizing Fab chemically linked to folate. A
similar targeting adapter comprised of the same anti-knob
Fab as above fused to a basic fibroblast growth factor
(FGF2) was utilized to target Ad vectors to FGF
receptor-positive Kaposi’s sarcoma (KS) cells in vitro.51

Importantly, this targeting system also reduced hepatic
toxicity and resulted in increased survival in a melanoma
xenograft mouse model.52 Other Fab–ligand conjugates
targeted against Ep-CAM, Tag-72, epidermal growth
factor (EGF) receptor, CD-40 and other cell markers
have been employed in a similar manner with promising
results.1,53–58

Dmitriev et al.60 developed an elegant alternative to the
chemical conjugate approach by creating a single recom-
binant fusion molecule formed by a truncated, soluble
form of CAR (sCAR) fused to either an anti-CD40
antibody59 or epidermal growth factor (EGF). Using the
latter, a nine-fold increase in reporter gene expression was
achieved in several EGFR-overexpressing cancer cell lines
compared to untargeted Ad or EGFR-negative cells in
vitro. EGF-directed targeting to EGFR-positive cells was
shown to be dependent on cell surface EGFR density,
an additional confirmation of Ad targeting specificity.
Addressed also was the issue of virion/adapter complex
stability, a critical issue if targeting adapters are to be
employed in vivo. In this regard, preformed Ad/sCAR–
EGF complexes subjected to gel filtration purification
showed the same targeting profile as those not purified,

Figure 2 The Ad infection pathway. Shown are the basic steps of

initial high-affinity binding of the virion fiber to its primary cellular

receptor, CAR (left). Alternatively, a generalized adapter molecule

ablates native CAR-based tropism and targets Ad to an alternate

cellular receptor molecule (right). The dual specificity of the adapter

molecule for both the Ad and the alternative receptor provides novel,

CAR-independent cell binding.
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indicating adequate Ad/adapter complex stability. To
further increase Ad/sCAR–ligand complex stability,
Kashentseva et al.61 developed a trimeric sCAR-anti-
c-erbB2 single-chain antibody adapter molecule. While
untested as yet in vivo, the trimeric sCAR-c-erbB2 adapter
displayed increased affinity for the Ad fiber knob, while
augmenting gene transfer up to 17-fold in six c-erbB2-
positive breast and ovarian cancer cell lines in vitro. In
similar work, Itoh et al.62 demonstrated improved
efficiency of sCAR-based fusion molecule adapters. Kim
et al.63 showed that adapter trimerization yielded a 100-
fold increase in infection of CAR-deficient human diploid
fibroblasts compared to the monomeric sCAR adapter.
Importantly, in vivo employment of a nontargeted
trimeric sCAR adapter attenuated liver transduction in
mice following intravenous administration, indicating the
excellent in vivo stability of this Ad/trimeric adapter
complex. These studies have supplied preliminary evi-
dence of the systemic stability of adaptor–virus com-
plexes, although it is likely that clinical trials will
ultimately be needed to investigate this crucial aspect
for individual agents.
The above proof-of-principle studies and others

have rationalized the further testing of targeting adapters

in vivo. In this regard, Reynolds et al.56 employed a novel
bispecific adapter composed of an anti-knob Fab
chemically conjugated to a monoclonal antibody (9B9)
raised against angiotensin-converting enzyme (ACE), a
surface molecule expressed preferentially on pulmonary
capillary endothelium and upregulated in various disease
states of the lung. Following peripheral intravenous
injection of the Ad/Fab–9B9 complex, reporter transgene
expression and viral DNA in the lung were increased
20-fold over untargeted Ad. Importantly, reporter gene
expression in the liver, a nontarget, high-CAR organ, was
reduced by 83%. Further, in a unique adapter-based in
vivo lung-targeting schema, Everts et al. used a bifunc-
tional adapter molecule comprised of sCAR fused to a
single-chain antibody (MFE-23) directed against carci-
noembryonic antigen (CEA). Systemic administration of
the Ad/sCAR–MFE-23 adapter complex increased gene
expression in CEA-positive murine lung by 10-fold and
reduced liver transduction, resulting in an improved lung-
to-liver ratio of gene expression compared with untar-
geted Ad.
Overall, adapter-based Ad targeting studies provide

compelling evidence that Ad tropism modification can be
achieved by targeting alternate cellular receptors and that
this modality augments gene delivery to CAR-deficient
target cells in vitro. Adapter-targeted vectors have also
performed well in vivo, although data so far are limited.
While single-component systems have been favored for
employment in human gene therapy trials, rigorous
analysis of the pharmaco-dynamics and -kinetics, and
systemic stability of vector/adapter complexes could
potentially provide the rationale for clinical translation.

Adenovirus targeting via genetic modification: fiber

Genetic manipulation of capsid proteins has yielded
increasingly promising data in terms of Ad targeting.
Redirection of Ad tropism via genetic capsid modification
is conceptually elegant, but genetic targeting efforts must
work within narrow structural constraints. The success of
this approach depends upon modulation of the complex
protein structure/function relationships that result in Ad
tropism modification, without disrupting the innate
molecular interactions required for proper biological
function. Based on a clear understanding of Ad infection
biology, development of genetically targeted vectors has
rationally focused on the fiber, the primary capsid
determinant of Ad tropism. In general, there have been
three basic strategies for genetic tropism modification via
structural modification of the Ad fiber: (1) so-called ‘fiber
pseudotyping’; (2) ligand incorporation into the fiber
knob and (3) ‘de-knobbing’ of the fiber coupled with
ligand addition (Figure 3b).
As previously mentioned, many clinically relevant

tissues are refractory to Ad5 infection, including several
cancer cell types, due to negligible CAR levels. Adenovirus
fiber pseudotyping, the genetic replacement of either the
entire fiber or knob domain with its structural counterpart
from another human Ad serotype that recognizes a

Figure 3 (a). Adenoviral particles can be re-targeted to TAAs,

using bifunctional adapter molecules. Examples of such adapter

molecules are chemical conjugates of a Fab fragment derived from

an antiknob monoclonal antibody with a whole antibody directed

against the target antigen (I), or naturally occurring ligands such as

folate or basic fibroblast growth factor (II). The other class of adapter

molecules consists of recombinant bispecific fusion proteins,

examples of which include so-called diabodies, comprised of two

single-chain antibodies (scFv), with one scFv recognizing the fiber

knob and the other the TAA (III). Another example is the trimeric

sCAR-fibritin-scFv, which uses the soluble ectodomain of the native

Ad receptor CAR to bind to the Ad, thus ablating CAR recognition

(IV). (b) Adenoviral particles can be re-targeted to TAAs using

genetic targeting strategies in which the targeting ligands are

incorporated into capsid proteins. The Ad5 knob protein can, for

instance, be replaced with that of other serotypes (V), or it can be

altered by incorporation of targeting ligands, such as RGD-contain-

ing peptide sequences or six histidine residues, at the C-terminus of

the protein (VI). As an alternative to the C-terminus, peptide

sequences can also be incorporated in the HI-loop of the Ad5 knob

(VII). The entire fiber and knob domain can be replaced by an

artificial fiber, for instance, consisting of the bacteriophage T4 fibritin

trimerization domain and a targeting motif (VIII). Finally, multiple

genetic modifications can be combined in a single particle, forming a

so-called ‘complex mosaic Ad’. An example is a particle containing

Ad3 knob instead of Ad5 knob, in which a six-histidine targeting motif

is incorporated at the C-terminus (IX).
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cellular receptor other than CAR, was first accomplished
by Krasnykh et al.64 These vectors display CAR-
independent tropism by virtue of the natural diversity in
receptor recognition found in human subgroup B and D
fibers.65 In this regard, primary receptors for subgroup B
Ads have been recently identified, including the comple-
ment regulatory protein CD46,66–69 CD80 and CD86,70

although an additional unknown receptor is postulated.67

Subgroup D Ad receptors include CD46 and a(2–3)-linked
sialic acid, a common element of glycolipids.71–73 This
fiber pseudotyping approach has identified chimeric
vectors with superior infectivity to Ad5 in several clinically
relevant cell types, including primary ovarian carcinoma
cells,74–76 vascular endothelial cells,77 dendritic cells,78

B-cells,79 CD34þ hematopoietic cells,80 synovial tissue,81

human cardiovascular tissue82 and others.83,84 Interest-
ingly, this strategy has been extended to exploit fiber
elements from non-human Ads85,86 and the fiber-like s1
reovirus attachment protein, which targets cells expressing
junctional adhesion molecule.87,88

Direct ligand incorporation into the Ad knob domain
without ablating native CAR-binding has resulted in Ad
vectors with expanded, rather than restricted, cell
recognition. These efforts are based on rigorous structural
analysis of the knob domain and have exploited two
separate locations within the knob that tolerate genetic
manipulation without loss of fiber function, the C-
terminus and the HI-loop. Since the C-terminus of the
Ad knob is solvent exposed, extension of the knob peptide
to include a targeting peptide moiety is conceptually
simple. Ads with C-terminal integrin-binding RGDmotifs
and poly-lysine ligands have yielded some promising
results in vitro and in vivo, but other peptide ligands were
rendered ineffective in the C-terminus structural con-
text,89 presumably due to steric or other inhibition.
Krasnykh et al.90 inserted a FLAG peptide sequence into
an exposed loop structure that connects b-sheets H and I
(HI-loop) within the Ad5 knob, showing that this locale is
structurally permissive to modification. Indeed, the Ad5
HI-loop tolerates peptide insertions up to 100 amino acids
with minimal negative effects on virion integrity, thus
suggesting considerable potential for ligand incorporation
at this site.91 Dmitriev et al.4 introduced an integrin-
binding RGD peptide sequence into the HI-loop. The
resulting vector, Ad5lucRGD, used the RGD/cellular
integrin interaction to enhance gene delivery to ovarian
cancer cell lines and primary tumors versus unmodified
Ad.92,93 The expanded tropism of this vector has been
useful in several other cancer contexts including carcino-
mas of the ovary, pancreas, colon cancer, and head and
neck carcinomas, all of which frequently display highly
variable CAR levels.94 Wu et al.95 demonstrated that Ad
vectors with a double fiber modification consisting of a
C-terminal poly-lysine stretch, which interacts with
heparan sulfates, and the HI-loop RGD provided
increased infectivity in several CAR-deficient cell lines,
as well as human pancreatic islet cells,96 ovarian
carcinoma97 and cervical cancer cells in vivo.98 Other
targeting peptides have functioned in the HI-loop locale,
including a vascular endothelial cell-binding motif SI-

GYLPLP.99 This fiber modification also provided cancer
cell selective infection.100

Korokhov et al.,101 Volpers et al.102 and others103 have
developed similar targeting approaches that embody
elements of both genetic fiber modification and adapter-
based targeting by incorporating the immunoglobulin
(Ig)-binding domain of Staphylococcus aureus protein A
into the fiber C-terminus or HI-loop. As a result, these
fiber-modified vectors form stable complexes with a wide
variety of targeting molecules containing the Fc region of
Ig. This provides the opportunity to screen numerous
targeting molecules directed against a host of cell-surface
elements. This approach was used to target and activate
dendritic cells via an Fc-single-chain antibody directed
against CD40.104 This system was also used to target
ovarian cancer cells via an antibody directed against
mesothelin,105 as well as the pulmonary endothelium in a
rat model in vitro.106

The structural conflicts emerging from knob modifica-
tions and the observation that fiber-deleted Ad vectors
could be produced107,108 provided the conceptual basis for
replacing the native fiber with knobless fibers. Virions
containing a knobless fiber would be ablated for CAR
binding, a hallmark of targeted Ad vectors. Simultaneous
addition of a targeting ligand to the knobless fiber would
result in a more specifically targeted Ad. The technical
barrier to this approach is the innate trimerization
function of the knob, required for proper fiber function
and capsid incorporation. To overcome this structural
conflict, addition of foreign trimerization motifs have
been used to replace the native fiber and/or knob.109

Krasnykh et al.110 replaced the fiber and knob domains
with bacteriophage T4 fibritin containing a C-terminal
6-His motif. This novel Ad variant lacks the ability to
interact with CAR and demonstrated up to a 100-fold
increase in reporter gene expression to cells presenting an
artificial 6-His-binding receptor. A similar ‘de-knobbing’
strategy was employed by Magnussen et al.,111 wherein an
integrin-binding RGD motif was utilized, resulting in
selective infection of integrin-expressing cell lines in vitro,
as well as human glandular cells.112 Based on the
feasibility of fiber replacement with T4 fibritin, an elegant
system was devised wherein the trimeric CD40 ligand was
fused to the C-terminus of this artificial fiber.113 Notably,
this vector provided CD40-specific gene delivery in vivo
following systemic delivery.114 Further, this vector
accomplished CD40-mediated infection of human mono-
cyte-derived dendritic cells, suggesting a possible utility
for cancer immunotherapy ‘antigen-loading’ approaches.
In addition, Ad vectors simultaneously incorporating
multiple fiber types with distinct receptor specificities
have been proposed.115,116

Given the target specificity demonstrated by antibody-
mediated targeting of Ad vectors using adapter molecules,
the development of single-component Ad vectors with
genetically incorporated antibodies, antibody-derived
moieties or other multi-domain ligands has been a long-
standing field milestone. Genetic capsid incorporation of
any moiety requires that the heterologous peptide be
compatible with the nonreducing environment within the
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cytosol and nucleus, wherein Ad capsid proteins are
translated and assembled. Indeed, capsid incorporation of
several classes of complex-targeting ligands, including
scFv and growth factors, has been severely hampered by
the innate biosynthetic incompatibilities between the
ligand and Ad capsid proteins, resulting in unstable or
insoluble ligands and/or reduced Ad replication.117 On
this basis, rational development of complex ligands with
cytoplasmic solubility and stability will be required for
their application to Ad vectors. Exemplifying this
concept, Hedley et al.118 have developed a single-
component antibody-targeted Ad vector by incorporating
a novel, cytoplasmically stable scFv into a de-knobbed
fiber. This vector demonstrated selective targeting to its
cognate epitope expressed on the membrane surface of
cells, and suggests that cytoplasmic stability of the
targeting molecule, per se, allows retention of antigen
recognition in the Ad capsid-incorporated context.

Adenovirus targeting via genetic modification: other

capsid locales

The field-wide appreciation of the difficulty of incorpor-
ating complex ligands into the Ad fiber locale has
prompted the identification of other capsid proteins
amenable to ligand incorporation via genetic manipu-
lation. These approaches have the potential, through
increased capsid valency and unique capsid microen-
vironments, to incorporate an increased number of
complex ligands per virion. To date, capsid protein hexon
as well as minor capsid proteins polypeptide IX (pIX) and
pIIIa have been used as platforms for incorporation of
heterologous peptides.
Hexon is the largest and most abundant capsid protein,

and as such is an attractive locale for peptide ligand
incorporation due to both its surface exposure and high
valency (240 hexon homotrimers per virion). The primary
sequence of the hexon monomer is highly conserved
among human serotypes, with the exception of nine
nonconserved hypervariable regions (HVRs) of unknown
function found mainly within solvent-exposed loops at the
surface.11,119,120 In this regard, Vigne et al.121 exploited
hexon hypervariable region 5 (HVR5), a loop structure in
hexon, as a site for incorporation of an integrin-binding
RGD motif. Notably, virion stability was unaffected by
the addition of the foreign peptide, while providing
enhanced, fiber-independent transduction to low-CAR
vascular smooth muscle cells. Extending this work, Wu
et al. identified HVRs 2, 3 and 5–7 as hexon sites
tolerating 6-histidine (6-His) motifs without adverse
affects to virion formation or stability. 6-His motifs in
HVRs 2 and 5 mediated virion binding to anti-6-His
antibodies; however, 6-His-mediated viral infection of
cells was not observed, in contrast to Vigne et al. above,
highlighting the importance of the nature and the length
of the incorporated peptides.
Recently, pIX has emerged as a versatile capsid locale

well suited for display of ligands with utility for both
targeting and imaging modalities.122 The 14.3 kDa pIX is

the smallest of the minor capsid proteins, a subset of
capsid proteins that generally function to stabilize the
capsid shell. In the mature Ad virion, 80 pIX homo-
trimers123 stabilize hexon–hexon interactions during
capsid assembly, and it is therefore termed a ‘cement’
protein. Indeed, virions deleted for pIX have decreased
thermostability and a DNA capacity that is approxi-
mately 2 kb less than the normal length.124–126 Interest in
employing pIX as a capsid site for incorporation of
peptide ligands stemmed from the observation that the
C-terminus of pIX is located at the capsid surface,127,128

which prompted several groups to explore the fusion of
several polypeptides to this terminus.
Dmitriev et al.129 first reported the incorporation

of functional targeting peptides at the pIX C-terminus
by inserting poly-lysine or FLAG motifs, resulting in
augmented, CAR-independent gene transfer via binding
to cellular heparan sulfate moieties. In a similar approach,
Vellinga et al.130 fused an integrin-binding RGD peptide
to pIX, and used a-helical spacers (up to 7.5 nm in length
and 113 amino acids) to extend the RGD motif
away from the virion surface. Increased gene transfer to
CAR-deficient endothelioma cells was observed with
increased spacer length, giving support to the notion that
the pIX C-terminus may reside in a cavity formed by
surrounding hexons. In order to evaluate the utility of
multiple ligand types at the pIX capsid locale, Campos
et al.131 fused to the pIX-C-terminus a 71-amino-acid
fragment of the Propionibacterium shermanii 1.3S trans-
carboxylase protein, which functions a biotin acceptor
peptide (BAP). During virus propagation the BAP is
metabolically biotinylated, rendering this virus compati-
ble with a host of avidin-tagged ligands, including
peptides, antibodies and carbohydrates. Importantly, it
was noted in this study that coupling transferrin to virions
via pIX-BAP resulted in specific transferrin receptor-
mediated infection of C2C12 cells, but the use of an
antibody directed against the transferrin receptor (CD71)
did not. This dichotomy was not observed when these two
ligands successfully redirected Ad tropism when incorpo-
rated into fiber. The authors speculate that the difference
was not due to a lack of receptor recognition by the pIX–
anti-CD71 complex, but rather a difference between the
dissociation of targeted fiber and pIX from the Ad
particle in endosomes, resulting in trapping of the pIX–
anti-CD71 variant, but not the fiber–anti-CD71 in the
endosome. If this notion is fully validated, it will represent
a key finding showing that the nature of pIX-incorpo-
rated ligands may influence successful redirection of Ad
infection.
Polypeptide IX has also been in use for the display of

relatively large imaging molecules as C-terminal fusions.
While Ad vector imaging is beyond the scope of this
work, the successful incorporation of the 240-amino-acid
enhanced green fluorescent protein (eGFP) into pIX bears
mentioning due to the size and complexity of this fusion.
Of note, the presence of the pIX–eGPF fusion in purified
Ad virions did not appreciably decrease virus viability or
capsid stability, and has allowed monitoring of Ad
localization in vitro and in vivo.132,133 Further, other Ad

Transductional targeting of adenovirus vectors
JN Glasgow et al

835

Cancer Gene Therapy



vectors harboring complex ligands at the pIX locale have
been reported.134–136 As a whole, these studies have
established pIX as a highly relevant capsid locale marked
by the highest structural compatibility, with diverse
targeting and imaging ligands observed to date.
Based on its surface capsid position, pIIIa has been

proposed as a platform for ligand display for modifica-
tion of Ad tropism.137 High-resolution imaging techni-
ques originally indicated that pIIIa is an elongated protein
penetrating the capsid and is located along the icosahedral
edges of the virion.16 More recent structural studies
performed at higher resolution place pIIIa only at the
surface of the virion.17 The minor capsid protein pIIIa is a
67-kDa monomer that is cleaved at the C-terminus during
maturation of the virion, giving rise to the final 63.5 kDa
form. To evaluate the utility of pIIIa for ligand display,
Dmitriev et al.138,139 have incorporated a 6-His motif
singly into the N-terminus of pIIIa. The modified pIIIa
proteins were well tolerated in mature virions, although
whether pIIIa ligands can redirect Ad tropism remains to
be conclusively demonstrated.
In the aggregate, these results highlight that genetic

manipulation of a variety of Ad capsid proteins is
currently feasible, and has brought to fruition several
novel targeting and imaging paradigms. These successes
confirm a level of capsid flexibility that was largely
unexpected. There remains, however, an ongoing struggle
to identify true targeting ligands that are structurally and/
or biosynthetically compatible with Ad capsid formation
and stability.

Identification of new tumor-associated antigens

Targeted gene delivery is ultimately predicated on
the ability of the vector to discriminate between target
cell or tissues types via interaction with unique cell- or
disease-specific surface markers. On this basis, the
discovery and characterization of novel cell-surface
targets is of paramount importance. In the context of
targeted gene delivery for cancer, considerable effort is
being expended to identify new tumor-associated antigens
(TAAs) for a variety of cancers, utilizing advanced
technologies such as mRNA microarrays, proteomics
and ‘serological identification of antigens by recombinant
expression cloning’ (SEREX). The identification of more
than 20 000 genes by the human genome project has
provided a pool of possible new targets in cancer, and the
screening for those has become significantly more facile in
recent years due to commercialization and increased
availability of mRNA microarray technology. Several
new targets have been identified using this technology,
such as the carcinoma-associated antigen GA733-2, and
hepsin, a transmembrane serine protease found in
prostate cancer.140 Another example is the high expres-
sion of ‘preferentially expressed antigen of melanoma’
gene (PRAME), detected by microarray in ovarian cancer
samples.141

Compared to the number of genes present in the human
genome, the number of possible protein targets is

increased several-fold due to the intermediate steps
between mRNA and protein expression, and the protein
variability potentially introduced with each of these steps.
These variabilities include mRNA splicing, post-transla-
tional processing, glycosylation, as well as others. The
Human Proteome Organization (HUPO), formed in 2001,
aims to systematically characterize protein expression in
health and disease, and its Plasma Proteome Project is a
prime example in which several laboratories throughout
the world participate to identify tumor markers that can
be used for both screening as well as therapeutic
targets.142 The mRNA and protein array technologies
can also be combined in order to discover new biomar-
kers, such as demonstrated by Nishizuka et al.,143 who
identified villin as a new marker for colon cancer using
this combination.
Another method to identify new tumor targets is

‘serological identification of antigens by recombinant
expression cloning’ (SEREX), which was first described
by Sahin et al.144 in 1995 and is based on the presence of
TAA recognizing antibodies in the serum of cancer
patients. In this approach, a cDNA library is constructed
from tumor specimens and cloned into expression vectors.
Clones are then screened for reactivity with the serum of
the autologous patient, and the nucleotide sequence of the
cDNA insert is determined.144 In previous years, several
antigens that can be classified into different groups have
been identified, including cancer-testis antigens, differ-
entiation antigens, overexpressed gene products, mutated
gene products, splice variants and cancer-related auto-
antigens. Examples of antigens discovered using this
technology are melanoma antigen gene-1 (MAGE-1) in
melanoma and metastasis-associated protein-1 (MTA1)
in prostate cancer.145

Identification of new ligands

In addition to the identification of new TAAs, new
ligands that are able to target these antigens and are
suitable for incorporation into adenoviral vectors need
to be identified as well. One of such technologies is
phage display, which was first pioneered by Smith146

in 1985, that can identify high-affinity peptides for a
target receptor of choice. As an example, Peletskaya
et al.147,148 screened a 15-mer library for peptides able to
bind the Thomson–Friedenreich (TF) antigen, a glycoan-
tigen present on several carcinomas, and identified
peptides with an affinity around 1mM. One of the most
well-known examples of a peptide identified by phage
display is the RGD amino-acid sequence, which has a
high affinity for integrins that are expressed in tumor
vasculature. This peptide, identified by the group of
Ruoslathi149 in 1993, has extensively been used in drug- or
gene-targeting approaches, either a linear or cyclic
format. For example, Schiffelers et al.150 coupled this
peptide to a liposome carrier, demonstrating selective
localization of this drug-targeting construct in angiogenic
vasculature in a dorsal skin chamber model, whereas
genetic incorporation of RGD in both adenoviral and
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adeno-associated viral vectors has led to a dramatic
infectivity enhancement of these vectors in a variety of
cancer cells.4,151

Since some promising targeting ligands lose their
receptor specificity upon incorporation into adenoviral
capsid proteins, it would be useful to screen these ligands
in their appropriate context in a high-throughput manner.
Pereboev et al.152 have elegantly approached this problem
by modifying the pJuFo phage system in such a way that
the (modified) Ad5 knob is expressed on the surface of
filamentous bacteriophage, allowing screening of incor-
porated ligands with traditional phage display techniques.
This system may prove very useful in screening for
candidate ligand fidelity and Ad structural compatibility,
prior to genetic Ad modification.

Future applications

Despite the advances in tumor-targeted gene therapy
as described in this article, several obstacles remain. The
vascular endothelial wall is a significant physical barrier
prohibiting access of systemically administered vectors to
the tumor cell. To overcome this obstacle, strategies are
currently being endeavored to route adenoviral vectors
via transcytosis pathways through the endothelium. As
an example, Zhu et al.153 redirected Ad vectors to
the transcytosing transferrin receptor pathway, using the
bifunctional adapter molecule. The transcytosed Ad
virions retained the ability to infect cells, establishing
the feasibility of this approach. However, efficiency of Ad
trafficking via this pathway is poor, and current efforts
are directed towards exploring other transcytosing
pathways such as the melanotransferrin pathway,154 the
poly-Ig A receptor pathway,155 or caveolae-mediated
transcytosis pathways.156 One can envision the develop-
ment of mosaic Ad vectors incorporating both targeting
ligands directed to such transcytosis pathways as well as
ligands mediating subsequent targeting and infection of
tumor cells present beyond the vascular wall.
The often-limited therapeutic effects achieved by

gene or virotherapy approaches mandate the development
of alternative ‘amplifying strategies’, in which delivery of
a vector to a single cell will result in the destruction of
its neighboring cells as well. In this regard, the develop-
ment of so-called multifunctional particles (MFPs) that
incorporate targeting, imaging and amplifying capacities
is an exciting possible new area of investigation (Figure 4).
Adenovirus-based vectors are ideally positioned to
represent such an MFP, by virtue of genetic capsid
modifications, to incorporate functionalities as cited
above. For example, incorporation of genetically modi-
fied fibers, combined with imaging motifs on the pIX
protein, could be used to simultaneously target tumor
cells while monitoring viral replication and spread. In
this regard, in addition to optical imaging-based ligands
that have been incorporated at pIX as mentioned
above, recently Li et al.136 have been successful in
incorporating the enzyme Herpes Simplex Virus thymi-
dine kinase (HSV-tk) at this capsid locale. This enzyme

is compatible with available PET imaging ligands such
as 18F-penciclovir, providing an imaging system for
viral replication that can directly be translated for clinical
applications. Interestingly, HSV-tk is an enzyme that
has utility in so-called suicide gene therapy, in which
the expressed enzyme converts a substrate such as
ganciclovir to its toxic phosphorylated metabolite, result-
ing in cell death.157 Also, tumor cells expressing this
gene product induce the death of adjacent cells via the
so-called ‘bystander effect’, thus representing an ‘amplify-
ing strategy’ as mentioned above. Incorporation
of this enzyme on the capsid surface of a targeted
Ad could be exploited in an amplifying strategy for
the induction of cell death, in addition to its use for
imaging.
The concept of MFPs has also been introduced recently

in the context of nanotechnology, often defined as the
development of devices of 100 nm or smaller, having
unique properties due to their scale. Applications in
medicine are starting to emerge, with ‘nanomedicine’
recently being defined as the utilization of nanotechno-
logy for treatment, diagnosis, monitoring and control of
biological systems. The devices that are being developed
generally incorporate inorganic or biological material. In
this regard, the coupling of inorganic nanoscale materials
to targeted Ad vectors would expand MFP functions,

Figure 4 Schematic diagram showing an idealized MFP based on

an empty Ad capsid. Adenoviral vectors can theoretically be used as

a platform for the development of MFPs incorporating targeting,

imaging and therapeutic motifs. For example, targeting motifs can be

incorporated into the fiber protein, whereas simultaneous incorpora-

tion of imaging motifs such as thymidine kinase on the pIX protein

will provide the ability to monitor particle and thus tumor localization,

utilizing noninvasive technologies such as PET. Incorporation of

metal nanoparticles with magnetic properties into such a platform

will provide additional imaging opportunities via MRI, as well as

therapeutic opportunities via hyperthermia induction.
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capitalizing on the new treatment strategies being devel-
oped using nanotechnology. For example, magnetic
nanoparticles have recently received much attention due
to their potential application in clinical cancer treat-
ment,158–162 targeted drug delivery163–165 and MRI
contrast agents.166,167 However, despite the useful func-
tionalities that might derive from metal nanoparticle
systems, the lack of targeting strategies has limited
their application to locoregional disease. Thus, tumor-
selective delivery is key to improve therapeutic applica-
tions of metal nanoparticle systems, rationalizing
incorporation of such particles into targeted, multifunc-
tional Ad vectors via conjugation to capsid proteins or
other means.
For the development of targeted MFPs, it would be

beneficial to minimize the adenoviral vector to empty
capsid shells, based on the consideration that the so-called
first-generation Ad vectors (i.e. Ad5- or Ad2-based
nonreplicating viruses lacking E1, and sometimes E3
regions) still express low levels of the remaining viral
genes. This low level of viral gene expression leads to
direct toxicity and immunogenicity. Consequently, dura-
tion of transgene expression is shortened as the immune
response clears the vector-transduced cells.168,169 To
overcome these problems, high-capacity Ad vectors have
been developed. The only viral genomic elements retained
in these vectors are the inverted terminal repeats (ITR)
and packaging signal. This allows up to 36 kb of nonviral
DNA to be inserted. Reduction in in vivo toxicity and
immunogenicity are seen,170–173 and in mice long-term
transgene expression for more than a year has been
observed.173 The deletion of all the viral genes requires
helper viruses to trans-complement all viral genes,
including those for capsid proteins. Well-defined and
efficient systems have been developed to allow production
of high-capacity adenoviral vectors without contamina-
tion of helper virus, based on recombinase-mediated
excision of the helper-virus packaging signal.174–176 It is
logical that the capsid proteins expressed by the helper
virus would be genetically modified, allowing re-targeting
of the resultant high-capacity adenoviral vector. This
concept was recently demonstrated by using the RGD
motif in the HI-loop of the fiber knob,177 and this
demonstration of combining re-targeting with high-
capacity Ad illustrates the potential for utilization of
gutless Ad as a nanoscale platform.
To extend the paradigm of limiting foreign gene

expression, high-capacity adenoviral vectors have been
further developed into empty Ad capsid shells.178,179 The
production of empty capsids has been based on a
modification of the systems utilized in the construction
of high-capacity Ad vectors, utilizing a Cre/lox recombi-
nation event. It has been demonstrated that, compared to
recombinant Ad vectors, empty Ad capsid shells induce a
significantly reduced number of genes after cellular
interaction.179 This suggests that these empty capsid
shells could serve as an improved platform for the
development of MFP systems, which would incorporate
targeting, imaging and therapeutic elements, with minimal
adverse effects after in vivo administration.

Summary

Adenovirus-based vectors are the most widely used
platform for gene delivery. They are of particular utility
for cancer gene therapy applications, where temporary
gene expression is acceptable or even beneficial. The
history of Ad-based gene therapy studies clearly illustrates
and confirms the critical linkage between an improved
delivery vector and increases in therapeutic potential.
Very often, clinical breakthroughs have been dependent
on advances in vector development. With regard to Ad-
mediated cancer treatment, high-level tumor transduction
remains a key developmental hurdle. To this end, Ad
vectors possessing infectivity enhancement and targeting
capabilities should be evaluated in the most stringent
model systems possible. Advanced Ad-based vectors with
imaging, targeting and therapeutic capabilities have yet to
be fully realized; however, the feasibilities leading to this
accomplishment are within close reach.
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Abstract

‘‘Differentiation therapy’’ provides a unique and potentially effective, less toxic treatment paradigm for cancer. Moreover, combining

‘‘differentiation therapy’’ with molecular approaches presents an unparalleled opportunity to identify and clone genes mediating cancer growth

control, differentiation, senescence, and programmed cell death (apoptosis). Subtraction hybridization applied to human melanoma cells induced

to terminally differentiate by treatment with fibroblast interferon (IFN-h) plus mezerein (MEZ) permitted cloning of melanoma differentiation

associated (mda) genes. Founded on its novel properties, one particular mda gene, mda-7, now classified as a member of the interleukin (IL)-10

gene family (IL-24) because of conserved structure, chromosomal location, and cytokine-like properties has become the focus of attention of

multiple laboratories. When administered by transfection or adenovirus-transduction into a spectrum of tumor cell types, melanoma

differentiation associated gene-7/interleukin-24 (mda-7/IL-24) induces apoptosis, whereas no toxicity is apparent in normal cells. mda-7/IL-24

displays potent ‘‘bystander antitumor’’ activity and also has the capacity to enhance radiation lethality, to induce immune-regulatory activities,

and to inhibit tumor angiogenesis. Based on these remarkable attributes and effective antitumor therapy in animal models, this cytokine has

taken the important step of entering the clinic. In a Phase I clinical trial, intratumoral injections of adenovirus-administered mda-7/IL-24

(Ad.mda-7) was safe, elicited tumor-regulatory and immune-activating processes, and provided clinically significant activity. This review

highlights our current understanding of the diverse activities and properties of this novel cytokine, with potential to become a prominent gene

therapy for cancer.
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phase primary melanoma; ROS, reactive oxygen species; TCF/LEF, T-cell-specific transcription factor/lymphoid enhancer binding factor; Th1, Th2, helper T-

lymphocytes, type 1 and type 2, respectively; TNF-a, tumor necrosis factor alpha; VEGF, vascular endothelial growth factor; VGP, vertical growth phase primary

melanoma; XBP-1, X-box binding protein 1.
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1. Introduction

Of the multitude of diseases afflicting mankind, cancer

poses a major threat delimiting longevity and the quality of

human life. Despite significant improvements in diagnosis and

innovations in the therapy of specific cancers, effectively

treating neoplastic diseases still present major challenges. The
etiological factors mediating cancer development and progres-

sion are complex, involving genetic and epigenetic changes,

and these processes are intimately associated with environ-

mental factors, including diet, exposure to toxic, and carcino-

genic chemicals and radiation (Fisher, 1984; Bishop, 1991;

Knudson, 1993; Hartwell & Kastan, 1994; Leszczyniecka et

al., 2001; Vogelstein & Kinzler, 2004). It is now accepted as
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axiomatic that the vast majority of cancers do not result from a

single genetic change but rather reflect the compilation of

multiple genomic modifications, such as alterations in the

expression of dominantly acting oncogenes, recessive tumor

suppressor genes, and unique genetic elements directly

affecting progression of the cancer phenotype (Fisher, 1984;

Bishop, 1991; Knudson, 1993; Kang et al., 1998; Vogelstein &

Kinzler, 2004; Emdad et al., 2005; Michor et al., 2005; Su et

al., 2005a). In these contexts, it is the totality of the multitude

of changes that ultimately result in a loss of proliferative

control and changes in properties of the evolving tumor cells

(Fisher, 1984; Bishop, 1991; Hartwell & Kastan, 1994; Jiang et

al., 1994a, 1994b; Vogelstein & Kinzler, 2004; Emdad et al.,

2005; Michor et al., 2005; Su et al., 2005a).

Themost commonmodalities used to treat cancer are surgery,

chemotherapy, and radiotherapy (Gregoire et al., 1999; Raman

& Small, 1999; Akduman et al., 2005; Bucci et al., 2005;

DeAngelis, 2005). Limitations of chemotherapy include devel-

opment of drug resistance, non-specific toxicity, and additional

side effects preventing optimization of this approach (Harris,

1985a, 1985b; Harris & Hochhauser, 1992; Sawicka et al., 2004;

Liscovitch & Lavie, 2005). Radiotherapy is also associated with

negative side effects, and when used at doses frequently

necessary to achieve a clinically beneficial effect, it may itself

promote cancer development (Gregoire et al., 1999; Ross, 1999;

Gregoire et al., 2002). The limitations of current cancer therapies

underscore the need to develop less toxic and potentially more

specific and effective forms of treatment (Kobayashi et al., 2005;

Lin et al., 2005; Tripathy, 2005; Vassal, 2005).

Hallmarks of the cancer cell include aberrant growth and

abnormal differentiation (Sachs, 1987, 1989; Borden et al.,

1993; Jiang et al., 1994a; Leszczyniecka et al., 2001; Zelent et

al., 2005). In many contexts, these defects are reversible and

tumor cells actually contain the appropriate genetic information

for inducing restrained growth and terminal differentiation.

However, appropriate genes are either not expressed or

subthreshold levels of proteins are present that are necessary

to maintain normal growth and differentiation. A potentially

less toxic approach for treating cancer involves reprogramming

tumor cells to undergo irreversible growth arrest and terminal

differentiation, referred to as ‘‘differentiation therapy’’ (Sachs,

1978, 1987, 1989, 1990; Fisher et al., 1985; Borden et al.,

1993; Jiang et al., 1993, 1994a; Leszczyniecka et al., 2001;

Miller & Waxman, 2002; Zelent et al., 2005). In this scheme,

neoplastic cells exhibiting aberrant patterns of differentiation

upon treatment with an appropriate agent(s) lose proliferative

capacity and terminally differentiate. The ‘‘differentiation

therapy’’ stratagem was evaluated in HO-1 human melanoma

cells, where treatment with recombinant human fibroblast

interferon (IFN-h) and the protein kinase C activator mezerein

(MEZ) resulted in irreversible cessation of growth, changes in

cell morphology, modifications in gene expression, alterations

in surface antigen expression, and terminal cell differentiation

(Fisher et al., 1985; Guarini et al., 1989, 1992; Jiang & Fisher,

1993; Jiang et al., 1993, 1994a).

To characterize genes involved in terminal differentiation

of HO-1 human melanoma cells, temporally spaced poly(A)
RNAs from untreated and IFN-h+MEZ-treated HO-1 cells

(Jiang & Fisher, 1993; Jiang et al., 1993) were collected and

cDNA libraries were created (Fig. 1). These 2 cDNA libraries

were subtracted resulting in construction of a temporally

spaced substracted cDNA library, enriched for genes modified

during HO-1 cell terminal differentiation (Jiang & Fisher,

1993). Improved versions of this scheme, such as reciprocal

subtraction differential RNA display (RSDD) (Kang et al.,

1998; Sarkar et al., in press) and rapid subtraction hybridiza-

tion (RaSH) (Jiang et al., 2000; Kang et al., 2001, Boukerche

et al., 2004, in press; Kang et al., in press), as well as cDNA

microarrays (Huang et al., 1999a, 1999b), have revealed a

broad spectrum of melanoma differentiation associated (mda)

genes and differentiation induction subtraction hybridization

(DISH) genes, which are either up-regulated or temporally

down-regulated upon treatment of HO-1 cells with either IFN-

h, MEZ, or IFN-h+MEZ. Originally, novel up-regulated

genes identified by these techniques included p21
CIP1/WAF-1/

mda-6 (Jiang & Fisher, 1993; Jiang et al., 1994b, 1995a), mda-

2/the male germ cell-specific transcription repressor Tctex-1

(Jiang & Fisher, 1993), mda-5 (Jiang et al., 1994a; Kang et

al., 2002, 2004), melanoma differentiation associated gene-7/

interleukin-24 (mda-7/IL-24; Jiang & Fisher, 1993; Jiang et

al., 1995c; Fisher et al., 2003; Sauane et al., 2003a, 2003b;

Fisher, 2005; Lebedeva et al., 2005a), and mda-9/syntenin

(Lin et al., 1996, 1998; Fernandez-Larrea et al., 1999; Koroll

et al., 2001; Sarkar et al., 2004; Boukerche et al., 2005).

Continuing studies indicate the functional importance and

relevance of these genes to many significant physiological

processes. mda-6, which is p21, is a universal cyclin-

dependent kinase inhibitor that is intimately associated with

cell cycle regulation and growth control (Jiang et al., 1994b,

1995a, 1995b, 1995c). mda-5 is a putative RNA-helicase with

double-stranded RNA-dependent ATPase activity and a

caspase recruiting domain involved in interferon response

and viral infection (Kang et al., 2002; Andrejeva et al., 2004;

Kang et al., 2004). mda-7/IL-24 is a novel cytokine that has a

broad range of antitumor properties (Sarkar et al., 2002a;

Fisher et al., 2003; Sauane et al., 2003b; Chada et al., 2004b;

Gopalkrishnan et al., 2004; Cunningham et al., 2005; Fisher,

2005; Lebedeva et al., 2005a; Tong et al., 2005). mda-9/

syntenin associates with syndecans involved in cell adhesion

and early endosome formation and has recently been found to

contribute to metastasis (Lin et al., 1996, 1998; Fernandez-

Larrea et al., 1999; Koroll et al., 2001, 2002; Helmke et al.,

2004; Sarkar et al., 2004; Boukerche et al., in press). Apart

from these genes, several other growth-regulatory genes that

are down-regulated during differentiation, such as c-myc,

cyclin A, cyclin B, human ribosomal protein L23a, cdc2, and

histone H1 and H4, have been identified that also contribute

to the spectrum of molecular changes occurring during

terminal differentiation in human melanoma cells (Jiang et

al., 1995b, 1997). The present review focuses on mda-7/IL-

24, its discovery and functional role in tumor suppression, as

a cytokine, and the proposed signaling pathways responsible

for inducing apoptosis in a cancer-specific manner, including

a discussion of potential cell surface and intracellular targets
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of activity. Additionally, an overview of its properties as an

immune modulating agent, radiation-enhancing molecule, and

anti-angiogenic agent is also provided. This review concludes

with a discussion of the present status of clinical trials with
mda-7/IL-24 administered intratumorally by means of a

replication incompetent adenovirus (Ad.mda-7; INGN 241)

(Fisher et al., 2003; Gopalkrishnan et al., 2004; Cunningham

et al., 2005; Fisher, 2005; Lebedeva et al., 2005a; Tong et al.,

2005).

2. Identification and structural analysis of

melanoma differentiation associated gene-7/interleukin-24

mda-7/IL-24 was first identified by subtraction hybridiza-

tion from HO-1 human melanoma cells induced to irreversibly

growth arrest and terminally differentiate by combined

treatment with IFN-h+MEZ (Fig. 1) (Jiang et al., 1993,

1995c). RNA and immunohistochemical analyses confirmed

expression of mda-7/IL-24 mRNA and protein in melanocytes

with a progressive decline in expression during the process of

melanoma progression from radial to vertical growth phase

(VGP) primary melanoma to metastatic disease (Jiang et al.,

1995c; Ekmekcioglu et al., 2001; Ellerhorst et al., 2002). These

observations support a putative role of mda-7/IL-24 as a tumor

suppressor gene, where loss of expression is a critical step in

the process of melanoma progression from a non-invasive

primary tumor to an invasive malignancy with metastatic

potential (Ellerhorst et al., 2002). mda-7/IL-24 is localized on

human chromosome 1q32–33, a genomic area spanning 195-

kb and containing a family of genes associated with the

interleukin (IL)-10 family of cytokines, including IL-10, IL-19,

IL-20, and IL-24 (mda-7) (Huang et al., 2001; Pestka et al.,

2004). The mRNA encoding mda-7/IL-24 is ¨2-kb encoding a

polypeptide of ¨23.8-kDa (Jiang et al., 1995c). The open

reading frame is flanked by 5V- and 3V-untranslated sequences of

274 and 823 bp, respectively. The 3V-UTR contains 3 consensus

AU-rich elements and 3 polyadenylation signals (AAUAAA)

playing a crucial role in the post-transcriptional stability of

mRNA (Madireddi et al., 2000b; Huang et al., 2001). The mda-

7/IL-24 gene is composed of 7 exons and 6 introns (Huang et

al., 2001). Sequence analysis also reveals the presence of a 49-

amino acid signal peptide that allows the molecule to be

cleaved and secreted. Sequence analysis of mda-7/IL-24

reveals 3 putative glycosylation sites at amino acids 95, 109,

and 126 resulting in different forms and molecular sizes of

secreted mda-7/IL-24 (Fig. 2).

mda-7/IL-24 belongs to the 4-helix bundle family of

cytokine molecules most closely related to the IL-10 subfamily
Fig. 1. Schematic of the differentiation induction subtraction hybridization

(DISH) approach. This procedure has been used to identify and clone genes

displaying differential expression as a function of induction of irreversible

growth arrest, terminal differentiation, and loss of tumorigenic potential in HO-

1 human melanoma cells. Temporally spaced libraries are constructed from

actively growing HO-1 cells and from HO-1 cells treated with combination of

IFN-h plus MEZ. The actively growing HO-1 cDNA library is then subtracted

from the IFN-h plus MEZ-treated HO-1 library resulting in a subtracted cDNA

library enriched for differentially expressed genes that associate with a

multitude of processes, some of which are indicated in this figure. Further

details of the subtraction approach and its application with reverse Northern

blotting of cDNAs and high throughput cDNA microarrays can be found in

Jiang and Fisher (1993) and Huang et al. (1999a, 1999b) (reproduced, by

permission of the publisher, from Fisher et al., 2003).



Fig. 2. Schematic representation of the MDA-7/IL-24 polypeptide showing various predicted and established protein motifs (reproduced in modified form, by

permission of the publisher, from Sauane et al., 2003b).
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(Kotenko, 2002; Pestka et al., 2004). Tertiary structure

predictions, based on computer simulations, generate a

compact globular structure consisting of 4 helical regions

interspersed by loops of unpredicted structure (Kotenko, 2002;

Pestka et al., 2004). The predicted organization of mda-7/IL-24

reveals greatest homology to the IL-10 subfamily, which

includes IL-19, IL-20, IL-22, and IL-26/AK-155 (Chaiken &

Williams, 1996; Gallagher et al., 2000; Xie et al., 2000; Huang

et al., 2001; Kotenko, 2002; Pestka et al., 2004). Comparison

of the amino acid sequence of IL-10 and mda-7/IL-24 indicates

only 23% homology; however, the presence of an IL-10

signature sequence in mda-7/IL-24 supports its being a

member of the IL-10 subfamily (Fig. 2) (Kotenko, 2002;

Pestka et al., 2003, 2004). Expression analysis of mda-7/IL-24

demonstrates restricted expression to tissues associated with

the immune system, such as thymus, spleen, and peripheral

blood leukocytes (PBMC) (Fig. 3), further suggesting cyto-

kine-like properties of this molecule (Huang et al., 2001).

Based on its chromosomal location, structure, and expression

profile, mda-7 has been renamed IL-24 (mda-7/IL-24) by the

Human Gene Organization (HUGO) (Caudell et al., 2002;
Fig. 3. Expression of mda-7/IL-24 message in the human immune system.

Human multiple tissue Northern blot consisting of poly(A)+ mRNA from

different tissues shows tissue-specific expression of mda-7/IL-24. The mRNAs

immobilized on the blot are from spleen (1), thymus (2), prostate (3), testis (4),

ovary (5), small intestine (6), colon (7), and peripheral blood leukocytes (8)

(reproduced, by permission of the publisher, from Huang et al., 2001).
Sarkar et al., 2002a, 2000b; Sauane et al., 2003b; Lebedeva et

al., 2005a).

Southern blot analysis of DNA from different species using a

cDNA probe identified homologous sequences in genomic

DNA of yeast, monkey, cow, dog, and cat, suggesting that mda-

7/IL-24 is an evolutionary conserved gene (Jiang et al., 1995c).

Further studies by several groups have established the presence

of mda-7/IL-24 orthologues in other species, c49a/mob-5 in rat

fibroblasts (Soo et al., 1999; Zhang et al., 2000; Wang et al.,

2002; Wang & Liang, 2005) and FISP in Th2 cells in mouse

(Schaefer et al., 2001) (Fig. 4). Of interest, the functions of the

mda-7/IL-24 rat orthologue appear to be different than that of

the human and potentially mouse version of this gene.

Using the differential display polymerase chain reaction

(DD-PCR), new sets of genes up- or down-regulated during

wound repair in rat fibroblasts were identified (Soo et al.,

1999). A 260-nucleotide fragment of a gene designated c49a

showed significant up-regulation 12 hr post-wounding in a rat

cutaneous wound model. This fragment led to the cloning of

the rat c49a cDNA, which is 1107-nucleotides in length and

shares 82% homology with mda-7/IL-24 (Soo et al., 1999)

(Fig. 4). Like mda-7/IL-24, the 3V-untranslated region of rat

c49a also contains copies of the AUUUA sequence motif

involved in mRNA destabilization. Alignment of the amino

acid sequences of C49A and MDA-7/IL-24 protein reveals

¨58.7% homology, suggesting that rat c49a and mda-7/IL-24

may be related molecules, rather than true homologues (Soo et

al., 1999; Sauane et al., 2003b) (Fig. 4). Because c49a

expression is seen in wounded rat dermal cells, it is believed

to play a role in proliferation. An additional mda-7/IL-24-like

molecule named mob-5 was isolated by DD-PCR between rat

embryo fibroblast cells Rat1 and Rat1:iras cells containing an

inducible oncogenic Ha-ras gene (Zhang et al., 2000). MOB-5

protein is identical to the C49A protein, except for 2 amino

acid mismatches. MOB-5 is a secreted protein and its



Fig. 4. MDA-7/IL-24-related molecules: alignment of mouse (FISP), rat (C49A/MOB-5), and human protein sequences showing identical (*) conserved (:) and

similar (.) amino acid residues (reproduced, by permission of the publisher, from Sauane et al., 2003b).
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expression is induced by oncogenic H-ras and K-ras and a role

for this gene has been proposed in proliferation (Zhang et al.,

2000; Wang et al., 2002; Wang & Liang, 2005). Thus, both

C49A and MOB-5 resemble MDA-7/IL-24 protein but they

may play a role in stimulating rather than inhibiting growth

(Soo et al., 1999; Wang et al., 2002; Shinohara & Rothstein,

2004; Wang & Liang, 2005). These observations suggest that

the function of mda-7/IL-24 in humans is distinct from that of

its rat orthologue.

A mouse MDA-7/IL-24-like protein called FISP has also

been identified using representational difference analysis

between type 2 and type 1 helper T-lymphocyte (Th2 and

Th1, respectively) cells as an IL-4-induced secreted protein in

Th2 helper lymphocytes (Th2) (Schaefer et al., 2001). FISP is

selectively expressed in lymphocytes under Th2 differentiation

conditions and its expression is induced in CD4+ enriched Th2

cells, whereas no expression is observed in Th1 cells. FISP

expression is regulated by the T-cell receptor and IL-4 and

involves protein kinase C and STAT6 signaling pathways

(Schaefer et al., 2001). FISP is a secreted protein of 220 amino

acids with a predicted molecular mass of 25-kDa (Schaefer et

al., 2001). It shares 93% homology with rat C49A/MOB-5 and

69% identity with MDA-7/IL-24 at the protein level (Fig. 4).

Although MDA-7/IL-24 and FISP share several common

properties, expression in the immune system, induced expres-

sion in response to differentiation and treatment with cytokine

and protein kinase activators, the precise role of FISP in these

processes remains to be established (Schaefer et al., 2001).

Further work is clearly needed to address this question and to

determine the precise function of FISP in Th1 and Th2

differentiation.

Direct support for similar functional attributes between

human mda-7/IL-24 and mouse mda-7/IL-24 (mIL-24; FISP)

in the context of antitumor activity has recently been provided

in mice using mouse ML-1 hepatoma cells (Chen et al., 2005).

Intramuscular electroporation of mIL-24 was shown to

suppress mouse ML-1 hepatoma cell growth in vivo in female

BALB/cJ mice. This effect was observed when ML-1 cells
were administered by subcutaneous dorsal injection or when

ML-1 cells were directly injected into the spleen, which

resulted in tumor metastasis in the liver. These studies confirm

the tumor growth-suppressive properties of mouse mda-7/IL-

24 (mIL-24; FISP) in syngeneic mice and highlight potentially

similar antitumor properties of both human MDA-7/IL-24 and

murine mIL-24. These findings are intriguing and provide

additional evidence that human MDA-7/IL-24 is more closely

related functionally to murine mIL-24 than to the rat

orthologue of this gene, c49a/mob-5, which appears to have

growth stimulatory properties (Soo et al., 1999; Wang et al.,

2002). Further experimentation is required to explain how the

rat version of mda-7/IL-24 acquired its divergent function from

that of the human and murine genes.

3. Expression analysis of melanoma differentiation

associated gene-7/interleukin-24 and its regulation

Analysis of mda-7/IL-24 expression in normal and cancer

cells indicated a lack of constitutive expression in most cellular

contexts (Huang et al., 2001; Caudell et al., 2002; Garn et al.,

2002; Wolk et al., 2002). However, expression was evident,

using poly(A)+ RNA and Northern blotting in spleen, thymus,

and peripheral blood leukocytes (PBMC), that is, cells of the

immune system (Fig. 3) (Huang et al., 2001; Caudell et al.,

2002; Wolk et al., 2002). Further experimentation with PBMC

following treatment with various activators of the immune

response revealed that lipopolysaccharide (LPS) or concanav-

alin A enhances transcription, translation, and secretion of

mda-7/IL-24 in vitro (Wang et al., 2002). LPS treatment also

induced expression of mda-7/IL-24 in monocytes from a

healthy patient. Concanavalin A activation of T-cells promoted

mda-7/IL-24 expression, suggesting a role of mda-7/IL-24 as a

putative cytokine. Further studies are necessary to clarify a

presumed role of mda-7/IL-24 as an immune-modulating

cytokine (Garn et al., 2002).

Apart from tissues of the immune system, expression of

mda-7/IL-24 mRNA can be transiently induced in certain cell
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types under appropriate conditions that are not of melanocytic

or hematopoietic origin (Huang et al., 2001). A 24-hr treatment

of DU-145 (prostate carcinoma), HBL-100 (normal breast

epithelium), MDA-MB-157 and MDA-MB-231 (breast carci-

noma), HeLa (cervical carcinoma), NC (normal cerebellum

astrocytes), GBM18 (glioblastoma multiforme), Saos-2 (osteo-

sarcoma), and HONE-1 (nasopharyngeal carcinoma) cells with

IFN-h+MEZ transiently induced mda-7/IL-24 mRNA expres-

sion (Huang et al., 2001). In contrast, constitutive expression or

induction was not apparent in other normal/tumor-derived cell

lines including HuPEC (normal prostate epithelial), PC-3 and

LNCaP (prostate carcinoma), MCF-7, T47D, MDA-MB-453

(breast carcinoma), T98G (glioblastoma multiforme), and

SW613 (colon carcinoma) (Huang et al., 2001). These results

confirm that mda-7/IL-24 is not constitutively expressed in

most normal or cancer cell types; however, by appropriate

treatment (e.g., IFN-h+MEZ) this gene can be induced on an

mRNA level confirming functional integrity of themda-7/IL-24

locus in both normal and cancer cells of non-melanocytic and

hematopoietic origins (Huang et al., 2001).

Gene expression programs are dramatically altered during

growth suppression and terminal differentiation, including the

modified expression of genes regulating cell cycle progression,

transcriptional control, cytoskeletal architecture, and novel

genetic elements with undefined functions (Huang et al.,

1999a, 1999b; Leszczyniecka et al., 2001). Expression analysis

of mda-7/IL-24 requires complete understanding of the

regulatory mechanisms controlling transcription, translation,

and other modifications in mRNA, including stability. The

promoter region of mda-7/IL-24 was cloned and it was found

that expression was regulated post-transcriptionally during

melanoma differentiation (Madireddi et al., 2000b). In HO-1

and MeWo human melanoma cells, uninduced basal full-length

promoter activity did not change upon treatment with IFN-

h+MEZ (Madireddi et al., 2000b). This suggested that

modulation of mda-7/IL-24 gene expression during differenti-

ation in human melanoma cells might not be controlled on a

transcriptional level. Terminal differentiation in human mela-

noma cells resulting from treatment with IFN-h+MEZ resulted

in an elevation in the levels of mda-7/IL-24 mRNA and

protein, but no or limited mRNA was detected in cells treated

with IFN-h or MEZ alone. This led to the hypothesis that IFN-

h +MEZ might function to stabilize mda-7/IL-24 mRNA and

this stabilization may occur by post-transcriptional modifica-

tions (Madireddi et al., 2000b).

The cDNA of mda-7/IL-24 contains 3 AU-rich sequences in

its 3V-UTR (Madireddi et al., 2000b; Huang et al., 2001). Many

transiently expressed genes, including lymphokines and other

cytokine genes and proto-oncogene, such as c-myc and c-fos,

contain AU-rich sequences in their 3V-UTR. Another class 2

cytokine, IL-10, was found to be regulated in melanocytes and

melanoma cells by AU-rich sequences in their 3V-UTR (Brewer

et al., 2003). The presence of AU-rich sequences in eukaryotic

mRNA correlates with rapid mRNA turnover and post-

translational control (Aharon & Schneider, 1993; Rajagopalan

& Malter, 1997; McCormick & Ganem, 2005). To investigate

the importance of the 3V-UTR of mda-7/IL-24 in regulating
mRNA stability, a luciferase gene construct was generated

containing the 3V-UTR of mda-7/IL-24 (Madireddi et al.,

2000b). Expression of this construct was enhanced when

transfected into terminally differentiated HO-1 cells (IFN-h
+MEZ treated). This finding supports the conclusion that the

steady-state level of mda-7/IL-24 mRNA is determined by

post-translational degradation of this message, which decays in

HO-1 cells that are uninduced or treated singly with IFN-h or

MEZ, whereas in IFN-h+MEZ-treated HO-1 cells, mda-7/IL-

24 mRNA does not undergo degradation at a comparable rate

(Madireddi et al., 2000b).

Transcription regulation of mda-7/IL-24 occurs by binding

2 primary transcription factors at various sites in its promoter

(Madireddi et al., 2000a). These transcription factors, identified

by gel shift and super shift analyses, are AP-1 and C/EBP

(Madireddi et al., 2000a). Increased binding of AP-1 and C/

EBP was observed following IFN-h+MEZ treatment, whereas

a dominant-negative form of c-jun (TAM67) (a member of the

AP-1 family) abrogated mda-7/IL-24 basal activity. Over-

expression of c-jun or C/EBP increased the activity of the mda-

7/IL-24 promoter, suggesting that both of these factors play a

central role in mda-7/IL-24 gene expression via transcriptional

activation (Madireddi et al., 2000a).

4. Melanoma differentiation

associated gene-7/interleukin-24, a novel

cytokine belonging to the interleukin-10 gene family

Due to the existence of a large number of cytokines and

their utilization of overlapping signal transduction pathways,

addressing issues of functional specificity at a physiological

level as well as key differences in signaling mechanisms

presents a complex and difficult problem. The recent recogni-

tion of the expanded IL-10 subfamily of cytokines and the

finding that individual members have the capacity to bind

common receptor subunits has made the process even more

daunting to decipher within this particular subset of genes

(Burdin et al., 1993; Josephson et al., 2000, 2001; Dumoutier

& Renauld, 2002; Langer et al., 2004; Pestka et al., 2004). As

noted in previous sections, based on sequence homologies,

structural analysis, and chromosomal location, the gene

originally named mda-7 (Jiang et al., 1995c) has been

redesignated IL-24 and recognized as a member of the

increasing IL-10 subfamily (Caudell et al., 2002; Kotenko,

2002; Pestka et al., 2003, 2004; Sauane et al., 2003b). Further

experimental evidence for this reclassification was provided by

demonstrating secretion from PBMC and melanocytes (Caudell

et al., 2002; Lebedeva et al., 2002), binding to cognate

receptors (IL-20R1/IL-20R2 or IL-22R1/IL-20R2 heterodi-

mers) (Dumoutier et al., 2001; Wang et al., 2002) and

activation of the JAK/STAT (STAT 1 and 3) signaling pathway

(Kotenko et al., 1997; Dumoutier et al., 2001; Wang et al.,

2002). An examination of the various tissues and cell types

expressing this cytokine has demonstrated restricted expres-

sion. Huang et al. (2001) reported expression in melanocyte,

PBMC, and spleen-derived mRNAs from normal human

tissues (Fig. 3). This study supported the initial report by



P. Gupta et al. / Pharmacology & Therapeutics 111 (2006) 596–628 603
Jiang et al. (1995c) relating to the isolation of the gene from a

growth arrested and in vitro differentiated human melanoma

cell line as well as its loss of expression in human melanoma

progression models (Jiang et al., 1995c; Ellerhorst et al., 2002).

The cytokine-related functions of mda-7/IL-24 through its

secretion by melanocytes and loss of expression in a melanoma

context are not fully understood. While no formal experimental

demonstration has been made, it is possible that mda-7/IL-24

acts as a paracrine factor and contributes to short-range

signaling and performs immune-related functions in skin. The

related cytokines, IL-19 and IL-20, are expressed in skin and

particularly in keratinocytes, either in normal or disease states,

such as psoriatic lesions, and likely play a role in skin

inflammation by inducing keratinocyte proliferation (Blumberg

et al., 2001). The other members of this subfamily are not

expressed in this tissue type. Presently, the responses mediated

by mda-7/IL-24 appear to be primarily pro-inflammatory, when

secreted by primary blood mononuclear cells (PBMC), as will

be described later in this review. The melanocyte-derived

protein is likely to function similarly (pro-inflammatory

activity), barring the possibility that localized target cells in

the skin microenvironment behave and respond differently to

this cytokine. The putative role of mda-7/IL-24 as a tumor

suppressor-like molecule, particularly in a human melanoma

context, rests upon loss of expression associated with disease

progression (Jiang et al., 1995c; Ellerhorst et al., 2002). The

finding that iNOS and mda-7/IL-24 expressions are inversely

correlated and that increased expression of iNOS is involved in

melanoma progression provides a mechanistic link to tumor-

suppressive properties, although at the present time the basis of

this activity requires further investigation (Ekmekcioglu et al.,

2003). In general, the intriguing suppressive property of mda-

7/IL-24 expression in melanoma has not been definitively

connected experimentally with its role as a secreted cytokine.

Whether the recently discovered intracellularly localized

activity of the molecule (Sauane et al., 2004a, 2004b; Sieger

et al., 2004) plays some (or even a major) role in preventing

melanocytes from undergoing malignant transformation com-

pared to activity of the secreted cytokine form also remains to

be determined.

As discussed previously, expression analysis of mda-7/IL-

24 by Northern blotting using primary human tissues indicated

restricted tissue-specific expression of mda-7/IL-24 in thymus,

spleen, and PBMC (Fig. 3) (Huang et al., 2001; Caudell et al.,

2002). A role for mda-7/IL-24 as a cytokine and its

involvement in the immune system has been highlighted by

independent studies from 3 different groups. By real-time PCR,

Wolk et al. (2002) analyzed the expression of mda-7/IL-24 at

an RNA level. Basal expression was confirmed in unstimulated

monocytes, but not in other cell types such as T, NK, and B

cells. Activation of monocytes by LPS treatment for 6 and 18

hr produced an ¨10-fold and ¨100-fold stimulation of

expression of mda-7/IL-24 over unstimulated monocytes,

which were also grown for the same time points, respectively.

Induction of mda-7/IL-24 RNA in T-cell populations upon

treatment with LPS was ¨10-fold, although no increase

occurred at 6 and 18 hr, but only at 66 hr. In contrast, no
expression was apparent in NK or B cells either before or after

stimulation (Wolk et al., 2002). Further analysis of expression

in different subsets of T-helper cells (Type 1 or 2) revealed dual

functionality, that is, activation in both lineages. In the initial

phases of induction toward Th1, IL-22 is induced followed

later by IL-26 at 42–66 hr post-stimulation. mda-7/IL-24 is

initially down-regulated in a Th1 milieu (at 6 hr) and up-

regulated in Th2 cells (Wolk et al., 2002); however, at later

times (66 hr) up-regulation of mda-7/IL-24 is observed in a

Th1 milieu. Expression of FISP, the mouse homologue of mda-

7/IL-24, displayed highly specific Th2 expression, suggesting

that the mouse and human genes might have distinct expression

patterns (Schaefer et al., 2001).

Garn et al. (2002) confirmed expression of mda-7/IL-24 in

response to stimulation by various members of the IL-10

family of cytokines in mouse and human macrophages. mda-7/

IL-24 RNA and protein were present upon treatment of rat

alveolar macrophages with LPS or IL-4, but not tumor necrosis

factor alpha (TNF-a). Treating these cells with PMA, an

activator of protein kinase C, promoted weak expression of

mda-7/IL-24 over basal levels. The NR8383 mouse macro-

phage cell line produces steady-state levels of mda-7/IL-24,

and following treatment with IL-4, gene transcription and

mRNA levels were increased (Garn et al., 2002) but protein

levels remained constant. These researchers further demon-

strated that intracellular pools of MDA-7/IL-24 protein exist

and the level of this pool did not change significantly post-

induction. In human macrophages, the levels of mda-7/IL-24

mRNA increased significantly, peaking at 8 hr followed by a

decline (Garn et al., 2002). The authors also found that addition

of IL-10 inhibited mda-7/IL-24 gene transcription. Induction of

mda-7/IL-24 mRNA correlated with expression of IL-1, IL-6,

and TNF-a in cultured human monocytes infected with

influenza virus indicating a proinflammatory role for this

molecule (Garn et al., 2002).

Caudell et al. (2002) have investigated the effect of purified

MDA-7/IL-24 protein on PBMC. Treatment of monocytes with

pure MDA-7/IL-24 protein led to secretion of IL-6, TNF-a,

and IFN-g at robust levels while trace amounts of GM-CSF, IL-

2, IL-4, and lL-10 were also observed. Production of IFN-g and

TNF-a was completely blocked by simultaneous treatment

with IL-10, but IL-6 expression was reduced by approximately

one third (Caudell et al., 2002). These observations highlight

the different roles of mda-7/IL-24 and IL-10 on immune

function, although both molecules belong to the same family of

cytokines (Moore et al., 2001; Pestka et al., 2004). While IL-10

has anti-inflammatory and immune response suppressive roles,

mda-7/IL-24 plays an immunomodulatory and pro-inflamma-

tory role. It is hypothesized that cytokines induced by mda-7/

IL-24 might activate antigen-presenting cells to present tumor

antigens, thus triggering an antitumor immune response

(Caudell et al., 2002). This possibility is supported by a recent

Phase I clinical trial in patients with metastatic melanoma, in

which injection of a tumor lesion resulted in a pronounced

inflammatory response in the injected tumor and in distant

metastases (Cunningham et al., 2005; Lebedeva et al., 2005a;

Tong et al., 2005). However, despite these observations, the



P. Gupta et al. / Pharmacology & Therapeutics 111 (2006) 596–628604
immunomodulatory role of mda-7/IL-24 is not well established

and further studies are required to clarify the role of mda-7/IL-

24 in regulating immune responses.

5. Receptors for melanoma

differentiation associated gene-7/interleukin-24

Ligand receptor crosstalk plays a crucial role in transmitting

signals from ligands and other environmental cues to the cell

nucleus. Cytokines are known to transmit signals from the site

of release to the effector cells through specific receptors present

at the cell surface. mda-7/IL-24 being a member of the IL-10

subfamily raises the obvious possibility of it having similar

kinds of receptors as other members of the IL-10 subfamily of

cytokines (Fickenscher et al., 2002; Pestka et al., 2004).

Receptors of IL-10 belong to the class 2 cytokine receptor

family, which comprises the various IFN receptor chains (Liu

et al., 1994; Pestka et al., 2004). The IL-10 receptor was

initially identified as a single R1 type of receptor with a long

cytoplasmic domain, IL-10R1, which is the major signaling

component (Liu et al., 1994; Pestka et al., 2004). Later it was

found that the functional IL-10 receptor required a second

chain of an R2 type of receptor, with a short membrane

spanning cytoplasmic domain, IL-10R2 (Kotenko et al., 1997;

Kotenko, 2002; Pestka et al., 2004). Subsequently, 3 R1 and 2

R2 types of receptor subunits of the IL-10 family were

identified. The 3 R1 subunits are IL-10R1, IL-20R1, and IL-

22R1 and the 2 R2 subunits are IL-10R2 and IL-20R2

(Josephson et al., 2000, 2001; Pestka et al., 2004). IL-20

receptors contain the long subunit IL-20R1 and IL-20R2,

which join together on the surface of keratinocytes to form the

functional IL-20 receptor (Josephson et al., 2000, 2001; Pestka

et al., 2004). Recently, it was shown that IL-20 binds to 2 kinds

of receptors, where the long chain can also be replaced by IL-

22R1 (Blumberg et al., 2001; Pestka et al., 2004). In the case of

the receptor for IL-22, the long chain IL-22R1 is complemen-

ted by IL-10R2 to form the functional receptor and thus play a

role as a common chain in different cytokine receptors, in a

manner similar to the common g chain in the receptors for IL-

2, IL-4 and others (Kotenko et al., 1997; Dumoutier &

Renauld, 2002; Kotenko, 2002; Pestka et al., 2004). Receptors

for IL-19 and mda-7/IL-24 resemble the receptors for IL-20 as

the functional receptor for IL-19 contains IL-20R1 and IL-

20R2, whereas the receptors for mda-7/IL-24 like the receptors

of IL-20 signal through heterodimeric receptors IL-20R1/IL-

20R2 and IL-22R1/IL-20R2 (Dumoutier et al., 2001; Wang et

al., 2002; Pestka et al., 2004). Although many cytokines share

receptors, receptor activation is ligand specific, and when

activated by their ligands the receptors activate the JAK/STAT

signaling pathway (Dumoutier et al., 2001; Pestka et al., 2004).

Although alternative signaling pathways have not been

investigated, Stat3 seems to be a major transcription factor

mediating stimulatory effects. The tissue-specific structure and

organization of the specific combination of receptor subunits

are likely to play a crucial role in determining the function of

different members of the IL-10 family (Kotenko, 2002; Langer

et al., 2004; Pestka et al., 2004).
6. Melanoma differentiation

associated gene-7/interleukin-24 and melanoma

Melanoma represents an aggressive cancer that most

frequently metastasizes to regional lymph nodes and to distant

sites as the disease progresses (Herlyn et al., 2000; Bevona &

Sober, 2002; Bogenrieder & Herlyn, 2002). This propensity for

metastasis combined with resistance of melanoma metastases

to therapy represents limitations to current therapeutic regi-

mens (Eigentler et al., 2003; Lens & Elsen, 2003; Chung et al.,

2004). In the United States, the incidence of melanoma is

increasing at a faster rate than any other cancer and it is

believed that as many as 1 in 75 currently born children may

eventually develop superficial spreading type melanoma

(McGary et al., 2002; Bevona et al., 2003; Carlson et al.,

2003; Eigentler et al., 2003). Presently, surgery is an option for

treating metastases, as chemotherapy and radiotherapy do not

achieve cures in the majority of patients and less than 5% of

melanoma patients with systemic metastases survive 5 years or

more (Baron et al., 2003; Lens & Elsen, 2003; Meric et al.,

2003; Nguyen, 2004). However, a high level of IFN-a has

shown significant increase in lifetime but is not curative

(Kirkwood et al., 2004). Many other forms of therapy have

been evaluated with unimpressive results and there is a need to

define new molecules and methods for treating metastatic

melanoma (Lens & Elsen, 2003; Nguyen, 2004). Gene therapy

involving tumor suppressor gene replacement or supplementa-

tion represents a new approach for combating this disease

(Volk et al., 2003; Liu et al., 2004; Wolkersdorfer et al., 2004).

In these contexts, it is important to understand the potential

regulatory molecules that are involved in melanoma develop-

ment, progression, and invasion (Bogenrieder & Herlyn, 2002;

Boukerche et al., 2004). Our research groups and others have

established that mda-7/IL-24 mRNA and protein are expressed

in melanocytes and they are the only skin cells expressing

MDA-7/IL-24 protein constitutively (Jiang et al., 1995c;

Ekmekcioglu et al., 2001; Huang et al., 2001; Ellerhorst et

al., 2002).

Development of malignant melanoma in humans, with the

exception of nodular-type melanoma, consists of a series of

sequential alterations in the evolving tumor cells (Jiang et al.,

1994a; Herlyn et al., 2000; Leszczyniecka et al., 2001; Baruch

et al., 2005). These include conversion of a normal melanocyte

to a nevus, followed by development of a dysplastic nevus, a

radial growth phase (RGP) primary melanoma, a vertical

growth phase (VGP) primary melanoma, and ultimately a

metastatic melanoma. To evaluate the relationship between

mda-7/IL-24 expression and melanoma progression, mda-7/IL-

24 and GAPDH levels were determined by RT-PCR in actively

growing melanocytes, RGP and VGP primary melanomas and

metastatic melanoma cell lines, and in tissue samples (Jiang et

al., 1995c). Normal melanocytes/nevi expressed more mda-7/

IL-24 than the majority of RGP primary melanomas (Fig. 5).

Lower expression of mda-7/IL-24 was evident in VGP primary

and metastatic melanomas, with lowest levels expressed on

average in metastatic melanomas (Fig. 5). The expression of

mda-7/IL-24 during melanoma progression was analyzed using



Fig. 5. Reduction in mda-7/IL-24 mRNA expression as a consequence of

human melanoma progression. Quantitative RT-PCR-based analysis of mda-7/

IL-24 mRNA expression versus GAPDH expression in independent normal

melanocytes, primary melanoma, radial or early vertical growth phase (RGP

and VGP, respectively), and metastatic melanoma cell cultures and patient-

derived samples. Results are expressed as the ratio of mda-7/IL-24 mRNA to

GAPDH mRNA. These data indicate progressive reduction or complete loss of

mda-7/IL-24 expression in association with melanoma progression.
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a melanoma MatrigelTM assisted tumorigenic growth model

(Jiang et al., 1995c). This approach involved the coinjection of

non-tumorigenic or weakly tumorigenic RGP or early VGP

primary human melanomas with MatrigelTM into nude mice

(Kobayashi et al., 1994). This process results in tumor

progression that correlates with acquisition of tumorigenic

potential in nude mice by previously non-tumorigenic RGP and

VGP primary human melanoma cells (Kobayashi et al., 1994).

No change was noticed in mda-7/IL-24 expression in a

Matrigeli-progressed RGP primary melanoma cell line,

whereas the amount of mda-7/IL-24 mRNA expressed in

VGP primary human melanoma cell lines (WM793 and

WM1341B) was less after Matrigel selection (Jiang et al.,

1995c). These data correspond with the observation that

ectopic transfer of mda-7/IL-24 by plasmid or by means of a

replication-incompetent adenovirus leads to growth arrest and

apoptosis in melanoma and other tumors suggesting that mda-

7/IL-24 may function as a tumor suppressor gene and a decline

in the levels of mda-7/IL-24 could play a crucial role in the

progression of primary melanoma to invasive melanoma (Jiang

et al., 1995c; Ekmekcioglu et al., 2001; Lebedeva et al., 2002).

Confirmation of this possibility has come from studies by

Ellerhorst et al. (2002), who studied the levels of MDA-7/IL-

24 protein by immunohistochemistry during melanoma devel-

opment and progression. Immunohistochemical analysis of

MDA-7/IL-24 expression using tissue sections of melanomas

indicated abundant expression of MDA-7/IL-24 protein in

human nevi and in primary melanoma tumors. Additional data

from this study indicated a decline in the levels of MDA-7/IL-
24 protein as the melanoma progressed and invaded surround-

ing tissue (Ellerhorst et al., 2002). These results confirm that

down-regulation of MDA-7/IL-24 protein occurs during

progression of melanoma from primary non-invasive to

advanced invasive stages of melanoma progression.

Based on the observation that expression of mda-7/IL-24

decreases as a function of melanoma development and

progression (Fig. 5), it was hypothesized that this gene

might exhibit growth-suppressive properties when reactivated

(Jiang et al., 1995c). To test this possibility, the effect of

mda-7/IL-24 gene replacement on tumor and normal cell

growth was evaluated (Jiang et al., 1996). Transient

transfection of mda-7/IL-24 into human melanoma cell

lines, such as HO-1 and C8161, as well as in transformed

rat cells and a spectrum of additional human cancer cells,

including carcinomas from the breast, cervix, colon, and

prostate, resulted in a reduction in colony formation (Jiang

et al., 1996). In contrast, mda-7/IL-24 did not significantly

alter the growth or colony formation of normal human and

rat cells, respectively (Jiang et al., 1995c, 1996). These

findings were confirmed and expanded using a replication

incompetent adenovirus expressing mda-7/IL-24 (Ad.mda-7),

which resulted in significant inhibition of growth in

melanoma and other tumor cells, but not in normal

fibroblasts, epithelial cells, astrocytes, or melanocytes (Su

et al., 1998, 2001, 2003a, 2005c; Madireddi et al., 2000c;

Saeki et al., 2000, 2002; Mhashilkar et al., 2001, 2003;

Lebedeva et al., 2002, 2003a, 2003b, 2005a, 2005b; Sarkar

et al., 2002a, 2002b; Pataer et al., 2002, 2005; Sauane et al.,

2003a, 2003b, 2004a, 2004b; Yacoub et al., 2003a, 2003b,

2003c, 2004; Fisher et al., 2003; Chada et al., 2004b;

Gopalkrishnan et al., 2004; Leath et al., 2004; Nishikawa et

al., 2004; Dent et al., 2005; Fisher, 2005; Gopalan et al.,

2005; Saito et al., 2005; Oida et al., 2005; Lebedeva et al.,

in press). Further analysis in melanoma cells and melano-

cytes indicated that growth suppression in melanoma cells

was associated with selective induction of apoptosis

(programmed cell death), without detrimental effects on

normal early passage or immortal melanocytes (Lebedeva et

al., 2002). Infection of human melanoma cells, but not

normal melanocytes, with Ad.mda-7 resulted in a temporal

change in cell cycle and induction of Annexin V staining

and DNA fragmentation, markers of apoptosis (Lebedeva et

al., 2002). In a comparative study, Ad.mda-7 was found to

be as potent as Ad.wtp53 or Ad.p21, a cyclin-dependent

kinase inhibitor that is a downstream target of wild-type

p53, in its growth inhibitory effects on melanoma cells

(Lebedeva et al., 2002).

Recently, expression of inducible nitric oxide synthase

(iNOS) was found to be increased in advanced stages of

melanoma (Ekmekcioglu et al., 2000) and expression of mda-

7/IL-24 negatively regulated iNOS expression in malignant

melanoma cell lines (Ekmekcioglu et al., 2003). Infection of

melanoma cells with Ad.mda-7 or recombinant MDA-7/IL-24

protein resulted in profound suppression of iNOS and this

inverse expression of MDA-7/IL-24 and iNOS suggests a

possible cause/effect relationship in melanoma (Ekmekcioglu



P. Gupta et al. / Pharmacology & Therapeutics 111 (2006) 596–628606
et al., 2003). Further studies are necessary to determine if one

of these molecules might function to control the expression of

the other. Understanding how mda-7/IL-24 regulates iNOS

may provide insight into the apoptotic pathways regulated by

this gene in melanoma.

7. Melanoma differentiation associated

gene-7/interleukin-24 displays antitumor

activity and cancer cell-specific apoptosis

As discussed above, mda-7/IL-24 may contribute to the

physiology of human melanocytes and melanomas and this

gene has potent growth inhibitory properties when over-

expressed in human melanoma cells (Jiang et al., 1995c,

1996; Lebedeva et al., 2002). Our groups and others have

shown that mda-7/IL-24 also has growth-suppressive prop-

erties in a wide variety of additional human cancer cell

lines, without inducing harmful effects in normal cells

(Table 1) (Jiang et al., 1996; Su et al., 1998, 2001, 2003a,

2005c; Madireddi et al., 2000c; Saeki et al., 2000;

Mhashilkar et al., 2001, 2003; Lebedeva et al., 2002,

2003a, 2003b, 2005a, 2005b; Pataer et al., 2002; Sarkar et

al., 2002a, 2002b; Chen et al., 2003; Fisher et al., 2003;

Sauane et al., 2003a, 2003b, 2004a, 2004b; Yacoub et al.,

2003a, 2003b, 2003c, 2004; Chada et al., 2004b; Gopalk-

rishnan et al., 2004; Leath et al., 2004; Nishikawa et al.,

2004; Dent et al., 2005; Gopalan et al., 2005; Oida et al.,

2005; Saito et al., 2005; Lebedeva et al., in press; Su et al.,

in press). The broad-spectrum antitumor activity of mda-7/

IL-24 can be distinguished from other extensively scruti-

nized tumor suppressor genes and its growth inhibitory

properties are independent of the status of p53, pRB, p21,

and additional tumor suppressor genes in cancer cells (Jiang

et al., 1996; Su et al., 1998; Madireddi et al., 2000c;

Lebedeva et al., 2002; Su et al., 2003a). For example,

Ad.mda-7 produced similar growth suppression in T47D

and MCF7 cells (T47D is a mutant p53 containing human
Table 1

Ad.mda-7 selectively inhibits growth in a wide spectrum of cancer cells,

without affecting normal cells

Growth not affected Growth inhibited

Mammary epithelial cells (HuMEC) Breast carcinoma

Prostate epithelial cells (HuPEC) Prostate carcinoma

Melanocytes (NHuMel) Melanoma

Bronchial epithelial cells (HNBE) Lung cancer

Fetal astrocytes (PHFA) Glioblastoma multiforme

Skin fibroblasts (MJ90) Osteosarcoma

Skin fibroblasts (HF) Colon carcinoma

Lung fibroblasts (NHLF) Nasopharyngeal carcinoma

Endothelial cells (HuVEC) Pancreatic carcinoma*

Renal epithelial cells Cervical carcinoma

Mesothelial cells Ovarian carcinoma

*In pancreatic carcinoma cells containing a mutant K-ras gene, the

combination of Ad.mda-7 and inhibition of mutant K-ras induces growth

inhibition. Ad.mda-7 alone or in combination with inhibition of mutant K-ras

fails to induce growth inhibition or apoptosis in BxPC-3 pancreatic carcinoma

cells, which contain a wild-type K-ras gene.
breast carcinoma cell line and MCF7 has wild-type p53

status) as well as in MDA-MB-157 cells (which are null for

p53) (Su et al., 1998). Moreover, growth suppression by

mda-7/IL-24 can be dissociated from that observed with the

p53, RB, and p16 suppressor genes and the mechanism is

distinct from the mode of action of these tumor suppressor

genes (Lebedeva et al., 2002; Fisher et al., 2003; Su et al.,

2003a; Lebedeva et al., 2005a). In contrast, mda-7/IL-24

does not affect growth in normal cells, including HBL-100

and non-established early passage skin fibroblasts, breast

epithelial cells, ovarian epithelial cells, prostate epithelial

cells, endothelial cells, melanocytes, and astrocytes, thereby

providing support for the hypothesis that mda-7/IL-24 has

cancer-specific growth suppressing properties (Table 1) (Su

et al., 1998, 2001, 2003a, 2005c; Madireddi et al., 2000c;

Saeki et al., 2000, 2002; Mhashilkar et al., 2001, 2003;

Lebedeva et al., 2002, 2003a, 2003b, 2005a; 2005b; Pataer

et al., 2002; Sarkar et al., 2002a, 2002b; Fisher et al., 2003;

Sauane et al., 2003a, 2003b, 2004a, 2004b; Yacoub et al.,

2003a, 2003b, 2003c, 2004; Chada et al., 2004b; Gopalk-

rishnan et al., 2004; Leath et al., 2004; Nishikawa et al.,

2004; Dent et al., 2005; Fisher, 2005; Gopalan et al., 2005;

Oida et al., 2005; Saito et al., 2005; Lebedeva et al., in

press; Su et al., in press).

To more efficiently administer mda-7/IL-24 and to study

the mechanism by which this gene specifically suppresses

growth of tumor cells, a replication incompetent adenovirus

was constructed (Su et al., 1998). Supra-physiological levels

of expression inhibited growth by inducing apoptosis in

many cancer cell lines, including melanoma, malignant

glioma, osteosarcoma and carcinomas of the breast, cervix,

colon, lung, ovary, and prostate, whereas no suppression of

growth was observed in various normal early passage and

established human cell lines suggesting that this effect on

growth was specific to cancer cells (Su et al., 1998, 2001,

2003a, 2005c; Madireddi et al., 2000c; Saeki et al., 2000,

2002; Mhashilkar et al., 2001, 2003; Lebedeva et al., 2002,

2003a, 2003b, 2005a, 2005b; Pataer et al., 2002; Sarkar et

al., 2002a, 2002b; Fisher et al., 2003; Sauane et al., 2003a,

2003b, 2004a, 2004b; Yacoub et al., 2003a, 2003b, 2003c,

2004; Chada et al., 2004b; Gopalkrishnan et al., 2004; Leath

et al., 2004; Nishikawa et al., 2004; Dent et al., 2005;

Fisher, 2005; Oida et al., 2005; Saito et al., 2005; Lebedeva

et al., in press; Su et al., in press). In-depth analyses into the

mechanism of action of mda-7/IL-24 in eliciting cancer-

specific killing by our laboratories and by other research

groups have revealed the complexity of pathways that can be

exploited by this gene in inducing programmed cell death

(reviewed in Sarkar et al., 2002a; Fisher et al., 2003; Sauane

et al., 2003b; Dent et al., 2005; Fisher, 2005; Lebedeva et

al., 2005a). As recently highlighted, Ad.mda-7 induces

apoptosis in a wide spectrum of cancer cells by exploiting

diverse signaling abnormalities ultimately culminating in cell

death (Fisher et al., 2003; Lebedeva et al., 2005a, in press).

Studies are currently focusing on enhancing these cancer-

specific killing properties by employing this novel cytokine

with additional agents or treatment protocols, including
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chemotherapeutic agents, monoclonal antibodies, reactive

oxygen species (ROS) inducers, and radiation (Kawabe et

al., 2002; Lebedeva et al., 2003c, 2005b; Su et al., 2003a;

Yacoub et al., 2003a, 2003b, 2003c, 2004; McKenzie et al.,

2004; Nishikawa et al., 2004; Dent et al., 2005; Oida et al.,

2005; Su et al., in press).

Initial therapy studies, in the context of MCF-7 human

breast cancer and HeLa human cervical cancer cells, indicated

that Ad.mda-7 had antitumor activity in vivo in the context of

nude mouse human tumor xenograft models (Su et al., 1998;

Madireddi et al., 2000c). Breast cancer studies involved

infection of MCF-7 human breast carcinoma cells in vitro

with Ad.mda-7 prior to injection into athymic nude mice,

which resulted in an inhibition in tumor growth (Su et al.,

1998). In the case of cervical cancer cells, HeLa cells were

injected into nude mice and when tumors developed

(100–150 mm2) they received repeated injections with

Ad.mda-7 or Ad.null and tumor growth was monitored

(Madireddi et al., 2000c). Using this experimental protocol,

tumor growth and cancer progression were inhibited and this

effect persisted after discontinuing administration of Ad.mda-

7. These studies provided definitive evidence that mda-7/IL-

24 had antitumor activity in vivo in animal models.

Additional studies indicated that Ad.mda-7 had antitumor

activity in vivo in human non-small cell lung carcinoma

(NSCLC) when applied as a single injected agent (Saeki et

al., 2002) or in combination with radiation (Nishikawa et al.,

2004) or sulindac (Oida et al., 2005), and in human pancreatic

cancer cells containing a mutated K-ras gene when applied

with a combination of antisense phosphorothioate oligonu-

cleotides targeting K-ras (Su et al., 2001) or when admin-

istered in combination with arsenic trioxide (Lebedeva et al.,

2005b).

Two recent studies suggest that employing a strategy

embodying adenovirus replication to deliver mda-7/IL-24 can

enhance the antitumor activity of this cytokine (Sarkar et al.,

2005; Zhao et al., 2005). Sarkar et al. (2005) used the cancer-

specific progression elevated gene-3 (PEG-3) promoter (Su et

al., 2000, 2005b) to develop conditionally replication compe-

tent adenoviruses (CRCAs) that upon replication simultaneous-

ly express mda-7/IL-24 uniquely in the context of breast cancer

cells. Infection of this CRCA (designated Ad.PEG-E1A-mda-

7) in normal mammary epithelial cells and breast cancer cells

confirmed cancer-cell-selective adenoviral replication, mda-7/

IL-24 expression, growth inhibition, and apoptosis induction.

Injecting Ad.PEG-E1A-mda-7 into human breast cancer

xenografts established on both sides of athymic nude mice

completely eradicated not only the primary injected tumor on

one flank but also distant tumors (established on the opposite

flank of the animal) thereby implementing a cure. In contrast,

non-replicating viruses expressing mda-7/IL-24 or CRCAs not

expressing mda-7/IL-24 displayed some antitumor activity, but

this effect was greatly diminished in comparison with Ad.PEG-

E1A-mda-7 (Sarkar et al., 2005). This dual cancer-specific

targeting strategy provides an effective approach for treating

breast and other human neoplasms with potential for eradicat-

ing both primary tumors and metastatic disease. Zhao et al.
(2005) constructed a CRCA using the ZD55 vector, which

contains a deletion of the adenoviral E1B 55-kDa gene, to

regulate replication in cancer cells with p53 dysfunction, to

deliver mda-7/IL-24 (ZD55-IL-24). Infection of normal cells

did not induce a cytolytic effect, although MDA-7/IL-24

protein was detected, indicating potential leakiness of this

vector relative to targeting genes only in cancer cells. However,

even in the presence of MDA-7/IL-24, no toxicity was evident

in normal lung fibroblast cells, further supporting the cancer-

specific activity of this novel cytokine. Infection of human

colorectal cancer cells with ZD55-IL-24 resulted in activation

of caspases 3 and 9, induction of bax, and apoptosis. Moreover,

infection of established SW620 colorectal tumors with ZD55-

IL-24 showed a much stronger antitumor activity than observed

with ONYX-015 (a virus preferentially replicating in cells with

defective p53) or Ad-IL-24 (a non-replicating virus expressing

mda-7/IL-24, similar to Ad.mda-7). These studies by Sarkar et

al. (2005) and Zhao et al. (2005) demonstrate enhanced

antitumor activity in vivo in nude mice when incorporating

mda-7/IL-24 into a replicating oncolytic adenovirus as

opposed to simply administering this cytokine in the context

of a non-replicating adenovirus. These types of vectors hold

significant promise for augmenting the therapeutic potential of

mda-7/IL-24.

8. Role of PKR in Ad.mda-7-induced

cancer-specific growth inhibition and apoptosis induction

Pataer et al. (2002) provided evidence linking the tumor

suppressor activity of overexpressed Ad.mda-7 to up-regula-

tion of the interferon-induced serine/threonine protein kinase

(PKR) in a p53-independent manner in the context of NSCLC

cells. Double-stranded RNA-dependent protein kinase PKR

appears to mediate anti-tumorigenic activity through activation

of specific biochemical pathways resulting in growth inhibition

and apoptosis. Activation occurs due to signals leading to auto-

phosphorylation. Once activated, PKR phosphorylates various

targets, which play a crucial role in growth control and

apoptosis induction, such as eIF-2a, Stat1, Stat3, and p38

mitogen-activated protein kinase (MAPK) (Pataer et al., 2002).

Inhibition of PKR with the inhibitor 2-aminopurine (2-AP)

prevents Ad.mda-7-induced apoptosis, eIF-2a phosphoryla-

tion, and inhibition of protein synthesis. In this context, PKR

activation appears to be crucial for Ad.mda-7 induction of

apoptosis in lung cancer cells. Additionally, induction of

programmed cell death by Ad.mda-7 in mouse embryo

fibroblasts (MEF) was dependent on an active PKR locus

because MEFs from PKR�/� animals were unable to undergo

apoptosis, whereas wild-type PKR+/+ MEFs were sensitive to

mda-7/IL-24 (Pataer et al., 2002). This latter observation is

puzzling because Ad.mda-7 does not appear to induce

apoptosis in normal rat cells, whereas it does induce this effect

in transformed and tumor-derived rat cells. In their proposed

model, mda-7/IL-24 and PKR act upstream of caspases and the

pro-apoptotic Bak gene, where mda-7/IL-24 induces PKR up-

regulation with subsequent activation of cellular pathways

leading to caspase activation and apoptosis induction (Pataer et
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al., 2002). It should be noted that activation of the PKR

pathway may not be a general method of apoptosis induction

by mda-7/IL-24 because a recent paper studying the bystander

activity of secreted MDA-7/IL-24 indicated apoptosis induc-

tion in human melanoma cells by a PKR-independent death

pathway (Chada et al., 2004a, 2004b).

In a recent report, Pataer et al. (2005) investigated potential

interactions between MDA-7/IL-24 and PKR proteins in the

context of human lung cancer cells. Infection of A549 and

H1299 NSCLC cell lines with Ad.mda-7 resulted in a dose-

and time-dependent induction of PKR protein and apoptosis.

RT-PCR failed to detect an increase in PKR mRNA following

infection with Ad.mda-7, suggesting a post-transcriptional

regulation of PKR by MDA-7/IL-24 protein. To determine if

exogenously applied MDA-7/IL-24 could induce PKR or

apoptosis, purified MDA-7 protein was administered extracel-

lularly to the lung cancer cell lines. Under these experimental

conditions, PKR was not induced and no apoptosis ensued. In

contrast, treatment of A549 cells with a GST-MDA-7/IL-24

fusion protein (Sauane et al., 2004a), which internalizes in

cells, induced growth suppression and apoptosis (Sauane &

Fisher, unpublished data). These studies, combined with

experiments using plasmid transfection approaches or an

adenovirus to deliver mda-7/IL-24 lacking a signal peptide,

thereby preventing secretion from cells, provide further support

for a novel mode of killing by mda-7/IL-24 that involves

intracellular action without the requirement for secretion from

cancer cells (Sauane et al., 2004b; Sieger et al., 2004).

Immunofluorescence and co-immunoprecipitation techniques

suggest that MDA-7/IL-24 protein physically interacts with

PKR (Pataer et al., 2005). Employing mouse embryo fibro-

blasts containing PKR (PKR+/+) or lacking PKR (PKR�/�)

indicated phosphorylation of MDA-7/IL-24 and PKR proteins

in the lysates of PKR+/+ but not in PKR�/� cells. These studies

suggest that in certain cellular contexts, such as lung cancer

cells, Ad.mda-7 can induce PKR and MDA-7/IL-24 (on

threonine and serine residues) phosphorylation and MDA-7/

IL-24 can physically interact with PKR (Pataer et al., 2005).

Further studies are required to determine if this induction of

PKR by Ad.mda-7 is restricted to non-small cell lung

carcinoma cells, or if it can also occur in additional cancer

cell models.

9. Role of p38 MAP kinase and

growth arrest and DNA damage-inducible

genes in melanoma differentiation associated

gene-7/interleukin-24-induced apoptosis in cancer cells

p38 MAPK, which is induced in response to stress and

during growth signaling, is known to play a crucial role in

apoptosis (Xia et al., 1995; Juo et al., 1997; Kummer et al.,

1997; Schwenger et al., 1997; Dent et al., 2003). Sarkar et al.

(2002a, 2000b) examined the role of the p38 MAPK pathway

in response to Ad.mda-7-mediated growth suppression and

apoptosis induction in melanoma cells. Ad.mda-7 infection

induced expression of the growth arrest and DNA damage

(GADD)-inducible gene family. GADD genes are stress-
induced genes that are up-regulated in response to agents/

conditions such as UV radiation, chemical carcinogens,

starvation, oxidative stress, and TNF-a. The GADD gene

family comprises 5 gene members, GADD34, GADD45a,

GADD45h, GADD45g, and GADD153 (Zhan et al., 1994;

Hollander et al., 1997, 2001; Connor et al., 2001). These

GADD family members are believed to play a crucial role in

transcriptional regulation and apoptosis. GADD153 acts by

regulating the activity of the B-cell CLL/lymphoma 2 (Bcl-2)

promoter (Ubeda et al., 1996, 1999). Overexpression of

GADD genes promoted growth inhibition/apoptosis and

combined expressions of GADD genes lead to synergistic

or cooperative anti-proliferative effects. Activating the p38

MAPK pathway regulated induction of these GADD genes by

Ad.mda-7. Blocking the p38 pathway using a specific

inhibitor SB203580 suppressed the induction of the GADD

genes and apoptosis (Fig. 6) (Sarkar et al., 2002b). Antisense

inhibition of GADD genes also blocked induction of

apoptosis and inhibition was greatest when the various

antisense constructs were used in combination (Sarkar et al.,

2002b). Apart from the GADD genes, p38 MAPK also acted

on the downstream target heat shock protein (HSP27), which

initiates apoptosis (Sarkar et al., 2002b).

Infection of lung cancer cells with Ad.mda-7 results in

phosphorylation of PKR and also its downstream targets, such

as eIF-2a, Tyk2, Stat1, Stat3, and p38 MAPK (Pataer et al.,

2002). Phosphorylation of eIF-2a activates the transcription

factor ATF4, which activates GADD153 (Fawcett et al., 1999).

In this context, there is a significant level of crosstalk between

the PKR and the p38 MAPK pathway (Sarkar et al., 2002b).

Further studies are needed to comprehend the relevance of this

crosstalk and to identify upstream molecules regulating the

PKR and the p38 MAPK pathway.

10. Role of BB-catenin and the

phosphoinositide 3-kinase signaling

pathway in melanoma differentiation associated

gene-7/interleukin-24-induced apoptosis in cancer cells

In breast and lung tumor cells, an inverse relationship

between expression of h-catenin and the phosphoinositide 3-

kinase (PI3K) signaling pathway was observed (Mhashilkar et

al., 2003). h-Catenin and PI3K are involved in up-regulation of

apoptotic and survival pathways as well as cell–cell adhesion

and metastasis. h-Catenin is a downstream effector of the Wnt

signaling pathway and binds to and activates the transcription

factors in the T-cell-specific transcription factor/lymphoid

enhancer binding factor (TCF/LEF) family leading to induction

of TCF/LEF responsive genes (McCormick, 1999). Elevated

levels of h-catenin have been observed in many tumors, such

as colon and gastric carcinomas and adenocarcinoma of the

breast. h-Catenin/TCF-responsive genes play a pivotal role in

cell cycle progression and loss of cell differentiation properties

and some of these gene products, for example, cyclin D1,

matrilysin, and c-myc, are elevated in mammary tumors and

cell lines expressing activated h-catenin (McCormick, 1999).

PI3K plays a crucial role in the regulation of signal trans-



Fig. 6. Inhibition of the p38 MAPK pathway protects FO-1 melanoma cells from Ad.mda-7-mediated cell death. (A) FO-1 cells were infected with either Ad.vec or

Ad.mda-7 (100 pfu/cell) and treated with 1 AM SB203580 or infected with Ad.p38DN (an adenovirus expressing a dominant-negative p38 mutant gene) (100 pfu/

cell). Cell viability was measured by MTT assay after 4 days. Cell viability of Ad.vec-treated cells was regarded as 1. *Significant differences from Ad.mda-7

( P <0.0001). (B) FO-1 cells were infected with either Ad.vec or Ad.mda-7 (100 pfu/cell) and treated with 1 AM SB203580 for 3 days. DNAwas isolated from the

cells and fragmentation was analyzed as described in Sarkar et al. (2002b). (C) FO-1 cells were infected with either Ad.vec or with Ad.mda-7 (100 pfu/cell) and

treated with 1 AM SB203580 or infected with Ad.p38DN (100 pfu/cell). Percentage of apoptotic cells at days 1 and 3 after infection in each group were plotted

(reproduced, by permission of the publisher, from Sarkar et al., 2002b).
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duction, cytoskeletal rearrangement, and membrane trafficking.

The PI3K family members are known to play a role in

development of human cancers, cell growth, differentiation,

and survival (Berrie, 2001; Fry, 2001; Katso et al., 2001).

Constitutive expression of the PI3K pathway is seen in many

human tumors and it is believed to play a crucial role in

increased tumor cell survival and resistance to chemotherapy

and radiotherapy (Berrie, 2001; Fry, 2001; Katso et al., 2001).

In these contexts, inhibition of the PI3K pathway by Ad.mda-7

is proposed as a mechanism by which this gene could inhibit

cancer cell proliferation.

Mhashilkar et al. (2003) investigated the effects of

Ad.mda-7 infection on h-catenin and PI3K signaling path-

ways in non-small cell lung carcinoma (NSCLC) cells and

found that Ad.mda-7 negatively regulates both the h-catenin
and PI3K pathways by increasing steady-state levels of

tumor-suppressive proteins, such as E-cadherin, adenoma-

tous polyposis coli gene (APC), glycogen synthase kinase 3

beta (GSK-3h), phosphatase and tensin homolog (PTEN),

and decreasing expression of oncogenic proteins, such as

PI3K, focal adhesion kinase (FAK), integrin-linked protein

kinase 1 (ILK-1), phospholipase C gamma (PLC-g), and
protein kinase B (AKT), in breast and lung cancer cells.

Ad.mda-7 is proposed to function upstream of PLCg and

blocks the PLC-g YFAKYPI3KYAKTYGSK3 pathway,

although it is unclear whether regulation of downstream

molecules is a direct or indirect action of Ad.mda-7.

Ad.mda-7 causes redistribution of h-catenin from the

nucleus to the plasma membrane, reducing TCF/LCF

transcriptional activity and increasing cell–cell adhesion.

No direct binding of mda-7/Il-24 to h-catenin was observed

in the immunoprecipitation assays, suggesting that subcel-

lular localization of mda-7/IL-24 is different than h-catenin.
Ad.mda-7 is contained within the secretory granules,

whereas h-catenin staining reveals its presence in both

nucleus and cytoplasmic compartments. Further studies are

necessary to determine the mechanism by which mda-7/IL-

24 modulates h-catenin/PI3K signaling pathways, how

frequent these changes are in additional tumors, and what

are the initiator signaling molecules that are activated.

Moreover, it is essential to understand the role of protein–

protein interactions to provide a better understanding of the

molecules involved in regulating the h-catenin and PI3K

signaling pathways.



P. Gupta et al. / Pharmacology & Therapeutics 111 (2006) 596–628610
11. Role of pro-apoptotic and

anti-apoptotic proteins in Ad.mda-7-mediated

killing of cancer cells: support for activation

of the mitochondrial intrinsic pathway of apoptosis

as a predominant mediator of apoptosis induction by

melanoma differentiation associated gene-7/interleukin-24

The first observation that forced expression of mda-7/IL-

24 by means of a replication incompetent adenovirus

(Ad.mda-7) could alter the ratio of apoptotic proteins in

cancer cells resulting in apoptosis was provided by Su et al.

(1998). Ad.mda-7 induced apoptosis in human breast cancer

cells with different p53 genotypes, indicating p53 indepen-

dence in its mode of action as an antitumor gene in breast

cancer. Ad.mda-7 reduced colony formation in MCF-7 (wt

p53), MDA-MB-157 (null p53), MDA-MB-231, MDA-MB-

453, and T47D (mut p53) cells (Su et al., 1998). Programmed

cell death reflects a balance between signaling events and

molecules that either promote or inhibit apoptosis (Reed,

1995, 1997; Danial & Korsmeyer, 2004; Reed, 2004).

Proteins such as Bcl-2, Bcl-XL, McL-1, Bcl-W, and Ad-

E1B protect cells from apoptosis whereas proteins such as

Bax, Bad, Bak, and Bcl-Xs stimulate apoptosis in specific

target cells (Reed, 1995, 1997; Danial & Korsmeyer, 2004).

In human breast carcinoma cells, Ad.mda-7 altered the ratio

of specific pro- and anti-apoptotic proteins tipping the balance

from survival to death. Up-regulation of BAX protein after

infection with Ad.mda-7 was apparent in tumor cell lines

containing wild-type or mutant p53 or that were devoid (null)

of p53. Comparison of BAX to BCL-2 protein ratios revealed

BAX/BCL-2 to be significantly higher in Ad.mda-7-infected

breast cancer cells implicating BAX and a reduction in BCL-

2 proteins as potential components in mda-7/IL-24-induced

programmed cell death (Su et al., 1998). Ectopic over-

expression of bcl-2 or Ad E1B by transfection with

expression vector constructs expressing these different gene

products, in combination with Ad.mda-7 infection, protected

T47D and MCF-7 cells from inhibition of colony formation

that normally results following infection with Ad.mda-7.

These results provided initial evidence that mda-7/IL-24-

induced growth suppression and apoptosis could be modified

by anti-apoptotic proteins (Su et al., 1998). This protection

from apoptosis is consistent with the prominent role played

by mda-7/IL-24-induced up-regulation of BAX protein in the

apoptosis-inducing mechanism employed by this gene.

Moreover, although bax is considered a p53-dependent

downstream gene, the ability of mda-7/IL-24 to up-regulate

BAX protein independent of p53 suggests that alternative

pathways are involved in BAX up-regulation after ectopic

expression of this cancer-specific apoptosis-inducing gene in

specific cancer cells. Further studies have confirmed that

infection with Ad.mda-7 results in a significant reduction in

the levels of specific anti-apoptotic proteins in a cancer cell-

type-specific context. A 3- to 9-fold reduction in the levels of

BCL-XL protein was evident in HO-1, FO-1, MeWo, and

WM35 cells, whereas a 3-fold reduction in the levels of BCL-

2 protein was observed in MeWo and FO-1 cells, suggesting
that decreases in the levels of single or multiple anti-apoptotic

proteins may be major determinants of induction of apoptosis

in human melanoma cells following infection with Ad.mda-7

(Lebedeva et al., 2002).

In human prostate cancer cells, Ad.mda-7 infection induces

apoptosis in LNCaP, DU-145, and PC-3 cells, whereas in

HuPEC normal early passage human prostate epithelial cells,

growth and survival are not affected (Lebedeva et al., 2003a).

A recent report by Saito et al. (2005) supports this differential

effect of Ad.mda-7 in the context of cancer versus normal

prostate epithelial cells. In these cell types, Ad.mda-7 infection

elevates the levels of BAX and/or BAK proteins while

significantly reducing the levels of anti-apoptotic proteins,

BCL-2 and BCL-XL, again supporting the hypothesis that it is

the change in the ratio of pro-apoptotic to anti-apoptotic

proteins that may directly participate in mda-7/IL-24-induced

apoptosis in prostate cancer cells (Lebedeva et al., 2003a).

Stable overexpression of bcl-2 and bcl-XL differentially protect

prostate cancer cells from Ad.mda-7-induced apoptosis (Lebe-

deva et al., 2003a). bcl-XL, but not bcl-2, afforded protection

from mda-7/IL-24-induced apoptosis in PC-3 and DU-145

cells, whereas in LNCaP cells bcl-2, but not bcl-XL, protected

these cells from mda-7/IL-24 (Lebedeva et al., 2003a). At

present, it is not known why protection is not achieved in all

the prostate carcinomas with a single functionally similar anti-

apoptotic protein.

The complexity of potential mechanisms by which mda-7/

IL-24 can selectively induce killing in specific cancer cell

types is highlighted by a recent study by Gopalan et al. (2005).

In a specific ovarian cancer cell line, MDAH 2774, but not in

normal ovarian epithelial (NOE) cells, Ad.mda-7 activated the

Fas–Fas ligand (FasL) signaling pathway resulting in apopto-

sis. In this specific ovarian cancer cell line, Ad.mda-7 induced

activation of the transcription factors c-Jun and activating

transcription factor 2 (ATF 2), which stimulated transcription

of the death-inducer FasL and its cognate receptor Fas. This

induction of FasL was associated with the activation of NF-nB
and Fas-associated factor 1, Fas-associated death domain, and

caspase 8. A potential cause and effect relationship between

these changes was suggested by the ability of siRNA

inhibiting Fas to significantly decrease Ad.mda-7-mediated

death in MDAH2774 cells. Similarly, blocking FasL with

NOK-1 Fas ligand antibody inhibited Ad.mda-7-mediated

killing of this cell line. Collectively, these studies indicate

that in specific tumor contexts, Ad.mda-7 can exploit the Fas-

FasL signaling pathway to kill cancer cells. In additional

ovarian cancer cells, a mitochondrial-mediated killing effect

elicited by mda-7/IL-24 has been demonstrated (Leath et al.,

2004; I.V. Lebedeva, P. J. Mahasreshti, D.T. Curiel, & P.B.

Fisher, unpublished data). Moreover, as reviewed recently by

Lebedeva et al. (2005a), the studies by Gopalan et al. (2005)

and Leath et al. (2004) provide additional examples of the

ability of mda-7/IL-24 to selectively induce apoptosis in

histologically similar cancer cell types using different pro-

apoptotic signaling mechanisms; that is, this novel cytokine

finds and exploits specific weaknesses in cancer cells

promoting their death.
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12. Mitochondrial dysfunction promoted by

melanoma differentiation associated gene-7/interleukin-24

selectively promotes cell death in prostate cancer cells

Up-regulation of pro-apoptotic and down-regulation of anti-

apoptotic proteins suggest a role of mitochondria in the

induction of apoptosis in response to Ad.mda-7 infection in

specific cancer cell types. Studies by Lebedeva et al. (2003c)

provide insights into the relationship between mitochondrial

function and cellular redox status in response to Ad.mda-7

infection. Reactive oxygen species (ROS), including singlet

oxygen, superoxide ions, hydroxide, and hydroxyl radicals, are

known to regulate apoptosis and proliferation in response to

various stimuli, including TNF-a, UV, and g-radiation (Jacob-

son, 1996). A relationship between ROS induction by

Ad.mda-7 and apoptosis induction has now been established

in prostate cancer cells (Lebedeva et al., 2003c). Antioxidants

such as N-acetyl-l-cysteine (NAC) and Tiron, at non-cytotoxic

doses, inhibited the killing effect of Ad.mda-7 in DU-145, PC-

3, and LNCaP cells, whereas addition of compounds such as

As2O3 and NSC656240 (a dithiophene) that promote ROS

production in combination with Ad.mda-7 infection potentiat-

ed cell death in all 3 carcinoma cell lines, but not in normal P69

cells, suggesting that free radicals are involved in the process of

killing by Ad.mda-7 in prostate carcinoma cells (Lebedeva et

al., 2003c). FACS analysis revealed a 3- to 5-fold increase in

the levels of ROS in prostate carcinoma cells, but not in P69
Fig. 7. Proposed model for Ad.mda-7-induced apoptosis in prostate cancer cell lines.

indirectly, causing alterations in mitochondrial function (decrease in DCm and MPT)

because they are not inhibited by the general caspase inhibitor z-VAD.fmk. Moreove

promoted by activators of MPT, such as PK11195, a PBzR agonist. ROS inhibitors

(As22O3 and NSC656240) enhance apoptosis only in the context of prostate can

mitochondrial permeability transition; ROS, reactive oxygen species; z-VAD.fmk,

BA, bongkrekic acid; PK11195, 1-(2-chlorophenyl)-N-methyl-N-(1-methylpropyl)-3

arsenic trioxide; NSC656240, dithiophene (reproduced, by permission of the publis
cells. Because ROS is a modulator of mitochondrial membrane

potential (cM) (Zamzami et al., 1995; Kroemer & Reed, 2000),

time course evaluations of mitochondrial changes with

membrane apoptotic changes after Ad.mda-7 infection were

determined. It was established that the initial decrease in DCm

occurs before ROS production in Ad.mda-7-infected DU-145,

LNCaP, and PC-3 carcinoma cells. The initial drop in DCm

occurs 6–7 hr followed by increased ROS production (10–20

hr) and the decline in DCm continues up to 12 hr in LNCaP and

up to 30 hr in DU-145 and PC-3 cells. At 45–50 hr, a

secondary burst of ROS and concomitant final steep increase in

DCm are observed, indicating complete mitochondrial dys-

function (Lebedeva et al., 2003c). The decline in cM and the

increase in annexin V binding occurred, concomitantly

suggesting that Ad.mda-7-mediated apoptosis correlates with

changes in mitochondrial function. Further studies focused on

mitochondrial potential transition (MPT). MPT is characterized

by opening of mitochondrial mega channels to allow solutes

and water to enter mitochondria. MPT is triggered by ROS and

other agents resulting in a decrease of DCm followed by

depletion of ATP and activation of caspases/endonucleases

(Jacobson, 1996). This process is controlled by a multiprotein

complex found in the inner and outer membranes of

mitochondria known as the permeability transition pore

(PTP). Upon PTP opening, the mitochondria lose their DCm

across the inner membrane resulting in apoptosis along with

shutdown of mitochondrial biosynthesis. Inhibitors of the PTP,
Following Ad.mda-7 infection, MDA-7 protein affects mitochondria directly or

and ROS production. The reductions in DCm and MPT are caspase-independent

r, MPT can be blocked by inhibitors of MPT, such as CsA and BA, and can be

(NAC and Tiron) block Ad.mda-7-induced apoptosis, whereas ROS producers

cer cells. Abbreviations: DCm, mitochondrial transmembrane potential; MPT,

N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone; CsA, cyclosporin A;

-isoquinolinecarboxamide; PBzR, peripheral benzodiazepine receptors; As2O3,

her, from Lebedeva et al., 2003c).
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such as cyclosporin A and bongkrekic acid that bind to

different components of the PTP, prevented cell death and the

decline in DCm, whereas pretreatment with the peripheral

benzodiazepine receptor agonist (PK11195) potentiated the

induction of MPT followed by apoptosis (Lebedeva et al.,

2003c). These studies established the importance mitochondrial

dysfunction and ROS production in Ad.mda-7-induced death

in prostate carcinoma cells as overviewed in Fig. 7.

13. Secretion of melanoma

differentiation associated gene-7/interleukin-24

is not mandatory for cancer-specific cell killing

The endoplasmic reticulum (ER) is a principal site for

protein synthesis and folding, calcium signaling, and calcium

storage (Berridge et al., 2000; Berridge, 2002). Alterations in

calcium homeostasis and accumulation of misfolded protein in

the ER cause ‘‘ER stress’’. This ER stress response triggers

specific signaling pathways including the unfolded protein

response (UPR), the ER-overload response (EOR), and the ER-

associated degradation (ERAD) pathway to enable cells to

survive pro-apoptotic ER stress (Herr & Debatin, 2001).

Prolonged activation of these pathways leads ultimately to

apoptosis. After Ad.mda-7 infection, the expressed protein was

shown to localize in the ER/Golgi compartments by 2

independent studies, one utilizing an adenovirus vector

expressing a non-secreted version of MDA-7/IL-24 protein

generated via deletion of its signal peptide (Sauane et al.,

2004b) and the other utilizing plasmid-based analyses (Sieger

et al., 2004). Earlier findings from our group indicated that

Ad.mda-7-induced GADD genes, classically associated with

the stress response including ER stress pathways in human

melanoma cells, but not in immortalized melanocytes (Sarkar

et al., 2002b). This induction of GADD genes and further

upstream events such as activation of p38 MAPK as well as

downstream pathways such as HSP-27 was reproducibly

induced in a transformed cell-specific manner after Ad.mda-7

infection (Sarkar et al., 2002b). In addition, studies with the

virus producing the non-secreted as well as secreted versions of

mda-7/IL-24, only in the context of transformed cells,

specifically activated the p44/42 MAPK pathway (Sauane et

al., 2004b). Furthermore, Ad.mda-7 infection produced an up-

regulation in inositol 1,4,5-trisphosphate receptor (IP3R) in

H1299 cells (Mhashilkar et al., 2003). IP3R is an intracellular

calcium release channel implicated in apoptosis and localized

in the ER. Activation of a series of heat-shock-related

chaperones as well as various stress proteins [GADDs, protein

phosphatase 2A (PP2A), X-box binding protein 1 (XBP-1),

immunoglobulin binding protein (BiP), etc.] indicates that

adenovirus infection with mda-7/IL-24 induces ER stress and

this might be the earliest contributor to the appearance of

apoptosis in the different cancer cells lines after infection with

Ad.mda-7 (Sarkar et al., 2002b; Mhashilkar et al., 2003).

Further investigation to determine the mechanism of specificity

of MDA-7/IL-24-triggered ER stress is clearly needed to

determine why cellular ER stress mechanisms are differentially

activated in transformed cells by MDA-7/IL-24 and possibly
other agents (Sauane et al., 2004b). From additional indepen-

dent studies performed by our groups, we know that Ad.mda-7

induces reactive oxygen species (ROS) in different cell lines

(Lebedeva et al., 2003c, 2005b; Yacoub et al., 2003c).

Nevertheless, it is not clear at the present time if the activation

of mitochondrial-mediated events that trigger ROS and

caspase-dependent and -independent pathways is temporally

followed by ER stress, vice versa, or whether there is

temporally coordinated co-stimulatory crosstalk between both

pathways (Sauane et al., 2004a, 2004b).

Our observations are beginning to provide additional

insights into the diverse pathways that are involved in selective

mda-7/IL-24-induced apoptosis in tumor cells and identify ER-

and mitochondrial-mediated events as important causative

effectors of apoptosis by mda-7/IL-24. These experiments

offer potential for developing ways of enhancing the clinical

utility of this novel cancer-gene therapeutic for treating diverse

human neoplasms.

14. Pancreatic cancer cells provide a unique

model of melanoma differentiation associated

gene-7/interleukin-24 action and highlight the

potent ‘‘antitumor bystander’’ activity of this cytokine

Pancreatic cancer is an aggressive neoplastic disease where

long-term survival of patients in which tumor spread has

occurred outside the pancreas is only 4% (Perugini et al., 1998;

Friess et al., 1999; Hilgers & Kern, 1999; Lorenz et al., 2000;

Rosenberg, 2000). In pancreatic cancer, multiple subsets of

genes undergo genetic changes in a temporal manner resulting

in specific oncogene activation and tumor suppressor gene

inactivation during tumor progression (Perugini et al., 1998;

Friess et al., 1999; Hilgers & Kern, 1999; Bardeesy & DePinho,

2002). Genes such as the Kirsten-ras (K-ras) oncogene (85–

95%) are activated whereas inactivation of genes such as p16/

RB1 (>90%), p53 (75%), and DPC (55%) have been reported

(Perugini et al., 1998; Friess et al., 1999; Hilgers & Kern, 1999;

Bardeesy & DePinho, 2002), reinforcing the complexity of this

disease and providing a potential genetic basis underlying its

aggressiveness and resistance to conventional therapies. Anti-

sense (AS) targeting of K-ras using a plasmid or mutation-

specific phosphorothioate oligodeoxynucleotide (PSODN) inhi-

bits the growth of pancreatic cancer cells containing K-ras

mutations, but not those having a wild-type K-ras gene,

suggesting that a single approach of inhibiting this oncogene

is not sufficient to eradicate pancreatic carcinoma cells (Su et

al., 2001). From these observations, it is believed that mutations

in K-ras change the physiology of the pancreatic cancer cell and

similar biochemical changes may not be evident in pancreatic

cancers containing a wild-type K-ras genotype.

Unlike virtually all other cancers studied to date, pancreatic

carcinoma cells are inherently resistant to ectopic expression of

mda-7/IL-24 (Su et al., 2001; Lebedeva et al., 2005b, in press).

Infection of human pancreatic tumor cells with 100 pfu/cell of

Ad.mda-7, which promotes apoptosis and reduces colony

formation in the vast majority of cancer cell types, does not

significantly alter growth, inhibit colony formation, or induce
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apoptosis in this tumor model (Su et al., 2001; Lebedeva et al.,

2005b, in press). In contrast, higher doses of mda-7/IL-24 or

vector modifications used to express mda-7/IL-24 result in

growth inhibition, a reduction in colony forming ability and/or

apoptosis in several K-ras mutant pancreatic carcinoma cell

lines (Chada et al., 2005; Lebedeva et al., 2005b, in press). This

failure to respond to standard concentrations of mda-7/IL-24

(effective in inducing apoptosis in virtually all other cancer cell

types), combined with an understanding of potential changes

induced by an activated K-ras gene, prompted us to propose

that downstream signaling pathways may be altered in mutant

K-ras pancreatic carcinoma cells rendering these cells resistant

to mda-7/IL-24-induced growth suppression and apoptosis (Su

et al., 2001). Studies were performed to directly test this

hypothesis. Treatment of pancreatic tumor cells with AS K-ras

PSODN or transfection with an AS K-ras expression plasmid

and infection with Ad.mda-7 had a profound synergistic growth

inhibitory effect and decreased survival of MIA PaCa-2 cells,

AsPc-1 and PANC-1 cells containing a mutant K-ras gene, but

not in BxPC-3, which has a wild-type K-ras genotype (Fig. 8;

data shown for MIA PaCa 2 cells) (Su et al., 2001). Suppression

in tumor formation was also evident in athymic nude mice when

MIA PaCa 2 cells were transfected with an AS K-ras plasmid

and infected with Ad.mda-7 prior to injection into animals (Su

et al., 2001). This finding is worth commenting on because it

provided the first definitive evidence for ‘‘antitumor bystander’’

activity of mda-7/IL-24. The combination of AS K-ras

transfection plus infection with Ad.mda-7 results in only

¨8% of the cells receiving both agents; that is, ¨3% to

¨4% maximum delivery of the K-ras AS gene, ¨100%

delivery of mda-7/IL-24 (by Ad.mda-7), and potentiation of

transfection efficiency following adenovirus infection (hence

¨8% transfection efficiency), yet tumor formation was

completely inhibited when these combination-treated cells were

injected into nude mice (Su et al., 2001). These observations are
Fig. 8. The combination of Ad.mda-7 plus AS K-ras PS ODN or AS K-ras plas

pancreatic carcinoma cells. (Upper) Effect of Ad.mda-7 plus AS K-ras PS ODN on

or Ad.mda-7, treated with 0.5 AM AS K-ras PS ODN plus 10 Al of Lipofectamine,

after 3 weeks. (Lower) Effect of Ad.mda-7 plus AS K-ras plasmid transfection on M

cell of Ad.vec or Ad.mda-7, transfected with 10 Ag of plasmid (either control pcD

fragment), reseeded at a density of 2.5�105 cells per plate, and selected in 400 Ag/m
weeks (reproduced, by permission of the publisher, from Su et al., 2001).
very provocative, highlighting an interesting and relevant

phenotypic property of mda-7/IL-24; that is, an ability of this

cytokine to promote potent ‘‘antitumor bystander’’ activity.

Moreover, this novel combinatorial approach of inhibiting a

dominant-acting oncogene and administering a cancer-specific

tumor suppressor gene (such as mda-7/IL-24) (Gazdar &

Minna, 2001; Su et al., 2001; Lebedeva et al., 2005b, in press)

provides a rationale for developing a potentially effective

therapy for this aggressive and invariably fatal cancer.

Infection of pancreatic cancer cells, containing both mutated

and wild-type K-ras, results in high levels of mda-7/IL-24

mRNA, but little if any of this mRNA is translated into protein

(Su et al., 2001; Lebedeva et al., 2005b, in press). However,

when expression of mutant K-ras is ablated, using an AS-based

strategy (either AS PSODN or an AS K-ras expression vector)

or by using a bipartite adenovirus (expressing mda-7/IL-24 and

AS K-ras, Ad.m7/KAS), this ‘‘mRNA translational block’’ is

reversed, large amounts of MDA-7/IL-24 protein are produced,

and mutant pancreatic cancer cells undergo apoptosis. Although

the mechanism involved in this altered translation is not

currently known, it may result from inhibition of K-ras

signaling through MAPK because studies by Rajasekhar et al.

(2003) indicate that inhibiting this pathway facilitates the

translation of specific mRNAs into protein. This occurs by

enhancing the association of defined mRNAs with polysomes,

thereby promoting their translation into protein. We have tested

this hypothesis and shown that when mutant K-ras expression

is extinguished in pancreatic carcinoma cells infected with

Ad.mda-7, there is an increase in mda-7/IL-24 mRNA

associated with polysomes (Lebedeva et al., in press). Addi-

tionally, we have now demonstrated that combining mda-7/IL-

24 with inhibition of the K-ras-activated extracellular-regulated

kinase 1/2 (ERK1/2) also results in reversal of the ‘‘translational

block’’ culminating in MDA-7/IL-24 protein and apoptosis

(Lebedeva et al., in press).
mids synergistically inhibits colony formation in mutant K-ras MIA PaCa-2

MIA PaCa-2 colony formation. Cells were infected with 100 pfu/cell of Ad.vec

reseeded at a density of 400 cells per plate, and fixed and stained with Giemsa

IA PaCa-2 G418-resistant colony formation. Cells were infected with 100 pfu/

NA3.1 lacking insert or the pcDNA3.1 vector containing a 346-nt AS K-ras

L G418, and G418-resistant colonies were fixed and stained with Giemsa after 3
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Recent studies highlight an additional means of abrogating

the mda-7/IL-24 ‘‘mRNA translational block’’ in pancreatic

cancer cells (Lebedeva et al., 2005b). Treatment of both mutant

and wild-type K-ras pancreatic carcinoma cells with com-

pounds that induce reactive oxygen species (ROS), including

arsenic trioxide, N-(4-hydroxyphenyl) retinamide, or dithio-

phene (NSC656240), results in the production of MDA-7/IL-

24 protein and induction of apoptosis (Lebedeva et al., 2005b).

Confirmation of a role for ROS induction in this process was

provided by studies employing 2 ROS inhibitors, N-acetyl-l-

cysteine and Tiron, which prevented a reversal of the ‘‘mRNA

translational block,’’ production of MDA-7/IL-24 protein, and

induction of apoptosis when pancreatic carcinoma cells were

subsequently treated with a ROS inducer and infected with

Ad.mda-7. These effects were not associated with a reduction

in the levels of K-ras protein in these cells, which supports a

novel mode of action of this combinatorial approach. Because

this dual treatment did not induce apoptosis in normal cells,

these findings provide support for potentially using a ROS

inducer with Ad.mda-7 as a treatment modality for pancreatic

cancer (Lebedeva et al., 2005b).

15. Further insights into the

mechanism underlying the potent

‘‘antitumor bystander’’ activity of melanoma

differentiation associated gene-7/interleukin-24

A limitation frequently encountered using tumor suppressor

gene replacement therapy is an inability to transduce a

significant portion of tumor cells with a bioactive suppressor

gene (Lebedeva et al., 2003a; Su et al., 2005b). This

impediment profoundly limits the effectiveness of this strategy

of tumor suppressor gene replacement as a therapy for cancer.

An approach for ameliorating this situation would be to exploit

a tumor suppressor gene that not only affects cells that directly

receive this genetic agent, but also exerts activity on tumor

cells at a distance (Fisher et al., 2003; Fisher, 2005; Lebedeva

et al., 2005a). As discussed above, the potential for mda-7/IL-

24 to induce a potent ‘‘antitumor bystander’’ effect was first

uncovered in the context of pancreatic cancer (Su et al., 2001).

This effect has now been substantiated in a Phase I clinical trial

involving intratumor injections into advanced carcinomas and

melanomas (Fisher et al., 2003; Cunningham et al., 2005;

Fisher, 2005; Lebedeva et al., 2005a) and the mechanism of

this ‘‘antitumor bystander’’ activity in vitro has been investi-

gated in 2 recent studies (Chada et al., 2004a; Su et al., 2005c).

Chada et al. (2004a) determined the effect of secreted

glycosylated, tumor-cell-produced MDA-7/IL-24 protein (re-

leased by a stable 293 cell clone expressing a transfected mda-

7/IL-24 gene) on human melanoma cells. This form of MDA-7/

IL-24 protein produced a dose-dependent induction of

programmed cell death in human melanoma cells. Moreover,

the apoptosis-inducing effect of secreted glycosylated tumor-

derived MDA-7/IL-24 protein on melanoma cells was depen-

dent on the presence of functional IL-20/IL-22 receptors in

these cells. These studies also indicated that glycosylated

MDA-7/IL-24 protein induced phosphorylation and nuclear
translocation of STAT3 in melanoma cells and resulted in up-

regulation of BAX protein and subsequent apoptosis. In

contrast, additional IL-10 family members, including IL-10,

-9, -20, and -22, which also activate STAT3, did not promote

programmed cell death in melanoma cells. Additionally, in the

context of normal cells, MDA-7/IL-24 was found to bind to its

cognate (IL-20/IL-22) receptors and induce phosphorylation of

STAT3 without initiating apoptosis. Experiments to define the

role of PKR in this process indicated a lack of dependence on

this signaling pathway in melanoma cells for MDA-7/IL-24 to

induce apoptosis. These experiments provide further insight

into MDA-7/IL-24 ‘‘antitumor bystander’’ activity and suggest

that, at least in human melanoma cells, this process occurs by a

receptor-mediated process and by pathways that are STAT3 and

PKR independent.

In patients, mda-7/IL-24 is currently administered by

intratumoral injections using a conventional type 5 adenovirus

vector that is replication incompetent, Ad.mda-7 (INGN 241)

(Fisher et al., 2003; Cunningham et al., 2005; Fisher, 2005;

Lebedeva et al., 2005a; Tong et al., 2005). In this adenovirus,

the cytomegalovirus promoter controls mda-7/IL-24 gene

expression. This will result after Ad.mda-7 infection of both

normal and tumor cells with secretion of MDA-7/IL-24

protein, which would be predicted to be self-limiting in cancer

cells (because they will undergo apoptosis) but continuous in

normal cells [as long as the Ad.mda-7 (INGN 241) persists].

Su et al. (2005c) used several experimental protocols to

investigate the role of MDA-7/IL-24 protein secreted by

normal and cancer cells in the ‘‘antitumor bystander’’ activity

of this novel cytokine. (1) Agar diffusion overlay assays were

employed to define the effect of infecting normal cells with

Ad.mda-7 on the anchorage-independent growth of tumor

cells. (2) Matrigel invasion assays were used to determine the

ability of Ad.mda-7 infection of normal cells to impact on the

invasiveness of co-cultivated tumor cells. (3) The effect of co-

cultivation of normal–cancer and cancer–cancer cells on cell

survival following infection of one of the co-cultivating pair

with Ad.mda-7 was used to determine the role of normal

versus tumor cell secreted MDA-7/IL-24 on tumor cell

survival. Human cervical cancer (HeLa) cells, engineered to

produce green fluorescence protein (GFP), facilitated these

assays permitting the fate, that is, induction of apoptosis, of

these tumor cells to be monitored by FACS analyses. (4) The

effect of secreted MDA-7/IL-24 on agar (anchorage-indepen-

dent) growth of mda-7/IL-24- and radiation-sensitive and -

resistant prostate cancer cells in the presence or absence of

radiation were evaluated using the agar diffusion overlay assay.

These studies, in combination with assays designed to

determine mRNA levels of the IL-20R1, IL-20R2, and IL-

22R1 receptor subunits and STAT3 activation, confirm a role

for functional IL-20/IL-22 receptor complexes in mediating the

various ‘‘antitumor bystander’’ effects of MDA-7/IL-24 (Su et

al., 2005c). Additionally, these experiments document and

confirm several relevant aspects of the ‘‘antitumor bystander’’

effect of MDA-7/IL-24, including the following: (1) demon-

strating a self-limiting role of MDA-7/IL-24 produced by

cancer cells (which undergo apoptosis) and a more protracted
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role of MDA-7/IL-24 produced by normal cells (which do not

undergo apoptosis) in inducing apoptosis in co-cultivation

experiments; (2) an ability of the combination of secreted

MDA-7/IL-24 and radiation to promote antitumor activity not

only in mda-7/IL-24- and radiation-sensitive cancer cells, but

also in prostate tumor cells overexpressing the anti-apoptotic

proteins, bcl-2 or bcl-XL (Lebedeva et al., 2003a), and

displaying resistance to either agent alone; and (3) an ability

to use a cell-type-specific promoter, in our studies the

excitatory amino acid transporter 2 (EAAT2) promoter (Su et

al., 2003b; Rothstein et al., 2005; Sitcheran et al., 2005), to

target expression of mda-7/IL-24 in astrocytes resulting in the

secretion of MDA-7/IL-24 that affects agar growth and

sensitivity to radiation of malignant human glioma cells (Su

et al., 2005c). These innovative studies support a novel

approach for using mda-7/IL-24, by targeting expression in

normal target cells, to produce a constant supply of MDA-7/

IL-24 protein in a local organ environment, as well as

systemically, to enhance the therapeutic applications of this

novel cytokine not only in the context of organ-defined

disease, but also for treating metastases.
Fig. 9. Comparative mechanism of mda-7/IL-24 action after infection of various c

mda-7/IL-24 cDNA lacking the signal peptide). (A) mda-7/IL-24 inhibits C8161 M

with 100 pfu/cell of Ad.vec, Ad.mda-7, or Ad.SP-mda-7. After 24 hr, 1�106 cells
with Matrigel. The cells that invaded through the Matrigel-coated inserts were stain

Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetraz

was associated with a decrease in growth or viability of infected C8161 cells, bars,

lower chamber to quantitate the relative efficiency of invasiveness. (B) ‘‘Bystander’’

infection of P69 cells. P69 cells were seeded at 2�105/6-cm plate, infected 24 hr l

1�105 DU-145 cells suspended in 0.4% agar. Fourteen days later, with agar medium

>2 mm was enumerated microscopically. Average number of coloniesTSD from trip

pfu, plaque-forming unit; IL, interleukin (reproduced, by permission of the publish
16. Melanoma differentiation

associated gene-7/interleukin-24 inhibits

invasion and migration of cancer cells

Tumor development and metastasis are complex processes

mediated by changes in cancer cell physiology and biochem-

istry that frequently occur in a temporal manner during the

process of tumor progression (Fisher, 1984; Fidler, 2002; Fidler

et al., 2002; Onn & Fidler, 2002). Key components of tumor

progression that contribute to the metastatic phenotype are

tumor cell invasion and migration (Fidler, 2002; Fidler et al.,

2002; Onn & Fidler, 2002). The ability of mda-7/IL-24 to

affect tumor cell invasion has been evaluated in the context of

direct viral administration of this cytokine gene to tumor cells

(Ramesh et al., 2004; Sauane et al., 2004b) and in experiments

analyzing the putative ‘‘antitumor bystander’’ role of MDA-7/

IL-24 secreted by normal cells (Su et al., 2005c). In the case of

C8161 metastatic human melanoma cells, mda-7/IL-24 admin-

istered by adenovirus (Ad.mda-7) inhibited invasion through

Matrigel without altering cell viability (Fig. 9) (Sauane et al.,

2004b). This effect did not require secretion of mda-7/IL-24
ell lines with Ad.vec, Ad.mda-7, and Ad.SP-mda-7 (adenovirus expressing an

atrigel invasiveness without altering C8161 viability. C8161 cells were infected

were allowed to invade for 48 hr through transwell inserts (8-Am pores) coated

ed, counted, and photographed under a light microscope at �20 magnification.

olium bromide assay in parallel to ascertain whether the inhibition of invasion

TSD. Direct cell counts were performed on all surviving, attached cells in the

suppression of anchorage-independent growth of DU-145 cells after adenovirus

ater with 25 pfu/cell of Ad.vec, Ad.mda-7, or Ad.SP-mda-7 and overlaid with

feeding every 4 days, the number of anchorage-independent DU-145 colonies

licate plates. Qualitatively similar results were obtained in 2 additional studies.

er, from Sauane et al., 2004b).
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because administering mda-7/IL-24 by means of an adenovirus

expressing a signal peptide-deleted gene construct (Ad.SP-

mda-7) was as effective as the native gene product in blocking

invasion of C8161 cells (Fig. 10) (Sauane et al., 2004b). In the

case of human A549 (non-small cell lung carcinoma) and

H1299 (large cell lung carcinoma) cell lines, infection with

Ad.mda-7 inhibited invasion and migration prior to inducing

cell death (Ramesh et al., 2004). This anti-invasion and anti-

migration effect was comparable in these 2 cancer cell lines to

that observed when these cells were treated with the

phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 or

with a matrix metalloproteinase II inhibitor. Analysis of gene

expression changes indicated down-regulation of specific

genes associated with invasion by Ad.mda-7, including

PI3K/protein kinase B, focal adhesion kinase, and matrix

metalloproteinase-2 (MMP-2) and metalloproteinase-9 (MMP-

9). Decreased MMP-2 and MMP-9 expressions following

Ad.mda-7 infection of A549 and H1299 cells were confirmed

by zymography and Western blot analyses and a decrease in

metastasis was observed following injection of A549 cells

infected with Ad.mda-7 into nude mice (Ramesh et al., 2004).

Studies performed to evaluate the ‘‘antitumor bystander’’

effect of MDA-7/IL-24 secreted by normal cells indicated that

functional IL-20/IL-22 receptors were necessary for this

cytokine to inhibit tumor cell invasion (Su et al., 2005c). Co-

cultivation of immortal normal P69 prostate epithelial cells

infected with Ad.mda-7 with DU-145 (prostate carcinoma

cells) or BxPC-3 (pancreatic carcinoma cells), which have a
Fig. 10. Overview of the signaling pathways associated with Ad.mda-7 and MDA

phosphorylation; PHA, phytohemagglutinin; LPS, lipopolysaccharide; IL, interl

granulocyte macrophage-colony stimulating factor; VEGF; vascular endothelial gr

linositol 3-kinase/protein kinase B; FAK, focal adhesion kinase; MMP, matrix meta

mitogen-activated protein kinase; eIF2a, eukaryotic translation initiation factor-2a;

GADD, growth-arrest and DNA-damage inducible; Hsp, heat shock protein; Pp2A,

permission of the publisher, from Lebedeva et al., 2005a).
full-repertoire of IL-20/IL-22 receptors on their surface, but not

A549 cells, which lack complete receptors for MDA-7/IL-24,

inhibited invasion through Matrigel. These results argue that

the ability of mda-7/IL-24 to affect distant tumor cells, by

means of its ‘‘antitumor bystander’’ effect, will be dependent

on the presence of canonical receptors for MDA-7/IL-24 on

secondary tumor cells. This raises the question as to whether

the cytokine antitumor effects of MDA-7/IL-24 will be

diminished when using this gene in the context of specific

patient cancers, should their primary or secondary tumor cells

lack appropriate receptors for MDA-7/IL-24. This will most

likely not be the case because the vast majority of cancer cells,

as well as normal cells, contain functional IL-22/IL-24

receptors (Sauane et al., 2003a; Chada et al., 2004a, 2004b;

Su et al., 2005c). Moreover, the ability of mda-7/IL-24 when

administered directly to cancer cells by virus and the use of a

GST-MDA-7 fusion protein can still induce tumor-specific cell

killing by an intracellular mechanism (Sauane et al., 2004a,

2004b).

17. Melanoma differentiation

associated gene-7/interleukin-24 enhances

the sensitivity of cancer cells to radiation,

chemotherapy and monoclonal antibody therapies

Infection of human lung cancer cell lines, including A549

(wild-type p53 and wild-type RB1) and H1299 (deleted p53

and wild-type RB1), with Ad.mda-7 increases their sensitivity
-7/IL-24 activity in cancer cells and in the immune system. Abbreviations: P,

eukin; TNF-a, tumor necrosis factor alpha; IFN-g, interferon-g; GM-CSF,

owth factor; TGF-h, transforming growth factor-h; PI3K/PKB, phosphatidy-
lloproteinase; PKR, double-stranded RNA-dependent protein kinase R; MAPK,

Tyk2, tyrosine kinase-2; STAT, signal transducer and activator of transcription;

protein phosphatase-2A; iNOS, inducible nitric oxide synthase (reproduced, by
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to radiation (Kawabe et al., 2002). In contrast, a similar effect

of radiation was not observed in normal lung fibroblast cell

lines, CCD-16 and MRC-9 (Kawabe et al., 2002). The

combination of Ad.mda-7 and radiation resulted in ¨38%

TUNEL-positive cells, whereas radiation and Ad.mda-7

infection alone resulted in ¨10% and ¨18% TUNEL-positive

cells, respectively. These results confirm that Ad.mda-7

increases the radiosensitivity of non-small cell lung and large

cell lung carcinoma cells resulting in enhanced apoptosis

(Kawabe et al., 2002). Radiation activates the c-jun N-terminal

MAP kinase (JNK) pathway and the levels of c-jun and JNK

proteins raising the possibility that Ad.mda-7 mediates

radiosensitivity and enhances apoptosis through activation of

JNK kinase and subsequent activation of c-jun protein

(Kawabe et al., 2002). This observation is seen predominantly

in the context of radiosensitization studies because induction of

JNK by mda-7/IL-24 is not readily observed in most cells in

the absence of radiation. This enhancement of radiosensitiza-

tion is independent of the p53, Fas, and BAX status in lung

cancer cell lines (Kawabe et al., 2002).

Recent studies by our groups have revealed that treatment

of malignant gliomas, both rat and human, with purified GST-

MDA-7 fusion protein or infection with Ad.mda-7 also

sensitizes these tumor cells to radiation induced growth

suppression and apoptosis (Su et al., 2003a; Yacoub et al.,

2003b, 2003c, 2004; Sauane et al., 2004a; Dent et al., 2005).

Ad.mda-7 infection induced growth suppression and apopto-

sis in human malignant gliomas expressing both mutant and

wild-type p53, and these effects correlated with enhanced

expression of members of the GADD gene family (Su et al.,

2003a). This effect differed from that observed using an

adenovirus to deliver wild-type p53 (Ad.wtp53), in which

biological (growth suppression and induction of apoptosis)

and GADD gene family induction effects were restricted to

malignant gliomas containing a mutant p53 gene. In the

context of normal human primary fetal astrocytes, Ad.mda-7

and Ad.wtp53 were significantly less growth inhibitory than

in malignant gliomas and no toxicity was apparent. When

malignant gliomas (containing a wild-type or mutated p53

gene) were infected with Ad.mda-7 or treated with a GST

MDA-7/IL-24 fusion protein, GST-MDA-7, sensitivity to

ionizing radiation’s growth inhibitory and antisurvival effects

correlated with increased expression of specific members of

the GADD gene family. Based on the observation that

heterogeneity of p53 expression is a common event in

evolving gliomas, these findings suggest that in specific

contexts mda-7/IL-24 may prove superior as a gene-based

therapy for malignant gliomas, both with and without

irradiation, than administration of wild-type p53.

Studies by Yacoub et al. (2003b, 2004) extended the

findings of Su et al. (2003a), confirming that both Ad.mda-7

and GST-MDA-7 reduce proliferation and decrease survival of

human and rat malignant gliomas and these effects were

increased in a greater than additive fashion. These cellular

changes, which were not observed in cultures of non-

transformed primary astrocytes, correlated with enhanced

numbers of cells in the G1/G0 and G2/M phases of the cell
cycle, implying that Ad.mda-7 radiosensitizes glioma cells in a

cell-cycle-independent manner. Decreased growth correlated

with increased necrosis and DNA degradation, suggesting that

the combination of agents alters survival of malignant glioma

cells by mechanisms involving both apoptosis and necrosis. A

single infection with Ad.mda-7 enhanced p38 and ERK 1/2

activity without altering JNK or Akt activity. When cells

containing mda-7/IL-24 were irradiated, ERK 1/2 activity was

suppressed while JNK 1/2 activity was enhanced, without

altering either Akt or p38 activity. Moreover, abolishing JNK

1/2, but not p38, signaling extinguished the radiosensitizing

properties of MDA-7/IL-24. In contrast, inhibition of neither

ERK 1/2 nor PI3K signaling enhanced the anti-proliferative

effects of Ad.mda-7, whereas combined inhibition of both

pathways enhanced cell killing, suggesting that ERK and PI3K

signaling can be protective against MDA-7/IL-24 lethality in

specific cell contexts.

Ad.mda-7 as well as GST-MDA-7 synergizes with radia-

tion-induced free radicals, which further reduces the expression

of the anti-apoptotic protein BCL-XL and enhances expression

of BAX protein leading to enhanced radiosensitivity in vitro

(Yacoub et al., 2003b). This effect, induction of BAX protein

following combination treatment with MDA-7/IL-24 and

radiation in malignant rat and human glioma cells, was not

evident in NSCLC cell lines (Kawabe et al., 2002). Forced

expression of Bcl-XL (administered by adenovirus transduc-

tion) protected RT2 (rat malignant glioma) cells from growth

suppression and loss of viability induced by the combination of

Ad.mda-7 and ionizing radiation (Yacoub et al., 2003c). N-

acetyl-l-cysteine (NAC), an antioxidant, inhibited the anti-

proliferative interaction between mda-7/IL-24 and radiation in

RT2 cells, suggesting that radiation-induced free radicals

cooperates with changes induced by mda-7/IL-24 to enhance

mitochondrial dysfunction thereby contributing to apoptosis

(Yacoub et al., 2003b, 2003c). Infection of RT2 cells with

Ad.mda-7 prior to intracranial injection into the brains of

Fischer 344 rats increased survival following 6 Gy of ionizing

radiation in comparison with animals receiving only radiation

or animals infected with Ad.vec (lacking the mda-7/IL-24

gene) or Ad.mda-7 (which by itself enhanced survival, above

Ad.vec or radiation treatment alone) (Yacoub et al., 2003c).

Additional studies are required to understand the mechanism

by which JNK and c-jun proteins are activated by Ad.mda-7 or

GST-MDA-7 and how this gene causes radiosensitization of

malignant glioma cells thereby facilitating killing of these

cancer cells both in vitro and in vivo.

To further evaluate the effects of GST-MDA-7 and ionizing

radiation on malignant glioma cells, experiments were per-

formed using primary (non-established) human glioblastoma

multiforme (GBM) cells (Yacoub et al., 2004). For this study, a

spectrum of primary GBM cells were chosen, including ones

expressing mutated PTEN and p53 proteins, activated ERBB

VIII, overexpressing wild-type ERBB1, or without receptor

overexpression. GST-MDA-7 produced a dose-dependent

decrease in proliferation of primary glioma cells, whereas

viability was only decreased at high concentrations of this

purified protein. Irradiation enhanced these effects in a greater
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than additive manner, which was also dependent on JNK 1/2/3

activation. As observed in RT2 cells, the enhancement of

killing by radiation and GST-MDA-7 was blocked by NAC (a

ROS scavenger), a JNK 1/2/3 inhibitor (SP600125), a pan-

caspase inhibitor (zVAD), and an inhibitor of caspase 9

(LEHD), but not by an inhibitor of caspase 8 (IETD). The

combination of low concentrations of irradiation or GST-

MDA-7 also decreased clonogenic survival of GBM cells,

which was enhanced when both agents were employed together

and blocked by inhibition of caspase 9 functions. In concor-

dance with activation of the intrinsic caspase pathway, cell

death correlated with reduced Bcl-XL expression and with

elevated levels of the pro-apoptotic proteins BAD and BAX.

Inhibition of caspase 9 after combination treatment blunted

neither JNK 1/2/3 activation nor the enhanced expression of

BAD and BAX expression. These findings support an

hypothesis that after combination treatment JNK 1/2/3 activa-

tion is a primary pro-apoptotic event and loss of BCL-XL

expression and ERK 1/2 activity are secondary caspase-

dependent processes. These data also argue that GST-MDA-7

induces 2 overlapping pro-apoptotic pathways via ROS-

dependent and -independent mechanisms. In total, these

findings demonstrate that MDA-7/IL-24 reduces proliferation

and enhances the radiosensitivity of non-established human

GBM cell in vitro and that sensitization occurs independently

of basal EGFR/ERK1/2/AKT activity or the functions of PTEN

or p53.

Studies were performed to determine the effect of GST-

MDA-7 alone and in combination with radiation on the growth

and viability of human breast cancer cells (Sauane et al.,

2004a). When applied to MDA-MB-231 (mutant p53) breast

carcinoma cells, GST-MDA-7 induced a dose-dependent

decrease in viability as determined by MTT assays. Addition-

ally, growth suppression by GST-MDA-7 was enhanced in a

greater than additive fashion when combined with radiation.

These studies were extended to include additional breast cancer

and normal immortal breast epithelial (HBL-100) cells.

Whereas no significant change in viability or growth was

apparent in HBL-100 cells treated with GST-MDA-7, de-

creased growth and viability was observed in breast carcinoma

cells that were independent of their p53 status; that is, in MCF-

7 (wild-type p53), T47D (mutant p53), and MDA-MB-157

(null for p53) cells.

In human prostate cancer cells, a role for mitochondrial

dysfunction and induction of reactive oxygen species in the

apoptotic process has been documented. Ectopic overexpres-

sion of bcl-XL and bcl-2 prevents these changes including

apoptosis induction in prostate tumor cells by Ad.mda-7

(Lebedeva et al., 2002, 2003a, 2003c). Recent studies

document that resistance to apoptosis can be reversed by

treating bcl-2 family overexpressing prostate tumor cells with

ionizing radiation in combination with Ad.mda-7 or purified

GST-MDA-7 protein (Su et al., in press). Additionally,

radiation augments apoptosis induction by mda-7/IL-24 in

parental neomycin-resistant prostate tumor cells. Radiosensi-

tization to mda-7/IL-24 is dependent on JNK signaling

because treatment with the JNK 1/2/3 inhibitor SP600125
abolishes this effect. Because elevated expression of bcl-XL

and bcl-2 are frequent events in prostate cancer development

and progression, these studies support the use of ionizing

radiation in combination with mda-7/IL-24 as a means of

augmenting the therapeutic benefit of this gene in prostate

cancer, particularly in the context of tumors displaying

resistance to radiation therapy due to bcl-2 family member

overexpression.

The studies described briefly above indicate that MDA-7/

IL-24 promotes radiation sensitivity in a wide spectrum of

human cancers, including NSCLC, malignant gliomas, breast

carcinomas, and prostate carcinomas. This diversity of targets

suggests that employing MDA-7/IL-24 with ionizing radiation

may provide a means of enhancing the therapeutic benefit of

this multifunctional cytokine. It would be of immense clinical

importance to better understand the mechanism of mda-7/IL-

24-induced radiosensitization to treat cancers where radiother-

apy may only provide minimum benefit, whereas the combi-

nation of mda-7/IL-24 and radiation may provoke a significant

therapeutic response.

A recent study by Nishikawa et al. (2004) demonstrated that

a combination of ionizing radiation and Ad.mda-7 resulted in a

substantial and long-lasting suppression of A549 NSCLC

tumor growth in nude mice. This represents an interesting

model because A549 cells to not contain a full complement of

IL-20/IL-22 receptors (Chada et al., 2004a; Su et al., 2005c),

making them resistant to ‘‘antitumor bystander’’ activity of

secreted MDA-7/IL-24 (Chada et al., 2004a; Su et al., 2005c).

Suppression of tumor growth by administering MDA-7/IL-24

by Ad.mda-7 intratumorally into A549 xenograft tumors in

animals in combination with ionizing radiation correlated with

a reduction of angiogenic factors [basic fibroblast growth factor

(bFGF), vascular endothelial growth factor (VEGF)] and

microvessel density, which exceeded that observed with

Ad.mda-7 or radiation alone. Using soluble MDA-7/IL-24

(sMDA-7/IL-24) from 293 cells and in vitro assays, HUVECs

were sensitized to radiation, whereas A549 cells and normal

human lung fibroblasts were not affected. Similarly, infection

of normal human cells with Ad.mda-7 resulted in secretion of

MDA-7/IL-24 that can inhibit tumor cell invasion and

synergize with radiation in decreasing tumor cell growth in

agar in cells that contain a complete set of functional IL-20/IL-

22 receptors, but not in A549 tumor cells lacking appropriate

receptors for MDA-7/IL-24 (Su et al., 2005c). These studies

confirm that Ad.mda-7 in combination with radiation can

enhance apoptosis and sMDA-7/IL-24 can inhibit angiogenesis

by sensitizing endothelial cells to ionizing radiation without

affecting normal cells. These observations are interesting and

provide further support for the use of a combination of MDA-

7/IL-24 with radiation, which would in principle override

resistance in tumor cells that lack complete IL-20/IL-22

receptors by targeting their tumor vasculature and inhibiting

angiogenesis.

Recent studies document that the non-steroidal anti-inflam-

matory drug sulindac can augment the antitumor activity of

Ad.mda-7 in the context of human non-small cell lung

carcinoma cells (Oida et al., 2005). The combination of
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sulindac and Ad.mda-7 promoted growth suppression and

apoptosis in A549 and H1299 human lung cancer cells. This

enhancement effect of Ad.mda-7 was dose dependent for

sulindac in the cancer cells, whereas no growth inhibitory or

apoptotic effect was evident in normal human lung fibroblasts

(CCD-16). The mechanism underlying this synergy was

intriguing, in that sulindac increased expression of ectopic

MDA-7/IL-24 protein in tumor cells, thereby elevating

downstream targets of this cytokine in lung cells, including

PKR, p38 MAPK, caspase-9, and caspase-3. Pulse-chase

studies suggested that the increase in MDA-7/IL-24 protein

in sulindac-treated cells was a consequence of elevated half-life

of this protein. The combination of sulindac and Ad.mda-7 also

resulted in enhanced suppression in human lung tumor growth

in nude mice as compared to a single treatment with either

agent. This process also reflected an increased half-life of

MDA-7/IL-24 protein. This study by Oida et al. (2005)

supports the use of mda-7/IL-24 with other agents, in this

case the drug sulindac, to enhance its therapeutic activity.

McKenzie et al. (2004) investigated the effect of Ad.mda-7

in combination with Herceptin (Trastuzumab), an anti-

p185ErbB2 murine monoclonal antibody (4D5) that binds to

the extracellular domain of ErbB2 and down-regulates expres-

sion of cell surface ErbB2 proteins, on Her-2/neu-overexpres-

sing breast cancer cells. This combination treatment resulted in

decreased levels of h-catenin, Akt, and phosphorylated Akt as

compared with single treatment with Ad.mda-7 or Herceptin.

Additionally, in vivo studies in nude mice injected with MCF-

7-Her-18 cells, in their thoracic mammary fat pads, indicated

that the combination of Ad.mda-7 plus Herceptin enhanced

suppression in tumor growth of established Her-2/neu-over-

expressing tumors to a greater extent than treatment with only

Ad.mda-7 or Herceptin. These studies suggest that a combi-

nation of Ad.mda-7 plus Herceptin would be more efficacious

for the therapy of Her-2/neu-overexpressing breast cancer than

a single treatment modality. Although further studies are

needed, this combinatorial effect could be a consequence of

targeted inhibition of h-catenin and Akt pathways that are

important in breast cancer cell growth.

18. Anti-angiogenic activity of melanoma

differentiation associated gene-7/interleukin-24

A critical component of cancer development and tumor

progression involves development of an adequate blood supply

to insure survival of primary and secondary (metastatic) tumors

(Folkman, 1996, 2002, 2003; Fidler et al., 2002). This process is

dependent on the generation of new blood vessels, angiogen-

esis, which contributes to many pathological conditions (Folk-

man, 1996, 2001, 2002, 2003; Fidler et al., 2002). Key

components of angiogenesis involve secreted factors, including

primarily vascular endothelial growth factor (VEGF) as well as

basic fibroblast growth factor (bFGF), platelet-derived growth

factor (PDGF), and interleukin-8 (Fidler et al., 2002; Folkman,

2002, 2003). Defining ways of inhibiting this process,

including approaches targeting the angiogenic factor itself or

its receptors as well as the tumor vasculature, has now become
a major focus for anticancer therapy, which has recently

culminated in numerous clinical studies (Hegeman et al., 2004;

Purow & Fine, 2004; Hoff, 2005). In this context, agents that

can impact on the angiogenic process offer potential as

significant therapeutic modalities for treating both primary

and metastatic tumors.

Studies by Ramesh et al. (Saeki et al., 2002; Ramesh et al.,

2003, 2004; Nishikawa et al., 2004) have demonstrated a

unique aspect of mda-7/IL-24 action, an ability to inhibit

angiogenesis. Initial studies in the context of human vascular

endothelial cells (HUVECs) and A549 (NSCLC) and H1299

(large cell lung carcinoma) lung cancer cells demonstrated that

Ad.mda-7 had anti-angiogenic properties (Saeki et al., 2002).

Infection of HUVEC cells, involved in new blood vessel

formation, with Ad.mda-7 inhibited endothelial tube formation,

without affecting cell viability. When tested in in vivo animal

models, containing injected A549 or H1299 cells, Ad.mda-7

infection decreased tumor formation and this effect correlated

with a decrease in CD31 expression, a marker of neoangiogen-

esis. These provocative studies supported the possibility that in

addition to the ability of Ad.mda-7 to induce apoptosis in

tumor cells in animals, it also had the capacity to alter blood

vessel formation, that is, it was an inhibitor of angiogenesis.

A more detailed follow-up study by Ramesh et al. (2003)

confirmed that MDA-7/IL-24 secreted from a 293 cell clone

transformed with a full-length mda-7/IL-24 cDNA, sMDA-7/

IL-24, could regulate angiogenesis and this effect was dependent

on the IL-22 receptor (Ramesh et al., 2003). Application of

sMDA-7/IL-24 to endothelial cells in vitro inhibited their

differentiation into tubes and their migration when exposed to

VEGF or bFGF. This inhibitory effect surpassed that of

endostatin, gamma interferon and IP-10 (interferon-inducible

protein 10). Interferon alpha and beta that exhibit strong anti-

angiogenic activity (Fidler et al., 2002; Folkman, 2002; Pestka,

2003) were not compared with MDA-7/IL-24. This activity of

MDA-7/IL-24 was shown to involve the IL-22 receptor because

blocking antibody to IL-22 receptor combinedwith sMDA-7/IL-

24 inhibited VEGF-induced angiogenesis as shown by reduced

vascularization and hemoglobin content in an in vivo Matrigel

plug assay. When A549 cells were mixed with 293 cells

producing sMDA-7/IL-24, tumor growth in vivo in nude mice

was inhibited. Similarly, systemic administration of sMDA-7/

IL-24 also inhibited lung tumor growth in a mouse xenograft

model. This reduction in tumor growth correlated with a

decrease in tumor microvessel density and hemoglobin content,

supporting the concept of anti-angiogenic activity of MDA-7/

IL-24. In this context, one would anticipate that mda-7/IL-24

may exert its antitumor properties in vivo by evoking multiple

pathways, including direct cancer cell apoptosis, inhibition of

angiogenesis, and as discussed previously modulation of

immune responses (Fig. 10).

19. Phase I clinical studies with Ad.mda-7

(INGN-241) indicate safety and clinical efficacy

mda-7/IL-24 has now reached a critical juncture relative to

its evolution as a potential gene therapy for cancer. This novel
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cytokine, administered by a replication incompetent adenovirus

(Ad.mda-7; INGN 241), has been injected intratumorally in

patients with advanced carcinomas and melanomas (Fisher et

al., 2003; Cunningham et al., 2005; Lebedeva et al., 2005a;

Tong et al., 2005). These studies, which will be expanded on

below, indicate that mda-7/IL-24 is safe and provides evidence

of clinically significant activity. Moreover, much of the

responses observed in vitro and in animal tumor models have

now been recapitulated in the context of patients. These early

successes in patients suggest that mda-7/IL-24 has consider-

able potential as an effective gene therapy for multiple cancers.

Preclinical animal modeling studies confirmed that Ad.mda-

7 had potent growth inhibiting and apoptosis-inducing proper-

ties in various tumor models (Su et al., 1998; Madireddi et al.,

2000c; Gopalkrishnan, 2002; Ramesh et al., 2003), supporting

its potential as a gene therapeutic for cancer. In comparison with

existing anticancer drugs, Ad.mda-7 has distinct advantages,

including the following: (1) robust activity toward a spectrum of

genetically diverse cancers; (2) a defined dose–response

pharmacologic relationship; (3) no apparent toxicity toward a

wide array of normal human or rat cells; (4) novel mechanism of

action that exploits multiple defects in cancer cell physiology

resulting in induction of programmed cell death; and (5) ability

to generate a profound ‘‘antitumor bystander’’ effect (reviewed
Fig. 11. Spread of mda-7/IL-24 RNA, DNA, and protein and biological effects (apo

sections of tumor. (B) Decay of INGN 241 (Ad.mda-7) vector at the injection si

numbers of DNA and RNA copies determined by PCR and RT-PCR, respectively, a

effect (apoptosis) at the injection site. Protein expression correlates with apoptosis. S

TUNEL reactivity using immunohistochemistry. (D) Data from TUNEL assay and i

injection site (reproduced, by permission of the publisher, from Lebedeva et al., 20
in Fisher et al., 2003; Fisher, 2005; Lebedeva et al., 2005a).

Additionally, mda-7/IL-24 is a potent inhibitor of angiogenesis,

a profound stimulator of radiation sensitivity and an immune

modulator, all of which may contribute further to its significant

in vivo therapeutic properties.

To define safety and biologic activity of mda-7/IL-24, a

Phase I clinical trial was conducted using intratumoral

injections of Ad.mda-7 (IL-24; INGN 241) in 28 patients with

resectable solid tumors (Cunningham et al., 2005). In all cases,

injected lesions demonstrated Ad.mda-7 vector transduction,

mda-7/IL-24 mRNA, MDA-7/IL-24 protein, and apoptosis

induction, with greatest concentration and activity near the

injection site (Fig. 11 and data not shown) (Cunningham et al.,

2005; Lebedeva et al., 2005a). Ad.mda-7 (INGN 241) vector

DNA and mRNA were readily detected more than 1 cm from

the injection site (Fig. 11), whereas MDA-7 protein and

bioactivity were more widely disseminated. Minimal and mild

self-limiting toxicity, attributable to the injections, were

apparent in most patients. Of relevance, evidence of clinical

activity was apparent in 44% of lesions receiving repeated

injections, including complete and partial responses in 2

melanoma patients. Thus, intratumoral administration of

Ad.mda-7 (INGN 241) is apparently well tolerated, induces

programmed cell death (apoptosis) in a predominant percentage
ptosis) 24 hr after intratumoral injection. (A) Schematic representation of serial

te. Immunohistochemical staining of different tumor sections and the median

re shown for each section. (C) Spread of MDA-7/IL-24 protein and biological

erial sections from each tumor were evaluated for MDA-7/IL-24 expression and

mmunohistochemistry are plotted to indicate signals compared to distance from

05a).
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of tumor cells and provides clinically noteworthy activity

(Fisher et al., 2003; Cunningham et al., 2005; Lebedeva et al.,

2005a).

Additional results of a Phase I dose-escalation clinical trial

using Ad.mda-7 (INGN 241) in 22 patients with advanced

cancer was presented by Tong et al. (2005). Tumors injected

with Ad.mda-7 (INGN 241) were excised and evaluated for

vector-specific DNA and RNA, MDA-7/IL-24 expression and

biologic effects. Effective gene transfer was demonstrated in

100% of patients evaluated using DNA- and RT-PCR. These

studies confirmed a dose-dependent penetration of Ad.mda-7

(INGN 241) with parallel dispersion of vector DNA and RNA,

MDA-7/IL-24 protein, and apoptosis induction in all tumors,

with signals diminishing from the initial injection site. Support

for bioactivity of injected mda-7/IL-24 was provided by

documentation of elevated expression of putative MDA-7/IL-

24 target genes, including h-catenin, iNOS, and CD31.

Moreover, transient increases (up to 20-fold) were also

apparent in the serum levels of IL-6, IL-10, and TNF-a. In
Fig. 12. Model illustrating the possible molecular basis of mda-7/IL-24 cance

overexpression of mda-7/IL-24 are shown on left and right sides of the figure, respec

and -3 transcription factors to mediate pathways affecting cell growth. Because mda-7

and melanocytes, effects are likely initiated in these cell types but might also affect n

or ectopically overexpressed, current findings indicate localization to the ER/G

Accumulation of MDA-7/IL-24 protein in this compartment triggers apoptosis that c

However, MDA-7/IL-24 additionally acts indirectly on mitochondria to generate re

results in transformed cell-specific apoptosis. IL, interleukin; ER, endoplasmic reti

oxygen species (reproduced, by permission of the publisher, from Sauane et al., 20
the context of IL-6 and TNF-a induction, a direct relationship

between the levels of these cytokines and clinical response to

mda-7/IL-24 was indicated. Patients injected with Ad.mda-7

(INGN 241) also displayed significant increases in CD3+CD8+

T-cells, supporting the suggestion that this treatment increased

systemic TH1 cytokine production and activated CD8+ T-cells.

These observations are consistent with preclinical features of

MDA-7/IL-24 and support the potential immune modulatory as

well as direct antitumor apoptosis properties of this cytokine in

patients.

Taken together, the initial clinical studies using Ad.mda-7

are exciting and provide optimism of the clinical utility of

MDA-7/IL-24 for cancer therapy. However, very few if any

therapeutic agents have been found to elicit a complete cancer

cure. Only further studies will indicate if mda-7/IL-24 is an

exception to this rule. Of import, a number of studies have

documented that combining mda-7/IL-24 with other therapeu-

tic modalities or agents can further augment its antitumor

properties. This includes radiation (Kawabe et al., 2002; Su et
r cell-mediated apoptosis. The effects of known physiological and ectopic

tively. Normally, mda-7/IL-24 binds to cognate receptors and activates STAT-1

/IL-24 mRNA and protein are normally seen in subpopulations of immune cells

eighboring non-producing cells because the protein is secreted. When normally

olgi compartments, whether or not the protein contains a secretory signal.

ould apparently involve induction of pathways described currently as ER stress.

active oxygen species. A combination of pathways triggered by mda-7/IL-24

culum; STAT, signal transducers and activators of transcription; ROS, reactive

04b).
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al., 2003a; Yacoub et al., 2003b, 2003c, 2004; Nishikawa et al.,

2004) and recent reports indicating cooperativity between mda-

7/IL-24 and monoclonal antibody therapy (McKenzie et al.,

2004) and treatment with sulindac (Oida et al., 2005). Further

studies are clearly necessary to determine if these and other

agents will also result in enhanced therapeutic efficacy in

patients, thereby improving the ability of mda-7/IL-24 to

eradicate diverse cancers. Additionally, employing cancer-

selective conditionally replicating adenoviruses to deliver

mda-7/IL-24 has proven more active in vivo in animal models

in inducing an antitumor response than using replication

incompetent adenoviruses to deliver this cytokine (Sarkar et

al., 2005; Zhao et al., 2005).

20. Concluding perspectives and future directions

In a short time frame, mda-7/IL-24 has progressed from a

laboratory discovery to a potential therapy for cancer (Fisher,

2005). In this context, this distinctive molecule has become the

focus of increasing scientific scrutiny. This intensive analysis

has provided significant new insights into the multitude of

properties of this molecule, confirming its selective antitumor

apoptosis-inducing ability in vitro and in vivo in human tumor

xenograft nude mouse tumor models, demonstrating anti-

angiogenic properties, elucidating key signal transduction

pathways and molecules mediating activity in specific cancers

(including p38 MAPK, PKR, GADD gene induction, changes

in the ratio of pro-apoptotic to anti-apoptotic proteins),

demonstrating a unique ability to radiosensitize tumor cells

and finally documenting safety and potential clinical efficacy

in patients with advanced carcinomas and melanomas (specific

aspects of mda-7/IL-24 have been reviewed in Sarkar et al.,

2002a; Fisher et al., 2003; Sauane et al., 2003b; Chada et al.,

2004b; Gopalkrishnan et al., 2004; Dent et al., 2005; Fisher,

2005; Lebedeva et al., 2005a). If anything, this rapid evolution

in our knowledge has taught us to appreciate the complexity of

action of mda-7/IL-24, culminating in the recent discovery that

this gene can selectively kill cancer cells by a mechanism

potentially independent of its cytokine properties, that is, by

intracellular targeting and the stress response (Fig. 12).

Although further studies are mandatory, it appears that mda-

7/IL-24 is able to find kinks in the armor of most tumor cells

and exploit inherent weaknesses to destroy these cancer cells

(Fisher et al., 2003; Lebedeva et al., 2005a). Additionally, it

can attack the fundamental lifeline of the cancer, blood vessel

formation (angiogenesis) (Folkman, 1996, 2001, 2002, 2003;

Fidler et al., 2002), providing an additional means of thwarting

tumor growth and progression. Adding further to its potential

clinical utility, mda-7/IL-24 is a potent sensitizer of cancer

cells to radiation and chemotherapeutic agents (including

specific drugs and monoclonal antibodies) (Kawabe et al.,

2002; Lebedeva et al., 2003c, 2005b; Su et al., 2003a; Yacoub

et al., 2003b, 2003c, 2004; McKenzie et al., 2004; Oida et al.,

2005; Su et al., in press) and this secreted cytokine exerts

potent ‘‘bystander’’ antitumor activity (increasing its range of

action) (Su et al., 2001; Chada et al., 2004a; Su et al., 2005c).

Finally, although not well understood, mda-7/IL-24 appears to
embody potent immune modulating properties (Caudell et al.,

2002; Fisher et al., 2003; Tong et al., 2005), providing still

another method to quell tumor cell growth and spread. In these

contexts, if one hoped to design the ideal anticancer gene

therapy, a strong candidate would be mda-7/IL-24, which can

obstruct cancer on many levels and by attacking it in so many

ways may provide a means of developing a long-term effective

therapy for this pervasive and debilitating malady of mankind.

We are optimistic that the future will provide additional

insights into the mechanism of action of this intriguing

cytokine and with this knowledge will come ways of further

enhancing the utility and efficacy of mda-7/IL-24 as a cancer

gene therapeutic.
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SHORT COMMUNICATION

An adenovirus vector with a chimeric fiber
incorporating stabilized single chain antibody
achieves targeted gene delivery
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Adenovirus (Ad) vectors are of utility for many therapeutic
applications. Strategies have been developed to alter
adenoviral tropism to achieve a cell-specific gene delivery
capacity employing fiber modifications allowing genetic
incorporation of targeting motifs. In this regard, single chain
antibodies (scFv) represent potentially useful agents to
achieve targeted gene transfer. However, the distinct
biosynthetic pathways that scFv and Ad capsid proteins are
normally routed through have thus far been problematic with
respect to scFv incorporation into the Ad capsid. Utilization
of stable scFv, which also maintain correct folding and thus

functionality under intracellular reducing conditions, could
overcome this restriction. We genetically incorporated a
stable scFv into a de-knobbed, fibritin-foldon trimerized Ad
fiber and demonstrated selective targeting to the cognate
epitope expressed on the membrane surface of cells. We
have shown that the scFv employed in this study retains
functionality and that stabilizing the targeting molecule, per
se, is critical to allow retention of antigen recognition in
the adenovirus capsid-incorporated context.
Gene Therapy (2006) 13, 88–94. doi:10.1038/sj.gt.3302603;
published online 18 August 2005
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Adenovirus (Ad) vectors based on the human serotypes
2 and 5 are promising candidates as gene therapy
delivery vehicles. In addition to attractive features such
as low pathogenicity for humans, lack of integration in
host cell genome and the ability to grow to high titers,
adenoviruses have unique utility for in vivo applications
due to their high efficacy compared with other
approaches. In this regard, Ad vectors are currently
involved in more than one-quarter of all human gene
therapy trials and have a proven safe clinical profile.
However, their efficacy within the clinic would clearly
be improved by the development of Ad vectors with
selective tissue targeting capabilities.

In this regard, motifs derived from antibody molecules
represent potentially useful agents to achieve this
desired goal of cell-specific targeting, as they embody
unparalleled affinity and specificity for recognition and
binding to target cell surface markers as well as
encompassing a broad range of characterized targets.
Thus, it is widely recognized that genetically incorporat-
ing antibody-derived targeting motifs into the adenoviral
capsid represents the optimal means to achieve the

field-wide goal of rendering Ad target cell specific.
In particular, single chain antibodies (scFv), generally
comprising a variable region of a heavy (VH) domain
fused to a light (VL) domain of an immunoglobulin via
a polypeptide linker, represent the antibody fragment
of choice; tropism modification of several viral vectors
has been attained via envelop incorporation of scFv.1–10

However, attempts to directly incorporate scFv into the
Ad capsid have been problematic to this point.11

Consideration of the infectious life cycles and biological
pathways of the different viral vectors is required to
understand this phenomenon. Specifically viral envelop
incorporation of scFv is directly achievable owing to the
fact that glycoproteins of such viral vectors are routed
in a manner similar to that of scFv, wherein synthesis
of these proteins occurs with assembly and folding
in the RER. On the other hand, Ad capsid proteins
are synthesized in the host cell cytosol followed by
cytosol-to-nuclear transport and full virion assembly in
the nucleus. Relevant in this context is the fact that the
redox state of the cytosol environment is potentially
deleterious to scFv due to intra-chain disulfide bridges,
found in each variable heavy and light chain. Thus, the
nonnative routing imposed on scFv by Ad capsid
incorporation methods likely confounds proper scFv
folding, thus perturbing the structural configuration
required for antigen recognition. This intranuclear
assembly of adenovirus thus renders incorporation of
scFv into Ad capsids an unprecedented challenge. As a
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provisional alternative to genetic modification, targeting
through two-component adaptor systems has demon-
strated that the concept of re-targeting is attainable and
defined key biologic aspects thereof.12–18 Thus, with the
advent of genetic development of cytosol stable scFv
(known as ‘intrabodies’) (reviewed in Barberis et al.19 and
Stocks20), and the translation of technologies to scFvs that
target cell surface markers of disease-related cells (e.g.
CEA21), these potential pitfalls seen thus far with
standard scFv may be overcome. It would therefore
seem that these stabilized scFv provide a more relevant
choice as targeting ligands to be utilized within the Ad
capsid configuration.

We have recently reported on a novel intracellular
screening system, the yeast genetic system named
‘Quality control’ that allows selection of scFvs, which
are stable under reducing conditions.22 These selected
scFvs have shown high biochemical stability and
solubility not only in the intracellular reducing environ-
ment, but also under normal extracellular conditions,
and therefore these scFvs serve as acceptor backbones
upon which to construct hypervariable loops that
specifically recognize antigens. Through this library
screening system soluble and stable scFv moieties for
various antigens can be rapidly identified.23 The antigen-
specific scFv (referred to as Binder throughout) devel-
oped for this study is based on the FW4.4 scaffold.24

It is able to specifically bind to an artificial receptor
system composed of a transmembrane spanning part
and a short extracellular peptide epitope.

Another key consideration in this context is the
necessity to identify (or modify) capsid proteins that
are compatible with the incorporation of heterologous
ligands of comparable complexity to antibody-derived
fragments. Underlying this general concept is the
requirement to incorporate the antibody-related species
into the adenoviral capsid via genetic capsid modifica-
tions. Whereas small peptides have been incorporable at
the major capsid proteins penton,25 hexon,26,27 and in the
so-called HI loop28–33 and carboxy terminus of the Ad5
fiber protein,34,35 these identified regions within the
aforementioned capsid proteins have not been shown
to be suitable for incorporation of molecules with the
complexity represented by antibody-related mole-
cules.33,35 In addition, these resultant adenovirus vectors
often have expanded, rather than restricted, cell recogni-
tion, as they do not address the question of ablation of
CAR tropism. Realization of these limitations recently
resulted in new strategies capitalizing on the modular
structure of the native fiber protein, the natural determi-
nant of Ad vector tropism. Hence, the development
of the so-called ‘knobless’ fiber platforms have been
endeavored, whereby modifications are based on the
concept of replacing the native fiber with an alternative
protein capable of providing the trimerization functions
that the knob usually confers. The removal of the
structural constraints imposed by the fiber knob would
generate a theoretical universal ligand-presenting mole-
cule, by which an expanded repertoire of incorporable
and complex ligands can be utilized. Hence, several
chimeric fibers based on this design have been con-
structed by utilizing various trimerizing motifs, includ-
ing the trimerizing domain of Moloney murine leukemia
virus envelope glycoprotein,36 the neck region peptide of
human lung surfactant protein D37 and the s1 attachment

protein of the mammalian reovirus.38 In this regard, our
group has utilized the bacteriophage T4 fibritin protein
for fiber replacement,39 which permitted the incorpora-
tion of CD40L, a trimeric targeting ligand of comparable
complexity, to scFv.40 However, the structural integrity
of these fibers is lessened11,36,37,41 and in our own studies
we have noted that targeting with these vectors, while
CAR independent and target receptor specific, does
not achieve the levels associated with an Ad5 fiber on a
CAR expressing cell.39,40 To address this point, we have
further refined the fiber-fibritin platform, and developed
a 566FF chimeric fiber containing the Ad5 tail and Ad5
shaft fused to the 12th coil of the fibritin molecule
(as described42). This fiber demonstrating improved
incorporation into the viral capsid provided us a new
platform for the incorporation of the stabilized scFv
(Figure 1).

To conduct preliminary analysis of these 566FF-scFv,
the genes were assembled in the mammalian expression
plasmid pVSII43 and the resultant plasmids were then
used to direct the expression of these proteins in 293T/17
cells. These expression experiments were intended to
demonstrate that the designed fiber chimeras, when
expressed in mammalian cells, possess structural and
functional properties required both for the incorporation
of these proteins into Ad virions and for binding to the
cognate epitope (RA) present in a recombinant protein,
GST-RA. As seen in Figure 2a, a Western blot of the
lysates of pVS-transfected 293T/17 cells showed that the
566FF-scFv proteins, as well as the control 566FF-Cd (this
control 566FF fiber instead of scFv as the ligand contains
the Fc binding domain (termed Cd) from Staphylococcus
aureus Protein A incorporated into the C terminus and
this fiber is known to be structurally stable)42 and wild-
type Ad5 fiber expressed by the same plasmid system,
were of the expected molecular weight without detect-
able signals indicating degradation. A comparison of
the mobilities of the chimeras in denatured and non-
denatured samples showed that all the newly designed
proteins formed trimers upon self-association. We next
examined the RA-binding capability of the Binder scFv
in the context of the 566FF chimeras. This was
accomplished by an ELISA which used the lysates of
566FF-scFv-expressing 293T/17 cells for a binding assay
employing GST-RA as bait. This assay demonstrated that
566FF-Binder chimeras bound to GST-RA, while pre-
dictably 566FF-Scaffold did not bind to GST-RA even
at the highest concentration used (Figure 2b). In the
aggregate, these experiments clearly demonstrated that
566FF-Scaffold and 566FF-Binder proteins despite their
size and complexity preserve the key properties essential
for incorporation into virions and, with 566FF-Binder,
targeting of Ad vectors.

The rescue and propagation of viruses with Binder
and Scaffold scFv chimeric fibers were carried out
according to the two-step procedure40 with a final round
of amplification on 293 cells. Analysis of fiber presence
in virions indicated that similar levels of 566FF-Scaffold,
566FF-Binder and Ad5 fiber incorporation could be
attained (Figure 3a). The lysate data demonstrate that
for both 566FF-scFv fibers there was extensive expression
of the fibers, and many of these fibers were degraded
indicating the necessity of further optimization. How-
ever, it was evident that only full-length 566FF-Scaffold
fibers were incorporated into the virions, whereas some
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fibers incorporated into the 566FF-Binder virions were
partially degraded, with loss of either one or both
domains of the scFv (products predominantly located
around the 62 kDa region). We ruled out the possibility
that these degraded products were contaminated with
wild-type Ad5 fiber using an antibody that detects only
trimeric Ad5 fiber in Western blots. Both nondenatured
566FF-Scaffold and 566FF-Binder virions were negative
in this analysis, whereas nondenatured Ad.Luc1 (con-
taining Ad5 fiber) was positive (data not shown). To
establish functional properties of the chimeric fibers in
the context of virion incorporation, consideration of
the RA-binding capability of the 566FF-Binder virion
was necessary. This was accomplished by an ELISA,
which used purified virions for a binding assay em-
ploying GST-RA as bait. This assay demonstrated that
Ad.Luc.566FF-Binder bound to GST-RA, despite there
being the presence of sub-length fibers in this viral
prep, while predictably the 566FF-Scaffold virions and
Ad.Luc1 virions did not bind to GST-RA even at the
highest concentration used (Figure 3b). In the aggregate,
these experiments clearly demonstrated that 566FF-
Scaffold and 566FF-Binder could incorporate into the
virions at near wild-type levels. This confirmed
our previous study that the 566FF chimeric fiber has
utility as a fiber platform for targeting ligand incorpora-
tion.42 Importantly, the Binder scFv within the context
of fiber and virion retained functionality, a key property
essential for the targeting of Ad vectors.

It was a requisite to develop an artificial receptor
system to express the Binder epitope, termed eRA, and
therefore we established CHO cells to express this
receptor. Korokhov et al.,43 have previously used this

artificial receptor system to mimic the ‘natural’ situation
and have demonstrated its utility in the context of a
range of target antigen molecules. Analysis of the
isolated clonal populations of cells indicated through
Western blot analysis that high protein levels could be
attained (data not shown), and via cell surface flow
cytometry analysis, with the fusion fibers, we could
identify clones with low, medium and high cell surface
expression levels (Figure 4, for parental cells (a) and high
receptor expressing clone, A16 (b)). In addition, this
experiment, utilizing transiently expressed chimeric
fibers as eRA-recognizing molecules, demonstrated that
the Binder scFv could recognize the cell surface expres-
sion of the cognate epitope within the constraints of an
Ad capsid protein. We therefore selected Clone A16
(Figure 4b) for further utility in gene delivery experi-
ments. We found that Ad.Luc.566FF-Scaffold vector did
not have increased transduction on A16 cells, compared
to parental cells, whereas there was a 6–10-fold increase
in transduction (dependent on experiment) for the
Ad.Luc.566FF-Binder vector, when examined on A16
cells (Figure 4c, 10-fold increase in this representative
example). This was specific as the increase was ablated
by preincubation of virus with GST-RA and in addition,
this ablation was dose dependent (Figure 4d). Further,
CHO cells are CAR negative, and thus a direct compa-
rison with an Ad5 virus containing Ad5 fiber could be
achieved. We saw a 6.4-fold increase in transduction with
Ad.Luc.566FF-Binder in comparison to Ad.Luc.1 on the
A16 cells in this experiment (Figure 4c). These experi-
ments clearly demonstrated that a combination of
optimized fiber-replaced platform with stabilized scFv
allows the feasibilization of Ad vector generation with

Figure 1 Schema of 566FF-scFv chimeric fiber. Single chain antibodies, either Scaffold scFv (non-Binder) or Binder scFv, were amplified from
their respective plasmids using two reaction mixes with the following primer pairs:- (1) 50-/Phos/GAT CCG ACT ACA AAG ACC AGT CTG-
30 (forward) and 50-/Phos/GGC CCC CGA GGC CGA GGA G-30 (reverse) and (2) 50-/Phos/GAC TAC AAA GAC CAG TCT G-30 (forward)
and 50-/Phos/TAT TAG GCC CCC GAG GCC GAG GAG-30 (reverse). BaeI ends are underlined. For each scFv, following PCR, the fragments
were gel purified, then mixed, denatured and re-annealed to create fragments with the BaeI sticky ends. This allowed for cloning into pKan-
566FF-BaeI plasmid so that the scFv (Scaffold or Binder) was in the correct reading frame beside the 566FF chimeric fiber. The schematic
composition of 566FF chimeric fiber, with the genetically fused scFv, is shown. The fiber itself is composed of the Ad5 tail and Ad5 shaft fused
to the 12th coil of fibritin.42
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novel tropism. Importantly, accrued gene transfer was
precisely specific for the target cell receptor.

In summary, the modification of viral tropism is one of
the major paradigms in generating clinically relevant
gene delivery vectors. Highly attractive targeting moi-
eties that provide utility for this concept are antibody-
related molecules, in particular scFv. However, the
biosynthetic incompatability of scFv and nuclear viral

Figure 3 Structural (a) and functional (b) analysis of rescued
viruses encoding variants of 566FF-scFv fiber proteins. The
generated plasmids, pKan.566FF-Binder and pKan.566FF-Scaffold,
were linearized with an EcoRI digest and recombined with SwaI
digested pVK700 Ad5 modified genome40 using standard bacterial
methods. Resultant recombinant Ad vectors were digested with
PacI to release the viral genome and used to transduce 293-F28
cells,44 a fiber complementing cell as the fibers are CAR ablated, to
rescue viruses, Ad.Luc.566FF-Binder and Ad.Luc.566FF-Scaffold.
These rescued viruses were in a mosaic format (i.e. the virion
capsids contained modified fibers and Ad5 fibers in varying
amounts). A large-scale amplification on 293 cells to retrieve non-
mosiac viruses (i.e. those containing only the fiber encoded for in
the genome) was performed. Standard methods for CsCl purifica-
tion of mosiac and non-mosaic virions were undertaken. (a) Viruses
were propagated on 293 cells and lysates (10 ml) and purified virions
(5� 109 vp) from these cells were analysed by Western blot using
the 4D2 primary antibody to detect the presence of fibers as
described previously. Lysate and virion samples are indicated as L
and V, respectively, with viruses further indicated in the figure. Full-
length 566FF-scFv chimeric fibers migrate at 80 kDa, while Ad5
fiber migrates at 62 kDa and degradation products of 566FF-scFv
migrate at 62 kDa and lower (see circled region). (b) Abilities of
Ad.566FF-Binder (diamond) and Ad.566FF-Scaffold (square) virions
to bind to GST-RA were compared with Ad.Luc.1 virions (triangle)
at the vp/well as indicated on the graphs. ELISA was performed as
described in Figure 2 with these following modifications. Purified
virions were detected by anti-Ad2 polyclonal antibody (NIAID),
with the secondary HRP antibody being goat anti-rabbit immuno-
globulin antibody (Dako).

Figure 2 Monomeric and trimerization profiles (a) and binding
(b) of transiently expressed 566FF-scFv fiber proteins to GST-RA.
566FF-Binder and 566FF-Scaffold were sub-cloned from the pKan
shuttle vectors into the pVS expression plasmid,43 to generate pVS-
566FF-Binder and pVS-566FF-Scaffold. 293T/17 cells, grown to
confluence in six-well dishes, were transfected with 5 mg plasmid
DNA/well, of either pVSII (Ad5 fiber43), pVS-566FF-Cd (a control
566FF fiber),42 pVS-566FF-Binder or pVS-566FF-Scaffold, using
DOTAP liposomal transfection reagent (Roche) according to the
manufacturer’s protocol. Following 72 h of culture, cells were
harvested into 200 ml serum-free media, freeze-thawed three times
to release the fibers, and centrifuged supernatant collected. (a)
Structural integrity and ability to form homotrimer chimeric fibers
in the lysate of 293T/17 cells was assessed by Western blot analysis.
Samples, nondenatured (U, unboiled) or denatured (B, boiled), were
applied at 10 ml of lysate. The proteins were separated by 4–20%
gradient polyacrylamide gel (Bio-Rad) and transferred to poly-
vinylidenedifluoride (PVDF) membrane where they were probed
with 4D2 antibody (UAB), which detects the tail section of both
monomeric and trimeric forms of Ad5 fiber. The blots were
developed with the WesternBreeze immunodetection system
(Invitrogen) according to the manufacturer’s protocol. Samples are
indicated in the figure, and as described, monomeric fibers migrate
as follows: 566FF-Cd fiber and Ad5 fiber migrates at 62 kDa while
566FF-scFv migrate at 80 kDa. (b) Lysates of 293T cells transiently
expressing 566FF-Binder (diamonds) or 566FF-Scaffold (squares)
were tested for binding to GST-RA, a recombinant protein contain-
ing the scFv-binding epitope, RA, using ELISA methodology as
follows. GST-RA was diluted in 50 mM NaHCO3 [pH 9.6] to obtain
5 mg/ml and 100 ml added per well in Nunc-Maxisorp ELISA plates
(Nunc). The plates were stored overnight at 41C and then blocked
with PBS containing 0.05% Tween 20 and 0.5% casein for 1 h at room
temperature. Wells were washed with PBS containing 0.05% Tween
20. Lysates were diluted (dilutions indicated on x-axis) in binding
buffer (TBS with 0.05% Tween 20 and 0.05% casein) and incubated
at RT for 1 h in the wells following blocking and detection by the
4D2 antibody. Goat anti-mouse immunoglobulin antibody conju-
gated with horseradish peroxidase (HRP) (Dako) was used as
a secondary Ab and the color was developed with the Sigma FAST
o-phenylenediamine dihydrochloride tablet kit (Sigma) as recom-
mended by the manufacturer. The color intensity was measured at
450 nm with an EL800 plate reader (Bio-Tek Instruments).
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capsid proteins as well as absence of identified locale in
Ad capsid tolerant to incorporation of complex mole-
cules have provided a challenge to generate an Ad vector
that can target through capsid incorporated scFv. Thus,
as a means to circumvent this hindrance in targeting Ad
vectors with capsid-incorporated scFv we chose to utilize
a stable scFv, which has been selected to be resistant to

any cytosol-induced alterations, in combination with
radical reconstructions of Ad fiber allowing restrictions
on the size and complexity of incorporable targeting
ligands to be reduced. We have thus shown that the scFv
employed in this study retains functionality and, on this
basis, it is clear that stabilizing the targeting molecule,
per se, allows retention of antigen recognition in the

Figure 4 Evaluation of the efficiency and specificity of gene transfer by the rescued viruses. (a–b) Generation of a stable cell line to express
the artificial receptor containing the scFv cognate epitope (eRA) was as follows. Complimentary ss oligos for the epitope (IDT) were annealed
and inserted into SfiI-SacII digested pDisplay (Invitrogen), a plasmid that expresses artificial receptors, resulting in generation of pDisplay-
eRA plasmid. Cells, which express eRA, were generated by transfection of CHO cells with pDisplay-eRA plasmid and subsequent selection
with 1 mg/ml G418 (Mediatech Inc.). Clonal populations expressing eRA were identified by Western blotting of cell lysates with an antimyc
antibody (Invitrogen), which recognizes one of the tags within the pDisplay receptor. The blots were developed with the WesternBreeze
immunodetection system as before. Parental (a) and clonal CHO cells (b, clone A16) were analyzed for cell surface expression of eRA. Cells,
2� 105 cells/sample, were treated either as controls (dotted line), or with the fusion proteins, 566FF-Scaffold (thin line) or 566FF-Binder (thick
line) derived from pVS-transfected 293T/17 cells. All samples were probed with 4D2 antibody (final concentration of 0.5 mg/ml) for 1 h at 41C
and followed for a final 1 h at 41C with a secondary Alexa-fluor conjugated goat anti-mouse antibody (Molecular Probes). Cells were fixed in
1% paraformaldehyde before analysis on a FACSCalibur machine (Becton Dickinson). (c and d) Evaluation of transduction ability of scFv-
targeted Ad vector. Parental CHO and clonal CHO-eRA (A16) cells were grown to confluence in 24-well plates. Prior to transduction, viruses
were either untreated or pretreated with GST-RA (2 mg per 1�109 vp (c)) or a range of GST-RA (0–2 mg (d)) for 15 min at RT. Cells were then
incubated on ice for 1 h with unblocked or blocked Ad.Luc1, Ad.Luc.566FF-Scaffold or Ad.Luc.566FF-Binder at 1000 vp/cell, then washed
twice with PBS, and returned to normal culture media and conditions. After 24 h, cells were lyzed with Luciferase Reporter Lysis Buffer
(Promega) and assayed for luciferase activity, measured as relative light units according to the manufacturer’s protocol (Promega Luciferase
Kit). All the measurements were done in triplicate and are shown as means with error bars representing standard deviations. (c) This is a
representative example of three individual experiments performed. Viruses are indicated as control (white bars) or pretreated with GST-RA
(vertical lined bars). Further details of samples are indicated in the figure. Arrows indicate the 10-fold increase in transduction efficiency
when Ad.Luc.566FF-Binder is incubated on A16 cells compared to parental cells. (d) This experiment was performed once. Viruses
transduced on A16 cell lines are represented as follows; Ad.Luc.566FF-Scaffold (dashed line) or Ad.Luc.566FF-Binder (solid line).
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adenovirus capsid-incorporated context. Importantly,
the concept of vector engineering exemplified in this
research illustrates the necessity to understand the key
cell biology aspects when considering targeting motifs
for genetic incorporation into the Ad capsid. Our studies
clearly validate the feasibility of achieving Ad-mediated
targeted gene delivery via capsid incorporation of scFv.
This study thus represents achievement of a universally
recognized field milestone and provides the basis of
advanced generation Ad vectors compatible with the
goal of achieving targeted, cell-specific gene delivery.
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Abstract Conditionally replicative adenovirus (CRAd)
vectors are novel vectors with utility as virotherapy
agents for alternative cancer therapies. These vectors
have already established a broad safety record in humans
and overcome some of the limitations of non-replicative
adenovirus (Ad) vectors. In addition, one potential
problem with these vectors, attainment of tumor or tissue
selectivity has widely been addressed. However, two
confounding problems limiting efficacy of these drug
candidates remains. The paucity of the native Ad
receptor on tumor tissues, and host humoral response
due to pre-existing titers of neutralizing antibodies
against the vector itself in humans have been highlighted
in the clinical context. The well-characterized CRAd,
AdD24-RGD, is infectivity enhanced, thus overcoming
the lack of coxsackievirus and adenovirus receptor
(CAR), and this agent is already rapidly progressing to-
wards clinical translation. However, the perceived host
humoral response potentially will limit gains seen from
the infectivity enhancement and therefore a strategy to
blunt immunity against the vector is required. On the
basis of this caveat a novel strategy, termed shielding, has
been developed in which the genetic modification of a
virion capsid protein would provide uniformly shielded

Ad vectors. The identification of the pIX capsid protein
as an ideal locale for genetic incorporation of shielding
ligands to conceal the Ad vector from pre-existing neu-
tralizing antibodies is a major progression in the devel-
opment of shielded CRAds. Preliminary data utilizing an
Ad vector with HSV-TK fused to the pIX protein indi-
cates that a shield against neutralizing antibodies can be
achieved. The utility of various proteins as shielding
molecules is currently being addressed. The creation of
AdD24S-RGD, an infectivity enhanced and shielded Ad
vector will provide the next step in the development of
clinically and commercially feasible CRAds that can be
dosed multiple times for maximum effectiveness in the
fight against cancers in humans.

Keywords Adenovirus Æ Vector Æ Targeted Æ Shielded Æ
Cancer

Conditionally replicative adenoviruses as virotherapy
agents for cancer gene therapy

Virotherapy, the use of replicative viruses, is a highly
attractive approach, and an alternate approach to
standard cancer therapies, including gene therapies.
Virotherapy exploits the lytic property of virus replica-
tion to kill tumor cells, and thus the self-amplification of
the virus allows lateral spread in the tumor and greater
tumor cell death from an initial infection of only a few
cells (Fig. 1). While initial attempts at virotherapy were
abandoned due to toxicity and inefficacy, decades ago [1],
this approach has re-emerged in pursuit of the problem of
limited tumor transduction experienced with alternate
cancer gene therapy strategies [2, 3]. Virotherapy now has
greater promise due to better understanding of virus
biology and the ability to genetically modify viruses and
hence, this knowledge allows researchers to design viruses
to replicate in and kill tumor cells specifically.

Ad is a highly desirable vector for utilization in viro-
therapy approaches, as this virus has many attractive
features such as low pathogenicity for humans, lack of
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integration in host cell genome and these viruses can be
grown to high titers. In addition, they have unique utility
for in vivo application due to their high efficacy compared
with other approaches [4, 5]. However, three potential
limitations may affect the efficacy of the virotherapy
approach with adenoviral vectors: (1) Ad does not have
natural predilection to replicate in tumor cells, (2) Ad
does not efficiently transduce some clinically relevant
cancer cells, and (3) Ad cannot be efficiently multi-dosed
because of the defense mechanisms of the human body
against the vector. Solutions and technological advances
to overcome these problems are described below.

Approaches to attain selectivity of replication in CRAd
vectors

In the first instance, Ad vectors can be rendered specific
for tumor replication through two divergent pathways,
selective replication achieved by the regulation of viral
genes with tumor-specific promoters (reviewed in depth
[6]) and selective replication achieved in theory by the
deletion of viral functions dispensable in tumor cells.
This second approach to selective replication was pio-
neered through the use of a mutant Ad (dl1520, also
known as ONYX-015) that is deleted in the Ad E1B-
55 kD protein, which normally binds to and inactivates
p53. While such a modification was hypothesized to
make the virus (ONYX-015) replicate only in p53-
defective cells [7] (the case in 50% of human tumors),

this principle has been questioned [8–10]. Furthermore,
the replication of this virus was severely hampered
compared to wild type virus probably due to the late
virus mRNA transcription function of the missing E1B-
55 kD protein [10]. The progression of this approach,
through second generation conditionally replicative
adenoviruses (CRAds) with improved tumor selectivity,
has continued despite or perhaps because of the draw-
backs realized with ONYX-015 (reviewed [11]).

Of note is the D24 Ad with a 24 base pair deletion in
the E1A gene domain interacting with the retinoblas-
toma (Rb) protein which was incorporated into a CRAd
and developed independently by two groups [12, 13].
AdD24 was shown to be effective in gliomas [12], while
its counterpart, dl922–947, was shown to be effective in a
range of tumor types [13]. However, there is concern that
the therapeutic index actually comes from reduced rep-
lication potential within non-dividing/slow growing cells
(such as normal cells) versus normal replication within
fast growing cells, and hence this mechanism is not fully
tumor specific [14] and further modifications were in-
cluded to improve tumor specificity. Therefore one
should perhaps be guarded about using the term tumor
specific replication with respect to these CRAds.
Regardless of the terminology used many clinical trials
have demonstrated safety but limited efficacy, in par-
ticular with ONYX-015 (reviewed [11] and [15]) and
therefore highlighted the additional confounding limi-
tations, the natural tropism of Ad vectors and the hu-
moral response to Ad vectors.

Fig. 1 Oncolytic viral spread
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Modification of natural tropism of adenoviral vectors

The paucity of the natural receptor for serotype Ad5
vectors, the coxsackievirus and adenovirus receptor
(CAR), on many cancer tissues (e.g. [16–20]) hinders the
efficacy of CRAd virotherapy and therefore the utility of
Ad vectors would be further enhanced by re-directing
their tropism to alternate receptors. The characteriza-
tion of the adenovirus (Ad) entry pathway has provided
an understanding of the means of modifying Ad tro-
pism. Essentially, cellular recognition is mediated
through the globular carboxy-terminal ‘‘knob’’ domain
of the Ad fiber protein and CAR [21–23] with internal-
ization of the virion by receptor-mediated endocytosis
through the interaction of Arg–Gly–Asp (RGD) se-
quences in the penton base with secondary host cell
receptors, integrins aVb3 and aVb5 [24]. Post-internali-
zation, the virus is localized within the cellular vesicle
system, initially in clathrin-coated pits and then in cell
endosomes [25]. The virions escape and enter the cytosol
due to acidification of the endosomes, which has been
hypothesized to occur via a pH-induced conformational
change. Essentially this causes an alteration in the
hydrophobicity of the adenoviral capsid proteins, spe-
cifically penton base, to allow their interaction with the
vesicle membrane. Upon capsid disassembly and cyto-
plasmic transport, the viral DNA localizes to the nuclear
pore and is translocated to the nucleus of the host cell
[26].

To develop a truly targeted Ad vector, it is necessary
to ablate both native viral tropism and to introduce a
novel specificity, which will allow infection of the cells of
interest via alternative receptors. Adapter molecule-
based, two component systems have demonstrated the
feasibility of retargeting through various cell surface
receptors (reviewed [27]). Ultimately genetic modifica-
tion of the fiber protein and/or other capsid proteins
provides a more rational approach for introducing a
novel cell-specific tropism and permit ablation of CAR
interaction. A variety of approaches have been under-
taken to achieve novel adenoviral tropism (extensively
reviewed [27]). Enhanced and expanded tropism, al-
though not necessarily CAR-independent tropism can
be achieved in several ways. One option is through the
substitution of Ad5 fiber protein with fibers from other
Ad serotypes recognizing alternative receptors. Alter-
natively this can be achieved through the introduction of
relatively short peptide ligands into the so-called HI
loop and/or the C terminus of the Ad5 fiber protein. In
addition, to achieve selective and CAR-independent
tropism an approach that has been described as de-
knobbing of the fiber can be undertaken, whereby the
fiber is re-trimerized by an alternate trimerization motif
to knob that permits the inclusion of large, complex li-
gands into the chimeric fiber (reviewed [27]). The abla-
tion of the native tropism is not relevant for a CRAd
that is locally delivered to a solid tumor, which is its
present use. However, the increased specificity achieved

by targeting will ultimately allow lower and safer doses
of Ad vectors to be provided when regional or systemic
delivery is contemplated in the future. By administering
the vector to the circulation, a vector with molecular
targeting has the potential to reach disseminated cancer
that neither be injected mechanically nor is too small to
be detected. In this way, molecularly targeted vectors
hold the promise to expand the types of diseases that can
be treated and make the therapeutic applications of Ad
vectors safer and more effective.

Development of infectivity enhanced CRAd, AdD24-RGD

In the case of the AdD24 CRAd vector, tumor cell
specificity is achieved through control of the viral rep-
lication cycle. Therefore, instead of achieving specificity
though targeting the infectivity enhancement approach
was used to increase cancer cell transduction globally by
the inclusion of a high affinity RGD motif into the HI
loop to direct Ad binding to integrins. The RGD-4C
motif was described as a 9 amino acid peptide which
binds strongly to the Ad secondary receptors, integrins
aVb3 and aVb5 [28, 29] and incorporation of this motif
into the HI loop significantly increased Ad-mediated
gene transfer to CAR deficient cell types relevant to
various human diseases [30–33] and could restore
infection efficiency of CAR-binding ablated Ad vector to
the level of wild type Ad [34, 35]. Several cancer tissues
are rich in the expression of appropriate integrins, e.g.
[36, 37], whereas low in expression of CAR (as discussed
previously and [38]). It was hypothesized that such tar-
geting combined with replication control would improve
selective killing or even enhance tumor killing [39],
especially for cancers that are deficient in the primary
adenoviral receptor [40]. The combination of viral gene
mutation to control cell-specific replication and trans-
ductional targeting led to the development of the
AdD24-RGD CRAd [39]. This vector has since been
shown to enhance tumor killing in a variety of tumor
models including gliomas, ovarian and cervical cancers
[39, 41–45]. These studies thereby demonstrate great
promise for the development of CRAds that can achieve
safe, selective, and effective tumor eradication. However,
it is still perceived that the host humoral response
potentially will limit any gains seen from the infectivity
enhancement of AdD24-RGD.

Alternate strategies to overcome the humoral response
to adenovirus vectors

Within the human population, there are high titers of
pre-existing neutralizing antibodies against Ad5 and
Ad2 serotypes [46] due to the general exposure to Ads,
an issue that has also been discussed in the context of
CRAds [11]. Clinical trials utilizing ONYX-015 have
confirmed a strong immune response in several patients
that had a highly suggestive correlation with the ob-
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served limited efficacy of the virus [47–49]. Mathematical
modeling of oncolytic Ad spread throughout tumor
mass has also predicted that the immune response will be
limiting to viral clearance of the tumor [50]. In addition,
the anticipated humoral response means effective repeat
administration of Ad vectors to most tissues is hindered
by a strong neutralizing antibody response to the vector.
Thus far skeletal muscle was one of the few tissues where
repeat Ad vector administration was successfully dem-
onstrated [51]. However, the success of this procedure
was highly dependent on the initial dose of Ad used in
the experiment and therefore, it is still expected that
repeat dosing in humans will be problematic. Therefore,
there is a need to develop Ad vectors capable of evading
the humoral response and hence improve clinical utility
of these vectors.

In an attempt to circumvent this issue Ad vectors of
different serotypes, in particular Ad11 and Ad35, to
which the human population has a lower prevalence of
neutralizing antibodies, are currently being investigated
as alternative vectors to those of Ad5 [46, 52–54]. While
these vectors have yet to be developed into CRAds, an
oncolytic Ad based on the canine serotype 2 has been
developed, although primarily for use in canine models
[55, 56]. It is also important to note that different Ad
serotype vectors have different intrinsic properties. For
example, different serotype vectors use different cellular
receptors [57] and it has been shown recently that Ad
vectors based on serotype B (like Ad35 and Ad11)
binding to their cognate receptor CD46 down regulate
immune responses [58] which has yet to be fully deter-
mined as a desirable attribute. Other strategies to over-
come the humoral response have included alternating
serotypes of helper-dependent Ad vectors (in which the
genome is completely removed) during repeat Ad vector
administration [59] or using chimeric Ad vectors
expressing capsid proteins from several different aden-
oviral serotypes [60, 61]. It is also likely that these ap-
proaches will not prevent the development of humoral
and cellular immune responses when these vectors
delivered multiple times. Therefore, the need for alter-
nate means to develop an immune evasive Ad vector for
clinical use still remains.

The process of biochemical modification of the capsid
has highlighted a potentially useful strategy. In this way,
the Ad vector is shielded from the immune response
through molecules covering the capsid. Several studies
have demonstrated that conjugation of functional PEG
to free lysine groups on the adenoviral capsid enables Ad
vectors to avoid neutralizing antibodies, in vitro or in
vivo or limit the innate responses [62–66]. An alternate
polymer methodology described by the group of L.
Seymour performs equally well [67, 68]. In addition,
slower clearance rates of Ad from the blood have been
demonstrated [69, 70]. Transduction of cells can occur
even in the presence of Ad-neutralizing antibodies [62,
65, 71, 72], although too much PEG causes the ablation
of the Ad receptor (CAR) specificity resulting in low
levels of transduction. Even though these shielded Ad

vectors represent a major improvement in overcoming
Ad vector limitations for clinical translation, problems
such as the multi-component system and the random-
ness of PEGlyation, and thus heterogeneity of compo-
sition will confound potency in batch-to-batch
production. These issues alone represent significant
problems with respect to scale up and regulatory ap-
proval, but the most problematic limitation with this
method is that the shielding molecule is lost, due to the
replicative nature of CRAd, from the progeny vectors.
The development of an alternative means to attach
shielding proteins in order to create a uniform shielding
method which carries through to the progeny, and in
which the replication and lytic Ad function in vivo
maintained is critical.

pIX as a novel site for genetic incorporation
of shielding molecules

An alternative and potentially much simpler method to
chemical shielding is genetic shielding. Essentially the
shielding protein would be directly fused to a capsid
protein and thus allowing direct incorporation into the
viral capsid. This genetic fusion would provide a means
to overcome the loss of the shield protein on the progeny
of the CRAd. The identification of an optimal capsid
locale to permit the genetic incorporation of such moi-
eties is pivotal within the development of a genetic
shield. The determination that the minor capsid protein,
pIX, displays the carboxy terminus on the outside of the
capsid [73, 74] has consequently suggested this capsid
locale to be a novel candidate for genetic manipulation.
Protein pIX functions as a ‘‘cement’’ stabilizing hexon–
hexon interactions, although another function, tran-
scriptional regulator, has been suggested (recent reviews
on pIX [75, 76]). It is present at 80 locales, in 240 mol-
ecules per capsid, allowing for a defined number of
shielding molecules to be included into the capsid, and is
positioned to allow the shield proteins to potentially
cover the immunodominant epitopes of hexons (Fig. 2).

Recent studies have demonstrated the employment of
the carboxy terminus of pIX for genetic Ad capsid
modification [77]. It is now known that small proteins
such as polylysine, and large complex proteins such as
green fluorescent protein (GFP), and herpes simplex
virus thymidine kinase (HSV-TK) can be successfully
incorporated into the C terminus of the pIX capsid
protein with retention of their functionality [78–80], thus
indicating a versatile range of proteins that can be
incorporated.

To date HSV-TK, at 375 amino acids, is the largest
protein to have been successfully fused to pIX, with
retention of virion capsid incorporation [78]. Therefore,
it was deemed rational to utilize this vector to perform
preliminary experiments in the investigation of the
shielding effect of a large protein fused to pIX. An
ELISA methodology was employed to analyze the con-
cept of shielding effects via HSV-TK fused to pIX capsid
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protein. Serum from naı̈ve mice (pre-immunization) and
Ad5 immunized mice (post-immunization) was used as
control serum and source of neutralizing antibodies,
respectively, with the concept of shielding to be dem-
onstrated through detection of immobilized virions by
these antibodies. The preliminary data indicates that
significantly fewer antibodies bound the pIX-TK virus
from the post-immunized serum than the non-modified
virus (approximately 60% less), indicating virion epi-
topes recognized by the antibodies were reduced due to
the presence of TK on pIX. This experiment demon-
strates that proteins fused to pIX provide a shielding
effect.

However, the shielding protein of choice should em-
body several important characteristics, namely that it is
a self-protein and has sufficient size to cover immuno-
dominant Ad capsid epitopes. A very useful protein,
which embodies these properties, is albumin, a large
monomeric non-glycosylated polypeptide with wide in
vivo distribution, long half-life and lack of substantial
immunogenicity [81]. Several proteins have been fused to
albumin to enhance circulating half-life and improve
stability for therapeutic applications, including, human
growth hormone-rHSA (Albutropin) [82], recombinant
granulocyte colony stimulating factor-rHSA (Albugra-
nin) [83], and serum albumin-CD4 genetic conjugate
[84]. In addition, it has a safe record in clinical practice,
e.g., as exemplified by Albuferon� (albumin-interferon
alpha) [85], which has completed phase II clinical trials
by Human Genome Sciences [86].

Taken together our data clearly indicate that the
ectodomain of pIX is a promising capsid locale for
incorporation of heterologous proteins of augmented
size and complexity to provide a shielding effect. Cur-
rent research is underway to determine suitable
shielding proteins that perhaps provide a less immu-
nogenic format, i.e., the use of self-molecules, such as
albumin rather than foreign molecules such as HSV-
TK used in the preliminary study. HSV-TK, of com-
mensurable size to many desired shielding proteins,

retains full functionality within the context of the
adenoviral capsid when genetically fused to pIX dem-
onstrating structural integrity [78] and suggests large
self-molecules may be incorporated into pIX. This
body of work indicates the importance of this locale for
utilization of an immunological shield for adenoviral
vectors and allow for the design of a safe, infectivity-
enhanced and shielded CRAd, AdD24S-RGD.

Conclusions

Oncolytic Ad provides a novel approach to cancer
therapy, known as virotherapy. There are three recog-
nized limitations with respect to CRAd efficacy: (1) tu-
mor/tissue selectivity and hence safety, (2) limited
transduction of tumor mass, and (3) the humoral re-
sponse against the vector, preventing multiple dosing,
and possibly spread of vector through the tumor mass.
Many laboratories throughout the world are addressing
these issues. Our lead product candidate is a well-char-
acterized CRAd, AdD24-RGD, a novel infectivity en-
hanced vector that overcomes the first two limitations,
and is the first ever proposed CRAd agent with en-
hanced infectivity to receive NIH RAC approval for a
clinical trial for ovarian cancer and glioma, through the
consortium of UAB, MD Anderson Cancer Center and
Free University of Amsterdam. The third limitation,
that of the humoral response still needs to be studied,
and appropriate shielding proteins determined, with re-
search ongoing. However, our data demonstrates that
pIX capsid protein is ideal for the genetic incorporation
of a shielding protein, due to the positioning of pIX
itself within the capsid, and the versatility of ligand size
and complexity that can be successfully fused to the C
terminus of the pIX capsid protein. Thus, the develop-
ment of shielded and infectivity-enhanced CRAds will
provide an efficient, cost-effective and creative approach
to combat not only local disease but also have further
application for regional and systemic delivery that could

Fig. 2 The adenovirus shielding
concept
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be potentially effective treatment for a large numbers of
cancers including metastatic diseases. We envision the
creation of AdD24S-RGD as a major progress in the
development of clinically and commercially feasible
shielded CRAds that can be dosed multiple times for
maximum effectiveness against cancers in humans.
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         Dynamic Monitoring of Oncolytic Adenovirus In Vivo by 
Genetic Capsid Labeling 
   Long P.     Le   ,    Helen N.     Le   ,    Igor P.     Dmitriev   ,    Julia G.     Davydova   ,    Tatyana   
  Gavrikova   ,    Seiji     Yamamoto   ,    David T.     Curiel   ,    Masato     Yamamoto   

    Background:   Conditionally replicative adenoviruses repre-
sent a promising strategy to address the limited effi cacy and 
safety issues associated with conventional cancer treatment. 
Despite rapid translation into human clinical trials and 
 demonstrated safety, the fundamental properties of oncolytic 
adenovirus replication and spread and host – vector interac-
tions in vivo have not been completely evaluated.   Methods:   
We developed a noninvasive dynamic monitoring system to 
detect adenovirus replication. We constructed capsid-labeled 
E1/E3-deleted and wild-type adenoviruses (Ad-wt) by fusing 
the minor capsid protein IX with red fl uorescent proteins 
mRFP1 and tdimer2(12), resulting in Ad-IX-mRFP1, Ad-IX-
tdimer2(12), and Ad-wt-IX-mRFP1. Virus DNA replication, 
encapsidation, cytopathic effect, thermostability, and bind-
ing to primary receptor (coxsackie adenovirus receptor) were 
analyzed             using real-time quantitative polymerase chain reac-
tion, cell viability (MTS) assay, and fl uorescence microscopy. 
Athymic mice (  n   = 4) carrying xenograft tumors that were 
derived from A549 lung adenocarcinoma cells were intratu-
morally inoculated with Ad-wt-IX-mRFP1, and adenovirus 
replication was dynamically monitored with a fl uorescence 
noninvasive imaging system. Correlations between fl uores-
cence signal intensity and viral DNA synthesis and replica-
tion were calculated using Pearson’s correlation coeffi cient 
(  r  ).   Results:   The red fl uorescence label had little effect on 
viral DNA replication, encapsidation, cytopathic effect, ther-
mostability, and coxsackie adenovirus receptor binding            . The 
fl uorescent signal correlated with viral DNA synthesis and 
infectious progeny production both in vitro and in vivo (in 
A549 cells,   r   = .99 and   r   = .65; in tumors,   r   = .93 and   r   = .92, 
respectively). The replication effi ciency of Ad-wt-IX-mRFP1             
in vivo was variable, and replication and viral spreading and 
persistence were limited, consistent with clinical observations. 
   Conclusions:   Genetic capsid labeling provides a promising 
approach for the dynamic assessment of oncolytic adenovirus 
function in vivo.   [J Natl Cancer Inst 2006;98:203 – 14]   

  Cancer is the second leading cause of disease-related mortal-
ity in humans after heart disease         despite technologic advances in 
clinical management  ( 1 ) . Conventional tumor therapies, includ-
ing surgery, radiotherapy, and chemotherapy, often have poor 
 effi cacy and may have undesirable side effects  ( 2  –  4 ) . Oncolytic 
viral treatment (also known as virotherapy) has been  proposed as 
a promising alternative to surgery, radiotherapy, and chemother-
apy. Conditionally replicative adenoviruses represent a candidate 
agent in this endeavor and have the potential for transductional 
and transcriptional targeting  ( 5  –  8 ) , and their rapid evaluation in 
clinical trials has demonstrated their safety. However, to date, con-
ditionally replicative adenoviruses, when used as single agents, 
have not displayed the anticipated effi cacy for cancer therapy  ( 9 ) . 

Oncolytic adenovirus function in humans therefore needs to be 
carefully explored. Current clinical trial protocols and methods 
cannot provide the interval endpoint data necessary to fully study 
fundamental issues such as the extent of replication and spread, 
specifi city, viral persistence, and host – vector interactions. The 
lack of tools to directly and dynamically observe the performance 
of conditionally replicative adenoviruses in vivo has been a  
major impediment in realizing the clinical utility of replicative 
adenoviral agents. 

 Current methods of vector detection include chemical label-
ing, DNA and RNA quantifi cation or hybridization, immuno-
histochemistry, and reporter gene expression. Although these 
methods have been operative for certain in vitro and in situ stud-
ies of adenovirus biology and gene therapy, their limitations are 
evident when they are used in replicative vector systems. Most of 
these terminal assays only allow examination of a particular sam-
ple and of one moment in time. However, the adenovirus  oncolytic 
mechanism revolves around the concept that the initial virus am-
plifi es and spreads to eventually yield a tumorwide  therapeutic 
effect  ( 9  –  11 ) . Such dynamics cannot be captured and  represented 
by static analysis. The shortcomings of current vector detection 
methods are further complicated by the need to  acquire multiple 
biopsies using an invasive procedure that is prone to sampling 
error and is concomitantly impractical for  repeated monitoring of 
the entire tumor  ( 12  –  15 ) . Reporter genes can only provide indi-
rect and relative information with respect to virus replication and 
localization based on transgene expression. 

 The ideal approach for evaluating the replication and dissemi-
nation of oncolytic adenoviral agents should directly measure the 
viral mass that accrues from the initial administration without 
compromising replication capacity and be capable of noninva-
sive detection. To this end, we hypothesized that the detection of 
viral capsid proteins genetically fused with an imaging reporter 
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would provide such an index of viral replication and localization. 
Previously, we established an adenovirus capsid labeling strategy 
by fusing the minor capsid protein IX with enhanced green fl uo-
rescent protein (EGFP)  ( 16 ) . Herein, we expand the capsid label-
ing technology to develop red fl uorescent protein (RFP) – labeled 
adenoviruses with conserved viral function to monitor adenoviral 
replication in vivo. 

  M ETHODS  

  Cell Culture 

 Human embryonic kidney 293 (American Type Culture Col-
lection [ATCC], Manassas, VA), human embryonic retinoblast 
911  ( 17 ) , human lung adenocarcinoma A549 (ATCC), BALB/c 
mouse transformed liver BNL-1NG-A.2 (ATCC), and Chinese 
hamster ovary (CHO) (ATCC) cells were maintained according 
to the suppliers’ protocols. The cells were incubated at 37 °C and 
5% CO 2  under humidifi ed conditions.  

  Recombinant Adenovirus Construction 

 All viruses were constructed by homologous recombination 
in  Escherichia coli ( 18 ) . All parental plasmids have been previ-
ously described: pShuttle-cytomegalovirus (CMV) (AdEasy  system; 
Qbiogene, Irvine, CA), pRSETB-mRFP1 and pRSETB-tdimer2
(12)  ( 19 ) , pSh1pIXNheI  ( 20 ) , and pShuttle-wt-IX-EGFP  ( 21 )         . 
Shuttle plasmids for the E1/E3-deleted (replication- defi cient) 
 vectors were constructed using restriction cloning as follows: 
pShuttle-E1-CMV-mRFP1  →  pShuttle-CMV/BglII/HindIII + 
pRSETB-mRFP1/BamHI/HindIII; pShuttle-E1-CMV-tdimer2
(12)  →  pShuttle-CMV/BglII/HindIII + pRSETB-tdimer2(12)/
BamHI/HindIII; pShuttle-IX-mRFP1  →  pShlpIXNhe/BmtI/
blunt + pRSETB-mRFP1/BamHI/EcoRI/blunt; pShuttle- IX-
 tdimer2(12)  →  pSh1pIXNhe/BmtI/blunt + pRSETB-tdimer2(12)/
BamHI/EcoRI. All blunted fragments were generated with large 
Klenow fragment (New England Biolabs, Beverly, MA). pShuttle-
  wt-IX-mRFP1 was made by ligating pShuttle-IX-mRFP1/BspHI/
MfeI with the BspHI/MfeI fragment from pShuttle-wt-IX-EGFP 
containing the wild-type E1 region; pShuttle-wt-IX-tdimer2(12) 
was similarly constructed. All E1/E3-deleted fi nal genomes were 
made by recombining the above shuttle plasmids (linearized 
with PmeI) with pAdEasyDS, a modifi ed pAdEasy plasmid that 
allows double-selection recombination (unpublished data). The 
wild-type shuttle vector Ad-wt-IX-mRFP1        , with the red fl uores-
cent protein label         IX-mRFP1, was recombined with pTG3602DS, 
a modifi ed E1-deleted pTG3602 plasmid that also allows double-
selection  recombination. Clones were verifi ed by digestion with 
restriction enzymes and 0.8% agarose gel electrophoresis. The 
viruses generated include E1/E3-deleted control vectors (with 
wild-type [wt] protein IX [pIX]) adenovirus (Ad)-E1-CMV-
mRFP1 and Ad-E1-CMV-tdimer2(12), E1/E3-deleted Ad-IX-
mRFP1 and Ad-IX- tdimer2(12) with pIX modifi cations, and 
wild-type E1/E3 Ad-wt-IX-mRFP1. We were unable to recover 
Ad-wt-IX- tdimer2(12). Therefore, Ad-wt-IX-mRFP1 served as a 
surrogate oncolytic replicative vector for our studies.  

  Virus Propagation and Purifi cation 

 Replication-defi cient viruses were propagated in E1-comple-
menting 911 retinoblast cells, and Ad-wt-IX-mRFP1 was ampli-

fi ed in A549 lung cancer cells. Viruses were purifi ed by double 
cesium chloride (CsCl) ultracentrifugation (AdEasy system; 
QBiogene) and were dialyzed against phosphate-buffered saline 
(PBS, 1 mM KH 2 PO 4 , 0.15 mM NaCL, 5.5 mM Na 2 HPO 4         ) con-
taining 0.5 mM Mg 2+ , 0.9 mM Ca 2+ , and 10% glycerol. Final 
aliquots of virus were analyzed for viral particle titer (absorbance 
at 260 nm), transducing unit titer, and cytopathic  effect unit titer. 
Based on a previously described protocol  ( 22 ) , the transducing 
unit was determined by infecting 911 cells in 96-well plates with 
1:10 serial dilutions of the virus and counting the number of red 
fl uorescent cells 2 days after infection ( n  = 3). The same plate 
was assayed with an MTS viability assay (3-[4,5- dimethylthiazol-
2-yl]-5-[3-carboxymethoxy phenyl]-2-[4-sulfophenyl]-2H-tetra-
zolium; Promega, Madison, WI) to determine the viral dilution 
that is cytotoxic to 50% of the cells. The experiment was per-
formed once in triplicate        . Based on the number of cells seeded 
(15000/well), the cytopathic effect unit was calculated such that 
1 unit is defi ned as the amount of  virus that causes cytopathic 
effect in one 911 cell in 2 days  ( 23 ) . All viruses were stored at 
 – 80 °C until use.  

  Characterization of Virus Gradient Fractions 

 For the fractionation studies, Ad-E1-CMV-mRFP1, Ad-E1-
CMV-tdimer2(12), Ad-IX-mRFP1, and Ad-IX-tdimer2(12) 
were each propagated in 10 150-mm dishes of 911 cells. Cells 
were harvested by aspiration, and viruses were purifi ed by dou-
ble CsCl ultracentrifugation as described above, in which the 
top and  bottom bands were retained in the same sample after 
two centrifugation steps, yielding one gradient from the 10 
dishes. After the second centrifugation, fractions of 2 drops 
each (approximately 100  μ L) were collected through a perfora-
tion at the bottom of the tube into a 96-well white opaque plate. 
Plates with the viral fractions were measured with a microplate 
fl uorometer (Fluostar Optima; BMG Labtechnologies, Durham, 
NC) using a 560/10 nm excitation fi lter for all viruses, a 
585/10 nm emission fi lter for Ad-IX-tdimer2(12), and a 605/10 
nm emission fi lter Ad-IX-mRFP1        . To determine viral DNA 
content, a sample (10  μ L) of each fraction was diluted in 90  μ L 
of 0.5% sodium dodecyl sulfate in PBS and incubated at room 
temperature for 10 minutes to release the viral genomes. Absor-
bance at 260 nm was then measured for each sample (MBA 
2000; Perkin Elmer, Shelton, CT).  

  Tracking of Red Fluorescent Adenovirus Infection 

 A549 cells (2.5 × 10 5  cells/well) were seeded in phenol 
red – free growth medium (Dulbecco’s modifi ed Eagle [DME] –
 5% fetal calf serum [FCS]) in six-well plates containing glass 
coverslips (one per well). The next day, cells were incubated for 
1 hour at 4 °C with (two wells) or without (four wells) recom-
binant  adenovirus serotype 5 fi ber knob  ( 24 )  (1  μ g/mL) in 500  μ L 
of phenol red-free DME medium containing 25 mM HEPES 
buffer. Ad-IX-mRFP1 or Ad-IX-tdimer2(12) (10000 viral par-
ticles/cell) were added to the infection solution to a total vol-
ume of 1 mL. The viruses were allowed to bind to the cells at 
4 °C for 1 hour (cell binding and Ad5 knob block). Two wells 
with the added viruses were further incubated at 37 °C for 
1.5 hours  (nuclear traffi cking). Cells from binding and nuclear 
traffi cking experiments were washed three times with PBS 
and then fi xed to the coverslips with 3% formalin (Tousimis, 
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 Rockville, MD) for 10 minutes. Cells were washed three times 
with PBS, stained with 1  μ g/mL Hoescht 33342 (Molecular 
Probes, Eugene, OR) for 5 minutes at room temperature to vi-
sualize nuclear DNA, washed three times with PBS, mounted in 
mounting medium (Biomeda, Foster City, CA), and sealed to 
glass slides.  

  In Situ Detection of Ad-wt-IX-mRFP1 Biodistribution 

 All methods were approved by the Institutional Animal Care 
and Use Committee of the University of Alabama at Birmingham 
and performed according to their guidelines. Three C57/BL6 
mice (8 weeks of age; Charles River Laboratories, Wilmington, 
MA) were anesthetized with 2% isofl urane at approximately 
0.5 L/min, and 200  μ L of PBS containing 10 11  Ad-wt-IX-mRFP1 
viral particles was injected into the tail vein of each mouse. The 
mice were killed by carbon dioxide gas euthanasia 20 minutes 
after virus injection, and their organs (lung, kidney, liver, and 
spleen) were surgically removed and frozen by fl ash freezing in 
liquid nitrogen. The samples were stored at  – 80 °C until section-
ing (Minotome PLUS; Triangle Biomedical Sciences, Durham, 
NC). Sections (5- μ m thick) of the frozen organs were fi xed onto 
glass slides and stained with Hoechst 33342 as described above. 
Glass coverslips were mounted and sealed as above.  

  Fluorescence Microscopy 

 The slides from the cellular tracking and biodistribution 
 experiments were observed under epifl uorescence microscopy. 
This procedure was performed with an inverted IX-70 micro-
scope (Olympus, Melville, NY) equipped with a Magnifi re 
digital charge-coupled device camera (Optronics, Goleta, CA). 
Images were acquired with a 100× objective using oil immersion 
and digitally deconvolved with Iris version 4.15a  ( 25 )  by apply-
ing the Richardson-Lucy algorithm with 15 iterations. An image 
of a single fl uorescent virus particle with a high signal-to-noise 
ratio was used to estimate the point spread function, as suggested 
by the software documentation. Red fl uorescent protein and 
Hoechst stain images were merged using Adobe Photoshop 7.0 
(Adobe Systems, Inc., San Jose, CA).  

  DNA Packaging Analysis 

 DNA packaging was analyzed using a previously reported 
protocol  ( 26 ) . Briefl y, 911 cells (1 × 10 5 /well) were infected with 
the control and pIX-modifi ed vectors at 1 cytopathic effect unit/
cell in 24-well plates. On days 1, 2, 3, and 4 after infection, the 
cells were collected by aspiration, and DNA was extracted using 
the QIAamp DNA Blood Mini Kit (QIAGEN, Valencia, CA) ac-
cording to the manufacturer’s instructions. Half of the cells were 
not pretreated before DNA extraction and were used to determine 
total intracellular viral DNA. The other half was used to measure 
intracellular encapsidated viral DNA. The cells were incubated 
in deoxycholate buffer (0.4% sodium deoxycholate, 0.1 M Tris-
Cl, pH 9.0, and 20% ethanol) before DNA extraction to avoid 
disrupting the viral capsid and in 500 mM spermine to remove 
unencapsidated viral DNA. The viral genome copy number was 
determined by TaqMan quantitative real-time polymerase chain 
reaction (PCR) using E4-specifi c primers (LightCycler System; 
Roche Applied Science, Indianapolis, IN). The experiment was 
performed once in triplicate.          

  Cytopathic Effect Assay 

 911 cells ( n  = 5000) were infected with the control and pIX-
modifi ed E1/E3-deleted vectors (0.5, 0.05, and 0.005 cytopathic 
effect unit/cell) in 100  μ L of phenol red – free DME – 5% FCS (fi ve 
replicates for each condition and fi ve wells of noninfected cells 
as negative controls). Cytopathic effect was measured by an MTS 
assay (3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-      
2-[4-sulfophenyl]-2H-tetrazolium; Promega) on days 0, 2, 4, 6, 
8, and 10 after infection. Results are presented as the percentage 
of noninfected cells after subtracting the blank values (medium 
only).  

  Thermostability Assay 

 Thermostability was analyzed using a modifi ed version of a 
previously reported protocol  ( 20 ) . Samples of E1/E3-deleted 
control and pIX modifi ed vectors (10 6  transducing units in 80  μ L 
of PBS) were incubated at 45 °C for 0, 5, 10, 20, and 40 minutes. 
Transducing unit infectious titers were then determined for the 
samples using the above-mentioned procedure.  

  TaqMan Real-Time Quantitative PCR Binding Assay 

 All steps were carried out with 1% bovine serum albumin 
(BSA) – PBS buffer. Suspended CHO and A549 cells (2 × 10 5  in 
100  μ L) in test tubes were incubated with 100  μ L of buffer alone 
or buffer containing 2.5  μ g/mL recombinant fi ber knob (to 
 examine blocking of the primary adenovirus receptor, CAR) at 
4 °C with vigorous shaking for 1 hour. Ad-E1-CMV-mRFP1,  
Ad-E1-CMV-tdimer2(12), Ad-IX-mRFP1, or         Ad-IX- tdimer2(12) 
were then added (5000 virus particles/cell) to the cells. The  
virus – cell mixtures were incubated with shaking for another hour 
at 4 °C. The cells were then washed three times and collected for 
total DNA preparation using the QIAamp DNA Blood Mini Kit, 
and the viral genome copy number was determined using TaqMan 
quantitative real-time PCR with E4 primers, as described above.  

  In Vitro Correlation of pIX-mRFP1 Signal With 
Replication 

 A549 (human lung adenocarcinoma, replication permissive, 
5000 cells/well) and BNL-1NG-A.2 (BALB/c transformed liver, 
5000 cells/well) cells were infected with 1, 0.1, 0.01, and 0.001 
cytopathic effect unit/cell of Ad-wt-IX-mRFP1 and Ad-IX-
mRFP1 (E1/E3-deleted) in fi ve white opaque 96-well plates 
( n  = 6 for each condition). Fluorescence         was measured daily with 
a fl uorometer (Fluostar Optima, BMG Labtechnologies, Durham, 
NC). On days 2, 4, 6, 8, and 10 after infection, the cells and 
medium (<100  μ L) were collected from the wells, which were 
subsequently washed with 100  μ L of PBS. The cells, medium, 
and washes were transferred to the corresponding sample 
 microcentrifuge tubes to give a total volume <200  μ L. All sam-
ples were subjected to three freeze-thaw cycles in a dry ice bath. 
The tubes were then centrifuged at 18   188 × g          and 4 °C for 10 
minutes; 30  μ L of the supernatant was reserved to determine the 
transducing unit titer, and the rest (170  μ L) was processed for 
viral DNA using the QIAamp DNA Blood Mini Kit and quanti-
fi ed by TaqMan real-time quantitative PCR with E4 primers, as 
described above. The correlation coeffi cient (Pearson’s  r ) was 
calculated with the CORREL function in Microsoft Excel, Offi ce 
2003 (Microsoft Corp., Redmond, WA).  
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  Fluorescence-Based In Vivo Optical Imaging 

 pIX-mRFP1 fl uorescence was detected noninvasively using 
a custom-built optical imaging system. Briefl y, a cryogenically 
cooled, back-illuminated Princeton Instruments VersArray:1KB 
digital charge-coupled device camera (Roper Scientifi c, Trenton, 
NJ) with a liquid nitrogen autofi ll system was mounted on top of 
a light-tight enclosure. The camera was coupled with a 50-mm 
Nikkor  f /1.2 lens (Nikon, Melville, NY) for image acquisition. 
Excitation light for fl uorescence imaging was delivered by a 
Dolan-Jenner Fiber-Lite MH-100 metal halide light source 
equipped with a dual-fi beroptic gooseneck. Excitation and emis-
sion fi lter wheel assemblies were integrated with the light source 
and lens. Bandpass fi lters included 490/10 and 560/10 nm for 
excitation and 535/30 and 605/55 nm for emission (Chroma 
Technology, Rockingham, VT). 

 A549 cells (7.5 × 10 6 ) were inoculated in the left and right 
fl anks of athymic nude mice ( n  = 6)         (National Cancer Institute-
Frederick Animal Production Area, Frederick, MD) to establish 
tumors. When the tumors reached 5 – 10 mm in diameter (in ap-
proximately 3 weeks), a single intratumoral injection of Ad-wt-
IX-mRFP1 (10 10  viral particles in 10  μ L total volume of PBS) 
was performed for each tumor without deliberate spreading of 
the virus with the needle. Mice (up to three) were placed in the 
imaging chamber and maintained with 2% isofl urane gas anes-
thesia at a fl ow rate of approximately 0.5 – 1 L/min per mouse 
(Highland Medical Equipment, Temecula, CA). Images were 
acquired with WinView/32 software (Roper Scientifi c). To de-
tect red fl uorescence, images were captured at  f /4 and  f /2 with 
2- and 5-second exposure times using two fi lter combinations: 
560/605 and 490/605 (excitation/emission). The former fi lter 
setting applies to a red fl uorescence signal and the latter con-
fi guration pertains to background autofl uorescence. A bright-
fi eld image was also taken at  f /16 for 1 second and at the lowest 
light level. Background subtraction was performed in  WinView/
32 after scaling the background image with a factor determined 
from areas surrounding tumors of individual mice  ( 27 ) . The 
positive signal from background subtracted images was seg-
mented and analyzed in ImageTool 3.0 (The University of Texas 
Health Science Center in San Antonio, TX) for integrated den-
sity (the product of mean intensity and signal area). Index color 
image overlays were created in Photoshop 7.0 (Adobe) using 
the segmentation or thresholding parameters determined in 
 ImageTool.  

  In Vivo Correlation of pIX-mRFP1 Signal With 
Replication and Dynamic Monitoring 

 All         mice ( n  = 6) were imaged daily and analyzed using the 
above procedure. On day 6 after injection, the day after the 
 maximal signal intensity was observed, four mice were killed. 
Dissected tumors were imaged in their anatomic position ex vivo 
and then frozen at  – 80 °C until use. The tumors were homoge-
nized with the Mini-Beadbeater (BioSpect Products, Bartlesville, 
OK) and incubated with liver digest medium (4  μ L/mg of tumor; 
Invitrogen, Carlsbad, CA) for 1 hour at 37 °C to further disrupt 
the tissue. Samples of the tumor homogenate (40  μ L [or roughly 
10 mg] for large tumors and 10  μ L [or approximately 2.5 mg] for 
small tumors) were used for total DNA determination and viral 
DNA copy number as described above. The transducing unit titer 
and cytopathic effect unit titers were determined in the homoge-

nate using the same methods described for purifi ed virus. How-
ever, in this case, the cytopathic effect unit was determined 10 
days after infection and would give higher values than the same 
assay read 2 days after infection. All results are presented as total 
values scaled for the entire tumor mass. The correlation coeffi -
cient (Pearson’s  r ) was calculated with the CORREL function in 
Microsoft Excel. Two of the six original mice were maintained 
and imaged over the 30-day experiment. Images were processed 
and analyzed accordingly.  

  Comparison of In Situ Detection of pIX-mRFP1 Signal 
With Hexon Staining 

 Established A549 tumors injected with Ad-wt-IX-mRFP1 
were excised on day 7 after injection and frozen in a dry ice –
  ethanol bath. Frozen tumor sections (5  μ m) were fi xed onto glass 
slides with 3% formalin, blocked with 1% BSA – PBS, and probed 
with a polyclonal goat anti-hexon antibody at approximately 
20  μ g/mL (1 : 200 dilution; Chemicon, Temecula, CA) for 1 hour 
at room temperature. The slides were then washed with 1% 
BSA – PBS and incubated with an Alexa Fluor 488 – labeled 
 secondary donkey anti-goat antibody (1:200 dilution; Molecular 
Probes, Eugene, OR). The slides were washed again with 1% 
BSA – PBS, and the cells were counterstained with Hoechst 33342 
(Molecular Probes) and prepared for fl uorescence microscopy as 
described above.  

  Statistical Analysis 

 All statistical analyses were performed with a two-sided 
 single-factor analysis of variance test.  P  values <.05 were con-
sidered statistically signifi cant.   

  R ESULTS  

  Incorporation of pIX-mRFP1 and pIX-tdimer2(12) 
Into Viral Particles 

 We initially constructed E1/E3-deleted viruses with carboxyl-
terminal fusions of pIX with monomeric and tandem dimer red 
fl uorescent proteins [mRFP1 and tdimer2(12), respectively]  ( 19 ) . 
After standard CsCl double ultracentrifugation of the two vectors, 
we observed that the colors of the empty (top) and mature (bot-
tom) viral bands were different from those obtained from purifi ed 
conventional unlabeled vectors: Ad-IX-mRFP1 was purple and 
Ad-IX-tdimer2(12) was pink (     Fig. 1, A , data not shown). The dif-
ference in color between these two vectors is probably due to the 
excitation and emission properties of the fl uorescent proteins  ( 19 ) . 
Applying our previously established approach  ( 21 ) , we collected 
fractions of each viral gradient and analyzed each sample for red 
fl uorescence and viral DNA content. Fluorescent peaks were de-
tected for both the bottom and top bands of the two viruses, which 
coincided with the optical absorbance peaks of viral DNA (     Fig. 1, 
B ). Red fl uorescent purifi ed viral particles could be easily visual-
ized using fl uorescence microscopy for both vectors (     Fig. 1, C ).    

  Tracking of Ad-IX-mRFP1 

 To examine the use of the red fl uorescent adenoviruses for 
virus tracking        , we incubated A549 cells with Ad-        IX-mRFP1 
at 4 °C for 1 hour to allow virus binding but not internalization. 
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Fluorescence microscopy revealed distinct binding of Ad-        IX-
mRFP1 particles to the plasma membrane (     Fig. 2, A , cell bind-
ing). In another experiment, we allowed the viruses to bind to 
the cells at 4 °C         for one hour and then at 37 °C for 1.5 hours. 
After the incubation at 37 °C, numerous viruses were detected at 
the nuclear membrane or inside the nucleus (     Fig. 2, A , nuclear 
traffi cking). We also examined whether preincubation with re-
combinant Ad5 knob would mitigate virus binding. Indeed, few 
particles remained bound to the A549 cells after washing when 
knob blocking was implemented (     Fig. 2, A , Ad5 knob block), 
suggesting that the pIX-mRFP1 fusion did not negatively affect 
the virus’s interaction with its primary coxsackie adenovirus re-
ceptor. Similar results were also obtained for Ad-        IX-tdimer2(12) 
(data not shown).    

  Detection of Ad-wt-IX-mRFP1 in Tissue 

 To test the ability to detect red fl uorescent virus in situ, we 
injected Ad-wt-IX-mRFP1 (10 11  virus particles) into the tail 
veins of C57/BL6 mice. Twenty minutes after injection, the 
lungs, kidneys, liver, and spleen were surgically removed, fro-
zen, and sectioned for microscopy. In the lungs, red particles 
were occasionally visualized around blood vessels and endothe-
lial cells. Likewise, very few particles were detected in the 
 kidneys. Numerous viral particles were seen in the liver, with 
accumulation being especially prominent in the sinusoids, where 
the Kupffer cells reside. Single particles (orange arrows,      Fig. 
2, B ) were observed in the hepatocytes. This localization pattern 
in the liver closely resembles what we observed with Ad-wt-IX-
EGFP  ( 16 ) . A substantial amount of virus was also detected in 
the spleen, mostly in the marginal zones between the white and 
red pulp (     Fig. 2, B ).  

  DNA Encapsidation Effi ciency of Red Fluorescent Viruses 

 Our goal was to establish genetic labeling of adenovirus 
with minimal perturbation of normal viral function to retain 

effi cient oncolytic activity. One important function for viral 
replication is the DNA encapsidation effi ciency of the red fl uo-
rescent adenoviruses. To analyze this function, we assayed 
 lysates from 911 cells infected with the two red fl uorescent 
adenoviruses and their re  spective E1-CMV expression vector 
controls for both total and  encapsidated viral DNA copy num-
ber using TaqMan quantitative real-time PCR (     Fig. 3, A , left 
and middle panels). The data revealed no differences in the 
total viral DNA replication of the two labeled vectors  relative to 
their controls during 4 days of infection, except for total viral 
DNA comparison between the tdimer2(12) vectors on day 4 
[Ad-E1-CMV-tdimer2(12) versus Ad-IX-tdimer2(12) at day 4, 
means = 5.50 × 10 6  versus 9.84 × 10 6 , difference = 4.33 × 10 6 , 
95% confi dence interval = 2.98 × 10 6  to 5.69 × 10 6 ]. Similarly, 
there were no differences in encapsidated viral DNA between 
the two labeled vectors and their  controls during the fi rst 3 
days of  infection. When the data were expressed as encapsid-
ated viral DNA fraction, no differences were noted between the 
two labeled vectors and their controls (     Fig. 3, A , right panel).    

  Cytopathic Effect of Red Fluorescent Adenoviruses 

 The red fl uorescent adenoviruses were also evaluated with re-
spect to their ability to induce a cytopathic effect in infected cells. 
This assay gauges viral function on a more comprehensive level 
than the previous assays         because the cytopathic effect is depen-
dent not only on effi cient transduction and virus replication but 
also on spread to neighboring cells. Any defect in the infection 
process would result in  decreased cytotoxicity. 911 cells were 
infected with 0.5, 0.05, or 0.005 cytopathic effect units/cell of 
Ad-E1-CMV-mRFP1, Ad-IX-mRFP1, Ad-E1-CMV-tdimer2(12), 
and Ad-IX-tdimer2(12). Cell viability was measured every 2 
days after infection for a total of 10 days. Under the various con-
ditions examined, there were statistically signifi cant differences 
noted at some time points and similarities at other time points 
between the labeled vectors and their controls (Fig. 3)        . Overall, 
however, the differences were minor. Moreover, all four viruses 

  Fig. 1.     Characterization of red fl uorescent protein IX (pIX) – labeled adenovirus gradients.  A ) Images of Ad-IX-mRFP1 and Ad-IX-tdimer2(12) top and bottom virus 
bands after cesium chloride (CsCl) ultracentrifugation that were captured under normal ambient lighting.  B ) Fractions from Ad-IX-mRFP1 and Ad-IX-tdimer2(12) 
CsCl virus gradients were measured for red fl uorescence ( open circles ) and viral DNA content (absorbance at 260 nm,  closed squares ).  C ) Also shown are the purifi ed 
red fl uorescent adenoviral particles visualized under fl uorescence microscopy.  Bar  = 10  μ m.    
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achieved total oncolysis with similar kinetics in a dose- dependent 
manner (     Fig. 3, B ).  

  Thermostability of Red Fluorescent Adenoviruses 

 Adenovirus protein IX functions as a minor protein in capsid 
stabilization  ( 28 , 29 ) . To test whether the fusion of red fl uorescent 
proteins to pIX destabilizes the adenovirus capsid structure, we 
incubated the labeled viruses and their controls at 45 °C. After 
exposing the viruses to 45 °C for various time intervals, we 
 determined the transducing unit to assess the presence of the 
 remaining infectious virions that survived the temperature stress 
treatment. No statistically signifi cant decrease in thermostability 
was detected for Ad-IX-mRFP1 and Ad-IX-tdimer2(12) com-
pared with their controls Ad-E1-CMV-mRFP1 and Ad-E1-CMV-
tdimer2(12) after 5 or 10 minutes at 45 °C (Fig. 4, A)        . After 
20 minutes of heat treatment, no infectious viruses remained for 
any of the four vectors (     Fig. 4, A ).    

  Coxsackie Adenovirus Receptor – Dependent Binding of 
Red Fluorescent Adenoviruses 

 We next evaluated the extent of the red fl uorescent adenovi-
rus interaction with the Ad5 primary coxsackie adenovirus 
 receptor. Coxsackie adenovirus receptor – defi cient CHO cells 
were chosen as the negative control and high coxsackie adeno-
virus receptor – expressing A549 cells as the positive control. 
The viruses were incubated with A549 and CHO cells at 4 °C 
using vigorous agitation for 1 hour and were then washed to re-
move unbound viruses. TaqMan real-time quantitative PCR was 
used to quantify the number of bound virions. As expected, CHO 
cells showed minimal binding of all four vectors, similar to 
cell samples with no virus addition (Fig. 4, B)        . A549 cells, how-
ever, demonstrated abundant binding of Ad-IX-mRFP1 and  
Ad-IX- tdimer2(12) that was equal to that of the control viruses 
Ad-E1-CMV-mRFP1 and Ad-E1-CMV-tdimer2(12). Similar 
to the tracking assay, binding was greatly attenuated when the 
A549 cells were initially incubated with recombinant Ad5 
knob (     Fig. 4, B ).  

  Correlation of pIX-mRFP1 Signal With DNA Replication 
and Progeny Production In Vitro 

 To determine whether the fl uorescence intensity of the la-
bel itself corresponds to the level of virus mass and replica-
tion, we constructed a pIX-mRFP1 – labeled virus with intact 
E1 and E3 regions to serve as a surrogate oncolytic agent. In 
contrast, a wild-type pIX-tdimer2(12) virus could not be re-
covered        ,  probably owing to compromise of the pIX function 
required in packaging full-length genomes  ( 30 ) . As a result, 
we used Ad-wt-IX-mRFP1 to further investigate the genetic 
labeling system. We infected A549 and BNL-1NG-A.2 cells in 
vitro with various amounts of Ad-wt-IX-mRFP1. A549 cells 
are human lung adenocarcinoma cells that are frequently used 
to effi ciently propagate replication-competent Ad vectors 
(possessing E1). BNL-1NG-A.2 cells are transformed BALB/c 
liver cells. Because human adenoviruses in general do not rep-
licate productively in murine cells  ( 31 ) , these two cell lines 
represent distinct substrates, the former being replication 
 permissive and the latter being replication nonpermissive for 
human Ad5. 

         Cell infection was monitored daily over 10 days by measuring 
the kinetics of red fl uorescence resulting from Ad-wt-IX-mRFP1 
replication. In BNL-1NG-A.2 cells, no increase in pIX-mRFP1 
red fl uorescence was detected relative to baseline levels under 
any of the conditions tested (     Fig. 5, A , left panel). By contrast, 
strong, dose-dependent augmentation of red fl uorescence signal 
with time was observed in A549 cells (     Fig. 5, A , middle panel). 
These data support the concept that the pIX-mRFP1 signal can 
serve as an index of virus replication. Fluo rescence microscopy 
of BNL-1NG-A.2 and A549 cells infec  ted with Ad-wt-IX-mRFP1 
corresponded to the quantitative  fl uorescence observations (data 
not shown). A red fl uorescence signal was correlated with two 
parameters of virus replication over the 10-day infection depicted 
for 0.1 cytopathic effect unit/cell of Ad-wt-IX-mRFP1: viral 
DNA synthesis ( r  = .99) and transducing unit titer ( r  = .65). The 
poor correlation between fl uorescence and transducing unit titer 
was much improved  during the fi rst 8 days, when cellular and 
medium conditions were suitable for  active replication and prog-
eny stability ( r  = .92) (     Fig. 5, A , right panel).    

  Fig. 2.     Detection of Ad-IX-mRFP1 particles in vitro.  A ) Tracking of adenovirus 
infection in cultured cancer cells. A549 lung adenocarcinoma cells incubated 
with the respective red fl uorescent adenoviruses were imaged using fl uorescence 
microscopy to visualize virus binding ( left panel ) and nuclear traffi cking 
( middle panel ). In the  right panel , A549 cells were blocked with recombinant 
Ad5 knob before the viruses were added.  Red , Ad-IX-mRFP1;  blue , Hoechst 
stain for nuclear DNA;  green , cytoplasmic and nuclear autofl uorescence; and 
 black/white , phase-contrast image of the cells.  Bar  = 20  μ m.  B ) Detection of 
Ad-wt-IX-mRFP1 in tissues. Ad-wt-IX-mRFP1 particles were detected in the 
lung, kidney, liver, and spleen of a C57/BL6 mouse after intravenous injection 
with 10 10  virus particles.  White arrows  designate clusters of fl uorescent viral 
particles and  orange arrows  show single particles.  Bar  = 20  μ m.    
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  Correlation of pIX-mRFP1 Signal With DNA Replication 
and Progeny Production In Vivo 

 The ultimate utility of our genetic capsid labeling system re-
quires a correlation between fl uorescence and viral mass in vivo        . 
To establish such a correlation, we used a fl uorescence based 
noninvasive optical imaging system to detect the replication of 
Ad-wt-IX-mRFP1 in vivo. Six         athymic nude mice with estab-
lished A549 tumors in the left and right fl anks were injected in-
tratumorally with a single dose of Ad-wt-IX-mRFP1 and imaged 
daily for red fl uorescence. After 6 days, tumors from four of the 
mice         were excised, imaged ex vivo, and homogenized. A portion 
of each tumor homogenate was used to measure viral DNA con-
tent, and the clarifi ed supernatant of the remaining homogenate 
was used to quantify transducing unit titer and cytopathic effect 
unit titer. 

 An array of replication patterns in the different tumors were 
observed, despite the initial similarity in tumor sizes and viral 
treatment (     Fig. 5, B ). The variation in fl uorescence intensity 
among the eight tumors allowed us to perform a correlative 
analysis of the underlying level of viral replication for a wide 
range of signals. Based on our hypothesis, we expected lower 
levels of adenovirus in tumors with weaker fl uorescence and 
vice versa. The fl uorescence-integrated densities (product of 

the mean intensity and segmented signal area) were strongly 
correlated with total viral genome copy number, transducing 
unit titer, and cytopathic effect unit titer in the tumors (     Fig. 5, 
C ,  r  = .93,  r  = .92, and  r  = .97, respectively). Likewise, asso-
ciating the integrated densities observed in the ex vivo images 
with these same parameters of adenovirus detectionresulted in 
even stronger correlation (     Fig. 6, A and B ,  r  = .96,  r  = .97, and 
 r  = .97, respectively). We also conducted the same experiment 
with BNL-1NG-A.2 xenograft tumors (human Ad5 replication 
nonpermissive) as a negative control, which did not produce 
any red fl uorescence signal (data not shown). In addition to 
strong correlation between fl uorescence signal and viral repli-
cation, pIX-mRFP1 localization corresponded with the local-
ization of hexon immunostaining (     Fig. 7 ), a technique that 
is often used to detect adenovirus in participants of         clinical 
trials  ( 32 , 33 ) .      

  Dynamic Monitoring of Red Fluorescent 
Ad-wt-IX-mRFP1 Replication In Vivo 

 We used the genetic adenovirus labeling system to dynami-
cally monitor the replication and oncolysis of Ad-wt-IX-
mRFP1 in vivo in two of the six mice with established A549 
tumors on the left and right fl anks for 30 days.         The images 

  Fig. 3.             DNA packaging effi ciency of Ad-IX-mRFP1 and  Ad-IX-tdimer2(12). 
 A ) Viral DNA copy number for Ad-E1-CMV-mRFP1 ( open circles ), Ad-IX-
mRFP1 ( open squares ), Ad-E1-CMV-tdimer2(12) ( open triangles ), and Ad-IX-
tdimer2(12) ( open diamonds ) were quantifi ed during infection of 911 cells over 
4 days. Three replicates were performed        .  Error bars  represent 95% confi dence 
intervals        . Comparison of total viral DNA over 4 days: Ad-E1-CMV-mRFP1 
versus Ad-IX-mRFP1 ( P  = .23,  P  = .40,  P  = .58, and  P  = .56, for days 1, 2, 
3, and 4, respectively) and Ad-E1-CMV-tdimer2(12) versus Ad-IX-tdimer2(12) 
( P  = .20,  P  = .11,  P  = .07, and  P <.001 for days 1, 2, 3, and 4, respectively). 
Comparison of encapsidated viral DNA over 4 days: Ad-E1-CMV-mRFP1 versus 
Ad-IX-mRFP1 ( P  = .76,  P  = .35,  P  = .08, and  P  = .05 for days 1, 2, 3, and 4, 
respectively), and Ad-E1-CMV-tdimer2(12) versus Ad-IX-tdimer2(12) ( P  = .17, 
 P  = .12,  P  = .06, and  P  = .005 for days 1, 2, 3, and 4, respectively). The results 
are also expressed as fraction of encapsidated viral DNA (encapsidated divided 
by total viral DNA). Comparison of encapsidated viral DNA fraction over 4 
days: Ad-E1-CMV-mRFP1 versus Ad-IX-mRFP1 ( P  = .36,  P  = .37,  P  = .08, and 
 P  = .14 for days 1, 2, 3, and 4, respectively) and Ad-E1-CMV-tdimer2(12) versus 

Ad-IX-tdimer2(12) ( P  = .29,  P  = .33,  P  = .27, and  P  = .06 for days 1, 2, 3, and 
4, respectively).  B ) Cytopathic effect of Ad-E1-CMV-mRFP1 ( open circles ), 
Ad-IX-mRFP1 ( open squares ), Ad-E1-CMV-tdimer2(12) ( open triangles ), and 
Ad-IX-tdimer2(12) ( open diamonds ) was determined in 911 cells every 2 days 
over 10 days after infection ( n  = 5). Cell viability was measured by an MTS 
(3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]-
2H-tetrazolium) assay and displayed as the percentage of noninfected cells. 
Comparison of Ad-E1-CMV-mRFP1 versus Ad-IX-mRFP1 over the respective 
days: 0.5 cytopathic effect unit (CPEU)/cell ( P  = .05,  P  = .13,  P <.001,  P  = .72, 
 P <.001, and  P <.001); 0.05 CPEU/cell ( P  = .51,  P  = .003,  P  = .33,  P  = .59,  P  = .11, 
and  P  = .11); and 0.005 CPEU/cell ( P  = .01,  P  = .004,  P  = .01,  P  = .03,  P  = .001, 
and  P  = .002).  P  values for comparison of Ad-E1-CMV-tdimer2(12) versus 
Ad-IX-tdimer2(12) over the respective days: 0.5 CPEU /cell ( P <.001,  P <.001, 
 P <.001,  P  = .51, and  P  = .51); 0.05 CPEU/cell ( P <.001,  P <.001,  P  = .07,  P  = .06, 
 P  = .05, and  P  = .05); and 0.005 CPEU/cell ( P <.001,  P  = .08,  P  = .003,  P  = .83, 
 P  = .78, and  P  = .71). All  P  values are two-sided and were calculated by single-
factor analysis of variance.    
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shown are for one representative mouse with a strong response 
to the virus over 30 days (     Fig. 6 ). Initially, different virus be-
havior between the left and right tumors could be discerned, 
similar to that observed in the in vivo correlation experiment 
and other studies (data not shown). Similar to other mice, a 
peak in pIX-mRFP1 signal  intensity was always detected 
 several days following injection, after which the fl uorescence 
appeared to decay over time. For example, the signal peaked at 
day 2 in the left tumor, whereas the same event occurred at day 

4 in the right tumor (     Fig. 8, A ). We typically observed maximal 
signal between 2 and 6 days after injection (data not shown). 
After the signal peaked, it eventually disappeared completely 
(day 9 for the left tumor and day 20 for the right tumor;      Fig. 8, 
A ). Note that the occurrence of a second strong signal in the 
right tumor starting on day 6 appears to be close to the injec-
tion site where granulation tissue eventually formed. Interest-
ingly, the right tumor with the most intense pIX-mRFP1 signal 
regressed almost completely (day 20); however, it eventually 
relapsed after the pIX-mRFP1 signal abated, indicating little 
or no residual viral replication activity after 2 weeks to pro-
duce an ongoing antitumor effect. Quantifi cation of the fl uo-
rescence signal intensity in the tumors of this mouse further 
highlights the transient behavior of Ad-wt-IX-mRFP1 replica-
tion in vivo (     Fig. 8, B ). These data show the feasibility of  
using this  genetic capsid labeling system to dynamically mon-
itor adenovirus replication in vivo and to capture the kinetic 
changes in this process.     

  D ISCUSSION  

 We have created a genetic capsid adenovirus labeling sys -
tem by fusing the minor capsid protein IX with mRFP1 and 
 tdimer2(12). The capsid fusion protein label was incorporated 
into virions to allow vector detection in tracking assays and in 
various tissues with high resolution. Modifi cation of the pIX 
capsid protein with the red fl uorescent proteins had a minimal 
effect on virus DNA replication, encapsidation, cytopathic ef-
fect, thermostability, and binding to its primary receptor cox-
sackie adenovirus receptor. pIX-mRFP1 signal represented the 
underlying level of adenovirus replication both in vitro and in 
vivo and correlated well with viral DNA synthesis and infec-
tious progeny production. Furthermore, the localization of 
pIX-mRFP1 matched results obtained with the conventional 
hexon staining method used to detect the presence of adenovi-
rus. We also successfully applied the genetic capsid labeling 
system to dynamically follow the kinetics of adenovirus repli-
cation in vivo. 

 The data we obtained in vivo demonstrate that this new 
 imaging method to detect adenovirus replication greatly differs 
from conventional vector detection methods. With our method, 
the kinetics of viral mass and localization could be visualized in 
real time with a noninvasive procedure. Although our study was 
designed primarily to validate the basic utility of our system, 
we observed a number of important fi ndings pertaining to ade-
novirus oncolytic function. In particular,         we found that adeno-
virus replication was highly variable from tumor to tumor, even 
in the same mouse. If this differential response is an inherent 
aspect of intratumoral injection techniques, then studies relying 
on methods such as tumor size measurements to gauge oncoly-
sis function should be carefully revisited. The natural heteroge-
neity of tumor microarchitecture and host response to vectors 
can substantially impact the function of replicative vectors in 
vivo  ( 34 ) . Therefore, a well-designed conditionally replicative 
adenovirus evaluation should embody tools that not only gauge 
tumor response to vectors but also simultaneously delineate 
vector function. Robust tumor regression should be attributed 
to oncolytic effect as a consequence of strong viral replication 
and spread. Indeed, our detection system showed that strong 
virus replication does lead to regression of the affected tumor 

  Fig. 4.     Thermostability and coxsackie adenovirus receptor – dependent binding 
of red fl uorescent adenoviruses.  A ) Thermostabilities of Ad-E1-CMV-mRFP1 
( open bar ), Ad-IX-mRFP1 ( fi lled bar ), Ad-E1-CMV-tdimer2(12) ( hatched 
bar ), and Ad-IX-tdimer2(12) ( gray bar ) were determined at 45 °C for various 
times. Results are presented as the percentage of nontreated virus based on 
transducing unit titer. Three replicates were performed.          Error bars  represent 
95% confi dence intervals.          P  values (two-sided) calculated by analysis of variance 
are shown for comparison of the two groups indicated by the  brackets. B ) The 
coxsackie adenovirus receptor binding ability of red fl uorescent adenoviruses 
was assessed in A549 (coxsackie adenovirus receptor positive) and Chinese 
hamster ovary (CHO) (coxsackie adenovirus receptor negative) cells. A549 cells 
were also blocked with recombinant Ad5 knob before incubation with the viruses. 
The  labels  below each set of bars indicate the various conditions tested. The 
extent of binding is represented as the number of bound genome copy number 
quantifi ed by TaqMan real-time polymerase chain reaction. Three replicates were 
performed.         No virus was added to the  “ cells only ”  group. The vectors analyzed 
include Ad-E1-CMV-mRFP1 ( open bar ), Ad-IX-mRFP1 ( fi lled bar ), Ad-E1-
CMV-tdimer2(12) ( hatched bar ), and Ad-IX-tdimer2(12 )  ( gray bar ).  P  values 
(two-sided) calculated by analysis of variance are shown for comparison of the 
two groups indicated by the  brackets.     
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  Fig. 5.     In vitro and in vivo correlation of protein IX (pIX)-mRFP1 signal with 
replication.  A ) Ad-wt-IX-mRFP1 red fl uorescent signal (relative fl uorescent unit) 
was monitored in BNL-1NG-A.2 (replication nonpermissive) and A549 (replication 
permissive) cells over 10 days: 1 ( open circles ), 0.1 ( open squares ), 0.01 ( open 
triangles ), and 0.001 ( open diamonds ) cytopathic effect units. On days 1, 2, 4, 
6, 8, and 10 after infection, samples were infected with 0.1 cytopathic effect unit/
cell, and E4 viral DNA copy number ( open squares ) and transducing unit titer 
( open triangles ) were determined. Also shown in the correlation panel is the red 
fl uorescence curve of A549 cells infected with 0.1 cytopathic effect unit/cell ( open 
circles ). Pearson’s correlation coeffi cient between red fl uorescence and E4 viral 
DNA copy number,  r  = .99. Correlation coeffi cient between red fl uorescence and 
transducing unit titer (days 1, 2, 4, 6, 8, and 10),  r  = .65. Correlation coeffi cient 
between red fl uorescence and transducing unit titer (days 1, 2, 4, 6, and 8),  r  = .92. 
 Error bars  represent 95% confi dence intervals.          B ) Noninvasive detection of pIX-

mRFP1 signal. A549 tumors from four mice, 6 days after intratumoral injection 
with Ad-wt-IX-mRFP1, were imaged in vivo. Images shown are pseudocolored 
with the indicated index scale. Above the images are the mouse numbers. Below 
the whole body images are enlarged pictures of the left and right tumors of the 
respective mouse.  C ) Correlation of the in vivo pIX-mRFP1 signal with replication. 
E4 viral DNA copy number, transducing unit titer, and cytopathic effect unit titer 
were determined in tumor homogenates, as described in  “ Materials and Methods. ”  
In each graph, signal quantifi cation from in vivo images ( open bars : total integrated 
density) is displayed with the various virus detection measurements ( gray bars : 
viral DNA copy number, transducing unit titer, and cytopathic effect unit infectious 
titer) and the correlation coeffi cients. The order in the charts corresponds to the 
tumors depicted in the in vivo images with the mouse number and left or right 
tumor indicated below each set of bars. The  left axis  in each chart represents the in 
vivo integrated density.  Error bars  represent 95% confi dence intervals.            

(     Fig. 8 ). Furthermore, we noted that weak replication or subse-
quent attenuation of replication allows the tumor to actively 
progress (     Fig. 8 ). Without a noninvasive detection method, one 
that allows repeated monitoring of virus replication, failure or 

success in achieving a therapeutic effect would be diffi cult to 
determine. 

 What was not clearly ascertained with our adenovirus moni-
toring system was true spread of virus replication in the tumor, 
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  Fig. 6.     Correlation of ex vivo protein IX (pIX)-
mRFP1 signal with replication.  A ) Excised tumors 
from the same mice shown in      Fig. 5, B , were 
imaged for red fl uorescence in their respective 
anatomic positions.  B ) E4 viral DNA copy number, 
transducing unit titer, and cytopathic effect unit titer 
were determined in tumor homogenates. In each 
chart, signal quantifi cation of ex vivo images ( open 
bars : total integrated density) is displayed with the 
various virus detection measurements ( gray bars : 
viral DNA copy number, transducing unit titer, 
and cytopathic effect unit titer) and the correlation 
coeffi cients. The order in the charts corresponds 
to the tumors depicted in the ex vivo images with 
the mouse number and left or right tumor indicated 
below each set of bars. The numbers above the ex 
vivo images correspond to the respective mouse 
shown in the in vivo correlation study (     Fig. 5, B ). 
 Error bars  represent 95% confi dence intervals.            

even though we attempted to use a minimal volume (10  μ L) of 
injected virus and deliberately avoided moving the needle to 
 distribute the virus in effect to create an initial small locus of 
 infection from which virus spread could be properly visualized. 
We have injected a similar amount and volume of virus (10 10  
virus particles, 10  μ L) in mice with larger tumors (greater than 
10 mm in diameter), and imaging also did not reveal the degree of 
spread expected from a replicative adenovirus (data not shown). 
A positive pIX-mRFP1 signal was not detected in the margins of 
the tumors, and the intense signal in the center of the tumor never 
spread far beyond the initial injection site. Our results are consis-
tent with preclinical studies demonstrating the limited ability of 
oncolytic adenoviruses to spread intratumorally  ( 35 ) , probably 
owing to confi nement by surrounding necrotic and connective 
tissues  ( 36 ) . The poor lateralization capability of  adenovirus in 
tumors is also suggested by in situ viral DNA  hybridization data 
from clinical trials that show a few focal patches of positive cells 
rather than gross, widespread presence of viral DNA  ( 12 , 13 , 15 ) . 
For this very reason, most preclinical conditionally replicative 
adenovirus studies rely on much larger  volumes for virus injec-
tion (50 or even 100  μ L), apply multiple viral administrations, 
and practice intentional distribution of the virus to achieve wide-
spread infection for an effective antitumor response  ( 37 , 38 )         . 
 Future studies should be devised to address this issue of virus 
lateralization and perhaps incorporate strategies to enhance dis-
semination of progeny virions. Our genetic capsid labeling sys-
tem would provide the means to evaluate spreading of oncolytic 
adenoviruses in this respect. 

 The transient nature of virus replication detected in vivo in 
this study also raises questions regarding the persistence of ade-
novirus replication in subcutaneous tumors of athymic nude 
mice. We have routinely noticed this trend; i.e., a number of mice 
besides the ones used in this study showed attenuation of pIX-
mRFP1 signal in a matter of weeks (data not shown). The short-
lived intratumoral replication of adenovirus observed in our 
experiments corresponds with persistence data obtained in clini-
cal trials. In patients, a peak in circulating viral DNA was typi-
cally detected several days after virus administration, indicative 
of active replication. Yet, over the course of a few weeks, a 
 substantial decrease to baseline followed, indicating clearance 
of the oncolytic agent  ( 14 , 39 , 40 ) . Replicative adenovirus per-
sistence in the tumor requires effi cient infection of viable cells 
for replication as well as effective release and spread to neigh-
boring cells for subsequent infection. Moreover, the virus has to 
elude the challenge mounted by the host immune system. Our 
adenovirus monitoring system offers the potential to study these 
host – vector interactions that are consequential for replicative 
 adenovirus function. It is conceivable that in vivo clearance of 
the vector may have been due to immunogenicity of not only the 
native viral capsid proteins but also the red fl uorescent protein 
used to label the exterior of the capsid. Further investigation is 
needed to determine the extent to which the exposed fl uorescent 
label on the viral capsid contributes to the immune response 
 directed against the vector. 

 Certain limitations are associated with the use of fl uorescence 
imaging in our genetic capsid labeling system. The detection 

  Fig. 7.     Comparison of protein IX (pIX)-mRFP1 
in situ localization with hexon staining. A frozen 
tissue section from an A549 tumor injected with 
Ad-wt-IX-mRFP1 (7 days after injection) was 
immunostained for adenovirus hexon protein, 
as described in  “ Materials and Methods. ”  pIX-
mRFP1 ( red ), hexon ( green ), and nuclear DNA 
( blue ) signals were detected under fl uorescence 
microscopy. In the overlay ( merge ), areas of  yellow  
indicate overlap of red and green fl uorescence.  
Bar  = 100  μ m.    
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depth associated with current fl uorescence-based optical imaging 
technology remains limited  ( 41 ) . Additionally, the possibility of 
achieving tomographic data from fl uorescence imaging for volu-
metric quantifi cation is still under development and not widely 
available  ( 42 ) . As a result, conventional fl uorescence imaging is 
presently limited to application for superfi cial or accessible tu-
mors and would not be adequate for accurate quantifi cation of 
volumetric fl uorescence signals. Other imaging ligands that may 
be more practical for deeper detection within tissue, such as lu-
ciferases  ( 43 , 44 )  and herpes simplex virus thymidine kinase 
 ( 45 , 46 ) , should be considered for genetic capsid labeling of 
adenovirus. 

 In summary, we have devised a genetic capsid labeling strat-
egy that allows dynamic monitoring of oncolytic adenoviruses. 
This in vivo imaging system provides the means to study adeno-
virus replication, spread, persistence, and antitumor function for 
the purpose of addressing key issues that are fundamental to the 
design of replicative adenoviral agents for cancer therapy. Fur-

thermore, capsid-labeled viruses will also have utility for vector 
targeting and adenovirus biology studies.    
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Abstract

Many clinically important tissues are refractory to adenovirus (Ad) infection due to negligible levels of the primary Ad5 receptor the coxsackie
and adenovirus receptor CAR. Thus, development of novel CAR-independent Ad vectors should lead to therapeutic gain. Ovine atadenovirus type
7, the prototype member of genus Atadenovirus, efficiently transduces CAR-deficient human cells in vitro, and systemic administration of OAdV
is not associated with liver sequestration in mice. The penton base of OAdV7 does not contain an RGD motif, implicating the long-shafted fiber
molecule as a major structural dictate of OAdV tropism. We hypothesized that replacement of the Ad5 fiber with the OAdV7 fiber would result in
an Ad5 vector with CAR-independent tropism in vitro and liver “detargeting” in vivo. An Ad5 vector displaying the OAdV7 fiber was constructed
(Ad5Luc1-OvF) and displayed CAR-independent, enhanced transduction of CAR-deficient human cells. When administered systemically to
C57BL/6 mice, Ad5Luc1-OvF reporter gene expression was reduced by 80% in the liver compared to Ad5 and exhibited 50-fold higher gene
expression in the kidney than the control vector. To our knowledge, this is the first report of a fiber-pseudotyped Ad vector that simultaneously
displays decreased liver uptake and a distinct organ tropism in vivo. This vector may have future utility in murine models of renal disease.
© 2006 Elsevier Inc. All rights reserved.
Keywords: Gene therapy; Adenovirus; Targeting; Tropism modification; Coxsackie and adenovirus receptor (CAR); Liver tropism; Kidney tropism
Introduction

Vectors based on human adenovirus (Ad) serotypes 2 and 5
continue to show increasing promise as gene therapy delivery
vehicles, especially for cancer gene therapy, due to several key
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attributes: Ad vectors display in vivo stability and excellent
gene transfer efficiency to numerous dividing and non-dividing
cell targets. In addition, Ad vectors are rarely linked to any
severe disease in immunocompetent humans, providing ratio-
nale for further development of these vehicles.

The first step in Ad5 infection occurs via high-affinity
binding of the virion fiber knob domain to its cognate cellular
receptor known as the coxsackie and adenovirus receptor
(CAR) (Henry et al., 1994; Xia et al., 1994; Bergelson et al.,
1997; Tomko et al., 1997). Following knob-CAR binding,
receptor-mediated endocytosis of the virion is dramatically
increased by interaction of the penton base Arg–Gly–Asp
(RGD) motif with cellular integrins αvβ3, αvβ5, αvβ1, α3β1
or other integrins (Bai et al., 1993; Wickham et al., 1993; Louis
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Fig. 1. Diagram depicting the design of the chimeric fiber and molecular validation of Ad5Luc1-OvF. (A) Construction of the 553-amino-acid chimeric fiber of
Ad5Luc1-OvF, including the N-terminal amino acid sequences of the OAdV7 and human Ad5 fiber proteins. The LSL sequence common to both fibers that served as
the junction for the replacement of the OAdV7 tail domain, as well as other common sequences, is highlighted. The final Ad5Luc1-OvF fiber sequence is underlined,
and the arrow highlights that Val46 of the Ad5 tail domain is followed by Leu37 in the OAdV7 fiber. (B) PCR analysis of fiber genes using Ad genomes from rescued
viral particles as the PCR templates. Ad5Luc1 virions and fiber shuttle plasmid pNEB.PK3.6-OvF (designated as pNEB-OvF in the figure) were used as controls.
Lanes containing DNA size standards (M) and no PCR template (NT) are designated. Primers used are specific for the OAdV7 or Ad5 fiber gene knob domain. PCR
products indicating the presence of the Ad5 or OAdV7 fiber knob domains are 540 and 366 bp, respectively. (C) Western blot analysis of fiber proteins from purified
virions. 1 × 1010 vp of Ad5Luc1 with wild-type Ad5 fiber (lanes 3,4) or Ad5Luc1-OvF with chimeric OAdV7 fiber (lanes 1, 2) were resuspended in Laemmli buffer
prior to SDS-PAGE andWestern analysis with an anti-tail Ad5 fiber mAb. Samples in lanes 1 and 3 were heated to 99 °C prior to electrophoresis. Fiber monomers (M)
and trimers (T) are indicated. Molecular mass markers indicate kilodaltons.
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et al., 1994; Davison et al., 1997; Li et al., 2001; Salone et al.,
2003).

Understanding of this two-step Ad entry pathway explains
clinical findings by several groups that have demonstrated that
cells expressing low levels of CAR are refractory to Ad
infection and gene delivery. Native CAR-dependent tropism
results in a scenario wherein non-target but high-CAR cells can
be infected while target tissues, if low in CAR, are resistant to
Ad infection. Essentially, while Ad delivery is uniquely efficient
in vivo, the biodistribution of CAR is incompatible with many
gene therapy interventions and in vivo co-localization of
applied Ad vectors and the receptor is poor (Dmitriev et al.,
1998; Miller et al., 1998; Fechner et al., 1999; Li et al., 1999;
Cripe et al., 2001).

Based on a clear understanding of native Ad cell recognition,
the development of CAR-independent Ad vectors has rationally
focused on the fiber protein, the primary determinant of Ad
tropism. Ad fiber pseudotyping, the genetic replacement of the
knob domain or entire fiber with its structural counterpart from
another human Ad serotype, has been employed as a means to
derive Ad5-based vectors with CAR-independent tropism by
virtue of the natural diversity in receptor recognition found in
species B and D Ad fibers (Büchen-Osmond, 2002) and has
identified chimeric vectors with superior infectivity to Ad5 in a
variety of clinically relevant cell types (Gall et al., 1996;
Shayakhmetov et al., 2000; Von Seggern et al., 2000; Chiu et
al., 2001; Goossens et al., 2001; Havenga et al., 2001;
Jakubczak et al., 2001; Havenga et al., 2002; Kanerva et al.,
2002).

The development of non-human adenoviruses as gene
therapy vehicles has been proposed (Khatri et al., 1997;
Rasmussen et al., 1999; Reddy et al., 1999a, 1999b; Kremer
et al., 2000; Loser et al., 2002; Hemminki et al., 2003). The
rationale for these efforts has been three-fold: (1) no pre-
existing humoral or cellular immunity will exist against “xeno”
Ads in the majority of humans (Hofmann et al., 1999; Kremer et
al., 2000), (2) several non-human Ads have been demonstrated
to efficiently infect human cells without subsequent replication,
including canine, bovine and murine mastadenoviruses (Gelhe
and Smith, 1969; Nguyen et al., 1999; Rasmussen et al., 1999;
Soudais et al., 2000) and ovine atadenovirus (Loser et al., 2000;
Kumin et al., 2002) and (3) novel entry biologies of xeno Ads
may circumvent CAR deficiency in clinically relevant human
target tissues refractory to Ad5-based vectors.

Consistent with these considerations, the 287 isolate of the
ovine adenovirus type 7 (OAdV7) has been evaluated as a
potential human gene therapy vector (Voeks et al., 2002; Loser
et al., 2003; Martiniello-Wilks et al., 2004; Wang et al., 2004).
OAdV7 is the prototype isolate of a novel genus of viruses
referred to as atadenovirus (Benko and Harrach, 1998). OAdV7
causes only mild symptoms in sheep and infects numerous
human cell types efficiently, although replication in human cells
is abortive due to the lack of viral promoter function (Boyle et
al., 1994; Khatri et al., 1997; Rothel et al., 1997). OAdV7
displays CAR-independent tropism that is distinct from that of
serotype 2 and 5 Ads, utilizing an unknown primary receptor(s)
(Xu and Both, 1998). In addition, systemically applied OAdV7
exhibits a distinctive tissue distribution in vivo that is less
hepatotropic in mice compared to Ad5-based vectors (Hofmann
et al., 1999).

OAdV7 tropism is mediated via a 543-residue fiber molecule
comprised of a 35 residue N-terminal tail region, a long shaft
domain predicted to consist of 25 pseudorepeats and a relatively
small 121-amino-acid C-terminal region comprising the knob
domain (Vrati et al., 1995). In contrast to Ad5, the OAdV7 fiber
does not contain the lysine-rich KKTK sequence found in the
third repeat of the Ad5 fiber, a motif suggested to mediate
hepatotropism of Ad5 vectors in rodents and primates in vivo
(Smith et al., 2003a, 2003b). In addition, neither the penton
nor fiber of OAdV7 contains an RGD sequence or other iden-
tifiable integrin-binding domain, suggesting that interaction
with cell-surface integrins may not be required for infection
(Vrati et al., 1996; Xu and Both, 1998). Thus, the fiber protein is
the only structural determinant of OAdV7 tropism identified to
date.

Based on the unique tropism of OAdV7 that combines CAR
independence with a non-hepatotropic biodistribution profile,
we hypothesized that an Ad5 vector, containing the OAdV7
fiber as well as its native penton base RGD, would achieve
enhanced infectivity of Ad-refractory cell types in vitro and
liver detargeted tropism in vivo.

Results

Generation of modified Ad5 containing the OAdV7 fiber

The OAdV7 fiber molecule is composed of homotrimers of a
543-amino-acid polypeptide. Predicted functional domains
within the fiber are the tail domain spanning residues 1 to 35,
the shaft domain from 36 to 422 containing approximately 25
pseudorepeats motifs and the 121-amino-acid fiber knob
domain from 423 to 543 (Vrati et al., 1995). Most mammalian
Ads contain a conserved threonine–leucine–tryptophan–threo-
nine (TLWT) motif at the N-terminus of the fiber knob domain,
and in human Ad2 and Ad5, a flexible region separating the
shaft and the knob domains precedes this motif (van Raaij et al.,
1999). The OAdV7 fiber does not contain this motif, thus the
start of the knob domain is poorly defined.

Following examination of Ad5 and OAdV7 fiber polypep-
tide sequences, we identified a common leucine–serine–leucine
(LSL) sequence common to both fibers immediately down-
stream of each tail domain (Fig. 1A). The LSL region was
considered a common element in both fibers; therefore, we
substituted the 44-amino-acid Ad5 tail domain for the native
OAdV7 tail domain upstream of the LSL sequence to provide
the correct penton base insertion domain for incorporation into
the Ad5 capsid. This was accomplished using a two-plasmid
rescue system essentially as described (Krasnykh et al., 1996;
Glasgow et al., 2004). We constructed an E1-deleted recombi-
nant Ad genome (Ad5Luc1-OvF) containing the chimeric Ad5
tail/OAdV7 fiber gene and a firefly luciferase reporter gene
controlled by the CMV immediate early promoter/enhancer in
the E1 region. Genomic clones of Ad5Luc1-OvF were
sequenced, and two correct clones were chosen. Ad5Luc1-



Table 1
Ad5Luc1-OvF luciferase gene expression in various cancer cell lines

Cell line Origin CARa Fold increase
in luciferase
activity vs.
Ad5 b

Reference

CHO Hamster ovary L/N 22 Soudais et al.,
2000

RD Rhabdomyosarcoma L/N 1.5 Dmitriev et
al., 1998;
Cripe et al.,
2001

PC-3 Prostate cancer L/N 7.8 Okegawa
et al., 2000

LNCaP Prostate cancer M 5% of Ad5 Okegawa
et al., 2000

T24 Bladder cancer L/N 9.8 Li et al., 1999
MCF7 Breast cancer L/N 9.2 Y. Kawakami,

unpublished
data

HeLa Cervical cancer H 13% of Ad5 Bergelson
et al., 1997

LoVo Colon cancer ND 60% of Ad5
oLE Ovine normal

stroma
ND 2.7

JS8JSRV Ovine lung cancer ND 5% of Ad5
U118MG Glioma L/N 2.2 Kim et al.,

2003
U118
CAR-
tailless

Glioma H 1% of Ad5 Kim et al.,
2003

OV-3 Ovarian cancer ND 23
OV-4 Ovarian cancer L/N 3.0 Hemminki

et al., 2003
HEY Ovarian cancer L/N 6.5 Hemminki

et al., 2003
SKOV Ovarian cancer ND 1
S KOV 3 .
ip1

Ovarian cancer L/N 5.0 Hemminki
et al., 2003

FaDu Pharynx cancer L/N 21% of Ad5 Blackwell
et al., 1999

SCC-4 Tongue cancer L/N 9.7 Blackwell
et al., 1999

SCC-25 Tongue cancer M 9% of Ad5 Blackwell
et al., 1999

THLE-3 Normal liver
epithelial

ND 10% of Ad5

Primary Cells
Patient 1 Ovarian cancer ND 4

a H, high levels of CAR; M, moderate; L/N, little or no CAR; ND, not
determined. As determined by FACS analysis.
b 100 vp/cell, luciferase activity measured at 24 h post-infection.

Fig. 2. Ad5Luc1-OvF-mediated gene transfer. Luciferase activities following
transduction of a panel of CAR-deficient cell lines (A) and precision-cut human
ovarian cancer tissue slices (B). Luciferase activity was determined 24 h post-
transduction and is reported in relative light units (RLU) in panel A and RLU/mg
cellular protein in panel B. Each column is average of 4 replicates using 100 vp/
cell, and the error bar indicates the standard deviation.
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OvF was rescued in 911 cells, and large-scale preparations of
Ad5Luc1-OvF were purified by double CsCl gradient centri-
fugation. The concentration of Ad5Luc1-OvF was 2.7 × 1012

viral particles (vp)/ml, while the control vector Ad5Luc1 was
3.74 × 1012 vp/ml. Ad5Luc1 contains the wild-type Ad5 fiber
and is isogenic to Ad5Luc1-OvF in all respects except for the
fiber shaft and knob domains.

We confirmed the fiber knob genotype of Ad5Luc1-OvF via
diagnostic PCR, using knob-domain-specific primer pairs and
genomes from purified virions as PCR templates. Plasmids
containing the fiber sequence of the wild-type OAdV7 fiber
(data not shown) or the chimeric fiber gene were used as
positive controls (Fig. 1B). To further confirm that Ad5Luc1-
OvF virions contained trimeric fibers, we performed SDS-
PAGE followed by Western blot analysis of vector particles. We
used the monoclonal 4D2 primary antibody that recognizes the
Ad5 fiber tail domain common to both the Ad5 and chimeric
OAdV7 fiber molecules. We observed bands at approximately
185 kDa for Ad5Luc1-OvF and control Ad5Luc1 virions,
corresponding to trimeric fiber molecules. Bands of boiled
samples resolved at an apparent molecular mass of approxi-
mately 60–65 kDa, indicative of fiber monomers (Fig. 1C).

Ad5Luc1-OvF vector exhibits expanded tropism and enhanced
gene transfer

We hypothesized that the incorporation of the OAdV7
fiber into the Ad5 capsid would provide augmented



Fig. 3. FACS analysis of Ad5Luc1 and Ad5Luc1-OvF binding to U118-hCAR-
tailless (upper panel) or CHO cells (lower panel). Aliquots of 2 × 105 cells were
incubated with polyclonal rabbit anti-Ad5 antiserum following binding of virus
to the cells at 4 °C (to block internalization). Cells were incubated in the
presence of anti-rabbit FITC-labeled secondary antibody and subjected to flow
cytometry analysis. The gray peaks in the histograms represent negative control
cells incubated with primary and secondary antibodies only. The thin line
indicates Ad5 cellular attachment, and the heavy line indicates Ad5Luc1-OvF
attachment. In U118-hCAR-tailless cells, approximately 94% of cells were
positive for Ad5Luc1 surface attachment (thin line), while only 8% of cells
were positive for Ad5Luc1-OvF (heavy line) versus control cells receiving
primary and secondary antibodies (gray peak). In CHO cells, 10% of cells were
positive for Ad5Luc1 attachment compared to 60% of positive cells for
Ad5Luc1-OvF.

Fig. 4. Ad5Luc1 and Ad5Luc1-OvF-mediated gene transfer with Ad5 knob
blocking. Luciferase activities following transduction of low-CAR U118MG
cells and CAR-expressing U118-hCAR-tailless cells (A), transduction of U118-
hCAR-tailless with Ad5Luc1 (white squares) or Ad5Luc1-OvF (black squares)
with Ad5 knob block (B) and low-CAR SKOV3.ip1 cells with Ad5 knob block
(C). Concentration of recombinant Ad5 fiber knob protein used to block
transduction is indicated in μg/ml. Luciferase activity was determined 24 h post-
transduction and is reported in relative light units (RLU) (A) or in percent total
of unblocked luciferase activity for ease of comparison (B,C). Each column is
average of 4 replicates using 100 vp/cell, and error bar indicates standard
deviation.
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transduction through expanded Ad vector tropism, including
CAR-independent tropism. We therefore evaluated Ad5Luc1-
OvF transduction of a panel of cell lines expressing variable
levels of CAR (Table 1). As shown in Fig. 2A, Ad5Luc1-OvF
provided augmented reporter gene delivery to several CAR-
deficient cell lines, with augmentation up to 23-fold compared to
Ad5Luc1. Furthermore, Ad5Luc1-OvF increased gene transfer
to an unpassaged primary ovarian cancer patient sample as much
as 5-fold versus Ad5Luc1 (Fig. 2B). Of interest, Ad5Luc1-OvF
gene delivery augmentation to CAR-deficient RD cells (human
rhabdomyosarcoma, 1.5-fold) was markedly lower than that of
OV-3 cells (human ovarian cancer, 23-fold) and CAR-deficient
CHO cells (Chinese hamster ovary, 22-fold), suggesting that RD
cells do not express the requisite cell-surface molecule(s) for
OAdV7 fiber recognition. We also evaluated Ad5Luc1-OvF
transduction on a normal human liver epithelial cell line (THLE-
3) and observed a 10-fold reduction in gene transfer compared to
Ad5Luc1.

Ad5Luc1-OvF exhibits increased cell-surface binding in the
absence of CAR

To investigate whether Ad5Luc1-OvF mediates increased
gene transfer via enhanced cell-surface interaction and not
altered intracellular trafficking, we performed cell-binding
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assays employing FACS-based detection of surface-bound
virions. We hypothesized that Ad5Luc1-OvF would display
increased attachment to CAR-deficient cells, and possibly even
CAR-positive cells, compared to Ad5 by virtue of novel virion/
cell interaction. For these studies, we selected cell lines that
exhibited maximally different gene transfer profiles between
Ad5Luc1 and Ad5Luc1-OvF: CAR-deficient CHO cells and the
CAR-positive U118-hCAR-tailless cell line that artificially
expresses the extracellular domain of human CAR (Kim et al.,
2002). Cells were incubated with Ad vectors at 4 °C to allow
virion attachment, but not internalization, followed by labeling
of bound virions with an anti-Ad primary antibody and an
FITC-conjugated secondary antibody, with subsequent FACS
analysis (see Materials and methods). As shown in Fig. 3A,
surface-bound Ad5Luc1 was detected on 94% of U118-hCAR-
tailless cells, while only 8% of these cells were positive for
Ad5Luc1-OvF. This observation is consistent with the 100-fold
disparity in gene transfer observed for these vectors in the same
cell line (Table 1, Fig. 4A). In contrast, only 10% of CAR-
negative CHO cells bound Ad5Luc1, while over 60% of CHO
cells were positive for Ad5Luc1-OvF (Fig. 3B). These data
indicate that a direct positive correlation exists between
increased Ad5Luc1-OvF cell-surface interaction and enhanced
gene delivery in CAR-deficient cells.

The OAdV7 fiber in Ad5Luc1-OvF dictates CAR-independent
tropism

As shown in Table 1 and Fig. 3, Ad5Luc1-OvF gene transfer
and cell binding were not dependent on the presence of CAR.
To confirm this aspect of Ad5Luc1-OvF tropism, we performed
knob-blocking assays using recombinant Ad5 fiber knob
Fig. 5. In vivo biodistribution of Ad5-based vectors after intravenous injection into f
Ad5Luc1 (open bars), Ad5Luc1-OvF (black bars) or Ad5-ΔdKKTK (cross-hatched
individual experiments using different preparations of Ad5Luc1-OvF were combin
concentration for each individual organ. Each data point is an average of 8–10 mice
indicate standard deviation. *P b 0.0028 versus Ad5Luc1 in liver, #P b 0.042 versus
were significantly lower than Ad5Luc1, P b 0.017. In all cases, a two-tailed t test a
protein, a well-established method for demonstrating or ruling
out CAR-mediated infection (Krasnykh et al., 1998; Einfeld et
al., 2001; Glasgow et al., 2004). As shown in Fig. 4A, Ad5Luc1
exhibited clear CAR-dependent tropism as demonstrated by a
100-fold increase in transgene expression in U118-hCAR-
tailless cells versus the CAR-deficient U118MG cell line.
Furthermore, preincubation of cells with recombinant Ad5 knob
protein at 50 μg/ml inhibited 90% and 50% of Ad5 Luc1 gene
transfer to U118-hCAR-tailless cells and low-CAR SKOV3.ip1
cells, respectively (Figs. 4B, C). Conversely, Ad5Luc1-OvF
gene delivery to U118MG cells was 2-fold higher than that of
Ad5Luc1, and transduction of the highly CAR-positive variant
line yielded no increase in luciferase values. Furthermore,
competitive inhibition with Ad5 knob did not appreciably block
Ad5Luc1-OvF-mediated gene transfer in either cell line,
confirming the CAR-independent tropism of this vector.

Biodistribution of Ad5Luc1-OvF gene expression in mice

Following confirmation of our first hypothesis that the
Ad5Luc1-OvF vector would exhibit enhanced infectivity in low
CAR substrates via a novel, non-CAR based tropism, we next
addressed the biodistribution profile of Ad5Luc1-OvF. Based
on the biodistribution of intravenously applied OAdV7 in mice
(Hofmann et al., 1999) and the lack of the putative heparin
sulfate binding motif KKTK in the OAdV7 fiber shaft, we
hypothesized that an Ad5 vector containing this fiber would
demonstrate decreased hepatotropism in vivo. To this end, we
evaluated the biodistribution of transgene expression of a panel
of Ad vectors including Ad5Luc1-OvF, Ad5Luc1 and our
Ad5Luc1-ΔKKTK vector (with the native KKTK sequence
deleted from the fiber shaft) as a liver detargeted control vector,
emale C57BL/6 mice. Mice 6–8 weeks of age were injected with 1 × 1011 vp of
bars). Luciferase activity was determined 48 h post-injection. Results from two
ed and are presented as relative light units (RLU) normalized for total protein
(Ad5Luc1, n = 10; Ad5Luc1-OvF, n = 8; Ad5-ΔKKTK, n = 10), and error bars
Ad5Luc1 in kidney. For all tissues except heart, Ad5ΔKKTK luciferase values
ssuming unequal variance between groups was used for increased stringency.
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similar to that described (Smith et al., 2003b). Mice were
injected via the tail vein with 1 × 1011 viral particles. Forty-eight
hours post-injection, the liver, spleen, lung, heart and kidney
were harvested and homogenized, and luciferase activity and
protein concentrations of cleared homogenates were measured.
As expected, Ad5Luc1 produced the highest transgene
expression in the liver, while Ad5-ΔKKTK vector gene
expression in liver was reduced to 1% of control (Fig. 5). In
all other organs examined, Ad5-ΔKKTK gene expression was
markedly reduced to less than 7% of Ad5Luc1 control levels.
Ad5Luc1-OvF gene expression was more evenly distributed
among the major organs and was significantly decreased in the
liver to approximately 18% of Ad5Luc1 levels (P b 0.0028).
Ad5Luc1-OvF gene expression in the heart, spleen and lung
was not significantly different from Ad5Luc1. Ad5Luc1-OvF
gene expression in the kidney was increased 50-fold versus the
Ad5Luc1 control vector (P b 0.042), resulting in a liver-to-
kidney gene expression ratio of 0.59 for Ad5Luc1-OvF and
0.002 for Ad5Luc1, a difference of 280-fold. Of note, we
observed a vector-specific difference in animal survival during
the biodistribution studies. In this regard, all animals receiving
control Ad survived the duration of the experiment; however, 3
of 11 mice receiving Ad5Luc1-OvF expired before the 48
h time point. Further analysis of this phenomenon is under
investigation. In the aggregate, Ad5Luc1-OvF, a vector
containing fibers from OAdV7 that are unable to bind CAR,
demonstrates enhanced gene delivery to CAR-deficient human
cells in vitro and displays a unique biodistribution character-
ized by attenuated liver transduction with significant kidney
tropism.

Discussion

Despite a variety of avenues explored to improve human
adenovirus serotype 5 as a therapeutic agent, this vector exhibits
innate drawbacks of CAR dependency and hepatotropism. Of
particular concern is that many clinically important tissues,
including several cancer types, are refractory to Ad5 infection
due to low CAR expression. Indeed, down-regulation of CAR
has been reported for several tumor types, including glioma,
ovarian, lung, breast and others (Miller et al., 1998; Hemminki
and Alvarez, 2002; Bauerschmitz et al., 2002). As a
consequence of limiting CAR levels in many clinically relevant
target cells, high Ad vector dosage is often required for in vivo
efficacy. Given that over 95% of systemically administered Ad
particles are sequestered in the liver via hepatic macrophage
(Kupffer cell) uptake (Tao et al., 2001) and hepatocyte
transduction (Connelly, 1999) of both rodents and primates,
therapeutically relevant Ad doses often result in vector-related
liver toxicity (Peeters et al., 1996; Lieber et al., 1997; Sullivan et
al., 1997; Worgall et al., 1997; Alemany et al., 2000;
Shayakhmetov et al., 2004). Thus, Ad vectors exhibiting
CAR-independent and/or expanded tropism coupled with low
hepatotropism should prove valuable for maximal transduction
of low-CAR targets at the lowest possible vector dose.

We sought to achieve this vector design mandate by
replacing the Ad5 fiber with the corresponding structure from
ovine atadenovirus serotype 7. The fiber of OAdV7 is the only
identified structural determinant of native OAdV7 tropism,
which is CAR-independent in vitro and non-hepatotropic when
applied systemically. Genetic incorporation of the OAdV7 fiber
molecule into the Ad5 virion ablated its CAR dependence as
evidenced by competitive Ad5 knob blocking assays as well as
increased cellular attachment to CAR-deficient CHO cells. Our
results are consistent with previous findings showing that Ad5
and OAdV7 do not compete with each other for cell entry in
cells that both viruses can infect (Xu and Both, 1998).
Ad5Luc1-OvF exhibited enhanced infectivity in vitro, provid-
ing 3- to 23-fold increased gene transfer to several CAR-
deficient cell lines and primary ovarian cancer tissue versus
Ad5. However, Ad5Luc1-OvF gene transfer to other CAR-
deficient human cancer cell lines such as SCC-25, FaDu and
LNCaP, as well as the human THLE-3 normal liver cell line,
was markedly reduced compared to the Ad5Luc1 control vector.
These findings suggest that the receptor(s) for the OAdV7 fiber
is not ubiquitously expressed, a biological phenomenon that
may provide the basis of a level of cell- or tissue-type selectivity
of potential utility.

Intravenous administration of Ad results in accumulation in
the liver, spleen, heart, lung and kidneys of mice, although these
tissues may not necessarily be the highest in CAR expression
(Fechner et al., 1999; Reynolds et al., 1999; Wood et al., 1999).
Instead, anatomic barriers, the structure of the vasculature and
the degree of blood flow and in each organ probably contribute
to the biodistribution, in addition to non-specific viral particle
uptake by macrophages. This is true with regard to the liver in
particular, which sequesters the majority of systemically
administered Ad particles via hepatic macrophage (Kupffer
cell) uptake (Tao et al., 2001) and hepatocyte transduction
(Connelly, 1999), leading to cytokine release, inflammation
and liver toxicity (Peeters et al., 1996; Lieber et al., 1997;
Worgall et al., 1997; Shayakhmetov et al., 2004, 2005b).
Thus, the nature of adenovirus–host interactions dictating the
fate of systemically applied Ad has come under considerable
scrutiny.

To this end, attempts to design Ad5 vectors that “detarget”
the liver have been based on the assumption that CAR- and
integrin-based interactions are required for liver uptake in vivo.
The majority of attempts to inhibit hepatocyte and/or liver
Kupffer cell uptake using Ad5 vectors with ablated CAR- or
integrin-binding motifs in the Ad capsid have failed (Alemany
and Curiel, 2001; Mizuguchi et al., 2002; Smith et al., 2002;
Martin et al., 2003; Smith et al., 2003a), although some
mutations of the Ad5 fiber knob have attenuated liver tropism of
vectors following systemic administration (Einfeld et al., 2001;
Koizumi et al., 2003; Yun et al., 2005). Indeed, recent studies
focused on Ad vector biodistribution have demonstrated that
Kupffer cell and hepatocyte uptake in vivo are largely CAR-
independent (Liu et al., 2003; Shayakhmetov et al., 2004),
confirming that native Ad5 tropism determinants at work in
vitro contribute little to vector biodistribution in vivo.

The Ad fiber is a major structural determinant of liver
tropism in vivo, even in the absence of knob/Ad receptor
interaction (Nicklin et al., 2005). In this regard, Smith and co-
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workers have examined the role of a putative heparan sulfate
proteoglycan (HSPG)-binding motif, KKTK, in the third repeat
of the native fiber shaft. Replacement of this motif with an
irrelevant GAGA peptide sequence reduced reporter gene
expression and Ad DNA in the liver by 90% in mice and
non-human primates (Smith et al., 2003a). The authors
postulated that removal of the KKTK inhibited Ad5 interaction
with heparin sulfate proteoglycans (HSPG) in the liver;
however, direct binding of this motif to HSPG has not been
demonstrated.

Pseudotyping Ad5 with short-shafted fibers from Ad3, Ad35
or Ad40 that contain no native KKTK results in significant
reduction of liver uptake (Table 2) (Nakamura et al., 2003;
Sakurai et al., 2003; Vigne et al., 2003). Furthermore, the use of
a shortened Ad5 fiber shaft that retains the native KKTK motif
(Vigne et al., 2003) or replacement of the Ad5 shaft with the
short Ad3 shaft domain (Breidenbach et al., 2004) was shown to
attenuate liver uptake in vivo following intravenous delivery.
Indeed, Shayakhmetov and co-workers have recently shown
that short-shafted Ad vectors with either CAR- or non-CAR-
interacting knob domains do not efficiently interact with
hepatocytes in vivo and are not taken up by Kupffer cells
(Shayakhmetov et al., 2004).
Table 2
Fiber composition of Ad vectors displaying decreased liver localization in vivo

Ad Vector Tail Shaft Knob Liver deta

Ad5Luc1 Ad5 Ad5 (22 repeats w/KKTK) Ad5 No
Ad5Luc1-OvF Ad5 OAdV7 (25 repeats,

no KKTK)
OAdV7 20% of A

Ad5.Ad3.SH Ad5 Ad3 (6 repeats, no KKTK) Ad5 10% of A

Ad5.Ad3.SH/
knob3

Ad5 Ad3 (6 repeats, no KKTK) Ad3 No

Ad5 DB6 Ad5 Ad3 (6 repeats, no KKTK) Ad3 10% of A
Ad5 BS1 Ad5 Ad5 (9 repeats, w/KKTK) Ad5 10% of A
Ad5.35F Ad35 Ad35 (6 repeats, no KKTK) Ad35 4% of Ad

Ad5.5S35H Ad5 Ad5 Ad35 No

Ad5.35S5H Ad35 Ad35 (6 repeats, no KKTK) Ad5 25% of A

Ad5/35 Ad5 Ad35 (6 repeats, no KKTK) Ad35 No

Ad5.KO1 Ad5 Ad5 CAR-ablated
Ad5

No

Ad5.S Ad5 Ad5 (KKTK to GAGA) Ad5 6% of Ad

Ad5.K01.S Ad5 Ad5 (KKTK to GAGA) CAR-ablated
Ad5

0.001% o

Ad5F35L Ad5 Ad35 (6 repeats, no KKTK) Ad35 0.001% o
Ad5F/40S Ad40 Ad40 (7 repeats, no KKTK) Ad40 1% of Ad

Ad5/35L Ad5 Ad5 (22 repeats, w/KKTK) Ad35 No

Ad5/35S Ad5 Ad35 (6 repeats, no KKTK) Ad35 b10% of A

Ad5/9L Ad5 Ad5 (22 repeats) Ad9 No

Ad5/9S Ad5 Ad9 (7 repeats, no KKTK) Ad9 b10% of A
The Ad5Luc1-OvF fiber contains 25 pseudorepeats, no
KKTK motif and likely forms a fiber at least as long as the
native Ad5 fiber. Long-shafted Ads have been shown to
accumulate within liver sinusoids and subsequently infect
hepatocytes in a CAR-independent manner (Shayakhmetov et
al., 2004). Thus, our result demonstrating marked reduction of
in vivo liver gene expression appears to be unique for a long-
shafted Ad vector and is comparable to results obtained with
some short-shafted Ads (Table 2).

Recent evidence has highlighted the importance of serum
factors in the hepatic uptake of systemically applied Ad vectors.
Shayakhmetov and colleagues demonstrated that coagulation
factor IX (FIX) and complement component C4-binding protein
(C4BP) can direct Ad biodistribution in vivo by cross-linking
Ad to hepatocellular HSGP and the LDL-receptor-related
protein. Kupffer cell sequestration of Ad particles was likewise
dependent on Ad association with FIX and C4BP (Shayakhme-
tov et al., 2005a). This work also demonstrated a key vector
design approach whereby genetic modification of solvent-
exposed loop structures in the Ad5 fiber knob attenuated serum
factor binding resulting in reduced liver uptake in vivo. In
addition to the Ad5Luc1-OvF vector, this serum-factor-ablated
Ad vector is the only other long-shafted liver-detargeted Ad
rgeting New in vivo
tropism

Dose (vp)/Strain Reference

– 1 × 1011/C57BL/6 This report
d5 Kidney, equal to liver 1 × 1011/C57BL/6 This report

d5 None reported 5 × 1010/C57BL/6 Breidenbach et al.,
2004

None reported 5 × 1010/C57BL/6 Breidenbach et al.,
2004

d5 None reported 1 × 1011/C57BL/6 Vigne et al., 2003
d5 None reported 1 × 1011/C57BL/6 Vigne et al., 2003
5 None reported 2 × 1011/C57BL/6 Smith et al.,

2003a,b
None reported 2 × 1011/C57BL/6 Smith et al.,

2003a,b
d5 None reported 2 × 1011/C57BL/6 Smith et al.,

2003a,b
Kidney, 1% of liver 1 × 1010/C57BL/6 Mizuguchi et al.,

2002
None reported 2 × 1011/C57BL/6 Smith et al.,

2003a,b
5 None reported 2 × 1011/C57BL/6 Smith et al.,

2003a,b
f Ad5 None reported 2 × 1011/C57BL/6 Smith et al.,

2003a,b
f Ad5 None reported 1.5 × 1010/C57BL/6 Sakurai et al., 2003
5 None reported 2 × 1010/C57BL/6 Nakamura et al.,

2003
None reported 1 × 1011/C57BL/6 Shayakhmetov

et al., 2004
d5/35L None reported 1 × 1011/C57BL/6 Shayakhmetov

et al., 2004
None reported 1 × 1011/C57BL/6 Shayakhmetov

et al., 2004
d5/9L None reported 1 × 1011/C57BL/6 Shayakhmetov

et al., 2004
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reported to date. Therefore, it is reasonable to posit that reduced
liver uptake observed with Ad5Luc1-OvF is the result of the
unique structure of the ovine fiber resulting in reduced and/or
altered interaction with blood factors that mediate native Ad5
liver uptake.

Gene transfer to the kidney could have significant utility for
the treatment of renal disease and in transplantation paradigms
(Imai et al., 2004). While Ad, adeno-associated virus (AAV) and
retroviral vectors transduce renal cells in vitro, systemic delivery
of viral vectors has resulted in insufficient gene delivery to the
kidney (Moullier et al., 1994; Takeda et al., 2004; Fujishiro et al.,
2005). To increase in vivo gene transfer to the kidney, perfusion
(Heikkila et al., 1996), catheter infusion (Takeda et al., 2004;
Fujishiro et al., 2005) and direct interstitial injection (Ortiz et al.,
2003) have been employed. Considering the established
difficulty of generating Ad-mediated renal gene transfer via
systemic injection, our result demonstrating abundant kidney
gene expression by Ad5Luc1-OvF is notable. While the
mechanism of enhanced kidney gene expression remains
under investigation, we interpret this result as a consequence
of unique, direct interaction(s) of Ad5Luc1-OvF with kidney
and/or renal vasculature, and not solely as a result of decreased
liver sequestration, since other Ad vectors exhibiting decreased
hepatotropism have not demonstrated appreciable novel tissue
tropism (Table 2).

The kidney is a complex organ with numerous specialized
compartments including the glomeruli, tubules, interstitium and
vasculature. The glomerular capillary endothelium is fenestrat-
ed, resulting in the “leaky” vasculature that would allow
intravenous Ad vectors to contact the underlying filtration
membrane and access to the epithelium of the renal tubule
system. Indeed, injection of an Ad vector directly into the renal
artery can result in gene transfer to cells of the proximal tubule
(Moullier et al., 1994). Given the unique renal localization
observed, we are currently extending our studies to determine
the precise localization of Ad5Luc1-OvF gene expression within
kidney substructures. An important issue related to the renal
localization is the toxicity we observed while carrying out these
studies. Given that only animals receiving Ad5Luc1-OvF vector
expired before tissue harvest at 48 h post-injection and that liver
gene expression was decreased in surviving animals, it is
reasonable to suspect that the increased levels of Ad5Luc1-OvF
in the kidney resulted in the toxicity. In this regard, further
examination of renal tissue inflammation, apoptosis or other
patho-physiology should provide the basis for understanding
this effect observed in some animals.

To our knowledge, this is the first report of a fiber-
pseudotyped Ad vector that simultaneously displays decreased
hepatotropism and a distinct organ tropism in vivo. Furthermore,
this novel redirection of vector biodistribution is directly
attributable to fiber replacement with a non-CAR binding
long-shafted fiber, an outcome seemingly at odds with recent
fiber pseudotyping reports employing short-shafted vectors. In
vitro, Ad5Luc1-OvF displays CAR-independent tropism with a
positive correlation between increased Ad5Luc1-OvF cell-
surface interaction and enhanced gene delivery in CAR-deficient
cells, suggesting the use of as-yet unidentified receptor molecule
(s). In addition, this vector may prove useful in murine models of
renal disease.

Materials and methods

Cell lines

The Ad5 DNA-transformed 293 human embryonic cell line
was purchased from Microbix (Toronto, ON, Canada). Human
embryonic rhabdomyosarcoma RD cells, CAR-negative human
U118MG glioma cells, PC-3 and LNCaP human prostate cancer
cells, MCF7 human breast cancer cells, T24 human bladder
cancer cells, Chinese hamster ovary cells (CHO), human
squamous cell carcinoma SCC-4 and SCC-25 cells, FaDu
human pharynx cancer cells, HeLa and SKOV ovarian cancer
cells, LoVo colon cancer cells and OV-3 ovarian cancer cells
were obtained from the American Type Culture Collection
(ATCC) (Manassas, VA). The human ovarian adenocarcinoma
cell lines Hey, SKOV3.ip1 and OV-4 were obtained from Drs.
Judy Wolf, Janet Price (both of M.D. Anderson Cancer Center,
Houston, TX) and Timothy J. Eberlein, (Harvard Medical
School, Boston, MA), respectively. These cell lines were
propagated in 50:50 mixture of Dulbecco's modified Eagle's
medium and Ham's F-12 medium (DMEM/F-12) supplemented
with 10% (v/v) fetal calf serum (FCS), L-glutamine (2 mM),
penicillin (100 units/ml) and streptomycin (100 μg/ml). U118-
hCAR-tailless cells, which express a truncated form of human
CAR comprising the extracellular domain, transmembrane
domain and the first two amino acids from the cytoplasmic
domain (Wang and Bergelson, 1999), have been described
previously (Kim et al., 2003) and were grown in DMEM/F12 as
above except for the addition of 400 μg/ml G418. The ovine
OLE stroma cell line and ovine lung cancer cell line JS8JSRV
were generous gifts from Dr. Massimo Palmarini, University of
Glasgow, UK. All cell lines were cultured at 37 °C in 5% CO2

using culture media recommended by each respective supplier.
FCS was purchased from Gibco-BRL (Grand Island, NY) and
media, and supplements were from Mediatech (Herndon, VA).

Precision-cut human ovarian cancer slices

Human ovarian cancer tissue was obtained taken from
ovarian cancer patients following institutional review board
approval, essentially as described previously (Kirby et al.,
2004). Briefly, excess material was received from the
Department of Obstetrics and Gynecology, the University of
Alabama at Birmingham Hospital. Precision-cut ovarian cancer
slices were prepared using a Krumdiek Tissue Slicer (Alabama
Research and Development, Munford, AL) fitted with a 4 mm
coring device to produce a core biopsy of 4 mm diameter. The
cores were then sliced to 150 μm thickness. Each slice was
transferred into a well of a 24-well plate containing 1 ml
William's Medium E and placed on a rocker. Tumor slices were
maintained at 37 °C in a 5% CO2 environment on a rocker and
allowed to preincubate for 2 h before treatment. Ovarian cancer
slices were infected with 100 and 1000 vp/cell with Ad5Luc1,
Ad5/OAdV7 or no virus. Ovarian cancer slices were harvested
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and frozen at 24 h after infection. Gene transfer was determined
using a luciferase activity assay system (Promega, Madison,
WI) according to the manufacturer's instructions.

Flow cytometry

Cells grown in T75 flasks were removed by addition of
EDTA in PBS and resuspended in PBS containing 1% bovine
serum albumin (BSA). Cells (2 × 105) were incubated with
3.5 × 109 viral particles of adenovirus, or buffer only, for 1 h at
4 °C in 250 μl PBS–BSA. Cells were then washed twice in 4 ml
cold PBS–BSA and incubated with a 1:500 dilution of poly-
clonal rabbit anti-Ad5 antiserum (Cocalico Biologicals, Reams-
town, PA) at 4 °C in 250 μl PBS–BSA. Cells were washed twice
in 4 ml cold PBS–BSA and incubated in 250 μl of a 1:150
dilution of FITC-labeled goat anti-rabbit IgG secondary anti-
body (Jackson Immunoresearch Labs,West Grove, PA) for 1 h in
PBS–BSA at 4 °C. Flow cytometry analysis was performed at
the UAB FACS Core Facility using FACScan (Beckton
Dickenson, San Jose, CA).

Plasmid construction

To create the chimeric fiber used in this study, we fused the
Ad5 tail domain to the OAdV7 fiber shaft and knob domains. A
1553-bp PCR product containing a 5′ ScaI site, the OAdV7 fiber
shaft and knob domains and a 3′ MunI site was amplified from
plasmid pAK containing the right hand BamHI fragment of the
OAdV7 genome cloned into Bluescribe M13+ BamHI/HincII
sites. The forward primer designated OAdSScaIF was 5′-AGC
GAA GGG TTA GTA CTATCT TTA AAC-3′, and the reverse
primer was designated OAdMunI-R2 5′-TCA TAC AAT TGT
TTA TTA TTG TCT GAA TTG-3′. The underlined bases
indicate insertion of restriction sites, and the stop codon is shown
in bold. Next, a PCR product containing a 5′ PacI site, the Ad5
tail domain and a 3′ ScaI site was amplified from plasmid pNEB.
PK.3.6, a pNEB193-based shuttle vector containing the Ad5
fiber (Krasnykh et al., 1996). The forward primer is designated
NEB36PacIF 5′-ATTACG CCAAGC TTG CAT GCC TGC-3′
and reverse primer NEB36ScaIR 5′-GCAAAGAGAGTACTC
CAG GGG GAC-3′. This PCR product was then digested with
PacI and ScaI and gel-purified. Shuttle vector pNEB.PK.3.6-
OvF was created by a 3-piece ligation of PacI/MunI-digested
pNEB.PK.3.6 and the two digested PCR fragments containing
the Ad5 tail region and the OAdV7 shaft and knob domains.
Direct sequencing confirmed that the coding region for the
chimeric fiber was correct.

Generation of recombinant adenovirus

Recombinant Ad5 genomes containing the chimeric OAdV7
fiber gene were derived by homologous recombination in E. coli
BJ5183 with SwaI-linearized rescue plasmid pVK700 (Belou-
sova et al., 2002) and the fiber-containing PacI–KpnI fragment
of the shuttle vector pNEB.PK.3.6-OvF (described above)
essentially as described (Krasnykh et al., 1998). pVK700 is
derived from pTG3602 (Chartier et al., 1996) but contains an
almost complete deletion of the fiber gene and contains a firefly
luciferase reporter gene driven by the cytomegalovirus imme-
diate early promoter in place of the E1 region. Genomic clones
were sequenced and analyzed by PCRprior to transfection of 911
cells. Ad5Luc1 is a replication-defective E1-deleted Ad vector
containing a firefly luciferase reporter gene in the E1 region
driven by the cytomegalovirus immediate early promoter/
enhancer (Krasnykh et al., 2001). All vectors were propagated
on 911 cells and purified by equilibrium centrifugation in CsCl
gradients by a standard protocol. Viral particle (vp) concentration
was determined at 260 nm by the method of Maizel et al. (1968)
by using a conversion factor of 1.1 × 1012 vp/absorbance unit.

Western blot analysis

Aliquots of Ad vectors containing 2.0 × 1010 viral particles
were diluted into Laemmli buffer and incubated at room
temperature or 99 °C for 15 min and loaded onto a 4–20%
gradient SDS-polyacrylamide gel (Bio-Rad, Hercules, CA).
Following electrophoretic protein separation, proteins were
electroblotted onto a PVDF membrane. The primary antibody
(monoclonal 4D2 recognizing the Ad5 fiber tail domain) was
diluted 1:3000 (Lab Vision, Freemont, CA). Immunoblots were
developed by addition of a secondary horseradish-peroxidase-
conjugated anti-mouse immunoglobulin antibody at a 1:3000
dilution (Dako Corporation, Carpentaria, CA) followed by
incubation with 3-3′-diaminobenzene peroxidase substrate
(DAB; Sigma Company, St. Louis, MO).

Recombinant fiber knob proteins

The knob domain of Ad5 was expressed in E. coli with an N-
terminus 6-histidine tag using the pQE81 expression plasmid
(Qiagen, Hilden, Germany). The Ad5 fiber knob domain was
PCR-amplified using primers that amplified the entire fiber knob
domain and the three carboxy-terminal fiber shaft repeats using
the following primers: Ad5 (fwd) 5′-CAAACACGGATCCCCT-
TTTATTATTCTTGGGCAATGTATGA-3′ using plasmid pNEB.
PK.3.6 as the template. The forward primer contains a 2-bp
mutation (in bold) that creates a 5′-end BamHI restriction site
(underlined). The stop codon (TAA) and polyadenylation signal
(AATAAA) are underlined in the reverse primer. The PCR
products containing the Ad5 fiber knob region were digested
with BamHI, gel-purified and ligated into BamHI–SmaI-
digested pQE81. The resulting plasmid pQE81-Ad5 was
sequenced to identify correct clones. The expression plasmid
was introduced into E. coli, and 6-His-containing fiber knob
proteins from bacterial cultures were purified on nickel-
nitrilotriacetic acid (Ni-NTA) agarose columns (Qiagen). The
ability to form trimers was confirmed byWestern blot analysis of
boiled and unboiled purified knob proteins using a mouse penta-
His monoclonal antibody (Qiagen) and a horseradish-peroxi-
dase-conjugated anti-mouse immunoglobulin antibody at a
1:3000 dilution (DAKO Corporation) followed by incubation
with 3-3′-diaminobenzene peroxidase substrate (DAB; Sigma
Company). Concentration of purified knob proteins was
determined by the method of Lowry (Bio-Rad).
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In vitro Ad-mediated gene transfer experiments

For virus gene transfer experiments using adherent cell
lines, cells were grown in wells of 24-well plates and were
incubated for 1 h at 37 °C with each Ad vector diluted to 100
vp/cell in 500 μl of transduction media containing 2% FCS.
Following the incubation, cells were rinsed in transduction
media and were maintained at 37 °C in an atmosphere of 5%
CO2. Cells were harvested 24 h post-transduction, and gene
transfer was determined using a luciferase activity assay
system (Promega, Madison, WI) according to the manufac-
turer's instructions.

For experiments containing blocking agents, recombinant
fiber knob proteins at 0.5, 5.0 and 50 μg/ml final
concentration were incubated with the cells at 37 °C in
transduction media 15 min before the addition of the virus.
Following the transduction, cells were rinsed with trans-
duction media to remove unbound virus and blocking agent
and were maintained at 37 °C in an atmosphere of 5%
CO2.

Animals

Mice were obtained at 4 to 6 weeks of age and quarantined
at least 1 week before the study. Mice were kept under
pathogen-free conditions according to the American Associ-
ation for Accreditation of Laboratory Animal Care guidelines.
Animal protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of UAB.

Biodistribution

Female C57BL/6 mice (Charles River Laboratories,
Wilmington, MA), aged 6–8 weeks, were injected intrave-
nously through the lateral tail vein with 1 × 1011 vp of
Ad5Luc1, Ad5Luc1-OvF or Ad5-ΔKKTK in 100 μl of PBS.
After 48 h, mice were sacrificed and livers, lungs, spleens,
hearts and kidneys were harvested and representative sections
were frozen in the liquid nitrogen immediately. The frozen
organ samples were homogenized with a Mini Beadbeater
(BioSpec Products, Inc., Bartlesville, OK) in 2 ml micro-tubes
(Research Product International Corp., Mt. Prospect, IL) with
100 μl of 1.0 mm zirconia/silica beads (BioSpec Products,
Inc.) and 1 ml of Cell Culture Lysis Buffer (Promega) then
centrifuged at 14,000 rpm for 2 min. Luciferase activity was
measured as before. Mean background luciferase activity was
subtracted. All luciferase activities were normalized by
protein concentration in the tissue lysates. Protein concentra-
tions were determined using a Bio-Rad DC protein assay kit
(Bio-Rad, Hercules, CA).

Statistics

Data were presented as mean values ± deviation. Statistical
differences among groups were assessed by a two-tailed t test
assuming unequal variance between groups for increased
stringency; P b 0.05 was considered significant.
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ABSTRACT

Genetically modified keratinocytes and fibroblasts are suitable for delivery of
therapeutic genes capable of modifying the wound healing process. However, ef-
ficient gene delivery is a prerequisite for successful gene therapy of wounds.
Whereas adenoviral vectors (Ads) exhibit superior levels of in vivo gene transfer,
their transductional efficiency to cells resident within wounds may nonetheless be
suboptimal, due to deficiency of the primary adenovirus receptor, coxsackie-
adenovirus receptor (CAR). We explored CAR-independent transduction to
fibroblasts and keratinocytes using a panel of CAR-independent fiber-modified
Ads to determine enhancement of infectivity. These fiber-modified adenoviral
vectors included Ad 3 knob (Ad5/3), canine Ad serotype 2 knob (Ad5CAV-2),
RGD (Ad5.RGD), polylysine (Ad5.pK7), or both RGD and polylysine
(Ad5.RGD.pK7). To evaluate whether transduction efficiencies of the fiber-mod-
ified adenoviral vectors correlated with the expression of their putative receptors
on keratinocytes and fibroblasts, we analyzed the mRNA levels of CAR, au in-
tegrin, syndecan-1, and glypican-1 using quantitative polymerase chain reaction.
Analysis of luciferase and green fluorescent protein transgene expression showed
superior transduction efficiency of Ad5.pK7 in keratinocytes and Ad5.RGD.pK7
in fibroblasts. mRNA expression of au integrin, syndecan-1 and glypican-1 was
significantly higher in primary fibroblasts than CAR. In keratinocytes, syndecan-
1 expression was significantly higher than all the other receptors tested. Signifi-
cant infectivity enhancement was achieved in keratinocytes and fibroblasts using
fiber-modified adenoviral vectors. These strategies to enhance infectivity may
help to achieve higher clinical efficacy of wound gene therapy.

Characterization of the key cellular and molecular com-
ponents of the processes of wound healing has led to the
development of targeted interventions designed to foster
the repair process. In this regard, direct delivery of genes in
situ represents a desirable approach to achieve wound
healing gene therapy. Indeed, a number of described ap-
proaches have exploited this delivery paradigm to achieve
the high local levels of cytokines and growth factors crit-
ical for realizing effective gene-based wound repair.1–3

These genetic approaches to augment the wound healing
process have included in vitro-mediated gene transfer to
cells with autologous transplantation, and in vivo-mediat-
ed gene transfer to cells resident within a wound to allow
these cells to produce therapeutic proteins that will modify
the wound healing process.4–6 These diverse approaches
have validated the basic concept that gene-based methods
may be adjunctive to the achievement of effective wound
healing.

Ads Adenoviral vectors

CAR Coxsackie-adenovirus receptor

CMV Cytomegalovirus

DAPI 40,60-diamidino-2-phenylindole

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

GFP Green fluorescent protein

GM Growth medium

MOI Multiplicity of infection

NHEK Normal human epithelial keratinocytes

PBS Phosphate buffered saline solution

PCR Polymerase chain reaction

pK7 Polylysine

RGD Arginine–glycine–aspartate

VP Viral particle
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A unifying aspect of these interventions is the require-
ment to achieve effective expression of therapeutic genes
(such as vascular endothelial growth factor, transforming
growth factor-b, platelet-derived growth factor, fibroblast
growth factor, and keratinocyte growth factor) in the con-
text of cells involved in the wound healing process.7,8 One
candidate vector for this application is the adenovirus,
which embodies unparalleled gene delivery efficacy in se-
lected contexts. The advantage of the adenovirus as a gene
transfer vector lies in its ability to transduce dividing and
nondividing target cells, to induce high transgene expres-
sion in vivo, its well characterized biology, and ability to
incorporate large DNA inserts. However, cells resident in
wounds such as human fibroblasts and keratinocytes,
which are targets of wound healing strategies, may not be
efficiently infected by adenoviruses.9–11 In these instances,
deficiency of the primary adenovirus receptor, coxsackie-
adenovirus receptor (CAR) on keratinocytes and fibro-
blasts has been understood to be the biological basis of this
phenomenon.9–11 Hence, to achieve the levels of efficiency
required in the context of wound gene therapy, it may be
necessary to route the adenovirus via CAR-independent
pathways. In this regard, several capsid modification strat-
egies have been endeavored to circumvent CAR deficiency.
These include the incorporation of short heterologous
peptide motifs like RGD (Arg-Gly-Asp) or polylysine
(pK7)12,13 into the fiber knob domain, as well as knob
switching strategies.14 In addition, more radical modifica-
tions based on xenotype knob switching have been exploit-
ed to achieve enhanced infectivity.15,16 These modified
vectors have been shown to transduce a variety of cells
with greatly enhanced infectivity.15–18 Heretofore, these
different targeting strategies have not been explored nor
compared in the context of targeting strategies relevant
with wound healing gene therapy.

In this study, we systematically evaluated a panel of fib-
er-modified adenoviral vectors (Ads) to enhance trans-
duction of immortalized cell lines as well as primary
fibroblasts and primary keratinocytes. Our results indicate
that polylysine incorporation onto the C-terminus of the
adenoviral fiber knob provides the best infectivity en-
hancement for the transduction of keratinocytes, whereas
the Ads containing a double modification with an RGD
motif in the HI loop and a polylysine motif at the C-ter-
minus of the fiber results in the highest infectivity enhance-
ment for the transduction of fibroblasts. Our study thus
provides valuable information for adenoviral-based gene
therapy in wounds of the skin with respect to the most ef-
ficient targeting strategies and a rational basis for further
development of Ads for their clinical application in gene
therapy of dermal wound healing.

MATERIALS AND METHODS

Human fibroblast cell lines CRL-1474, CCL-148, Detroit
5510, and CRL-2106 were obtained from the ATCC
(Manassas, VA). The 293 human-transformed embryonal
kidney cell line was purchased from Microbix (Toronto,
Canada). All cell lines were maintained in a humidified
37 1C atmosphere containing 5% CO2 and cultured with
the recommended media. Infections were performed in
medium with 2% fetal calf serum (Hyclone, Logan, UT).
Normal adult primary human epidermal keratinocytes

(NHEK and NHEK-neo Cambrex, Walkersville, MD)
were propagated in complete keratinocyte growth medi-
um (GM; Cambrex).

Primary fibroblasts and keratinocytes and cell culture

Approval was obtained from the Institutional Review
Board for all studies on human tissue. Human dermal fib-
roblasts were derived from adult skin by trypsinization as
described.19,20 Human dermal fibroblasts obtained from
outgrowth of explant cultures, were grown in Dulbecco’s
modified Eagle’s medium (BioWhittaker, Walkersville,
MD) supplemented with 10% fetal calf serum, 2mM
glutamine, 100U/mL penicillin, and 100mg/mL strepto-
mycin and grown as monolayers on plastic Petri dishes in a
humidified atmosphere of a CO2 incubator at 37 1C. Pri-
mary keratinocytes were isolated from skin as described
previously.21

RNA preparation and polymerase chain reaction (PCR)

analysis

Total cellular RNA of primary fibroblasts and keratin-
ocytes was extracted from 2�105 cells using the RNeasy
mini-prep kit (Qiagen, Santa Clarita, CA) and treated with
DNase I (Life Technologies, Rockville, MD) for 30 min-
utes. The GeneAmp RNA PCR core kit (Applied Biosys-
tems, Foster City, CA) was used for cDNA synthesis and
PCR amplification of cDNA products. TaqMan primers
and probes were designed by Primer Express 1.0 software
(Applied Biosystems) and synthesized by Applied Biosys-
tems.

Oligonucleotide sequences for amplification of the CAR
gene were as follows: forward primer, 50-GGA CTT GGC
CAC GTT CAT G-30, and reverse primer, 50-ACC TCA
GCC ACA GTC AAC GG-30 and probe 6FAM-AGC
ACCGCA TCCGTC CGCAG-TAMRA. The sequences
to amplify CD80 were: forward primer 50-AAG TGG
CAA CGC TGT CCT G-30, reverse primer 50-CCT TTT
GCC AGT AGA TGC GAG-30 and probe 6FAM-TTG
TGC CAG CTC TTC AAC AGA AAC ATT GTG-TA-
MRA; the sequences to amplify CD86 were: forward prim-
er 50-CAG ACC TGC CAT GCC AAT T-30, reverse
primer 50-TTT CCT GGT CCT GCC AAA AT-30 and
6FAM-CAA ACT CTC AAA ACC AAA GCC TGA
GTG AGC-TAMRA; and the sequences to amplify
CD46 were: forward primer 50-CTT TCC TTC CTG
GCG CTT TC-30, reverse primer 50-CGG AGA AGG
AGT ACA GCA GCA-3 0 and 6FAM-CAC CAT GGC
CGC CAG AAG CAA-TAMRA. Oligonucleotide se-
quences for amplification of the subunit b3 of the aub3 in-
tegrin were as follows: forward primer 50-CGGACACAG
GAG AAG TCG-30, reverse primer 50-CCA CAG CAG
TGA CTT TGG CA-30 and probe 6FAM-CAC ACT
CGC AGT ACT TGC CCG TGA TC-TAMRA,22 the se-
quences to amplify the subunit b5 of the aub5 integrin were
as follows forward primer 50-GGAAGT TCGGAAACA
GAG GGT-30, reverse primer 50-TGG AGT ACT GCA
TCA AAG CCC-30 and probe 6FAM-CCG GAA CCG
AGATGCCCC TGA-TAMRA, the sequences to amplify
au integrin subunit were as follows: forward primer 50-
GCGGGA CCA TCT CAT CAC TAA-30, reverse primer
50-GAG CAA CTC CAC AAC CCA AAG-30 and probe
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6FAM-CCG GAA CCG AGA TGC CCC TGA-TA-
MRA22 .

Oligonucleotide sequences to amplify syndecan-1 were
as follows forward primer 50-AGGACGAAGGCAGCT
ACT CCT-30, reverse primer 50-TTT GGT GGG CTT
CTG GTA GG-30 and probe 6FAM-AGG AGC CGA
AAC AAG CCA ACG GC-TAMRA, glypican-1 were as
follows forward primer 50-GTC TCT GAA GCC AGG
CCC-30, reverse primer 50-GCG GTC ATC ACT GGC
AGTG-30 and probe 6FAM-CCGCGACGTCCAGGA
CTT CTG G-TAMRA.

The human housekeeping gene glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as an internal
control. The sequences to amplify the GAPDH gene were:
forward primer 50-GGT TTA CAT GTT CCAATA TGA
TTC CA-30, reverse primer 50-ATGGGATTT CCA TTG
ATG ACA AG-30 and probe 6FAM-CGT TCT CGC
CTT GAC GGT GCC AT-TAMRA.

With optimized concentration of primers and probe, the
components of real-time PCR mixtures were designed to
result in a master mix with a final volume of 9mL per re-
action containing 1X TaqMans EZ RT-PCT kit (Applied
Biosystems), 100 nM forward primer, 100 nM reverse
primer, 100 nM probe, and 0.025% bovine serum albu-
min. One microliter of total RNA sample was added to
9mL of PCR mixture in each reaction capillary. A no tem-
plate control received 1mL of water. All capillaries were
then sealed and centrifuged using an LC Carousel centri-
fuge (Roche Molecular Biochemicals, Indianapolis, IN) to
facilitate mixing. All PCR reactions were carried out using
a LightCyclert system (Roche Molecular Biochemicals).
Thermal cycling conditions were subjected to 2 minutes at
50 1C, 30 minutes at 60 1C, 5 minutes at 95 1C and 40 cycles
of 20 seconds at 94 1C, and 1 minute at 60 1C. Data were
analyzed with LightCycler software.

Viral preparations

Ad5, Ad5/3, Ad5CK-1, Ad5CK-2 (Figure 1) are replica-
tion-defective Ads containing a luciferase reporter gene
driven by the cytomegalovirus (CMV) promoter in the E1
region and have been described previously.16,23,24

Ad5.RGD, Ad5.pK7, and Ad5.RGD.pK7 are replica-
tion-defective Ads containing a luciferase reporter gene
and a green fluorescent protein (GFP) and driven by the
CMV promoter in the E1 region as described previous-
ly12,13,17,25 and were compared with their isogenic control
Ad5. The viruses are all isogenic and were propagated on
293 cells and purified by double CsCl density centrifuga-
tion. Of note, the firefly luciferase gene incorporated into
Ad5CK-1, Ad5CK-2, and Ad5/3 contains the wild-type
sequence. The firefly luciferase gene incorporated into
Ad5.RGD, Ad5.pK7, and Ad5.RGD.pK7 contains a
modified coding region for firefly luciferase (pGL3;
Promega, Madison, WI) that has been optimized for mon-
itoring transcriptional activity in transfected eukaryotic
cells.

Physical viral particle (VP) concentration (VP/mL) was
determined by OD260 reading. All experiments were based
on VP numbers, although plaque assays were performed to
ensure sufficient quality of each virus preparation. We per-
formed crystal violet viability assays26 on fibroblasts and
keratinocytes using our adenoviral constructs before per-

forming the lysis and luciferase assays. However, no cell
toxicity was observed at the multiplicity of infection
(MOI) used in these experiments at 10 and 100VP/cell,
and was only detected at concentrations greater than
1,000VP/cell (data not shown).

To facilitate comparison of the different vectors, we
normalized luciferase activity to relative fold induction
compared with the Ad5 counterpart. Thus, to directly
compare each of the infectivity-enhanced vectors, lucif-
erase activity of cells infected with Ad5CK-1, Ad5CK-2,
and Ad5/3 were normalized to fold activity of cells infected
with the isogenic control Ad5Luc1. The ratios of VP:in-
fectious particles were very close, at 4.8, 5.0, 4.2, and 3.9,
respectively, for Ad5Luc1, Ad5CK-1, Ad5CK-2, and Ad5/
3Luc1.

Likewise, to directly compare each of the infectivity en-
hanced vectors, luciferase activity of cells infected with

Figure 1. Diagram of the fiber structure of Ad5 vectors used

in this study. (A) The knob of Ad5 was substituted (B) by that

of Ad3 (Ad5/3), (C) by that of canine adenovirus serotype 1

(Ad5-CK1), or (D) that of canine adenovirus serotype 2

(Ad5-CK1). (E) The RGD motif (CDCRGDCFC) was incorpo-

rated into the HI loop (Ad5.RGD), or (F) the pK7 motif

(GSGSGSGSGSKKKKKKK) was incorporated at the C-terminus

of the fiber (AD5.pK7). (G) The mosaic Ad incorporates both the

RGD motif and the pK7 motif (Ad5.RGD.pK7).
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Ad5.RGD, Ad5.pK7, and Ad5.RGD.pK7 were normal-
ized to fold activity of cells infected with the isogenic con-
trol Ad5.GL3. The ratios of VP:infectious particles were
very close at 40, 52.2, 45.8, and 51.5, respectively, for
Ad5.GL, Ad5.RGD, Ad5.pK7, and Ad5.RGD.pK7.

In vitro gene-transfer assays of cells

Cell lines were plated on day 1 at 30,000 cells/well on 24-
well plates in 1mL of 10% GM. On day 2, cells were in-
fected with recombinant Ads at MOI of 10 and 100 for 2
hours in 200 mL of 2% GM on a rocker. Afterward, cells
were washed once with 1mL of phosphate buffered saline
solution (PBS), and 1mL of 10% GM was added per well.
After 24 hours, the GM was removed; cells were washed
once with PBS, lysed with 200 mL of lysis buffer (Reporter
Lysis Buffer; Promega) and freeze-thawed three times.
Twenty microliters of these samples were mixed with
100mL of luciferase assay reagent (Promega) and meas-
ured with a Berthold (Wildbad, Germany) Lumat LB
9501. Standardization was accomplished by setting values
obtained with Ad5 as 100% for each cell line and primary
cells of the skin of each patient.

Visualization of gene transfer via fluorescent

microscopy

Cells infected with Ad5.RGD, Ad5.pK7, and
Ad5.RGD.pK7 were cultured submerged in two- or four-
well Lab-Teks glass chamber slides (Nunc International,
Naperville, IL) for 24 hours, washed in PBS and fixed in
4% paraformaldehyde in PBS as per the standard proto-
col. Fixed slides were mounted with Vectashields mount-
ing medium containing DAPI (40,60-diamidino-2-
phenylindole; Vector Laboratories Inc, Burlingame, CA).
GFP expression and DAPI staining was analyzed at �20
objective magnification using an Olympus Provis AX70
fluorescence microscope (Tokyo, Japan) using fluorescein
isothiocyanate and DAPI filters. Images were digitally re-
corded with Axiocam charge-coupled device digital cam-
era (Carl Zeiss, Oberkochen, Germany) using Axiovision
image capture software. Images were processed using Pho-
toshop 6.0 software (Adobe Systems, San Jose, CA). The
fraction of GFP-positive cells was determined by counting
DAPI-positive nuclear signals and GFP-positive cells in
five randomly selected high-powered fields (0.031mm2

each) microscopic fields.

Statistics

Data are presented as mean values� standard deviation.
Statistical differences among groups were assessed with a
two-tailed Student’s t-test. p(n)<0.05 was considered
significant.

RESULTS

Gene delivery efficiency of the fiber-modified non-
replicative adenoviruses (Figure 1) was evaluated in two
established human keratinocyte cell lines, one adult and
one neonatal (NHEK, NHEK neo). Cells were infected
with Ad5/3, Ad5CK-1, Ad5-CK2, Ad5.RGD, Ad5.pK7,
and Ad5.RGD.pK7 at MOI510 and 100 (Figure 2). These

vectors include serotype knob switching of the Ad5 knob
with that of Ad3, ‘‘xeno’’ knob switching of the Ad5 knob
with that of canine adenovirus serotype 1 and 2, RGD
peptide incorporation into the HI loop of the fiber knob
domain, and incorporation of the pK7 motif at the C-ter-
minus of the fiber. The mosaic Ad5.RGD.pK7 incorpo-
rates both the RGD motif and the pK7 motif. Infectivity
enhancement was assessed by measuring the fold induc-
tion of transgene expression compared to an unmodified
isogenic Ad5-based vector. Ad5-CK1 and Ad5-CK2 did

Figure 2. Evaluation of fiber modified vectors for targeting ker-

atinocyte cell lines. Established keratinocyte cell lines (normal

human epithelial keratinocytes [NHEK], normal human epithe-

lial keratinocytes-neonatal NHEK-neo) were infected with

Ad5, Ad5/3, Ad5CK-1, Ad5CK-2, Ad5.RGD, Ad5.pK7, or

Ad5.RGD.pK7 at MOI510 or 100. Luciferase activity was

measured after 24 hours and is expressed as relative light

units (RLU) normalized for total protein concentration. Each

bar represents the mean of six experiments�SD. np<0.05

vs. Ad5.
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not significantly increase gene transfer rates compared to
Ad5 (p > 0.05). Although Ad5/3 did not show a signifi-
cant increase of infectivity at MOI of 10 (Figure 2A), sig-
nificant infectivity enhancement could be shown at a MOI
of 100 (Figure 2B). In contrast, Ad5.RGD, Ad5.pK7 and
Ad5.RGD.pK7 displayed a statistically significant in-
creased gene transfer compared with Ad5 at both MOIs
(p < 0.05). In the aggregate, of all vectors tested Ad5.pK7
showed the highest enhancement in infectivity in both ker-
atinocyte cell lines (66- to 78-fold higher compared with
Ad5 at MOI 100; p < 0.05).

Transduction efficiency of primary human

keratinocytes by Ads in vitro

Cell lines passaged in vitro for years may not reflect the
biology of cells in vivo, making the applicability of pre-
clinical results to the clinical situation unclear. To more
closely model the condition of human keratinocytes found
in vivo, gene transfer experiments were performed using
human primary keratinocytes that were obtained from five
patients (Figure 3). Infection with Ad5-CK1 and Ad5-
CK2 resulted in similar transgene expression compared
with unmodified Ad5. Ad5/3, Ad5.RGD, Ad5.pK7, and
Ad5.RGD.pK7 significantly enhanced transduction of
primary keratinocytes (p < 0.05 at MOI 10 and 100).
Thus, in concordance with the results obtained in keratin-
ocyte cell lines above, Ad5.pK7 showed the highest in-
crease in transgene expression of primary keratinocytes
(67- to 134-fold higher in comparison with Ad5 at
MOI5100).

Transduction efficiency of human fibroblast cell lines

by Ads in vitro

Fibroblasts are a second major target for gene therapy in
wounds. Therefore, four established human fibroblast cell
lines were infected to evaluate the gene-delivery efficiency
of the fiber-modified vectors (Ad5/3, Ad5CK-1, Ad5CK-2,
Ad5.RGD, Ad5.pK7, and Ad5.RGD.pK7). As shown in
Figure 4, cells were infected with viruses at MOI510 and
100, and infectivity enhancement was assessed by measur-
ing the fold induction of transgene expression compared
with unmodified Ad5-based vector. In the aggregate,
among all the vectors tested Ad5.RGD, Ad5.pK7, and
Ad5.RGD.pK7 significantly increased (p<0.05) gene
transfer levels compared with the Ad5 vector. In the ag-
gregate, among all the vectors tested, Ad5.RGD.pK7
showed the highest infectivity rates of all the viruses test-
ed, with 71- to 123-fold higher luciferase activity compared
with Ad5 at MOI5100.

Transduction efficiency of primary human fibroblasts

by Ads vectors

To more closely model the condition of human fibroblasts
in vivo, gene transfer experiments were performed using
human primary fibroblasts obtained from human skin and
infected with our panel of fiber-modified vectors (Figure
5). In primary human fibroblasts, all fiber-modified vec-
tors displayed a significant increase in infectivity in com-
parison with the unmodified vector Ad5. However, the

transduction efficiency among the vectors tested was high-
est with Ad5RGD.pK7 in all fibroblast samples with 199-
to 537-fold higher luciferase expression compared with the
unmodified Ad5 vector at MOI5100.

Expression of CAR, CD80, CD86, CD46, integrin subunit

at, b3, b5, glypican-1, and syndecan-1 in primary

keratinocytes and fibroblasts

Quantitative real-time PCR was performed to evaluate the
correlation between the transductional efficiency of the
fiber-modified adenoviral vectors and the expression levels
of their putative receptors27,28 in primary keratinocytes
(Figure 6A). All receptor mRNA levels were normalized
for expression using expression of the housekeeping gene
GAPDH. The mRNA expression levels of the integrin
subunits (receptor-ligands of Ad5.RGD, Ad5.RGD.
pK7), glypican-1 and syndecan-1 (members of heparin
sulfate proteoglycans, receptors for Ad5.pK7 and Ad5.
RGD.pK7) were significantly higher than the expression

Figure 3. Targeted transduction of primary human keratin-

ocytes. Unpassaged human primary keratinocytes cells ob-

tained from skin explants from five patients were infected

with Ad5, Ad5/3, Ad5CK-1, Ad5CK-2, Ad5.RGD, Ad5.pK7, or

Ad5.RGD.pK7 at MOI510 or 100. Luciferase activity was

measured after 24 hours and is expressed as relative light

units (RLU) normalized for total protein concentration. Each

bar represents the mean of six experiments�SD. np<0.05

vs. Ad5.
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level of CAR (receptor for the unmodified Ad5 vector). Of
note, among the putative receptors for Ad5/3 (CD80,
CD86, and CD46) only the expression level for CD46 was
significantly higher in comparison with CAR. However,
syndecan-1 showed the highest expression level in compar-
ison with all other receptors evaluated. These results in re-
ceptor expression levels are in concordance with the
increased transduction of keratinocytes by Ad5.pK7 com-
pared with the unmodified Ad5.

Next, we evaluated the expression levels of the putative
receptors of the fiber-modified vectors in primary fibro-
blasts (Figure 6B). The mRNA expression levels of the in-
tegrin subunits (receptors for Ad5.RGD, Ad5.RGD.pK7),
glypican-1 and syndecan-1 (members of the two major
gene families of membrane bound heparin sulfate pro-
teoglycans, receptors for Ad5.pK7 and Ad5.RGD.pK7)
were significantly higher than the expression level of CAR.
Of the putative receptors for Ad5/3 only CD46 was signif-

icantly increased. However, among all receptors tested the
integrin subunit au and syndecan-1 displayed the highest
expression levels.

Visualization of enhanced gene transfer of GFP by

Ad5.RGD, Ad5.pK7, and Ad5.RGD.pK7 in primary

keratinocytes and fibroblasts

Finally, we examined transductional efficiency by visualiz-
ing and quantifying the gene transfer of the GFP using the
fiber-modified Ad5.RGD, Ad5.pK7, and Ad5.RGD.pK7
in keratinocytes (Figure 7A) and in fibroblasts (Figure 7B)
vs. the unmodified Ad5 vector by fluorescent microscopy
in chamber slides. In this analysis, the fraction (%) of
GFP1 keratinocytes was 10, 55, and 20 after infection with
Ad5.RGD, Ad5.pK7, and Ad5.RGD.pK7, respectively.
Likewise, the fraction (%) of GFP1 fibroblasts was 5, 15,
and 45 after infection with Ad5.RGD, Ad5.pK7, and
Ad5.RGD.pK7. Thus, the superior transduction efficien-
cy of Ad5.pK7 in keratinocytes and Ad5.RGD.pK7 in

Figure 4. Evaluation of fiber-modified vectors for targeting fib-

roblast cell lines. Established fibroblast cell lines (CRL-1474,

CCL-148, Detroit 5510 and CRL-2106) were infected with

Ad5, Ad5/3, Ad5CK-1, Ad5CK-2, Ad5.RGD, Ad5.pK7, or

Ad5.RGD.pK7 at MOI510 or 100. Luciferase activity was

measured after 24 hours and is expressed as relative light

units (RLU) normalized for total protein concentration. Each

bar represents the mean of six experiments�SD. np<0.05

vs. Ad5.

Figure 5. Targeted transduction of primary human fibroblasts.

Unpassaged human primary fibroblasts cells obtained from skin

explants from six patients were infected with Ad5, Ad5/3, Ad5-

CK-1, Ad5CK-2, Ad5.RGD, Ad5.pK7, or Ad5.RGD.pK7 at multi-

plicity of infection510 or 100. Luciferase activity was

measured after 24 hours and is expressed as relative light units

(RLU) normalized for total protein concentration. Each bar rep-

resents the mean of six experiments�SD. np<0.05 vs. Ad5.
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fibroblasts was further confirmed by the higher number of
cells being infected by these vectors in comparison with
Ad5.

DISCUSSION

Dermal wounds are attractive targets for gene transfer be-
cause of their accessibility for manipulation and inspec-
tion, as well as the self-renewing capacity of the
epidermis.29–31 Gene transfer vectors based on recombin-
ant adenoviruses have gained increasing attention for use
in addressing wounds as a potential target site.32–34 How-
ever, overall efficacy of adenoviral based gene therapy in
cells resident within wounds, such as keratinocytes and
fibroblasts, may remain limited by suboptimal vector effi-
ciency. Indeed, the limitation in adenoviral gene transfer
has been recently understood to result from a deficiency of
the primary adenoviral cellular receptor CAR in fibro-
blasts35 and keratinocytes.36 Thus, it is clear that augment-
ing the gene transfer efficiency of Ads of fibroblasts and
keratinocytes is of fundamental importance with respect to
deriving their full benefit in the context of adenoviral-
based wound gene therapy. To circumvent disadvanta-
geous CAR-dependence of Ad5 based vectors for gene

therapy, our group previously developed genetically mod-
ified Ads with CAR-independent tropism.13,16,17,23,25

In the present study, we explored the possibility of
achieving higher transduction in primary fibroblasts and
keratinocytes using this repertoire of fiber-modified vec-
tors. These strategies include incorporation of an RGD4C
peptide into the HI loop of the fiber knob domain13

(Ad5.RGD), to redirect Ad binding to cellular integrins
aub3 and aub5,

13 incorporation of a positively charged po-
lylysine pK7 motif at the C-terminus of the fiber
(Ad5.pK7) to redirect binding to heparan sulfate pro-
teoglycans,12 a double modification of the fiber with both
RGD and pK7 motifs (Ad5.RGD.pK7), serotype knob
switching of the Ad5knob with that of Ad3 (Ad5/3)14 to
redirect binding to the putative Ad3 receptors CD80,
CD86, or CD4637,38 and ‘‘xeno’’ knob switching of the
A5knob with that of canine adenovirus serotype 1 (Ad5-
CK1)23 and 2 (Ad5-CK2),16 for which the receptors have
not been identified yet, but is thought to be different from
CAR. These transductionally modified vectors have been
shown to increase gene-transfer efficiency in various se-
lected contexts.16,26,28

To evaluate the use of these transductional targeting
strategies, we first analyzed gene transfer efficiency in es-
tablished fibroblast and keratinocyte cell lines. Of all the
tested modified vectors, Ad5.pK7 exhibited the highest
transductional enhancement in keratinocyte cell lines and
Ad5.RGD.pK7 in fibroblast cell lines. These types of cell
lines are often used as the standard test system for adeno-
viral based gene therapy, but often lose essential cell sur-
face proteins and gain gene mutations when grown in
culture. In this regard, the adenoviral receptor proteins
such as CAR and heparin sulfate glycosamininoglycan ex-
pression were previously shown to differ upon culturing
the same cell line under various conditions.39–41 Therefore,
we next used primary cultures of keratinocytes and fibro-
blasts. This approach represents a more stringent model
for reliable clinical evaluation of efficacy and could help
avoid confounding variability, due to genotypic and phe-
notypic changes involved in the clonal selection process.

In primary keratinocytes, Ad5.pK7, Ad5.RGD, and
Ad5.pK7.RGD showed significantly increased transduct-
ional efficiency of all fiber-modified vectors tested, with the
highest values for Ad5.pK7, corresponding to the results
obtained using the keratinocyte cell lines. Ad5.pK7 targets
to heparan sulfate proteoglycans via positively charged
pK7 motifs.12 In this regard, cell surface heparan sulfate
proteoglycans are mostly members of two major gene fam-
ilies of membrane-bound proteoglycans, the syndecans
and glypicans.42,43 Syndecans and glypicans bind proteins
of the extracellular environment via their heparin sulfate
chains, regulating a wide spectrum of biological activities,
including cell proliferation and differentiation, morpho-
genesis, wound repair and host defense. To evaluate
whether the observed significantly increased transduction
efficiencies of Ad5.RGD, Ad5.RGD.pK7 and, important-
ly, Ad5.pk7 correlated with the expression of their putative
receptors on keratinocytes, we analyzed the mRNA ex-
pression levels of CAR, au integrins, syndecan-1, and
glypican-1 on primary keratinocytes using quantitative
PCR. Indeed, mRNA expression of heparan sulfate pro-
teoglycans and au integrins was significantly higher than
CAR, correlating with the results of the gene transfer. In

Figure 6. Determination of CAR, CD80, CD86, CD46, integrin

subunits au, b3, b5, glypican-1 and syndecan-1 in primary kera-

tinocyte and fibroblast mRNA levels. Real-time PCR analysis

was performed to quantify the expression of the putative

receptors of Ad5 (CAR), Ad5/3 (CD80, CD86, CD46), Ad5.RGD

(integrin subunits au, b3, b5), Ad5.pK7 (glypican-1 and

syndecan-1) in (A) primary keratinocytes from five patients

(same patients as in Figure 3) and (B) primary fibroblasts from

six patients (same patients as in Figure 5). For each patient,

real-time PCR analysis was performed in triplicates. Gene

copy numbers are normalized by the GAPDH copy number.

Each bar represents the mean copy number per nanogram

mRNA of (A) five patients and (B) six patients�SD. np < 0.05

vs. CAR.
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addition, these results suggest that the high levels of hepa-
ran sulfate expression by keratinocytes are rather due to
syndecan-1 than to glypican-1.42,44 Importantly, synde-
can-1 expression was significantly higher than CAR and
all the other putative receptors tested on keratinocytes,
and thus correlated with the high transduction efficiency of
Ad5.pK7. Of note, syndecan-1 expression is increased dur-
ing epithelial differentiation and wound healing, underlin-
ing the utility of Ad5.pK7 for targeting in gene therapy of
wounds.42,45

In primary fibroblasts, Ad5.RGD, Ad5pK7 and
Ad5.RGD.pK7 displayed significantly enhanced infectivity

among the various vectors evaluated in this study, with
Ad5.RGD.pK7, the double modified adenovirus containing
an RGD motif in the HI loop and a pK7 motif at the C-
terminus of the fiber, revealing the highest efficacy. This sug-
gests that the RGD and pK7 motif may act additively to
mediate Ad5.RGD.pK7 infection in fibroblasts. The addi-
tive effect of the double-modified Ad5.RGD.pK7 vector has
been described in selected contexts.25,28,46 When we com-
pared the two single-modified vectors, Ad5.pK7 resulted in
comparable high gene transfer efficacy than Ad5.RGD.35

To evaluate whether observed transduction efficiencies of
the vectors achieving the highest infectivity enhancement in

Figure 7. Visualization of enhanced gene

transfer by fiber-modified adenoviral vectors

via fluorescent microscopy. (A) Primary kera-

tinocytes and (B) fibroblasts were infected

with the unmodified vector Ad5 and the fiber-

modified vectors Ad5.RGD, Ad5.pK7, and

Ad5.RGD.pK7 containing GFP driven by the

CMV promoter in the E1 region. Infected cells

were cultured submerged in 2 or 4 well Lab-

Teks glass chamber slides for 24 hours,

washed in PBS and fixed in 4% paraformalde-

hyde in PBS. GFP expression (green, indicating

the reporter gene) and DAPI staining (blue,

indicating the nuclei) was analyzed at �20

objective magnification.
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fibroblasts (Ad5.RGD, Ad5.pK7, and Ad5.RGD.pK7) cor-
related with the expression of their putative receptors, we
analyzed the mRNA expression levels of CAR, au integrins,
syndecan-1 and glypican-1 on primary fibroblasts using
quantitative PCR. Importantly, mRNA expression of au in-
tegrins, syndecan-1, and glypican-1 was significantly higher
than CAR correlating the results of the gene transfer by the
fiber-modified vectors to fibroblasts.10,11,47

At this point, it is clear that the complete characteriza-
tion of the putative receptors for fiber-modified adenovi-
ruses is still under investigation. For example, receptor
identity for Ad serotype 3 remains disputed. Short et al.37

showed that Ad3 utilizes CD80 (B7.1) and CD86 (B7.2) as
cellular attachment receptors; however, Sirena et al. 38

demonstrated that Ad3 can use CD46 as a receptor. We
have demonstrated differences in receptor expression com-
pared to CAR, based on quantitative real-time PCR anal-
ysis. Whether or not these differences in RNA levels
correlate to receptor levels depends on efficiency of trans-
lation, receptor stability, and cell surface exposure. Future
studies are in progress to further characterize the putative
receptors for fiber-modified adenoviruses.

Finally, the superior transduction efficiency of Ad5.pK7
in keratinocytes and Ad5.RGD.pK7 in fibroblasts as-
sessed by luciferase assay was confirmed by gene transfer
of GFP and visualization via fluorescent microscopy. This
result underlines that the enhanced transduction of these
fiber-modified vectors is due to increased number of cells
being infected and not due to the increased luciferase ex-
pression per cell.

In conclusion, significant infectivity enhancement could
be achieved in primary keratinocytes by the Ad5.pK7 vec-
tor and in primary fibroblasts by the Ad5.RGD.pK7. Fu-
ture studies will be necessary to determine if the enhanced
transduction of fibroblasts by Ad5.RGD.pK7 is additive
or synergistic compared with Ad5.RGD or Ad5.pK7. This
study is the first to provide a systemic evaluation and com-
parison of CAR-independent Ad transduction strategies in
keratinocytes and fibroblasts. These data establish the
foundation for rational development of infectivity en-
hanced Ad-based wound gene therapy and may help to
achieve higher clinical efficacy of wound gene therapy in
the future.
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Conditionally replicative adenoviruses (CRAds) represent novel
therapeutic agents that have been recently applied in the context
of breast cancer therapy. However, deficiencies in the ability of
the adenovirus to infect target tumor cells and to specifically repli-
cate within the tumor target represent key deficiencies preventing
the realization of the full potential of this therapeutic approach.
Minimal expression of the adenovirus serotype 5 (Ad5) receptor
CAR (coxsackie and adenovirus receptor) on breast cancer cells
represents a major limitation for Ad5-based virotherapy. Genetic
fiber chimerism is a method to alter the tropism of Ad5-based
CRAds to achieve CAR-independent infectivity of tumor cells.
Here, we describe the use of a CRAd with cancer specific tran-
scriptional control of the essential Ad5 E1A gene using the human
CXCR4 gene promoter. We further modified the fiber protein of
this agent by switching the knob domain with that of the adenovi-
rus serotype 3. The oncolytic activity of this 5/3 fiber-modified
CRAd was studied in breast cancer cell lines, primary breast can-
cer and human liver tissue slices from patients, and in a xenograft
breast cancer mouse model. This infectivity enhanced CRAd agent
showed improved replication and killing in breast cancer cells
in vitro and in vivo with a remarkable specificity profile that was
strongly attenuated in nonbreast cancer cells, as well as in normal
human breast and liver tissues. In conclusion, utilization of a
CRAd that combined infectivity enhancement strategies and tran-
scriptional targeting improved the CRAd-based antineoplastic
effects for breast cancer therapy.
' 2006 Wiley-Liss, Inc.

Key words: conditionally replicative adenovirus; breast cancer; viro-
therapy; CXCR4; adenovirus serotype 3; fiber chimerism

Breast cancer is the most commonly diagnosed cancer in women
worldwide. Despite advances in early detection methods and con-
ventional treatment paradigms, 20% of all women with breast can-
cer will die from this disease. Clearly, new therapies are required.
One such novel therapy is virotherapy, an exciting therapeutic
approach for the treatment of cancer in which the replicating virus
itself is the anticancer agent. Among various attenuated viruses, the
adenovirus-based vector has emerged as a leading candidate for
in vivo cancer virotherapy. In this regard, conditionally replicative
adenovirus-based agents (CRAds) have been designed to replicate
in tumor cells, whereby the viral replication results in oncolysis and
subsequent release of the virus progeny. An amplification effect is
achieved via replication of the viral vector postinfection and spread
in the tumor from an initial infection of only a few cells.

Heretofore, highly effective clinical use of CRAd agents has
been hindered by low tumor transduction and suboptimal replica-
tive specificity.1 Thus, a high level of tumor transduction is critical
to derive the full therapeutic benefits from this treatment modality.
In breast cancers, transduction efficacy by adenovirus serotype 5
(Ad5) is often suboptimal due to the highly variable and often low
expression pattern of the primary adenovirus receptor, coxsackie
and adenovirus receptor (CAR).2,3 To circumvent this, genetic

alterations of the virus fiber protein that utilizes CAR-independent
entry pathways have been identified, thus bypassing CAR defi-
ciency on cancer cells. In this regard, a genetically modified non-
replicating adenoviral vector with CAR-independent tropism,
achieved by incorporating the knob domain from the human ade-
novirus serotype 3 (Ad5/3), was recently shown to have superior
enhancement in breast cancer cell infection.4

With respect to replication specificity, the strategy of transcrip-
tional targeting exploits heterogeneous gene promoters that are
active preferentially in tumor cells, but not in normal host cells, to
control key adenoviral genes. In this regard, we evaluated the
potential utility of the transcriptional control region of the human
CXCR4 gene as a tumor selective promoter (TSP) for breast can-
cer virotherapy. Recent evidence indicates that the CXCR4/SDF-
1a axis plays a role in the progression to metastasis in a number
of cancer types.5–7 In particular, CXCR4 has recently been shown
to be highly expressed in breast cancer and metastases with mini-
mal expression in mammary epithelial, ductal or stromal cells.8

For these reasons, we hypothesized that the utilization of a
CRAd combining infectivity enhancement strategies and tran-
scriptional targeting would improve the CRAd-based antineoplas-
tic effects for breast cancer therapy. Heretofore, this approach of
combining infectivity enhancement and transcriptional targeting
strategies has not been exploited for virotherapy of breast cancer.
Thus, it was the purpose of this study to develop a novel 5/3 fiber-
modified CXCR4-based CRAd for breast cancer. In the present
study, we evaluated for the first time a 5/3 fiber-modified CXCR4-
based CRAd (Ad5/3.CXCR4) by determining the oncolytic activ-
ity in breast cancer cell lines, in primary breast cancer tissue slices
from patients and in a xenograft breast cancer mouse model.

Material and methods

Cell lines and cell culture

The MDA-MB361, MDA-MB231 and ZR-751 breast cancer
cell lines were obtained from the American Type Culture Collec-
tion and cultured as described. In brief, the cells were maintained
in DME/F-12 medium (Life Technologies, Grand Island, NY),
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containing 10% fetal bovine serum (Gemini Bio-Products, Wood-
land, CA) and 1% antibiotic–antimycotic solution (penicillin–strepto-
mycin–fungizone; Sigma Chemicals, St. Louis, MO). The cells
were maintained in T-150 flasks at 37�C and 5% humidified
CO2, and were subcultured using 1% trypsin–EDTA (Gibco
BRL; Life Technologies). Human mammary epithelial cells
(HMEC) were obtained from Clonetics (Walkersville, MD),
and were maintained in serum-free mammary epithelial growth
media or human stromal cell growth media (Clonetics) and pas-
saged as recommended by the vendor.

Primary human cells

Human dermal fibroblasts were derived from adult skin by tryp-
sinization, as previously described.9–11 Human dermal fibroblasts
obtained from outgrowth of explant cultures were grown in
Dulbecco’s modified Eagle’s medium (Bio Whittaker, Walkers-
ville, MD, USA) supplemented with 10% fetal calf serum, 2 mM
glutamine, 100 U/ml penicillin and 100 lg/ml streptomycin and
grown as monolayers on plastic petri dishes in a humidified atmos-
phere of a CO2 incubator at 37�C.

Tissue slices and culture

Approval was obtained from the Institutional Review Board for
all studies on human tissue. Human breast cancer samples and
normal breast tissue samples were obtained (Department of Pathol-
ogy, University of Alabama at Birmingham [UAB]) from 3 patients.
Human liver samples were obtained (Department of Surgery, UAB)
from 3 seronegative donor livers prior to transplantation into recipi-
ents. All liver samples were flushed with University of Wisconsin
(UW) solution (ViaSpan; Barr Laboratories, Pomona, NY) before
harvesting and kept on ice in UW solution until slicing. The preci-
sion tissue cut technique was performed via the Krumdieck tissue
slicer, as previously described.12 Time from harvest to slicing was
kept at an absolute minimum (<2 hr). All samples were flushed with
UW solution (ViaSpan; Barr Laboratories, Pomona, NY) before har-
vesting and kept on ice in UW solution until slicing. Tissue slices
were placed into 6-well plates (1 slice per well) containing 2 ml of
complete culture media (liver; William’s Medium E with 1% antibi-
otics, 1% L-glutamine and 10% FCS; normal breast and breast tumor
tissue; RPMI with 1% antibiotics, 1% L-glutamine and 10% FCS).
The plates were then incubated at 37�C/5% CO2 in a humidified
environment under normal oxygen concentrations for up to 48 hr. A
plate rocker set at 60 rpm was used to agitate slices and ensure
adequate oxygenation and viability.13

Construction and production of adenoviruses

The plasmid pBSKCAT/CXCR4, which contains a 279 bp
sequence from the human CXCR4 promoter (2191 to 188), was
a kind gift of Dr. Nelson L. Michael.14 The CXCR4 promoter
sequence (NCBI Accession No. AY728138, from 1780 to 2059
bp) containing the 279 bp CXCR4 promoter and the simian virus
40 (SV40) polyadenylation (poly A) signal was cloned by PCR
into the NotI/XhoI site of pScsE1 plasmid15,16 (the pSCsE1 plas-
mid was a kind gift from Dr. Dirk Nettelbeck, Department of
Dermatology, University Medical Center-Erlangen, Erlangen,
Germany), resulting in pScsE1CXCR4 that contained the E1A
gene downstream the CXCR4 gene promoter. The Ad vector,
pAdback 5/3, was a kind gift from Dirk Nettelbeck and contains
both the E3 gene and a capsid-modified F5/3.15,16 After cleavage
with PmeI, the shuttle vector, pScsE1CXCR4, was recombined
with pAdback5/3 to generate a CRAd, where the human Ad knob
serotype 5 is replaced by human Ad knob serotype 3. The
recombinant plasmids were linearized with PacI and transfected
into 293 cells using superfect reagent (Qiagen, Valencia, CA) to
generate the Ad5/3CXCR4 adenoviruses. The adenoviruses were
propagated in the A549 cells (a lung cell line in which the CXCR4
gene is overexpressed), and purified by double CsCl density gradi-
ent centrifugation, followed by dialysis against phosphate buffered
saline (PBS) containing 10% glycerol. The concentration of total

viral particle numbers (PN) was determined by measuring absorp-
tion at 260 nm. Infectious PNs were determined by measuring
the concentration of viral hexon protein-positive 293 cells after
a 48-hr infection period, using an Adeno-X Rapid Titer Kit
(Clontech, Mountain View, CA). Wild type Ad5wt, Ad5/3wt15,16

and AdCXCR4Luc17 were used for replication positive and nega-
tive control, respectively, in the CRAd agent analysis.

Quantitating virus replication

Purification of the DNA and quantitative real-time PCR for E4
were performed as previously described.18 1.5 3 105 cells were
seeded per well in a 6-well plate. The next day, cells were infected
with the indicated viruses at 100 vp/cell or mock infected and
growth medium was collected at the indicated time points. Viral
infection of the tissue slices was performed as previously
described12; 200 ll of the supernatant was collected at the indi-
cated time points. Negative controls without templates were
performed for each reaction series, and an internal control (human
GAPDH) was used to normalize the copy number for the E4
genes. Comparison of replication rates of different treatment
groups were performed with a Student’s t test.

In vitro cytotoxicity assay

For determination of virus-mediated cytotoxicity, 1.5 3 104

cells were seeded and infected with adenoviruses at indicated
titers or were mock-infected.16 To visualize cell killing, cells were
fixed and stained with 1% crystal violet in 70% ethanol for 20 min
followed by washing with tap water to remove excess dye. The
plates were dried and images were captured with a Kodak DC260
digital camera (Eastman Kodak, Rochester, NY).

In vitro oncolysis

All experimental protocols are approved by the Institutional
Animal Care and Use Committee of UAB. To establish subcutane-
ous tumors, 4–5-week-old BALB/c nude mice were inoculated in
both flanks with 5 3 106 MDA-MB361 cells (n 5 5/group;
10 tumors/group). The tumor cells were verified to have 95% via-
bility by trypan blue exclusion. When the tumor reached 5 mm in
widest diameter, 5 3 106 pfu of Ad5Luc (as a nonreplicating con-
trol), Ad5/3.CXCR4, Ad5/3wt or Ad5wt were injected intratumor-
ally in a 100 ll volume (5 mice per group). Control tumors
were injected with an equal volume of PBS only. Animals were
examined every other day and killed if tumor size reached 1.0 3
1.0 cm2 or if there was any evidence of pain or distress. The tumor
volume was calculated by the formula: 1/2xy2, where x is the lon-
gest distance of the tumor. The statistical differences among
groups were assessed with Student’s t test.

Results

Evidence of Ad5/3.CXCR4 replication in breast cancer cell lines

To assay CRAd replication,18 the presence of the adenoviral E4
gene was determined in MDA-MB361 human breast cancer cells
(Fig. 1a) and in HMEC normal human mammary epithelial
(Fig. 1b) cells at days 1, 3 and 6 after infection with Ad5/3wt,
Ad5/3.CXCR4, AdCXCR4Luc and Ad5wt. The replication levels
of Ad5/3.CXCR4 and Ad5/3wt were significantly higher (p <
0.05) than those of Ad5wt in the MDA-MB361 cancer cell line.
Importantly, in MDA-MB361 cells, Ad5/3.CXCR4 displayed rep-
lication levels comparable to Ad5/3wt, whereas in HMEC cells,
the replication levels of Ad5/3 were significantly lower (p < 0.05)
compared with Ad5/3wt and Ad5wt. Thus, Ad5/3.CXCR4 demon-
strated breast cancer selective replication.

Evidence of CRAd cytolysis (Ad5/3CXCR4) in breast cancer cell
lines in vitro

After finding specific replication of Ad5/3.CXCR4 in breast
cancer cells, we evaluated the tumor specific cytolysis of Ad5/
3.CXCR4. In all cancer cell lines examined, the crystal violet
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staining-based cell killing assay showed superior oncolytic activ-
ity by Ad5/3.CXCR4 comparable to Ad5/3 wt (Fig. 2a). Of note,
in comparison with Ad5wt, Ad5/3.CXCR4 and Ad5/3wt displayed
a comparable oncolytic activity in MDA-MB231 cells, a 10-fold
higher oncolytic activity in MDA-MB361 cells and a 100-fold
higher oncolytic activity in ZR-751 cells. Most importantly, in
HMEC cells and in normal human fibroblasts (Fig. 2b), Ad5/
3.CXCR4 showed little cytolytic activity, at least 100-fold less
compared with Ad5wt and 1,000-fold less compared to Ad5/3wt.
These results demonstrate increased oncolytic potency of the
infectivity enhanced CRAd Ad5/3.CXCR4 compared with Ad5wt,
and more importantly, enhanced tumor specificity compared with
Ad5wt and Ad5/3wt.

The infectivity enhanced CRAd Ad5/3.CXCR4 show tumor
specificity in a human tissue slice model of breast cancer in vitro

To more closely model the clinical situation, we examined
breast cancer selective replication of the infectivity enhanced

CRAd Ad5/3.CXCR4 in the most stringent available preclinical
model, using precision cut tissue slices of normal breast and breast
cancer clinical samples. To measure viral copy number, the pres-
ence of the E4 gene was determined using quantitative real-time
PCR of DNA samples extracted from medium at days 1 and 3
postinfection.12 Ad5/3.CXCR4 and Ad5/3wt generated DNA copy
numbers in breast cancer tissue slices that were significantly
higher (p < 0.05) compared with Ad5wt (Fig. 3a). In contrast, in
normal breast tissue slices, Ad5/3.CXCR4 showed a significantly
(p < 0.05) lower viral copy number compared with both Ad5wt
and Ad5/3wt (Fig. 3b). In summary, Ad5/3.CXCR4 demonstrated
breast cancer selective enhanced replication in a human tissue
slice model, which corresponded to the results obtained in breast
cancer and normal breast cell lines.

In vitro antitumor effect of the infectivity enhanced
CRAd Ad5/3.CXCR4

The ultimate goal of this study was to demonstrate the oncolytic
superiority of the infectivity enhanced CRAd over that of unmodi-
fied adenoviruses in vivo in a breast cancer model. Because low
dose of virus allow several cycles of replication along with
destruction of tumor cells, even a single dose would produce an
exponential rise in the number of killed cells, which would extend
to the entire tumor. To demonstrate this hypothesis, we treated
MDA-MB361 xenografts in nude mice with a single intratumoral
injection of one of the 4 viruses or with PBS alone. No side effects
related to virus administration were observed. Variation in the tu-
mor volume of treated and control mice are shown in Figure 4. A
statistically significant reduction in tumor growth (p < 0.05) was
achieved for treatments with Ad5/3.CXCR4 or Ad5/3wt compared
with Ad5wt. However, residual tumor lesions could be persistently
detected in most of the treated animals. At day 36 after viral injec-
tion, tumor growth was inhibited by 63 and 61%, respectively, in
the CRAd Ad5/3.CXCR4 and Ad5/3wt groups, compared with
baseline. In contrast, relative tumor volumes increased to 205 and
140%, respectively, in groups treated with PBS and AdCXCR4.-
Luc (serving as a nonreplicative Ad control) compared with base-
line. Thus, these results using the infectivity enhanced CRAd
Ad5/3.CXCR4 in a breast cancer xenograft model show promising
in vivo tumor growth inhibition.

Replication profile of Ad5/3.CXCR4

Finally, we wished to investigate the replication profile of Ad5/
3.CXCR4 in liver. To evaluate the liver toxicity of human CRAds
preclinically is a challenge. It is known that human adenoviruses
replicate only poorly in mice. Therefore, we measured adenoviral
replication as a surrogate marker of liver toxicity in the most rele-
vant preclinically available model, the human liver tissue slice
model.12 To measure viral copy number, the presence of the E4
gene was determined by using real-time PCR from DNA samples
extracted from medium after 2 and 4 days postinfection.19,20 As
shown in Figure 5, the transcriptional targeted enhanced CRAd
Ad5/3.CXCR4 revealed a significant lower copy number (p <
0.05) compared with the Ad5/3wt in human liver tissue slices.
Thus, exploiting transcriptional targeting in the context of an
infectivity enhanced CRAd significantly reduced replication in
human liver tissue.

Discussion

In the present study, we have shown that infectivity enhance-
ment based upon capsid modification/fiber modification allows
improved antitumor potency of replicative CRAds in virotherapy
of breast cancer. We have addressed the key point of breast cancer
cell specific adenoviral replication by incorporation of a breast
cancer relevant TSP element in these infectivity enhanced class of
capsid/fiber-modified CRAd agents. In this regard, we have shown
that Ad5/3.CXCR4 achieves augmented oncolysis by virtue of
enhanced infectivity of established breast cancer cells in vitro. Ad-
ditionally, we have demonstrated the capacity of Ad5/3.CXCR4 to

FIGURE 1 – Ad5/3 displays breast cancer specific replication
in vitro. To assay CRAd replication, (a) MDA-MB361 (breast cancer
cells) and (b) HMEC cells (normal mammary epithelial cells) were
plated in a 24-well plate and infected with Ad5/3wt, Ad5/3.CXCR4,
Ad5/3Luc and Ad5wt. After a 3-hr infection of MOI 5 10, the cells
were washed with PBS to remove free noninternalized viruses and
provided with fresh medium. The presence of the E4 gene was deter-
mined using quantitative real-time PCR of DNA samples at days 1, 3
and 6 postinfection. Each point represents the mean of triplicate
experiments 6 SD.
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accomplish a decrease in breast cancer tumors and to achieve sur-
vival advantage in vivo in a murine model of breast cancer. Since
Ad replication is generally species specific and human Ads repli-
cate poorly in cells from other species, our murine model of breast
cancer might not accurately reflect how oncolytic Ad vectors
behave in humans. For this reason, we have confirmed cancer
specificity in the most stringent preclinical available human breast
cancer model system, human breast cancer and normal breast pre-
cision cut tissue slices. Of note, the Ad5/3.CXCR4 displayed a
‘‘liver-off’’ replication profile in human liver tissue slices. Thus,
these efforts have achieved the two key mandates of our CRAd
agent, namely, enhanced tumor infectivity and specificity in vitro
as well as antitumor potency in vivo.

In this study, we evaluated the efficacy of an infectivity en-
hanced capsid/fiber-modified CRAd using the CXCR4 promoter.
Our results suggest that the CXCR4 promoter exhibits a ‘‘tumor
on/liver off’’ phenotype in a CRAd context. This is a central
objective in cancer Ad virotherapy since ectopic liver replication
as at best one possible surrogate marker of hepatotoxicity is the
major predicate of Ad vector-induced toxicity. We had previously
demonstrated that the CXCR4 exhibits unparalleled differential
with respect to tumor on/liver off profile among a panel of breast
cancer specific promoters in a nonreplicating Ad context.21 In
addition, tumor cell migration and metastasis have recently been
shown to be regulated by chemokines and their respective recep-
tors (e.g., SDF-1a/CXCR4). The CXCR4/SDF-1a axis appears to

be involved in migration, invasiveness, metastasis and prolifera-
tion of breast cancer cells.8,22,23 Thus, our CRAd construct was
designed to exploit these findings that CXCR4 overexpression is a
key phenotypic attribute of breast cancer.

In our study, we achieved enhanced infectivity by replacing the
Ad5 fiber knob domain with the knob domain from human adeno-
virus serotype 3 (Ad5/3). In this regard, several other capsid modi-
fication strategies have been performed to augment the infectivity
of adenoviruses in tumor cells by circumventing CAR, which
include the incorporation of short heterologous peptides like
RGD24 or polylysine25 into the fiber knob domain, as well as knob
switching strategies.26 In addition, more radical modifications
based on xenotype knob switching have recently been exploited
to achieve enhanced infectivity.27,28 Based on these observations
that, among capsid modifications examined, the Ad5/3 has
revealed the highest infectivity enhancement in breast cancer cell
lines and breast cancer tissue slices obtained from breast cancer
patients in nonreplicating Ad systems, we chose this capsid modi-
fication for the design of our CRAd. Indeed, the Ad5/3 capsid
modification maintained its superior infectivity enhancement in
CRAd agents for breast cancer. Earlier studies have shown the
increased expression of Ad3 receptors compared with Ad5 recep-
tors in breast cancer cell lines and primary breast cancer cells iso-
lated from patients. It is conceivable that the Ad3 receptor, as
opposed to CAR, may not be involved in the carcinogenic process
and thus not down regulated in advanced tumors. Interestingly, it

FIGURE 2 – Oncolytic potency and specific-
ity of the infectivity enhanced CRAd in breast
cancer cells in vitro. (a) MDA-MB361, ZR-
751, MD-MB231 and (b) human fibroblasts
and mammary epithelial cells (HMEC) were
infected with Ad5/3Luc (as a nonreplicating
control), Ad5/3.CXCR4, Ad5/3wt and Ad5wt.
Oncolytic activity was evaluated by crystal vio-
let staining.
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has been reported that CAR expression may correlate inversely
with the aggressiveness of a tumor.29,30

In these studies, we presently describe a CRAd addressing two
key points, infectivity enhancement and specific replication with
subsequent cell killing, as a novel approach for virotherapy of
breast cancer. To our knowledge, this strategy exploiting infectiv-
ity enhancement via fiber-chimerism and transcriptional targeting
has not been described and exploited for virotherapeutical strat-
egies for breast cancer heretofore. Ad5/3.CXCR4 is promising as
an agent for achieving enhanced but selective replication, which
could reduce adverse effects in clinical trial. However, further
optimization of virus administration may be required to obtain full
therapeutic results.

While important preclinical in vivo therapeutic studies using
CRAds have been derived from human tumor xenograft models in
immunodeficient mice, it is critical to develop immunocompetent
tumor model systems. In this regard, mouse tumor cell lines have
been identified that are permissive for viral replication and show
therapeutic effects in syngeneic immunocompetent mouse mod-
els.31 Using the cotton rat, a rodent species that is semipermissive

FIGURE 3 – Ad5/3.CXCR4 reveals cancer specificity in a human tis-
sue slice model of breast cancer in vitro. Tissue slices of 3 primary
human breast cancer (a) and normal breast samples (b) were infected
with Ad5Luc (as a nonreplicating control), Ad5/3.CXCR4, Ad5/3wt
and Ad5wt. All experiments were performed in triplicates for each
patient. Each bar represents the mean of 3 patient samples 6 SD.

FIGURE 4 – Antitumor effect of Ad5/3.CXCR4 in vivo. Human
breast cancer xenografts were established in BALB/c nude mice by
injection of MDA-MB-361 into the flanks. When the tumor reached
5 mm in widest diameter, 5 3 106 pfu of Ad5Luc (as a nonreplicating
control), Ad5/3.CXCR4, Ad5/3wt or Ad5wt were injected intratumor-
ally in a 100 ll volume (5 mice per group). Control tumors were
injected with an equal volume of PBS only. The tumor volume was
calculated by the formula: 1/2xy2, where x is the longest distance of
the tumor. The relative tumor volume 5 (tumor volume/tumor volume
at day 1) 3 100%.

FIGURE 5 – Evaluation of replication of the CRAd Ad5/3.CXCR4
in a human liver tissue slice model. Adenoviral replication (viral copy
number) was measured as a surrogate marker of liver toxicity in preci-
sion cut tissue slices of normal human liver obtained from 3 donors.
Growth medium was collected at days 2 and 4 after infection with
Ad5/3Luc (as a nonreplicating control), Ad5/3.CXCR4 and Ad5/3wt.
Each bar presents the mean of 3 experiments 6 SD. *p < 0.05 Ad5/
3.CXCR4 versus Ad5/3wt.
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for human Ads, the utility of this in vivo model was demonstrated
for testing the selectivity, immunogenicity and efficacy of onco-
lytic Ad vectors.32 In addition, cross-species replication of Ad5
was demonstrated in canine cells.33 Since the biological behavior
and clinical presentation of certain dog tumors closely resemble
those of their human counterparts, these results raise the possibil-
ity of exploiting canine models for preclinical analysis of candi-
date CRAd agents designed for human virotherapy. A report was
recently published suggesting the Syrian hamster model as a
permissive immunocompetent animal model for the study of onco-
lytic adenoviral vectors.34 The exploitation of the Syrian hamster
model with regard to breast cancer for the analysis of our novel
introduced CRAd will be an item of future investigations.

It is clear that gene therapy of breast cancer is a very difficult
undertaking. The results of breast cancer gene therapy clinical tri-
als to date have demonstrated little toxicity. However, the rate of
clinical response has been low to date and efficient transgene
expression remains to be a challenge. We believe that Ad5/
3.CXCR4 could be an effective and safe Ad therapeutic agent for
the treatment of breast cancer or other neoplastic diseases featur-
ing high expression of CXCR4 and low expression of CAR. We
have demonstrated that genetic capsid modifications using knob
switching strategies can achieve infectivity enhancement in order
to overcome CAR deficiency in breast cancer cells. Most impor-

tantly, we have demonstrated cancer specificity of our novel
CRAd in the most stringent preclinical available human breast
cancer model system, human breast cancer and normal breast pre-
cision cut tissue slices. In the normal breast tissue slices, while
Ad5/3.CXCR4 showed a significantly lower viral copy number
compared with both Ad5wt and Ad5/3wt, replication was not
completely eliminated. This low level of viral replication may
have some therapeutic benefit, such as in the destruction of sup-
porting tumor vasculature. We recognize that additional genetic
capsid modifications may also serve to enhance tumor selective
targeting. For example, it has recently been demonstrated that sin-
gle chain antibodies (scFv), which represent useful agents for cell
specific targeting, can be genetically incorporated into the Ad cap-
sid to foster targeted transduction.35 Thus, our future goal for the
design of a targeted CRAd for breast cancer may include the com-
bination of tumor specific transcriptional targeting and specific
transductional targeting via a genetically incorporated motif such
as a single chain antibody.

The immediate future of breast cancer gene therapy is likely to
involve the use of adjunct therapeutic regimens for locoregional
control. Thus, we envisage future studies involving a multimodal-
ity approach, integrating curative or debulking resections, fol-
lowed by adjuvant therapies including concurrent or sequential
CRAd virotherapy, chemotherapy and radiotherapy.
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Significant alterations of biodistribution and immune
responses in Balb/c mice administered with
adenovirus targeted to CD40(+) cells
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CD40 ligation has been shown to promote antigen-present-
ing functions of dendritic cells, which express CD40 receptor.
Here we reported significantly altered biodistribution and
immune responses with the use of CD40-targeted adeno-
virus. Compared with unmodified adenovirus 5, the CD40-
targeted adenovirus following intravenous administration
(i.v.) resulted in increased transgene expressions in the lung
and thymus, which normally do not take up significant
amounts of adenovirus. Intradermal injection saw modified
adenovirus being mainly processed in local draining lymph
nodes and skin. Following intranasal administration (i.n.),
neither unmodified nor targeted viruses were found to be in
the liver or spleen, which predominantly took up the virus
following i.v. administration. However, inadvertent infection

of the brain was found with unmodified adenoviruses, with
the second highest gene expression among 14 tissues
examined. Importantly, such undesirable effects were largely
ablated with the use of targeted vector. Moreover, the
targeted adenovirus elicited more sustained antigen-specific
cellular immune responses (up to 17-fold) at later time points
(30 days post boosting), but also significantly hampered
humoral responses irrespective of administration routes.
Additional data suggest the skewed immune responses
induced by the targeted adenoviruses were not due to the
identity of the transgene but more likely a combination of
overall transgene load and CD40 stimulation.
Gene Therapyadvance online publication, 29 November 2007;
doi:10.1038/sj.gt.3303085

Keywords: recombinant adenovirus; CD40; dendritic cells; biodistribution; immunogenicity; re-targeting

Introduction

A variety of viruses, such as adenovirus (Ad) and
poxvirus, have been explored as vaccine and gene
delivery vectors for the prevention and/or treatment
of various human diseases.1,2 Among the viral vectors,
recombinant Ad is a preferred and promising delivery
system1 since the virus exhibits relatively low cytoto-
xicity, large cloning capacity, replication to high titres
and ability to infect both dividing and undividing cells.
Recently, adenoviral vectors were found to be very
effective for mucosal vaccination due to their natural
tropism for the mucosal surfaces.2 It is noted, however,
that the main cellular receptor for Ad, coxsackievirus
and adenovirus receptor (CAR), has been readily
detected in a wide range of human tissues, which
may potentially have undesirable consequences.3–5 These

findings prompted several groups to conduct various
genetic modifications of the Ads to improve the delivery
efficiency and/or minimize the relatively random dis-
tribution of the injected Ads by re-targeting the Ads to
dendritic cells (DCs).

DCs are antigen-presenting cells playing crucial
roles in establishing antigen-specific adaptive immune
response and therefore stimulate potent immune
responses. The possibilities of DC-based strategies for
immunotherapy and immunoprotection of cancer, in-
fectious disease and transplantation have been vigor-
ously investigated during the past several years.1

However, DCs are deficient in expression of the CAR
receptor, presenting a challenge for effective transduction
of these cells by Ads.1 In addition, there is also a concern
that the cytopathic effect of high-dose Ad on DCs could
compromise clinical value of recombinant Ads.3 To
overcome these limitations, re-targeting delivery strate-
gies via modification of the tropism of the virus have
been developed for better transduction into DCs. One
approach involves genetic modification of the fiber/knob
proteins of Ad to target the surface intergrins of DCs.6,7

Another approach is to target the CD40 surface receptor
of DCs8,9 since the CD40 receptor may play essential
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roles in promoting both DC activation and antigen
presentation.10–14 To this end, the viruses were usually
complexed with bi-specific adaptor molecules comprised
of either anti-Ad single-chain antibody or the extracel-
lular domain of CAR with the targeting CD40 ligand
(CD40L).8,9 While marked improvement of transduction
efficiency and enhanced immune responses against the
transgenes delivered by various targeted Ad vectors
have been reported by others and us, systematic analyses
of biodistribution, toxicity and immune responses
following various administration routes remains poorly
documented. Uncertainties also remain with respect to
other forms of delivery (DNA- and protein-based
system). For instance, even though CD40L has been
consistently shown to enhance Th1 (cellular) immune
response, its role in Th2 (humoral) response remains
unclear, with some reports suggesting an increased
antibody response and others reporting no adjuvant
effect of CD40L.15–19 Lack of knowledge in these areas
could substantially hinder the transition from laboratory
investigations to clinical application of CD40-targeted
gene delivery and genetic vaccination.

This study focused on the in vivo analyses of the
biodistribution and immunogenicity of a modified Ad
complexed with an adaptor protein (CFm40L), a fusion
protein comprised of human Ad receptor CAR fused to
mouse CD40L via a trimerization motif.9 We reported
previously that CFm40L can significantly enhance in vitro
gene transfer to DCs expressing CD40.9 Here we
demonstrate that the modified Ad, denoted as tAd in
this report, irrespective of the route of administration,
can profoundly alter the patterns of biodistribution and
immune responses against the transgene. The potential
mechanisms underlying these differences between the
unmodified and targeted vectors are discussed.

Results

CFm40L facilitates Ad transduction of CD40(+) DCs
in the presence of Ad-neutralizing antibodies
We showed previously that CFm40L could direct Ad into
CD40(+) DCs.9 In addition, we have also found that the
mouse bone marrow-derived DCs stimulated by Ad–
CFm40L complex resulted in elevated levels of matura-
tion markers (CD11c, CD11c, CD54, CD40, CD80, CD86
and I-Ad).9 Prior to the initiation of the biodistribution
study in Balb/c mice, we first tested whether anti-CD40
mAb could prevent in vitro gene transfer by tAd-Luc
(Ad5 expressing luciferase gene and conjugated with
CFm40L). To this end, Ad-Luc conjugated with CFm40L
as described previously9 was used to transduce human
CD40(+) DCs in the presence or absence of anti-CD40L.
As compared with the unmodified Ad, the relative
luciferase activity for the CFm40L-complexed Ads is
1307-fold higher with the addition of 80 ng CFm40L,
1491-fold with 120 ng and 1799-fold with 200 ng (Figure
1a), respectively. Each reaction had four replicates. The
experiments were repeated three times with similar
findings. Importantly, the addition of 0.5 and 2.0 mg of
anti-CD40L mAb into the pre-complexed Ads largely
prevented the enhanced luciferase activities, while pre-
mixing with 2.0 mg of normal mouse immunoglobulin
(Ig) G did not show any inhibition of luciferase activity.
Also as a control, Ads pre-complexed with 120 ng of

bovine serum albumin (BSA) did not result in enhance-
ment of luciferase activity in the transduced cells. These
results further confirmed that the enhanced gene
transduction into both human and murine DCs by Ads
complexed with CFm40L is mediated by the CD40
receptor. We next determined whether tAd could still
transduce DCs in the presence of Ad-neutralizing
antibodies. Towards this end, we infected human
peripheral blood-derived DCs with Ad–CFm40L com-
plexes in the presence of Ad-negative and Ad-positive
ascites fluids collected from ovarian cancer patients from
a phase I gene therapy clinical trial. The ascites M56
(patient ‘M’, day 56 after Ad administration) has been
shown to have high (41:16 000) Ad-neutralizing anti-
body titres, and the ascites B0 (patient ‘B’, day 0 of Ad
administration) to have none.20 Furthermore, the ability
of the ascites M56 to neutralize Ad infectivity and the
lack of neutralizing capability by the ascites B0 was
previously documented in the same studies.20 We again

Figure 1 Enhanced entry of tAd into DCs in the presence of
Ad-neutralizing antibodies. (a) Determination of tAd entry into
CD40(+) DCs in vitro. Ad-Luc denotes Ad-5-expressing luciferase,
tAd-Luc–Ad-Luc conjugated with CFm40L. CD40(+) DCs were
cultured in 24-well plates (1�105 cells per well) for 4 days in RPMI-
1640 medium containing rh-IL-4 and rhGM-CSF. tAd-Luc (2.5� 106

PFU or 2.5� 107 VP) was prepared by incubating Ad-Luc with
various amount of CFm40L at 80, 120 and 200 ng, respectively and
used to infect cultured DCs at MOI of 50. After 2 days of infection,
luciferase activities were determined. The experiments were
repeated three times, with results being presented as relative light
units (RLU) normalized for protein concentration. Bars represent
mean (four replicates)±s.d. (same below). (b) The effects of Ad-
neutralizing antibodies on CFm40L mediated DCs transduction.
Human DCs were infected with CD40-targeted Ad-encoding
luciferase reporter in the presence of human ascites fluids ‘B0’
(Ad Ab negative) and ‘M56’ (Ad Ab positive) at 1:1 and 1:1000
dilutions. Luciferase activity in cell lysates was assessed 36 h post
transduction.
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confirmed the absence of anti-Ad antibodies in ascites B0
and their presence in ascites M56 with the titre of
1:65 610 in Ad enzyme-linked immunosorbent assay
(ELISA; Supplementary Figure S1). Then Ad vector-
encoding luciferase was pre-complexed with CFm40L
(50 ng per 1.25� 106 PFU per 2.5� 104 cells) mixed with
the ascites at 1:1 and 1:1000 dilutions and applied to DCs.
Luciferase activity was measured in cell lysates 36 h post
transduction. The results (Figure 1b) indicate that
neutralizing antibodies had no inhibitory effects on
CFm40L mediated Ad-Luc transduction of human DCs.

CFm40L directs more rapid capturing of the vector by
the liver, thymus and lung following i.v. administration
The tAds encoding firefly luciferase reporter gene (tAd-
Luc) were then injected into Balb/c mice intravenous
(i.v.) for the analysis of tissue distribution. A total of
1�1010 VP (viral particle) of Ad was chosen for Ad and
tAd since excess amount of Ad (41–2� 1010) could
saturate tissue macrophages in mice following systemic
administration, resulting in non-receptor-mediated pro-
cess.21 For tAd preparation, 1�109 PFU (B1�1010 VP) of
Ads were complexed with 16 mg of CFm40L, equivalent
to 80 ng of CFm40L for 5� 106 PFU of Ad. We chose this
ratio between Ad and CFm40L since 80 ng of CFm40L is
sufficient to complex 2.5� 106 Ad for enhanced trans-
duction in vitro (Figure 1a). In agreement with other
reports with i.v. administration,14,22–25 the Ad was
detected after 3 and 7 days in a wide range of tissues,
with the liver and spleen expressing the highest
luciferase activities on day 3, followed by mesenteric
lymph nodes (a visible cluster of lymph nodes inside the
peritoneal cavity), heart, colon and others (Figure 2a).
Yet, a noticeably altered biodistribution was observed
with tAd-Luc (Figure 2b), that is in addition to
the predominant disposition to the liver and spleen, the
viruses were also effectively captured by thymus and
the lung on day 3 (Figure 2b).

Localized expression of transgenes following
i.d. administration
Following intradermal (i.d.) administration, high levels
of luciferase expression were detected in the skin
surrounding the injection site and in the local draining
lymph nodes (inguinal) for both Ad-Luc and tAd-Luc
and, as expected, the luciferase activity with tAd-Luc
administration was significantly lower than that with
Ad-Luc (B300 times lower) since tAd-Luc could only get
into CD40(+) cells and express the luciferase gene
(Figures 3a and b), consistent with results shown in
Figure 1a. Clearly, no virus was detected in other organs
and tissues, suggesting the viruses were processed near
the injection site sites and local draining lymph nodes,
with little spillover of the virus into the circulation.

CF40mL prevented inadvertent infection of the brain
and attenuated local inflammatory reaction in the lung
following i.n. administration
Following intranasal (i.n.) delivery of Ad-Luc, there was
gene transfer with the Ad in various organs/tissues
with the i.n. injection (Figure 4a). It is of note that
the expression level of luciferase in the brain is high
following Ad-Luc administration (Figure 4a), only
second to the one detected in the lung. Clearly, the

infection of the brain was largely ablated with the use of
tAd-Luc, but not the infection of other tissues such as
lung, heart, thymus, colon, muscle and mesenteric lymph
nodes (Figures 4a and b), suggesting CAR-mediated
inadvertent infection of the brain by non-modified Ad.
This interpretation is further supported by the observa-
tion that pre-complex of Ad-Luc with BSA did not
prevent brain infection (Figure 4c). Interestingly, no
significant difference of virus deposition between tAd-
Luc and Ad-Luc in the heart was observed following i.n.
administration (Figures 4a and b), an observation that
differs from that following i.v. injection, which shows the
heart took up more Ad-Luc than tAd-Luc following
i.v. administration (Figure 2). We have no definite
explanation for these findings. It is plausible, however,
that since the heart is in close proximity of the lung, tAd-
Luc could gain access more easily to the heart following
i.n. delivery than with the i.v. route (tail vein).

The high level of luciferase activity in the lung
following i.n. administration prompted us to conduct
histological examination of the lung. As compared to the
control mice injected with buffers only (Figure 5, panel
a), i.n. delivery of Ad-Luc resulted in moderate accumu-
lations of mononuclear leukocytes in many peribronchial
and perivascular areas, typical of inflammatory reactions
(Figure 5, panel b). Following the i.n. administration
of Ad-NP expressing the nucleocapsid protein (NP) of
SARS-CoV (SARS-CoV NP was used here as a model
antigen), however, there are much more significant
accumulations of mononuclear leukocytes in the peri-
bronchial and perivascular areas throughout the entire
histological section and infiltration of mononuclear cells

Figure 2 Biodistribution of Ad-Luc and tAd-Luc (Ad-Luc pre-
complexed with CFm40L) following i.v. administration (tail vein).
Five mice were injected with 1�1010 VP of either Ad-Luc (a) or tAd-
Luc (b). Three and seven days post-injection the indicated tissues
were isolated, homogenized and measured for luciferase activity.
Values below 10 RLU (relative light units) per mg, as indicated by
the dashed lines in the figures, are background readings (same
below). Open bars and filled bars represent 3 and 7 days after
injection, respectively.
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in the alveolar spaces (Figure 5, panel c). In the severely
affected area, the airway epithelial cells demonstrate
mild-to-moderate damage and sloughing, revealing an
‘exaggerated’ inflammatory reaction in the lung (Figure
5, panels c and e). The reason for the visible damage to
the airway epithelial cell layers by Ad-NP but not by
Ad-Luc could be due to the intrinsic property of NP, a
strong immunogen in severe acute respiratory syndrome
(SARS) patients, as was suggested (see below for
discussion). It is of note that with the addition of
CFm40L (denoted as tAd-NP), the excessive infiltration
of inflammatory cells and the damage of epithelial cells
were abolished (Figure 5, panel d). Taken together, a
significantly altered pattern of biodistribution of Ad
complexed with CFm40L was observed following i.v.
and i.n. administrations. Attenuation of inadvertent
infection of the brain and aggravated local inflammation
has been demonstrated in the airway of the lung
following i.n. administration. Finally, none of the Ad
preparations (unconjugated or conjugated, irrespective
of administration route) resulted in detectable signs of
systematic toxicity following analyses of various blood
biomarkers (blood chemistry) pertinent to vital organs
such as kidney, heart and liver (data not shown), even
though visible damages to the airway epithelial cells
were found following i.n. administration of Ad-NP. We
also conducted immunohistological examinations of
available lung tissues using antibodies against both
luciferase and CD11c, one of the surface markers for
DCs. Preliminary results suggest that the tAd-Luc was

mainly found in CD11c(+) cells, while Ad-Luc were not
restricted to CD11c(+) cells (Supplementary Figure S2).
Clearly, more vigorous investigations will be needed to
identify all cell types that also express CD40.

CFm40L elicited a more sustained Ag-specific cellular
immune response
To determine the adjuvant and targeting effects of
CFm40L, Ad expressing the SARS-CoV NP protein
(Ad-NP) was compared with the same virus complexed
with CFm40L (tAd-NP) following either i.d. or i.n.
administration, with tAd-Luc serving as the baseline
control. We chose the same amount of virus used in the
above biodistribution experiments. Thirty days post-
prime, the mice were boosted once. The splenocytes were
isolated on days 0, 15 and 30 post boosting for the
determination of interferon-g (IFN-g) and interleukin-2

Figure 3 Biodistribution of Ad-Luc and tAd-Luc administrated i.d.
(inguinal). (a) Mice that were injected with 1�1010 VP of Ad-Luc in
50 ml PBS. (b) Mice that were injected with 1�1010 VP of tAd-Luc.
Three (open bar) and seven days (filled bar) post injection the
indicated tissues were isolated, homogenized and measured for
luciferase activity.

Figure 4 Biodistribution of Ad-Luc and tAd-Luc administrated
i.n.. (a and b) Results from studies with mice administrated i.n. with
Ad-Luc and tAd-Luc, respectively. The mice were injected with
1�1010 VP of virus in 100 ml PBS. Three (open bar) and seven days
(filled bar) post injection the indicated tissues were isolated,
homogenized and analysed for luciferase activities. (c) CFm40L
abolishes inadvertent infection of the brain by the virus: Ad-Luc
was conjugated with either CFm40L or bovine serum albumin
(BSA) and injected (i.n.) into the mice. RLU were determined from
the brain tissues of mice injected with 1�1010 VP of Ad-Luc pre-
complexed either with CFm40L or BSA. Open bar depicts 3 days
post administration, while filled bar designates 7 days post
administration.
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(IL-2). As shown in Figures 6a and b, following i.d.
administration, both IFN-g and IL-2 specific for SARS-
CoV NP, have been increased in mice immunized with
either Ad-NP or tAd-NP compared with the control
(mice receiving Ad-Luc). However, it is of note that on
day 30 after boosting, the levels of IFN-g and IL-2 in mice
receiving tAd-NP were substantially higher than those
immunized with Ad-NP, suggesting a more sustained
Th1 response with the use of CFm40L (Figures 6a and b).
Furthermore, such an enhancement of Ag-specific host
immune response by CFm40L has also been observed
with the i.n. injection route (Figures 6c and d).
Collectively, these data revealed that CFm40L elicited a
more sustained Ag-specific cellular immune response
(Po0.01).

CFm40L delayed Ag-specific humoral responses and
reduced IgG 1/IgG 2a ratio
Specific IgG and IgA antibodies against the NP protein
were determined by ELISA to measure the antibodies
present in the sera or the trachea and lung (mucosal
antibodies). Surprisingly, the levels of IgG and IgA in the
sera following tAd-NP administration (i.d.) was signifi-
cantly lower than that with Ad-NP immunization via the
i.d. administration route (Po0.01) (Figures 7a and b).

Next we determined the titres of IgG and IgA present
in the sera and trachea/lung lavage following i.n.
administration and found that the humoral responses
were similar to that with the i.d. route. As shown in
Figure 8, both the IgG and IgA titres in mice immunized
with tAd-NP were significantly lower than those with
Ad-NP, especially on Days 0 and 15 post-boosting
(Po0.01). It is of note, however, that the antibody titres
did reach similar levels 30 days post-boosting following
i.n. administration (Figure 8). In addition, similar
findings in terms of Ag-specific antibody responses
against a different transgene (luciferase) were also
obtained with the use of tAd-Luc (Supplementary Figure
S3). These data collectively suggest that the reduction of

Ag-specific humoral responses is not linked to the
identity of the transgene but to the use of CFm40L in
conjunction with adenoviral vectors.

We then determined the relative ratio of IgG1 and
IgG2a delivered by either unmodified or CD40-targeted
vectors. To this end, horseradish peroxidase (HRP)-
conjugated anti-mouse IgG1 and IgG2a were used in
place of HRP-conjugated anti-mouse IgG in ELISA.26

Figure 5 Histological examination of the lungs in mice administrated i.n. with various preparations of Ads. The lung tissues from mice were
collected and snap frozen in liquid nitrogen and then storied at �80 1C. The tissue sections were prepared and stained by hematoxylin and
eosin. (a) Normal lung from a mouse which received PBS only; (b) Lung from mouse which received Ad-Luc; (c) Lung from a mouse which
received Ad-NP (Ad-5 expressing the NP of SARS-CoV); (d) Lung from a mouse which received tAd-NP (Ad-N complexed with CFm40L).
Panel e represents panel c at high magnification. Significant accumulations of mononuclear leukocytes in the peribronchial and perivascular
areas throughout the entire section and infiltration of mononuclear cells in the alveolar spaces were observed as shown in (b) and (c), with
(c) demonstrating signs suggestive of a much stronger local inflammatory reaction. In the severely affected area of lungs from mice, which
received Ad-NP, layers of airway epithelial cells display sloughing (indicated by arrows in (e)). These data are representative photos among
at least five vision fields from >three mice. Scale bar: 100 mM.

Figure 6 Determination of interferon-g (IFN-g) and interleukin-2
(IL-2) in mice receiving either Ad-NP or tAd-NP. The mice were
administrated with either Ad-NP (open bar) or tAd-N (filled bar)
and boosted 4 weeks later. The splenocytes were then harvested on
days 0, 15 and 30 for the analyses of Ag-specific IFN-g or IL-2 using
ELISPOT as described in the ‘Materials and methods’ section. Data
represent spots per 105 splenocytes stimulated by 10 mg ml�1 of NP.
(a) IFN-g levels in mice injected with either Ad-NP or tAd-NP (i.d.
route); (b) IL-2 levels in mice injected with either Ad-NP or tAd-NP
(i.d. route); (c) IFN-g levels in mice injected with either Ad-NP
or tAd-NP through the i.n. route); (d) IL-2 levels in mice injected
with either Ad-NP or tAd-NP (i.n. route). All data represent the
means±s.d. from four mice. Asterisks (*) indicate significant
difference between Ad-NP and tAd-NP (same below). Statistical
comparisons were conducted with the use of a two-tailed t-test,
with Po0.05 being considered significant. Open bar depicts Ad-NP,
while filled bar designates tAd-NP.
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As shown in Figure 9a, a reduced ratio of IgG1 and IgG2a
was observed with the use of the targeted vector. We also
observed lower levels of IL-4 (Figure 9b). These data, in
addition to the increased levels of Th1 cytokines (IL-2
and IFN; Figure 6), suggest that the CD40-targe-
ted immunization might have elicited a Th1-skewed
immune response.

CFm40L attenuates anti-Ad vector antibody responses
We then determined whether conjugation of Ad with
CFm40L could affect generation of anti-Ad antibody
responses. To this end, we analysed Ad-specific IgA in
lung lavage collected from the same mice immunized
with tAd-NP (i.n. administration) by ELISA. We used
sucrose gradient-purified Ad viral lysate derived from
Ad-E (Ads expressing a different exogenous gene) as
antigens in place of the NP protein in the ELISA.
As shown in Figure 10, the antibody responses against
the other Ad proteins were markedly suppressed in mice
immunized with tAd-NP compared with that following
immunization with Ad-NP. Furthermore, these data
also provided additional evidence that the decreased
Ag-specific antibody responses were linked to the use of
CFm40L/adenoviral vectors not to the identity of the
transgene, in agreement with Figures 7, 8 and Supple-
mentary Figure S3.

Discussion

A variety of macromolecules with immunostimulatory or
immunomodulatory properties have been explored in
recent years as molecular adjuvants to enhance the
efficiency of genetic vaccination and/or gene therapy in
pre-clinical and clinical settings.1,27 CD40L, a member of
the tumor necrosis factor superfamily, is a very attractive
candidate since it can potently activate DCs, which
express CD40 and are well known to be professional
antigen-presenting cells.27–32 Numerous studies reported
in the literatures revealed that administration of the
model antigens together with CD40L or DNA constructs
expressing fusion proteins comprised of the antigen and
CD40L resulted in substantial enhancement of cellular
(type I) and humoral (type II) immune responses.15–17,33–36

Three lines of evidences prompted us to conduct the
current studies. First, it was noted that data are lacking
from systematic analyses of CD40L/viral vector in terms
of biodistribution, toxicity and immunogenicity. Second,
although enhanced immune responses were observed,
knowledge remains poor regarding the outcome follow-
ing an alternative route, that is i.n. administration. It is
noteworthy that Ad has been found to be effective for
mucosal delivery due to the natural tropism of Ads for
mucosal surfaces.2 Third, although cellular immune
responses appeared to be markedly improved with the

Figure 7 Ag-specific antibody responses in mice following i.d.
administration of either Ad-NP or tAd-NP. Mice immunized (i.d.
route) with either Ad-NP (open bar) or tAd-NP (filled bar) were
analysed for Ag-specific antibody levels using ELISA. (a) Serum
immunoglobulin G (Ig) G levels in mice following i.d. administra-
tion; (b) serum IgA levels in mice following i.d. administration.
*Po0.05.

Figure 8 Ag-specific antibody responses in mice following i.n.
administration of either Ad-NP or tAd-NP. Mice immunized (i.n.
route) with either Ad-NP (open bar) or tAd-NP (filled bar) were
analysed for Ag-specific antibody levels using ELISA assays.
(a) Serum immunoglobulin (Ig) G levels in mice (b) serum IgA
levels in mice; (c) mucosal IgG levels (antibodies present in the
trachea and lung); (d) mucosal IgA levels (antibodies present in
the trachea and lung). *Po0.05.

Figure 9 Determination of transgene-specific immunoglobulin (Ig)
G1/IgG2a ratio and IL-4 level. Panel a represents IgG1/IgG2a ratio
while panel b depicts IL-4 level. HRP-conjugated anti-mouse IgG1
and IgG2a were used to substitute the HRP-conjugated anti-mouse
IgG in ELISA as described.26 The serum samples were derived from
mice 30 days post boosting. Similar results were obtained from 15
days after the boosting (data not shown). *Po0.05.

Figure 10 Detection of antibodies against Ad proteins in lung
lavage in mice receiving i.n. administration of tAd-NP. The lung
lavage was collected from the same group of mice as in Figure 7 and
analysed for the level of antibodies against adenoviral proteins by
ELISA. The antigens used in the ELISA are adenoviral lysate from
Ad-E (an irrelevant Ad virus expressing a different transgene),
which were purified by sucrose gradient. (a) Immunoglobulin (Ig) A
titres, while (b) describes IgG levels from mice which received
either Ad-NP or tAd-NP. Open bar depicts Ad-NP, while filled bar
designates tAd-NP. *Po0.05.
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use of CD40L as adjuvant, conflicting results have been
observed for humoral responses with the use of protein-
and DNA-based administrations. In this report, a
head-to-head comparison between the unmodified Ad5
(Ad) and CD40-targeted Ad5 (tAd) was conducted in
terms of biodistribution and immune responses.

Biodistribution of tAd following intravascular
administration
As expected from in vitro transduction assay, the adaptor
protein CFm40L, comprised of human Ad receptor CAR
fused to mouse CD40L, noticeably altered the pattern of
tissue distribution of the viruses in vivo, with predomi-
nant deposition of the viruses detected in the liver,
spleen, thymus and lung (Figure 2). Such an altered
biodistribution pattern is unlikely due to detargeting of
CAR since modified adenoviral vectors ablated for CAR
have been shown to have an overall reduced efficiency of
gene expression in tissues but not a change of biodis-
tribution pattern.36,37 In contrast, we found the expres-
sion levels of transgenes delivered by the two vectors
were comparable in certain tissues such as liver and
spleen (i.v. administration). Furthermore, we observed
the thymus and lung took up more tAd than Ad, a fact
that also differs from the detargeting of CAR following
i.v. administration.36,38 These data suggest that the
altered biodistribution pattern is due to CD40 targeting
rather than detargeting of CAR.

The higher expression of tAd in lung may suggest the
likely presence of abundant CD40(+) cells in these
organs. It has been shown that epithelial/endothelial
cells and antigen-presenting cells (DCs, activated mono-
cytes and B cells) are CD40(+).39 The presence of these
CD40(+) cells in the lung may suggest that the innate
host defences are well in place to fend off invading
pathogens from the air. It is interesting that under
normal circumstances the lung is not the major tissue/
organ that takes up unmodified Ad following intravas-
cular administration (Figure 2a). The pulmonary
intravascular macrophages, however, can take up un-
expectedly high amounts of the Ad5 virus in animals
with hepatic disorders, such as cirrhosis, resulting in
severe pulmonary pathology.5 Clearly, better under-
standing of the biodistribution of both unmodified and
modified Ad vector is of importance, given that such
knowledge helps understand the clearance of virus
vector as well as identify the tissues/organs, which
could be predisposed to adverse events during the
course of gene therapy.5,40

Biodistribution of tAd following i.n. administration
As a result of comparison between Ad and tAd following
i.n. administration, it appears that the inadvertent
infection of central nervous system (CNS) is mediated
by the CAR receptor but not other receptors, such as avb
integrin, and heparin sulphate glycosaminoglycans,
which were shown to mediate the entry of Ads.36,41,42

As discussed above, inadvertent infection of the CNS by
live viral vectors could be a safety concern if the vectors
are given i.n.43,44 Moreover, we observed visible lesions
of the lungs, especially the airway epithelial cells, in mice
receiving unmodified Ad-NP. Such deleterious effects of
Ad-NP were apparently caused by strong local inflam-
matory reactions as suggested by a massive infiltration of

lymphocytes and macrophages. Yet, no such exaggerated
local inflammatory reactions were observed in mice
receiving tAd-NP. At this time, we have no definite
explanation for the marked differences of local inflam-
matory reactions between Ad-NP and tAd-NP. Yet, it is
interesting to note that we and others reported that the
SARS-CoV NP protein itself, used in this study as model
antigen, could alter cellular signal transduction path-
ways, stimulate pro-inflammatory cytokine production
and/or even cell death.45,46 Therefore, the excessive
inflammatory reactions or toxicity induced by Ad-NP
are likely due to the combined immunostimulatory or
immunopathologic effects of Ad infection and NP
protein. This notion is also supported by the observation
that Ad-Luc failed to induce the same magnitude of local
inflammatory reactions (Figure 5b).

Ag-specific immune responses
The substantially increased production of Ag-specific
IL-2 and IFN-g with the use of tAd-NP at later time
points was largely expected since ligation of CD40 has
been suggested to promote the activation and antigen-
presenting functions of DCs, which express CD40 and
are well known to initiate immune response.39 Interest-
ingly, at early time points the levels of Ag-specific IL-2
and IFN-g were rather comparable between the unmo-
dified and targeted vector groups. At later time points,
however, the levels of these two cytokines remain
elevated with the use of targeted vectors, accompanied
by the lower level of IL-4 and the reduced ratio of IgG1/
IgG2a. Whether the more sustained IL-2 and IFN-g
responses with the use of targeted vectors were due to a
better development of memory T-cell compartment
would require further investigation. It is of note,
however, that CD40 stimulation has been shown to
facilitate the development of memory T-cell compart-
ment39,47–49 under other experimental conditions.

The markedly delayed Ag-specific mucosal and
systemic antibody responses with the use of CFm40L
adaptor proteins were somewhat surprising, given the
fact that most reports in the literature suggest that
CD40L activates both cellular and humoral immune
responses against antigens delivered in the form of
proteins or DNA constructs.15–19 However, our findings
are in partial agreement with two studies demonstrating
CD40L lacks stimulatory effects on the production of
Ag-specific antibodies.17,50 It is unlikely that the biased
immune responses reported here were linked to the
identity of the transgene as similar observations (more
sustained IL-2 and IFN-g but reduced antibody titres at
later time points) were observed with both tAd-NP and
tAd-Luc (Supplementary Figure S3). In addition, the use
of tAd resulted in decreased antibody levels against
other adenoviral proteins (Figure 10). However, since
both transgenes in this current study (SARS-CoV NP and
firefly luciferase) were intracellular proteins, it remains
to be determined whether tAd encoding a secreted
transgene would result in a similar pattern of immune
responses. It is noted, however, others recently reported
in a different system (soluble proteins) that CD40-
targeted secreted proteins failed to generate a stronger
antibody response compared with the untargeted
secreted proteins.17 At this time, we think a variety of
factors could be ascribed to the differences of results with
respect to the patterns of immune responses among
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various groups. One of them might be due to the
differences in the vector systems. It is understood that
ours is the only study employing live viral vector in
conjunction with CD40L, while other systems were
designed to deliver the antigens in the form of DNA
plasmid, soluble proteins or virus-like particles.15–19

Second, the biased immune response might be due to a
much lower level of transgene expression with the use of
tAd vector at the site of the body receiving the viral
vectors. For instance, as compared with Ad, B300-fold
less transgene expression in the injection site skin
(Figures 3a and b) was observed following i.d. injection
of tAd, while about 180-fold less in the lungs 3 days
after i.n. administration (Figures 4a and b). In general,
Ag-specific humoral responses are not preferentially
elicited in response to smaller amounts of antigens as
compared with cellular immune responses. Third,
the tAd-induced biased immune responses could be
tAd interacting with B cells. There are previous reports
documenting that CD40 ligation could lead to largely
positive growth outcomes for resting B cells, but
inhibited the growth and Ig production of activated B
cells which are also known to be CD40(+).39,51–53

Given these findings, caution appears to be warranted
when considering CD40L as targeting moiety for
adenoviral vectors in genetic immunization when induc-
tion of humoral immune response is crucial, that is,
neutralizing antibodies against pathogens. Nevertheless,
therapeutic manipulation to facilitate biased or skewed
immune responses could be beneficial in clinical
applications. For instance, type 2-biased immune re-
sponses (predominant antibody reactions) may be
associated with certain immunopathologic complica-
tions, such as allergy, asthma and autoimmune diseases.
Thereby, redirection of the immune response or thera-
peutic manipulation towards a biased immune re-
sponse, that is suppression of antibody responses, could
help reverse medical conditions related to certain
immunopathologic complications.38,54 Furthermore, en-
hanced cellular immune responses are well known to
play critical roles eliminating or containing certain
intracellular pathogens and cancers.10–12,28,41 Finally,
as preliminary data presented in this report, the efficient
in vitro gene transduction by tAd even in the presence
of anti-Ad neutralizing antibodies and lower levels of
antibodies against Ad viral proteins in vivo might
also help allay one of the major concerns associated
with pre-existing immunity against Ad. We are currently
conducting more in-depth in vivo studies to address
these issues.

Materials and methods

Reagents
Anti-CD40 mAb, rh-IL-4, recombinant human granulo-
cyte-macrophage colony-stimulating factor (rhGM-CSF),
the ELISPOT kits with various controls, including IFN-g
(EL485) and IL-2 (EL402), were purchased from R&D
systems, Minneapolis, MN, USA. Bright-Glo luciferase
assay system was obtained from Promega, Madison, WI,
USA. Unless specified, other antibodies and peroxidase-
conjugated secondary antibodies were purchased from
Cedarlane Labs (Burlington, Ontario, Canada).

Production, purification and characterization of
CFm40L adaptor protein
The adaptor protein, CFm40L, is a fusion protein that
consists of human Ad receptor CAR fused to mouse
CD40L via a trimerization motif. CFm40L was
constructed and used to target Ad vectors to mouse
DCs expressing CD40.9 CFm40L was purified from the
supernatants in stable HEK293 cells transfected with the
expression vector. The production and purification of
CFm40L was described previously.9 Briefly, the stable
cell line producing CFm40L as a secreted protein was
cultured in DMEM:F12 (1:1) medium supplemented with
10% fetal calf serum, 2 mM L-glutamine, 100 mg ml�1 G418

and 40 mg ml�1 gentamicin sulphate. The medium from
the CFm40L-expressing 293 cell cultures were collected
and the proteins were precipitated by addition of an
equal volume of cold-saturated ammonium sulphate.
The precipitates were then collected by centrifugation
and dissolved in 1/20 of the original medium volume in
phosphate-buffered saline (PBS), followed by dialysis
against PBS. The recombinant CFm40L protein was
purified from the dialysed protein solution by immobi-
lized metal affinity chromatography using cobalt-immo-
bilized TALON affinity resin (Clontech, Mountain View,
CA, USA). The purity of the adaptor protein was
confirmed by Coomassie blue staining and western
blotting.9

Construction and production of recombinant Ads
All transgenes were cloned into adenoviral transfer
vector, Ad5.9 The vector expressing SARS-CoV NP45

was used here as a model antigen. The isogenic control
vector expressing the luciferase gene was constructed
similarly. Replication defective recombinant Ads were
generated from the constructed transfer vectors as
described.9 Transgene expression by recombinant Ads
was confirmed by luciferase activity assay or by western
blot analysis with anti-SARS N-protein antibody. Ad
particles were purified by CsCl gradient centrifugation
and titrated as plaque-forming units (PFU) per ml using
Adeno-X Rapid Titer kit according to the manufacturer’s
instructions (BD Biosciences, San Jose, CA, USA).

DC culture, Ad infection and luciferase activity assay
Myeloid DCs were obtained from AllCELLS, Emeryville,
CA, USA. Over 80% of these monocyte-derived cells are
CD40(+) in addition to other surface markers including
CD1a, CD11c, CD86 and HL-DR. We previously reported
elevated levels of maturation markers (CD11c, CD54,
CD40, CD80, CD86) in DCs treated with CFm40L-
targeted Ad,9 consistent with other studies which show
that CD40 stimulation could facilitate DC maturation.1,39

The DCs were cultured in RPMI-1640 medium contain-
ing rh-IL-4 and rhGM-CSF (1�105 cells per well in
24-well plates) for 4 days prior to being subjected to
treatments with Ads. The preparation of the tAd-Luc
(Ad-5 encoding luciferase gene and conjugated with
CFm40L) and infection of DCs in vitro were described
previously.9 In brief, Ad expressing luciferase genes
(Ad-Luc) was pre-mixed with the CFm40L adaptor
protein and incubated at 37 1C for 30 min and then used
to infect DCs at 50 PFU per cell. After 2 days of infection,
the cells were harvested to measure luciferase activity
using Bright-Glo luciferase assay system.
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Biodistribution and pathological examination
Female Balb/c mice were purchased from Charles River
Lab, Montreal, Quebec, Canada. All animal experiments
were conducted in accordance with the guidelines and
protocols for animal experiments at Health Canada. The
mice were maintained in a laminar airflow cabinet under
pathogen-free conditions and used at 6–7 weeks of age.
A total of 1�109 PFU (B1�1010 viral particles) of Ads
suspended in 100 ml of PBS per mouse was administrated
using a syringe with a 29-gauge needle by i.v. (tail veil),
intradermal (i.d.) (inguinal) or i.n. routes. Control mice
were injected with 100 ml of PBS. The preparation of Ads
complexed with CFm40L was described previously.9 In
brief, the same amounts of Ads was mixed with 16 mg
CFm40L (that is 80 ng CFm40L/5� 106 PFU Ads) in
100 ml of PBS and incubated at 37 1C for 30 min. The mice
were killed on days 3 and 7 after administration of Ads,
with tissues collected for subsequent analyses of biodis-
tribution. The levels of luciferase activity, normalized by
protein concentration, were determined. Five mice were
used in each group. Pathological examination of tissues
using hematoxylin and eosin staining method was
conducted using a standard procedure.

Isolation of splenocyte and ELISPOT assay for the
measurement of cytokines
To determine the adjuvant effects of CFm40L, non-
modified Ad expressing the SARS-CoV NP protein (Ad-
NP) was compared with the same virus complexed with
CFm40L (tAd-NP) following either i.d. or i.n. adminis-
tration, with tAd-Luc serving as the baseline control.
We chose the same amount of virus as in the above
biodistribution experiments. For immunization, five
mice were primed with 1�1010 VP of Ad-NP, tAd-NP
or tAd-Luc (negative control). Thirty days post admin-
istration, the mice were boosted once. The splenocytes
were isolated on days 0, 15 and 30 post boosting for the
determination of IFN-g and IL-2. Splenocytes were
isolated from mouse spleens by grinding them between
the frosted ends of two microscope slides. The slides
were rinsed with 5 ml of RPMI 1640 medium to collect
the cells. Afterwards, the cell suspension was passed
through a fine nylon mesh to obtain a single cell
suspension. The spleen pieces were then gently mashed
with the rubber end of a syringe plunger. A second
filtration was then performed by pipetting the 5 ml
suspensions of dispersed cells through a fresh 70-mm
nylon mesh cell strainer into a 50-ml conical tube (on ice).
This procedure was repeated with additional washes of
5 ml medium until the splenic capsules turned white (3–
4 more times). The total volume of cell suspension was
brought up to 20 ml with medium. Cell pellets were then
obtained by centrifugation at 400 g for 5 min at 4 1C.
About 1 ml of 0.84% NH4Cl solution was used to lyse the
red blood cells. The tubes were gently rolled by hand for
2 min at room temperature, followed by the addition of
30 ml of chilled RPMI medium After passing the cells
through another layer of 70-mm nylon mesh, cells were
collected by centrifugation at 400 g for 5 min at 4 1C. The
pellet was then gently resuspended to 2� 106 cells per
100 ml (2� 107 cells per ml) in RPMI 1640 containing 10%
heat-inactivated fetal bovine serum in the presence of
10 purified SARS-CoV NPs (10 mg ml�1) to stimulate
Ag-specific cytokine.43 As stimulation with NP of

splenocytes derived from the control animals receiving
Ad-Luc did not result in any detectable production of
cytokines (background), all subsequent experiments
were conducted in the presence of 10 mg ml�1 of NP.
These cells were then used at 100 ml per well for ELISPOT
assays using procedures as provided by the supplier,
R&D system.

Determination of Ag-specific antibody responses and
IgG 1/IgG 2a ratio
ELISA was conducted to determine the titre of antibodies
against the SARS-CoV NP protein. To this end, the Nunc
96-well plates were coated with the 100 ml of NP protein
at 5 mg ml�1 in 50 mM carbonate buffer (pH 8.6) and
incubated at 4 1C overnight. The wells were then washed
five times with PBS, 0.05% Tween-20, followed by the
addition of blocking buffer comprised of PBS, 0.05%
Tween-20 and 5% BSA. After incubation at 37 1C for 1 h,
the blocking buffer was removed, followed by the
addition of samples of serum or washing fluids of the
lung from the mice. The plates were incubated again at
37 1C for 1 h. Afterwards, secondary antibodies (perox-
idase-conjugated goat anti-mouse IgG, IgM or IgA) were
added at concentrations recommended by the supplier
(Cedarlane Labs). Following an additional incubation at
37 1C for 1 h, the plates were washed five times before
o-phenylenediamine dihydrochloride (OPD) was added
for colorimetric development. The positive controls
(mouse anti-SARS monoclonal antibodies) were pur-
chased from BD Pharmingen, San Diego, CA, USA). The
cut-off was defined as mean of five negative samples
(from un-immunized control) plus two s.d. For the
determination of relative levels of transgene (NP)-
specific IgG subclasses, anti-mouse IgG1 and IgG2a
conjugated with HRP (Cedarlane Labs) were substituted
for anti-mouse IgG-HRP prior to the addition of OPD for
colorimetric development.26

Statistical analysis
Results are presented with the means±s.d. Statistical
comparisons were conducted with the use of a two-tailed
Student’s t-test, with Po0.05 being considered to be
significant.
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Abstract

Adenovirus vectors have a number of advantages for gene
therapy. However, because of their lack of tumor tropism and
their preference for liver infection following systemic admin-
istration, they cannot be used for systemic attack on
metastatic disease. Many epithelial tumors (e.g., colon, lung,
and breast) express carcinoembryonic antigen (CEA). To block
the natural hepatic tropism of adenovirus and to ‘‘retarget’’
the virus to CEA-expressing tumors, we used a bispecific
adapter protein (sCAR-MFE), which fuses the ectodomain of
the coxsackie/adenovirus receptor (sCAR) with a single-chain
anti-CEA antibody (MFE-23). sCAR-MFE untargets adenovirus-
directed luciferase transgene expression in the liver by >90%
following systemic vector administration. Moreover, sCAR-
MFE can ‘‘retarget’’ adenovirus to CEA-positive epithelial
tumor cells in cell culture, in s.c. tumor grafts, and in hepatic
tumor grafts. The sCAR-MFE bispecific adapter should,
therefore, be a powerful agent to retarget adenovirus vectors
to epithelial tumor metastases. [Cancer Res 2007;67(11):5354–61]

Introduction

Gene therapy presents a novel therapeutic approach for the
treatment of cancer, in which corrective or toxin genes are
delivered to neoplastic cells. Many gene therapy strategies,
however, are limited due to the lack of ‘‘effective gene delivery’’
(efficient and specific delivery of genes to the target cell). Both non-
viral and viral vectors for gene therapy have been proposed. Several
viral species have been adapted for gene delivery purposes (e.g.,
retrovirus, herpes simplex virus, and adenovirus). Adenovirus
vectors have several characteristics that make them attractive
gene delivery vehicles: high levels of transgene expression, large
DNA insertion capacity, high stability in vivo , and low pathogenicity
in humans. However, therapeutic application of adenovirus vectors
is currently limited to i.t. delivery for local/regional neoplastic
disease; current generation adenovirus gene delivery vectors
cannot achieve selective transgene delivery to tumor cells in vivo .

Adenovirus binding to target cell surfaces is mediated by
interaction between virus fiber protein ‘‘knob’’ domains and cellular
coxsackie/adenovirus receptors (CAR; refs. 1–3). Hepatocytes
express high CAR levels; consequently, i.v. adenovirus vector

administration results in extensive liver infection, which can lead
to liver toxicity (4–6). In contrast, most human tumor cells produce
relatively low CAR levels. Moreover, tumor cells with low CAR levels
are often more invasive and have greater propensity to metastasize
(7, 8). The differential expression of CAR between cancer cells and
normal cells makes it difficult to target tumors with adenovirus
vectors. Thus, both hepatic CAR-dependent binding resulting in
liver infection and reduced tumor cell infection by adenovirus are
serious limitations to systemic use of adenovirus vectors for
therapy of metastatic disease. Application of cancer gene therapy
approaches for disseminated disease will require adenovirus
modifications to allow selective transgene delivery, based upon
tumor targeting, in combination with virus untargeting for liver.

One method to selectively target adenovirus vector transgene
expression to tumors is ‘‘transductional untargeting and retarget-
ing,’’ in which the virus particle is physically prevented from
binding to CAR on normal cells and simultaneously redirected to
receptors expressed preferentially or exclusively on tumor cells. To
achieve transductional targeting, bispecific adapter molecules have
been developed. Bispecific adapters bind with one domain to the
virus, usually the ‘‘knob’’ of the viral fiber protein, thereby blocking
native tropism, and bind with their other domain to target
receptors, thus bridging the adenovirus vector with the target cell.
Bispecific adapters also mediate infectivity via CAR-independent
cellular pathways. Both sCAR, the soluble CAR ectodomain, and
antibodies to the adenovirus fiber knob have been used as
‘‘untargeting’’ components of bispecific adapters (9–13). Ligands
for cell surface receptors [e.g., fibroblast growth factor-2, epidermal
growth factor (EGF), folate] and antibodies to cell surface antigens
are used as ‘‘retargeting’’ components of bispecific adapters
(9–11, 14). Transductional targeting of adenovirus vectors to cell
receptors/antigens with bispecific adapters facilitates increased
adenovirus infectivity, both in vitro (9, 11, 14–17) and, most
importantly, in vivo (15, 18, 19).

Carcinoembryonic antigen (CEA), a cell surface antigen, is
expressed in nearly all colorectal cancer tumors, in 70% of non–
small-cell lung cancers, and in 50% of breast cancers. In contrast,
CEA expression is substantially restricted in normal adult tissues;
there is little or no detectable CEA expression in the liver. Bispecific
adapters with a CEA-binding domain should untarget adenovirus
vectors from normal tissues and retarget them to CEA-positive
tumors. MFE-23, a single-chain antibody with high affinity for CEA,
is currently in phase I studies both as an imaging agent for
radioimmunoguided surgery and as a tumor-targeting agent for
antibody-directed enzyme prodrug therapy (20–22). To retarget
CEA-positive cells, MFE-23 has been fused to sCAR to form sCAR-
MFE, a bispecific transductional reagent. sCAR-MFE successfully
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targets adenovirus to cells that express CEA (19). sCAR-MFE
should therefore be useful in retargeting adenovirus vectors to
CEA-positive hepatic metastases. In this report, we show that
sCAR-MFE can dramatically reduce hepatic infection following
systemic administration and can redirect adenoviral gene therapy
vectors to CEA-positive epithelial tumor cells in cell culture, in s.c.
tumor grafts, and in hepatic tumor grafts.

Materials and Methods

Cell culture. AML12 cells were from the American Type Culture

Collection. MC38 and MC38-cea-2 cells (23) were provided by Dr. Jeffrey

Schlom (NIH). A427 and H2122 cells were provided by Dr. Steven Dubinett

(University of California at Los Angeles). LS174T cells were provided by
Dr. Anna Wu (University of California at Los Angeles). AML12, LS174T,

MC38, and MC38-cea-2 were grown in DMEM (Life Technologies)

containing 10% fetal bovine serum (FBS; Cellegro) with penicillin-
streptomycin (Life Technologies), 0.1 mmol/L nonessential amino acids

(Life Technologies), and 1.0 mmol/L sodium pyruvate (Life Technologies).

A427 and H2122 were grown in RPMI 1640 (Life Technologies) containing

10% FBS with penicillin-streptomycin.
Virus construction and production. The adenovirus vector encoding

firefly luciferase ( fLuc) under transcriptional control of the constitutively

active cytomegalovirus (CMV) promoter Ad.CMVfLuc was constructed as

described by Liang et al. (24). Ad.CMVgfp, an adenovirus in which the green
fluorescent protein (GFP) is expressed from the CMV promoter, was a gift

from Dr. Sanjiv Gambhir (Stanford University). Virus was prepared in 293

cells by double cesium chloride (CsCl) gradient centrifugation. Cells were
infected in medium containing 2% FBS. After overnight incubation, cells

were shifted to medium containing 10% serum and incubated until a total

cytopathic effect was observed. Cells were harvested, frozen, and thawed

thrice, and virus was purified using standard CsCl purification methods.
Viral particle number was determined by measuring absorbance at 260 nm,

using a conversion factor of 1.1 � 1012 viral particles (vp) per absorbance

unit. Viral titers were determined with the Adeno-X Rapid Titer kit (BD

Clontech). ‘‘vp’’ is used to indicate virus particles when considering virus
mass interactions with bispecific adapter; ‘‘pfu’’ ( for plaque forming units) is

used when viral infectivity is described.

Stable transfection. To establish stable cell lines that over express

Renilla luciferase (rLuc) or red fluorescence protein (RFP), LS174T cells
were transfected with pcDNA3 expression vectors encoding rLuc or RFP

and a neomycin selectable marker, using LipofectAMINE 2000 (Invitrogen).

Neomycin-resistant cells were selected using medium containing G418
(1 mg/mL). G418-resistant cells were screened for rLuc expression with the

Luciferase assay system (Promega) or for RFP by fluorescence microscopy.

Immunoblot analysis. Cells were washed twice with PBS and incubated

on ice for 10 min in lysis buffer containing 50 mmol/L Tris-HCl (pH 7.4),
1% NP40, 1% Triton X-100, 1% sodium deoxycholate, 150 mmol/L NaCl,

1 mmol/L EDTA, and protease inhibitors (Complete Tablet; Roche). After

10,000 � g centrifugation for 10 min, supernatant protein concentrations

were measured with the Bio-Rad Protein Assay (Bio-Rad). To examine CEA
protein expression, protein extracts were denatured in loading buffer. To

examine the expression of CAR protein, the protein extracts were heated at

37jC for 10 min in non-reducing conditions before loading. Equal amounts
of protein (30 Ag) were loaded on SDS-polyacrylamide gels (8% for CEA and

12% for CAR) for electrophoresis. Proteins were subsequently transferred to

nitrocellulose membranes. The membranes were probed with anti-CEA

antibody, cT84.66 (1:10,000 dilution; ref. 25), anti-CAR antibody (RmcB;
1:2,000 dilution; Upstate Biologicals), or anti-14-3-3u antibody (1:3,000

dilution; Santa Cruz Biotechnology) overnight at 4jC followed by

incubation at room temperature for 60 min with horseradish peroxidase–

conjugated secondary antibody. Immunoreactivity was determined by
enhanced chemiluminescence (Amersham).

Immunofluorescence staining. Cells were seeded in four-well chamber

slides (1 � 105 per chamber) and cultured overnight. Anti-CEA primary

antibody cT84.66 (1:1,000) was added for 60 min at room temperature.

Antibody was aspirated, and cells were fixed (37% formaldehyde diluted 1:10
with PBS) for 20 min. After aspirating, cells were washed thrice with washing

buffer [1 mmol/L CaCl2, 140 mmol/L NaCl, 3 mmol/L KCl, and 25 mmol/L

Tris-Cl (pH 7.4)] for 10 min. Cells were incubated for 20 min with blocking

buffer [3% dry milk, 0.1% Triton X-100, 1 mmol/L CaCl2, and 50 mmol/LTris-
Cl (pH 7.5)]. After aspirating, cells were incubated with FITC-conjugated

goat anti-human IgG secondary antibody (1:500 dilution in blocking buffer;

Jackson ImmunoResearch) for 30 min in the dark. After incubation, cells

were washed thrice for 10 min with washing buffer. Fluorescence was
observed with a Zeiss AIOSKOP fluorescence microscope.

Adenovirus untargeting and retargeting on cultured cell lines.

sCAR-MFE was constructed and produced as described by Everts et al.

(19). Ad.CMVfLuc or Ad.CMVgfp (3 � 108 vp) were mixed with sCAR-MFE

(1.3 mg/mL) in concentrations ranging from 0 to 500 ng in 0.5 AL and

incubated for 60 min at room temperature. The sCAR-MFE:Ad complexes

were diluted to 150 AL with medium containing 2% FBS and then added to

cell monolayers in 24-well plates (2 � 105 per well). Virus-treated cells were

incubated at 37jC for 90 min. Medium was aspirated, and cells were washed

with PBS. After a 40-h incubation at 37jC in medium containing 10% FBS,

cells were lysed, and luciferase activity was measured. Ad.CMVgfp-infected

cells were observed using fluorescence microscopy. For competition

experiments, recombinant CEA (rCEA) protein (Protein Sciences Corp.)

and albumin (Sigma) were added to the cultures immediately before

addition of [Ad.CMVfLuc][sCAR-MFE].

Adenovirus untargeting and retargeting on mixed cell cultures.
Ad.CMVfLuc (1.2 � 109 vp) was mixed with sCAR-MFE (500 ng) or PBS

(control) and incubated for 60 min at room temperature. To mimic hepatic

tumor metastasis, plates containing LS174T(RFP) cell colonies were seeded

with mouse hepatocyte–derived AML12 cells in six-well plates. Mixtures
containing Ad.CMVfLuc and [Ad.CMVfLuc][sCAR-MFE] were diluted to

600 AL with medium supplemented with 2% FBS and added to the mixed

cell cultures. After incubation at 37jC for 90 min, virus-containing media

were aspirated, and the cells were washed with PBS. After a 40-h incubation
in medium, fLuc-mediated bioluminescence and RFP fluorescence were

observed with an IVIS Optical Imaging System (Xenogen). Before imaging,

culture medium was replaced with PBS. Cells were first scanned for 10 s to
obtain an RFP fluorescence image. D-Luciferin (150 Ag/mL; Xenogen) was

then added to the wells, and repeated 1-min bioluminescence scans were

acquired until maximum photon accumulation in a 1-min period was

obtained.
Systemic adenovirus administration to measure hepatic untarget-

ing. For in vivo transductional hepatic untargeting studies, 5 � 108 pfu per

mouse Ad.CMVfLuc or [Ad.CMVfLuc][sCAR-MFE] were administered by tail

vein injection. Before the injection, viruses were incubated for 1 h either
with sCAR-MFE or with PBS. Injection volumes were 100 AL in all cases.

On the 3rd day after virus administration, the mice were injected i.p. with

D-luciferin (250 AL; f125 mg/kg body weight) and scanned to image
adenovirus-directed fLuc activity. Immediately after imaging, mice were

sacrificed, and the livers were removed and imaged for fLuc (adenovirus

dependent) bioluminescence. After optical imaging, liver extracts were

prepared and assayed for fLuc activity.
Adenovirus untargeting and retargeting following i.t. injection in

s.c. tumor grafts.MC38 and MC38-cea-2 s.c. tumors were prepared in nude

mice (nu/nu ; Charles River Laboratories) by mixing 2 � 106 cells in 50 AL of

PBS with Matrigel (50 AL; BD Biosciences) and injecting the mixtures s.c.

into the flanks. Each mouse received MC38 cells on one flank and MC38cea-

2 cells on the opposite flank. When tumors reached f0.5 cm in diameter

(in 11–14 days), Ad.CMVfLuc (1 � 108 pfu; about 5 � 109 vp) or

[Ad.CMVfluc][sCAR-MFE] (3 Ag) in 20 AL was injected into the centers of

tumors. Three days after i.t. virus injection, the mice were anesthetized with

ketamine/xylazine (80/4 mg/kg; Phoenix Pharmaceutical), injected i.p. with

D-luciferin (250 AL; f125 mg/kg body weight), and imaged with the

Xenogen Optical Imaging System. Sequential 1-min scans were collected

until maximum photon accumulation in a 1-min period was obtained. After

optical imaging, mice were sacrificed. Luciferase activity in tumor extracts

was measured, and protein concentrations were determined with the Bio-

Rad Protein Assay (Bio-Rad).
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Adenovirus untargeting and retargeting following i.v. injection of
mice carrying hepatic tumor grafts. Eight-week-old (nu/nu) nude mice

were anesthetized with ketamine/xylazine (100/10 mg/kg). A transverse

incision was made across the xyphoid process and extended f2 cm. MC38

and MC38-cea-2 cells (1 � 106 per mouse) in 15 AL were injected into the
front of the left upper liver lobe, using a 27-gauge needle. The lobe was

returned to the abdomen, and the incision was closed with sutures and

wound clips. Buprenorphine was administered every 12 h for 48 h. Wound

clips were removed after 5 days. Experiments were done 5 days after
surgery. For transductional untargeting and retargeting, 5 � 108 pfu per

mouse of AdCMVfLuc or [Ad.CMVfLuc][sCAR-MFE] in 100 AL were

administered by tail vein injection. Before injection, viruses were incubated

for 1 h either with 10 Ag sCAR-MFE per mouse or with PBS. Mice were
sacrificed on the 4th day after virus injection. Tumor and liver extracts were

prepared and assayed for luciferase activity.

Bioluminescence quantitation. Bioluminescence images were analyzed
with Living Image software version 2.20 (Xenogen). Regions of interest (ROI)

were drawn over the tumor or liver area, and total photons of the ROI were

calculated. ROI in all images of an experiment were kept with a consistent

area (24).
Statistical analysis. All experiments were done at least in triplicate.

Data are presented as means F SE and compared by Student’s t test.

Results

sCAR-MFE increases adenovirus infection of CEA-positive
cells. To evaluate the retargeting efficacy of sCAR-MFE to CEA-
positive, CAR-expressing tumor cells, we used cell lines with

differing levels of CEA and CAR expression. Levels of CEA and CAR
protein in various cell lines were determined by immunoblotting
(Fig. 1A). CEA protein is not detectable in MC38, AML12, and A427
cells. LS174T and H2122 express a 180-kDa full-length CEA protein;
MC38-cea-2 expresses a 70-kDa truncated CEA isoform (23). CAR is
detectable by Western blotting in A427 and LS174T cells but not in
H2122 cells. Thus, human A427 cells have relatively high hCAR
levels but low CEA protein; LS174T and H2122 cells have
intermediate and low CAR expression and express CEA protein.

To retarget cells with recombinant bispecific adapters, the
retargeting protein must be expressed on the cell surface. The cell
surface location of CEA was confirmed by immunofluorescence on
unfixed cells. Cell surface staining with anti-CEA antibody is
observed for MC38-cea-2, LS174T, and H2122 cells; no CEA is
detectable on MC38, AML12, or A427 cells (Fig. 1B).

To initially evaluate sCAR-MFE targeting efficacy, cells were
infected with Ad.CMVfLuc, an adenovirus carrying a fLuc reporter
gene driven by the CMV promoter, and pre-incubated either with
incubation buffer or with a single concentration of sCAR-MFE. fLuc
activity of the cell extracts reflects the degree of virus infection.
Prior incubation with sCAR-MFE increased Ad.CMVfLuc infectivity
between 5- and 55-fold for CEA-positive MC38-cea-2 (P < 0.01),
H2122 (P < 0.01), and LS174T (P < 0.05) cells but did not increase
infection of CEA-negative MC38 and A427 cells (Fig. 1C).

To determine an optimal sCAR-MFE:Ad ratio for retargeting
efficacy, AdCMVfLuc virus was incubated with various amounts of

Figure 1. sCAR-MFE increases
adenovirus infection of CEA-positive cells.
A, CEA and CAR protein levels expressed
in cell lines, analyzed by Western blotting.
14-3-3 was used as a loading control.
Arrow, full-length CEA; arrowhead,
truncated CEA. B, cell surface CEA
expression. Unfixed cells were incubated
with anti-CEA antibody to detect CEA on
the cell surface. C, adenovirus targeting
with sCAR-MFE in CEA-positive and
CEA-negative cell lines. The cell lines were
infected with Ad.CMVfLuc (3 � 108 vp per
well) or with [Ad.CMVfLuc][sCAR-MFE]
(50 ng) as described in Materials and
Methods. Cell extracts were assayed for
fLuc activity and protein concentration.
Luciferase activities (a); fold increases in
luciferase activity by sCAR-MFE targeting
(b). Columns, averages for four cultures;
bars, SE. *, P < 0.05; **, P < 0.01, for cells
infected with [Ad.CMVfLuc][sCAR-MFE]
versus cells infected with Ad.CMVfLuc.
D, titration of sCAR-MFE retargeting
activity on cell lines expressing varying
CEA levels. Ad.CMVfLuc (3 � 108 vp per
well) was pre-incubated with increasing
amounts of sCAR-MFE (0–500 ng).
Cells were then infected with the viral
preparations. Cell extracts were assayed
for luciferase activity and protein
concentration. Points, averages of four
cultures; bars, SE. Luciferase activity (a);
fold increase in luciferase activity by
sCAR-MFE retargeting (b).
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sCAR-MFE before addition to cultured cells. sCAR-MFE:Ad
retargeting is optimal at f100 ng sCAR-MFE per 3 � 108 vp. At
this ratio, sCAR-MFE can increase the Ad.CMVfLuc infectivity
f50-fold on MC38-cea-2 and H2122 cells and 10-fold on LS174T
cells (Fig. 1D).

To show the specificity of sCAR-MFE retargeting to CEA-positive
cells, the ability of rCEA protein to block retargeting was examined.
Increasing concentrations of rCEA protein, but not albumin, can
block sCAR-MFE–mediated retargeting of Ad.CMVfLuc infection to
MC38-cea-2 (CEA positive) and LS174T (CEA positive) cells (Fig. 2).
In contrast, rCEA protein has no effect on Ad.CMVfLuc infection of
MC38 (CEA negative) cells.
sCAR-MFE untargets adenovirus from CAR-positive, CEA-

negative cells and retargets adenovirus to CEA-positive cells.
To visualize sCAR-MFE untargeting and retargeting in cultured
cells, we used Ad.CMVgfp, an adenovirus in which the CMV
promoter drives GFP. A427, LS174T, and H2122 cells were infected
with Ad.CMVgfp or Ad.CMVgfp pre-incubated with sCAR-MFE. For
A427 cells, which express high hCAR levels and low CEA levels
(Fig. 1A), sCAR-MFE reduces Ad.CMVgfp infection (Fig. 3A, a and
b). In contrast, for LS174T and H2122 cells, which express CEA,
sCAR-MFE pre-incubation substantially increases infection by
Ad.CMVgfp (Fig. 3A, c–f ). Thus, sCAR-MFE can untarget adenovi-
rus from CAR-mediated infection and can retarget adenovirus to
CEA-positive cells.

To show the ability of sCAR-MFE to specifically target CEA-
positive cells in the presence of CAR-positive cells, Ad.CMVgfp
retargeting was done with a mixture of CEA-positive and CEA-
negative cells. Mixtures of CAR-positive, CEA-negative A427 cells
and CEA-positive LS174T cells expressing RFP, LS174T(RFP), were
infected with Ad.CMVgfp (Fig. 3, a–c) or [Ad.CMVgfp][sCAR-MFE]
(Fig. 3, d–f ). Red fluorescence identifies LS174T(RFP) cells in
the cell mixture (Fig. 3B , a and d); green fluorescence identifies
Ad.CMVgfp-infected cells (Fig. 3B , b and e). The RFP and GFP
images are merged in Fig. 3c and f . Ad.CMVgfp preferentially infects
A427 cells, which express a high level of CAR and a low level of
CEA protein, and does not infect LS174T(RFP) cells, which have low
CAR levels and high CEA levels, very well (Fig. 3B , a–c). In contrast,
[Ad.CMVgfp][sCAR-MFE] preferentially infects LS174T(RFP) cells
in the A427/LS174T(RFP) mixtures (Fig. 3B , d–f ). Thus, in cell
mixtures, sCAR-MFE can both untarget adenovirus from CAR-
positive cells and retarget the virus to CEA-positive cells.

To more closely model hepatic metastases in cell culture, we
created colonies of LS174T(RFP) cells in a lawn of transformed
mouse hepatocyte AML12 cells. LS174T(RFP) colonies were grown
on culture dishes. The remaining space was filled with CEA-
negative AML12 cells to mimic surrounding liver tissue (Fig. 3C , a
and d). The cell cultures were infected either with Ad.CMVfLuc or
[Ad.CMVfLuc][sCAR-MFE]. Location of LS174T(RFP) colonies was
observed by RFP optical imaging (Fig. 3C , b and e). Following
luciferin addition to the cultures, bioluminescence indicates the
degree of Ad.CMVfLuc infection (Fig. 3C , c and f ). Comparing ROI
bioluminescence and fluorescence measurements of the
LS174T(RFP) colonies infected with Ad.CMVfLuc and [Ad.CMV-
fluc][sCAR-MFE] shows that sCAR-MFE transductional retargeting
increases Ad.CMVfLuc infectivity 6-fold for CEA-positive
LS174T(RFP) colonies cultured in the presence of AML12 cells
(Fig. 3D).
sCAR-MFE retargets adenovirus to CEA-positive s.c. tumor

grafts. CEA-negative MC38 cells were injected s.c. in the left flanks
of nude mice, and CEA-positive MC38-cea-2 cells were injected in

the right flanks. Because adenovirus injected systemically does not
reach s.c. tumors effectively (data not shown), Ad.CMVfLuc or
[Ad.CMVfLuc][sCAR-MFE] (20 AL) were injected i.t. when the
tumors reached f0.5 cm in diameter. Three days later, the mice
were anesthetized, injected with D-luciferin, and imaged to monitor
bioluminescence.

CEA-negative MC38 tumors and CEA-positive MC38-cea-2
tumors injected with Ad.CMVfLuc show essentially equivalent
virus infection (Fig. 4A, top). CEA-negative MC38 tumors injected
with [Ad.CMVfLuc][sCAR-MFE] show substantially reduced (untar-
geted) bioluminescence when compared with MC38 tumors
injected with Ad.CMVfLuc (compare tumors on the left flank in
Fig. 4A, bottom with tumors on the left flank in Fig. 4A, top). In
contrast, CEA-positive MC38-cea-2 tumors expressed substantially
more bioluminescence following [Ad.CMVfluc][SCAR-MFE] injec-
tion than following Ad.CMVfLuc injection (compare tumors on
the right flank in Fig. 4A, bottom with tumors on the right flank
in Fig. 4A, top).

The tumor untargeting and retargeting results from quantitative
ROI analyses of bioluminescence data obtained from the living

Figure 2. CEA blocks sCAR-MFE–directed retargeting of adenovirus infection
to CEA-positive cells. LS174T (CEA+), MC38-cea-2 (CEA+), and MC38
(CEA�) cells were infected with AdCMVfLuc (3 � 108 vp per well) or with
[Ad.CMVfLuc][sCAR-MFE] (100 ng) in the presence of increasing amounts of
recombinant CEA or bovine serum albumin (BSA ). Cell extracts were assayed
for fLuc activity and protein concentration. Fold retargeting is the ratio of
luciferase activity in the presence of sCAR-MFE relative to activity in cells
infected with Ad.CMVfLuc. Columns, averages (n = 4); bars, SE. **, P < 0.01,
comparing the fold retargeting in the cells infected by [Ad.CMVfLuc][sCAR-MFE]
in the absence versus the presence of rCEA.
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mice are displayed in Fig. 4B (top). Following optical imaging, the
mice were sacrificed. Tumors were excised, and extracts were
assayed for fLuc activity, using a conventional in vitro assay.
The ‘‘untargeting’’ effect of sCAR-MFE on CEA-negative MC38 cells
and the ‘‘retargeting’’ effect on CEA-positive MC38-cea-2 cells,
using data from the conventional luciferase assay, are shown in
Fig. 4B (c and d). sCAR-MFE significantly reduces Ad.CMVfLuc
infection of CEA-negative MC38 tumors. In contrast, SCAR-
MFE increases Ad.CMVfLuc infection of CEA-positive MC38-cea-2
tumors f12-fold. sCAR-MFE thus untargets adenovirus infection
of CEA-negative s.c. tumors and retargets adenovirus infection of
CEA-positive tumors following i.t. injection.

sCAR-MFE untargets adenovirus from liver. To examine the
efficacy of sCAR-MFE hepatic untargeting, Ad.CMVfLuc and
[Ad.CMVfLuc][sCAR-MFE] were injected systemically via the tail
vein into groups of three mice. Three days after viral injection, the
mice were anesthetized, injected i.p. with D-luciferin, and imaged.
Immediately following imaging, mice were sacrificed, and the livers
were removed and imaged (Fig. 5A). The livers were then
homogenized, and extracts were assayed by conventional luciferase
assays. Adenovirus-mediated, luciferin-dependent bioluminescence
was quantitated from the hepatic CCD images (Fig. 5B, a) and from
the conventional luciferase assays (Fig. 5B, b). Hepatic Ad.CMVfLuc
infection following i.v. administration is decreased f80% to 90%

Figure 3. sCAR-MFE untargets
adenovirus from CAR-positive cells and
retargets adenovirus to CEA-positive cells.
A, sCAR-MFE untargets CAR-dependent
adenovirus infection and retargets infection
to CEA-positive cells. Tumor cells were
infected with Ad.CMVgfp or with
[Ad.CMVgfp][sCAR-MFE]. GFP
fluorescence reflects viral infection.
B, adenovirus is untargeted by sCAR-MFE
from CAR-positive, CEA-negative cells and
retargeted to CEA-positive cells in cell
mixtures. LS174T(RFP) CEA+ cell and
A427 CEA� cell mixtures were infected
with Ad.CMVgfp or [Ad.CMVgfp][sCAR-
MFE]. Red fluorescence reflects RFP
expression in the LS174T(RFP) cells;
green fluorescence reflects Ad.CMVgfp
infection. Yellow signal, colocalization of
GFP and RFP fluorescence (c and f ).
C, adenovirus is targeted to CEA-positive
colonies by sCAR-MFE. Colonies of
LS174T(RFP) CEA+ cells (arrowheads ) in
a monolayer of AML12 CEA� cells (arrows )
were infected with Ad.CMVfLuc or
[Ad.CMVfLuc][sCAR-MFE]. RFP
fluorescence and luciferin-dependent
bioluminescence were monitored with a
CCD camera. RFP fluorescence shows
LS174T(RFP) colonies; fLuc (FL)
bioluminescence reflects Ad.CMVfLuc
infection. D, Quantitation of RFP
fluorescence and luciferase activity for
colonies (C ). ROIs for each colony were
kept constant for fluorescent and
bioluminescent analyses. Luciferase
activity, measured by bioluminescence,
was normalized by the RFP fluorescent
ROI data for each colony. Columns,
averages; bars, SE. **, P < 0.01.

Figure 4. Adenovirus infection is
decreased in CEA-negative MC38 s.c.
tumors and increased in CEA-positive
MC38-cea-2 s.c. tumors by sCAR-MFE,
following i.t. injection. A, MC38 (left flank)
and MC38-cea-2 (right flank) s.c. tumors
were injected with Ad.CMVfLuc (1 � 108

pfu per tumor; top ) or [Ad.CMVfLuc][sCAR-
MFE] (3 Ag per tumor; bottom ).
Luciferin-dependent bioluminescence was
imaged 3 days after virus administration.
B, quantitation of luciferase activity from
the tumors of (A ). Luciferase activity was
quantitated from ROIs of the tumors (a and
b). After bioluminescent imaging, the mice
were sacrificed; tumor extracts were
prepared; and luciferase activity was
assayed by conventional assays (c and d ).
Columns, averages (n = 3); bars, SE.
*, P < 0.05; **, P < 0.01, comparing tumors
injected with Ad.CMFfLuc versus
[Ad.CMVfLuc][sCAR-MFE].
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by 5 Ag per mouse of sCAR-MFE and f95% to 97% by 10 Ag per
mouse of sCAR-MFE.
sCAR-MFE retargets systemically administered adenovirus

to CEA-positive hepatic tumor grafts. To show effective
Ad.CMVfLuc retargeting to CEA-positive tumors following system-
ic virus administration, we used mice bearing hepatic grafts of
MC38 and MC38-cea-2 tumors. Five days after tumor cell injection
into the liver, mice were injected i.v. with Ad.CMVfLuc or
[Ad.CMVfLuc][sCAR-MFE] (10 Ag). Four days later, mice were
sacrificed, and tumor and liver extracts were assayed for luciferase
activity. Liver infectivity is reduced f80% by sCAR-MFE
untargeting for mice carrying both MC38-cea-2 and MC38 tumors
(Fig. 6, a and b). A nearly 2-fold increase in Ad.CMVfLuc infection
of MC38-cea-2 tumors occurs if sCAR-MFE is used for virus
retargeting (Fig. 6, a). In contrast, sCAR-MFE reduces Ad.CMVfLuc
infection of hepatic MC38 hepatic tumors (Fig. 6, b), presumably as
a result of sCAR-MFE untargeting of CAR-dependent infection of
the tumor cells.

The combined effect of CAR-dependent hepatic untargeting and
CEA-dependent MC38-cea-2 tumor retargeting by sCAR-MFE, as
determined by the tumor/liver luciferase activity ratio, is f10-fold
(Fig. 6, c). sCAR-MFE–mediated untargeting of both liver and
MC38 tumor is essentially equivalent; consequently, the tumor/liver
infectivity ratio is not altered by sCAR-MFE (Fig. 6, d).

Discussion

In this report, we show effective tumor cell gene delivery using
an adapter retargeted adenovirus, both in cell culture and in tumor
graft models. Specifically, we have employed an sCAR-based fusion
adapter system to achieve vector retargeting. In addition to tumor
cell–selective enhanced targeting, this recombinant adapter also
accomplished liver untargeting of the adenovirus gene delivery
vector. Given the overwhelming natural hepatotropism of adeno-
virus, liver untargeting is particularly noteworthy. Indeed, liver
untargeting provides the major practical basis for improved ‘‘target
cell specificity’’ in vivo for adenoviral vectors, ablating the major

site of vector sequestration. Consequently, tumor retargeting with
sCAR-based fusion adapters should be simultaneously coupled
with reduction of potentially limiting liver-associated vector
toxicities. The combination of tumor retargeting and liver

Figure 6. Adenovirus infection is untargeted in liver and MC38 hepatic tumors
but increased in MC38-cea-2 hepatic tumors, following i.v. injection with
sCAR-MFE. Mice bearing MC38-cea-2 (A) and MC38 (B) hepatic tumors
were injected i.v. with Ad.CMVfLuc (5 � 108 pfu per mouse) or
[Ad.CMVfLuc][sCAR-MFE] (10 Ag per mouse). Four days later, mice were
sacrificed, and luciferase activity and protein concentration were determined in
tumor and liver extracts. C and D, tumor/liver luciferase ratios following injection
with Ad.CMVfLuc (open columns ) and [Ad.CMVfLuc][sCAR-MFE] (closed
columns). Columns, averages (n = 4); bars, SE. *, P < 0.05, comparing tumor/
liver luciferase ratios for infection by [Ad.CMVfLuc][sCAR-MFE] versus infection
by AdCMVfLuc; **, P < 0.01, for luciferase activity in MC38-cea-2 tumors versus
liver following systemic infection with [Ad.CMVfLuc][sCAR-MFE].

Figure 5. sCAR-MFE hepatic untargeting
of adenovirus injected i.v. A, Ad.CMVfLuc
(5 � 108 pfu per mouse; a–c ),
[Ad.CMVfLuc][sCAR-MFE] (5 Ag per
mouse; d–f ), and [Ad.CMVfLuc][sCAR-
MFE] (10 Ag per mouse; g–i ) were injected
by tail vein into groups of three mice. The
living mice and their isolated livers were
imaged by bioluminescence 3 d after virus
injection. B, quantitation of luciferase
activity from the livers of (A). After imaging,
liver extracts were prepared. Luciferase
activity was quantitated by ROI analysis of
luciferin-dependent bioluminescent activity
in (a) and by conventional luciferase
assays of liver extracts (b). Columns,
averages (n = 3); bars, SE. *, P < 0.05,
comparing mice injected with Ad.CMFfLuc
versus [Ad.CMVfLuc][sCAR-MFE].
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untargeting allows a dramatic enhancement of the targeting index
achievable in vivo via adenovirus vectors.

The key accomplishment of our study is the achievement of
tumor-selective targeting in combination with liver untargeting. In
the first instance, the sCAR adapter molecule provides a functional
cross-link between the adenovirus particle and a target ‘‘receptor’’
on the tumor cell. In particular, the sCAR-MFE adapter places the
anti-CEA scFv tumor-targeting moiety at the natural locus of
cellular recognition within the adenovirus capsid. The adapter thus
allowed viral-target cell interaction to occur primarily on the basis
of the association of MFE with CEA. We have previously shown
successful targeting of adenovirus vectors to CEA artificially
expressed in murine pulmonary vasculature, using sCAR-MFE as
an adapter molecule (19). The data presented herein show
successful targeting to CEA expressing tumors, both in vitro and
in vivo . Our previous studies with sCAR-EGF retargeting of
adenovirus to EGF-expressing tumor cells, both in culture and in
tumor xenografts (15), suggest that sCAR-ligand fusions are likely
to be a generalizable class of reagents for properly presenting
adenoviral vectors to tumor cell ‘‘receptors’’ in vivo .

Liver is the most common site of metastasis for a number of
epithelial cancers. Dramatic reduction in adenovirus liver infection,
>90%, is observed for sCAR-MFE adapter–treated virus following
systemic i.v. infection. An 80% to 90% reduction in adenovirus liver
infection, following i.v. injection of virus pre-incubated with an
sCAR-EGF adapter (15), suggests that sCAR-ligand fusions are also
likely to be a generalizable class of reagents for achieving
substantial hepatic untargeting of systemically administered
therapeutic adenovirus vectors. These results provide a strong
rational for further study of sCAR adapter–based targeting
methods for adenovirus vectors, particularly in the context of
hepatic metastatic disease, using systemic injection as the route of
administration.

The precise basis of adenovirus liver untargeting observed with
the use of the adapter systems remains obscure. In this regard, it
has been shown in recent years that liver uptake of adenovirus
vectors is not, as first postulated, solely mediated by fiber
interaction with CAR or penton interaction with integrins on
hepatocytes. This was illustrated by the observation that genetic
mutations that abolish both CAR and penton interactions do not
eliminate liver transduction (26, 27). These results exemplify that,
in vivo , adenovirus hepatic transduction is a complex process. For
example, a major effect on adenovirus liver tropism was achieved
via ablation of binding to heparan sulfate proteoglycans (27, 28).

Moreover, recent observations show that systemically administered
adenovirus particles can interact with serum factors that foster
their uptake and sequestration by the liver. This process may be
based upon the presence of serum factor binding motifs in the fiber
knob (29, 30). We can speculate that the sCAR adapter molecules
mask the fiber domains that otherwise interact with either heparan
sulfate proteoglycans or serum factors involved in hepatic
sequestration. Irrespective of the mechanism, our data with both
sCAR-MFE and sCAR-EGF (15) clearly show that the adapter-based
approach can effectively untarget the liver from adenovirus
transduction while simultaneously promoting tumor targeting.

The demonstrations of tumor antigen selective targeting (shown
here) and tumor cell receptor overexpression targeting (15) provide
a clear basis to advance adenovirus-based gene therapy/virother-
apy approaches for disseminated neoplastic disease. In this regard,
a synergy of effect has been observed with the combination of
tumor transductional targeting and tumor-enhanced transcrip-
tional targeting. The latter modality is based upon tumor-selective
promoter control methods in which gene expression is enhanced in
tumors and restricted in normal tissues. Indeed, in our groups, we
have improved the targeting index several orders of magnitude
with this combination, in the context of pulmonary vascular
endothelial–selective gene delivery (31) and ovarian cancer therapy
(32). Clearly, it would thus be logical to apply next such a double
targeting approach in metastatic cancer models to further build
upon the gains described herein. Additionally, cancer-selective gene
expression that exploits cancer-specific patterns of translation (33)
has recently been reported. In this schema, the employment of
selective mRNA 5¶ untranslated regions can provide expression
differentials between tumor and non-tumor targets. These
alternate targeting technologies provide a practical basis for
combinational approaches to tumor targeting of adenoviruses, to
build upon the targeting gains we have shown in the current report.
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Targeting of gene transfer at the level of cell entry is one of
the most attractive challenges in vector development.
However, attempts to redirect adenovirus vectors to alter-
native receptors by engineering the capsid-coding region
have shown limited success because proper targeting
ligand–receptor systems on the cells of interest are generally
unknown. Systematic approaches to generate adenovirus
vectors targeting any given cell type need to be developed to
achieve this goal. Here, we constructed an adenovirus library
that was generated by a Cre-lox-mediated in vitro recombi-
nation between an adenoviral fiber-modified plasmid library
and genomic DNA to display random peptides on a fiber
knob. As proof of concept, we screened the adenovirus

display library on a glioma cell line and observed selection
of several particular peptide sequences. The targeted
vector carrying the most frequently isolated peptide sig-
nificantly enhanced gene transduction in the glioma cell line
but not in many other cell lines. Because the insertion of a
pre-selected peptide into a fiber knob often fails to generate
an adenovirus vector, the selection of targeting peptides is
highly useful in the context of the adenoviral capsid.
This vector-screening system can facilitate the development
of a targeted adenovirus vector for a variety of applications in
medicine.
Gene Therapy (2007) 14, 1448–1460; doi:10.1038/
sj.gt.3303007; published online 16 August 2007

Keywords: adenovirus; random peptide display; library; fiber; glioma

Introduction

Recombinant adenovirus vectors have been widely used
for gene delivery to a range of cell types and employed in
a number of gene therapy approaches.1,2 However, a
selective delivery of a therapeutic gene to target cells by
adenovirus vectors is precluded by the widespread
distribution of the primary cellular receptors for adeno-
viruses.3,4 Therefore, strategies are being developed to
redirect the tropism of the adenovirus vector to permit
efficient target gene delivery to specific cell types.2

Most of the presently used adenovirus vectors are
based on the serotype 5 (Ad5). The entry of Ad5 into
susceptible cells requires two distinct and sequential
steps. The initial step is facilitated by an interaction of the
fiber protein with its cellular receptor coxsackievirus and
adenovirus receptor (CAR).3,4 Following attachment to
CAR, internalization of the virus is promoted by the
interaction of the penton base with av integrins on the
cell surface.5,6 Recently, several promising approaches
have been examined for cell-specific gene delivery by

adenovirus vectors. One approach is to link a ligand for
cell surface receptors with capsid proteins of adenovirus
vectors via bispecific conjugates.7–9 However, this ap-
proach may be hampered by the instability of the
adaptor–vector complex in vivo. In another approach,
chimeric adenoviruses are created usually based on Ad5
with the fiber or its knob domain replaced by that of
another serotype. Ad5 with Ad3 or Ad7 fibers showed
CAR-independent infectivity, while vectors constructed
with the Ad17 fiber have improved transduction of
airway epithelial tissue, Ad35 for hematopoietic cells and
Ad16 for cardiovascular tissue.10–12 However, the trop-
isms of chimeric viruses are restricted to those of the
replaced serotypes. Thus, retargeting adenovirus vectors
by incorporating ligands directly into their viral capsid
may be preferable. Such targeting has been achieved by
direct genetic modifications of the capsid proteins:
targeting ligands can be incorporated into the C terminus
and HI-loop of fiber proteins ablated for native tropism
through loss of binding with CAR and av integrins, and
these vectors provide an important platform for evaluat-
ing the targeting potential of selected peptide ligands.13–16

However, cell type-specific ligands for targeted adeno-
virus vectors are generally unknown, which impedes the
wider application of fiber-modified adenovirus vectors
for targeted therapies. Although a phage display library
has been used to identify targeting peptide motifs,17–19

the incorporation of the peptides selected by phage
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display into the adenoviral capsid has not been successful
in developing the targeted vectors except for a few
cases:20–22 the possible reasons may include the con-
formation of the peptide is altered in the virus capsid, the
specificity and affinity of ligand–receptor binding is
decreased or lost, or the respective receptors do not
internalize it in a manner supporting gene transduc-
tion.23 Moreover, the insertion of a specific peptide into
an adenovirus fiber knob often causes a significant
suppression of the adenovirus production as shown in
this study, indicating that selection of targeting peptides
should be accomplished directly on the adenovirus
library displaying random peptides within the context
of a viral capsid protein.

We previously reported a simple and efficient method
for constructing an adenovirus cDNA expression library
by in vitro Cre-loxP recombination.24,25 Based on that
technology, we have developed a novel system for
producing adenoviral libraries displaying a variety of
peptides on the HI-loop of the fiber knob (Figure 1a), and
used the libraries to select an adenoviral vector with the
high infectivity in target cells (Figure 1b). Our system
may allow the selection of targeted vectors to any cell
type of interest, and may have broad implications for the
development of targeted therapies.

Results

Development of basic constructs for making fiber-
modified adenovirus vector
To establish a basic construct for making fiber-modified
adenovirus vectors, we first examined whether the
vectors could be produced by an in vitro Cre–lox
recombination system24 between a fiber-modified shuttle
plasmid and the left hand of adenovirus genome DNA.
The pBHI(Csp) (Figure 2a) was recombined with the
adenoviral cosmid cAd-GFP (green fluorescent protein)
by Cre and transfected into 293 cells. Adenoviral foci
expressing GFP were detected 8 days after transfection
(Figure 2b, upper left) and the infectivity of the 293 cells
with the crude viral lysate (CVL) was more than 95% 2
days later (Figure 2b, upper right). We next confirmed
whether the insertion of mutations into the AB-loop of a
fiber knob could ablate the native tropism of an
adenovirus.26 In using pBHIDCAR(Csp), only a tiny

adenovirus focus was detected 12 days after the
transfection of recombined DNA into 293-38 cells (Figure
2b, middle left) and a few GPF-positive cells were
recognized 2 days after the infection of the 293-
38.HissFv.rec cells with the CVL (Figure 2b, middle
right). We then examined whether the artificial ligand
(6-histidine incorporated in C terminus of the fiber knob)
and receptor (293 cells expressing anti-His sFV) system
could propagate a CAR binding-ablated adenovirus
vector.16 In using pBHIDCAR-fs(�), an adenovirus was
successfully generated after the transfection of recombi-
nant DNA into 293.HissFv.rec cells (Figure 2b, lower
panel).
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(in ∆∆E3 region)

Terminal protein

Wild-typeE1region

In vitro recombination by Cre 

293-38.HissFv.rec cells

1st generation of
adenoviral display library

Infection of 293-38.HissFv.rec
cells at low moi 

2nd generation of
 adenoviral display library

5-7 days

Analysis of inserted sequences in HI-loop

2-3rounds

b

Infectionof target cells with adenovirus library at low moi

Collection of crude viral lysate

Reinfection of 
target cells with 

crude lysate

Random peptide display adenovirus library
Wild type E1 gene loxP CAR binding ablationCMV-GFP

6 histidineRandom sequence

Figure 1 Construction and screening of a random peptide display
adenovirus library. (a) Construction of an adenovirus library. The
linearized shuttle plasmid library is mixed with left hand of
digested adenoviral DNA-TPC by Cre recombinase to produce a
full-length recombinant adenoviral DNA library in vitro. The first
generation of an adenovirus display library was produced by
transfection of the DNA library into adenovirus producer cells (293-
38.HissFv.rec). This might lead to the uptake of more than one
library DNA per cell and produce a chimeric fiber knob with
packaged adenoviral genes. Therefore, the 293-38.HissFv.rec cells
were next infected with the first generated libraries at a low MOI to
ensure that the modified fiber-knob genome encodes for the
displayed fiber-modification. (b) Screening of an adenovirus library.
First, a given cell type of interest is infected with the adenovirus
display library. Next, the expanded adenoviruses are recovered
from the cells and subjected to two or three more rounds of
selection. The DNA region containing the oligonucleotide insert of
the selected adenoviruses is then analyzed. It takes less than 6
weeks to perform 3–4 rounds of selection and determine the
targeted sequences. CAR, coxsackievirus and adenovirus receptor.
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The library backbone plasmids (pBHIDCAR-fs(+) and
pBHIDCAR-GFP-fs(+)) were designed so that an oligo-
nucleotide insertion is required to shift the reading frame
back to the original as in the wild-type fiber coding
region (Figures 2a and c). The plasmid libraries,
pBHIDCAR-lib, pBHIDCAR-GFP-lib and pBHI-lib, were
generated from pBHIDCAR-fs(+), pBHIDCAR-GFP-fs(+)
and pBHI(Csp), respectively, to display a random seven
amino-residues peptide on the HI-loop of the fiber knob
domain. Both pBHIDCAR-lib and pBHIDCAR-GFP-lib
contained 4� 106 clones, excluding insertless and other
unsuitable clones such as those showing abnormal size.
To test how the insertions of peptides into the HI-loop of
the fiber knob affect the efficiency of adenovirus
production, we randomly picked up a number of clones
from the fiber-modified shuttle plasmid library both with
CAR binding (pBHI-lib) and ablated for CAR binding
(pBHIDCAR-lib). After the recombination with cAd-GFP,
each clone was transfected into 293 or 293.HissFv.rec
cells. The generation of adenoviral GFP-expressing foci
was detected in only 6 of 60 and 4 of 42 clones in each
library, showing that approximately only 10% of the
clones in the shuttle plasmid libraries appeared to be
converted successfully into adenovirus virions, whereas
90% of the peptide insertions into the HI-loop may
disturb virus production. The fiber trimerization is
essential for the assembly and maturation of adenovirus
virion,27,28 and although the virus particle formation
could occur in the absence of fiber, the infectivity of such
fiberless viruses is severely impaired.29 The insertion of
an exogenous peptide sequence into the fiber knob may
result in a conformational change of the fiber and
disturbance of the fiber trimerization.

Production of a random peptide display adenovirus
library
The fiber-modified shuttle plasmid library pBHIDCAR-
GFP-lib was recombined with the left hand of digested
DNA-TPC, transfected into 293-38.HissFv.rec cells; and
12–14 days after the transfection, the first generation of
the adenovirus display library was produced (Figure 1a).
Since direct transfer of the full-length adenoviral DNA
into 293-38.HissFv.rec cells might lead to an uptake of
more than one library DNA per cell, the packaged
adenovirus genome may not encode the peptide dis-
played on the fiber knob, impeding the selection process
and subsequent identification of the displayed peptide.

To avoid this problem, the first-generated library was
used to infect the 293-38.HissFv.rec cells again at an MOI
of 1, thus estimating an uptake and propagation of
approximately 1 adenovirus genome per cell. The second
generation of the library was efficiently produced 4 days
after the infection. The DNA sequences of 100 randomly
selected clones of PCR products from the library DNA
verified that each clone contained a different peptide
sequence and that the frequencies of amino acids in the
adenovirus library were comparable to those in the
plasmid library (Figure 2d).

The virus production efficiency was highly improved
by optimizing several factors such as utilization of the
adenoviral terminal protein in this library construction
method,25 and in fact, GFP-expressing foci in a 60-mm
dish were too numerous to count (more than 1000)
following the transfection of recombined DNA. There-
fore, to estimate how many different peptides were
displayed on these adenoviruses, we set up dilution
experiments with two shuttle plasmid libraries as
described:25 the pBHIDCAR-GFP-lib were mixed with
pBHIDCAR-lib at various ratios (1:300, 1:3� 103,
1:1�104, 1:3� 104, 1:3� 105), recombined with left hand
of digested DNA-TPC and transfected into 293-
38.HissFv.rec cells. After 10–14 days, 5% of the CVL
was used to infect the 293-38.HissFv.rec cells again to
detect any GFP-expressing adenovirus, which is pro-
duced only from pBHIDCAR-GFP-lib. GFP-expressing
adenoviruses were detected at up to 1�104 dilution
(Table 1), and the GFP-expressing adenoviruses were
confirmed to have GFP gene by DNA sequencing
following large-scale preparation of viruses. Together
with the fact that 100 randomly isolated clones from the
unselected adenovirus display library showed different
peptide sequences, the dilution experiment suggested
that the library displays more than 1�104 peptides on
the fiber knob per 60-mm dish. The conversion rate of
transfected plasmid library DNA into a virus in the
process of library generation was considered to be
around 10%, based on the results of shuttle plasmid
clones described in the previous section.

Selection of library clones targeting cells poorly
susceptive to adenovirus
To demonstrate that in vitro screening could select
peptides displayed on the fiber knob that produces
higher transduction efficiency to target cells, the

Figure 2 Design of random peptide display adenovirus library constructs. (a) Schematic presentation of adenoviral cosmids and fiber-
modified shuttle plasmids. A single copy of a loxP sequence substitutes for the E3 gene (76.1–84.8 m.u.). The cAd-WT has a wild-type E1
gene, and in the cAd-GFP and cAd-LuciGFP, the E1 gene is replaced with the CMV promoter-driven GFP or luciferase-GFP fusion gene
(LuciGFP). In the pBHIDCAR-AQG and pBHI-AQG plasmids, the AQGQWAL sequence is inserted into the HI-loop of the fiber knob. (b)
Establishment of a basic system to construct a fiber-modified adenovirus vector. Original magnification � 100. Upper panel: the production of
adenovirus vector by in vitro Cre-lox recombination between the fiber-modified shuttle plasmid and left hand of adenoviral genome DNA.
Linearized pBHI(Csp) and cAd-GFP were recombined with Cre in vitro and transfected into 293 cells. Upper left: GFP-expressing adenoviral
foci 8 days after the transfection. Upper right: 2 days after the infection of the crude viral lysate (CVL). Middle panel: ablation of naı̈ve CAR
tropism by insertion of point mutations into CAR binding portions in fiber knob. Linearized pBHIDCAR(Csp) and cAd-GFP were
recombined, and transfected into 293-38 cells. Middle left: a tiny adenovirus focus 12 days after the transfection. Middle right: Two days after
the infection with the CVL. Lower panel: Propagation of adenovirus vector ablated for CAR binding by using the 6-histidine in the C
terminus of the fiber and 293 cells expressing an artificial receptor for 6-histidine. Linearized pBHIDCAR-fs(�) and cAd-GFP were
recombined, and transfected into 293.HissFv.res cells. Lower left: GFP-expressing adenoviral foci 12 days after the transfection. Lower right:
Two days after the infection of the CVL. (c) Modified HI-loop sequence in shuttle plasmids. In the pBHIDCAR-fs(+) and pBHIDCAR-GFP-
fs(+), one nucleotide (A) was inserted between Csp45I and SpeI sites, and an oligonucleotide insertion is required to shift the reading frame
back to the original as in the wild-type fiber coding region. (d) Frequencies of amino acids of shuttle plasmid library and adenovirus library.
Randomly picked 100 clones of both libraries were sequenced. ‘Theoretical’ means amino acid frequencies deduced from random 7 codon
sequences.
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U138MG cell line was infected with the adenovirus
display library at an MOI of 1 (Figure 1b). Since the CAR
expression on the U138MG cells was very low (Figure 3a)
as described,30 the cells were poorly susceptible to wild-
type adenovirus infection compared with CAR-expres-

sing cells (AsPC-1) (Figure 3b). Since the library used in
the screening was collected from twenty 60-mm dishes,
the complexity of the peptide sequences displayed in the
library was estimated to be approximately at a 2� 105

level, and the final concentration of the virus library was
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prepared as 1�109 pfu/ml. The infection of U138MG
cells at low MOI allowed a chance of adenovirus
exposure at less than 1 virus genome per cell, preventing
a mismatch between the peptide displayed on the
adenovirus and the sequence coding in the adenovirus
genome. In the initial phase of the screening, many low-
affinity or nonspecific viruses might bind and internalize
into the U138MG cells; however, the use of a replication-
competent type of adenovirus could allow for the rapid
spreading of the most efficient viruses present in the
library, leading to an effective enrichment of such
viruses. Amplified and expanded adenoviruses on
U138MG cells were recovered and subjected to three
more rounds of selection. The DNA region containing
the oligonucleotide insert of adenoviruses recovered
from 2–4 rounds of selection was then amplified by PCR.

DNA sequencing of the PCR products revealed
enrichment of several peptides, and the most abundant
consensus sequence was AQGQWAL (71% in the 1st
screening) after four rounds of selection. The screening
was repeated to confirm the reproducibility of the
results, and the 2nd screening also enriched the same
AQGQWAL motif (43%) on U138MG cells from the same
library (Table 2). None of the selected sequences was
found in the 100 randomly isolated clones from the
unselected adenovirus library. The fact that the identical
sequence was repeatedly enriched in the two-indepen-
dent screenings potentially indicates the feasibility and
reliability of a screening procedure to select targeted
vectors to a given cell type of interest. Some sequences
are composed of only six amino acids. In fact, the
sequence analysis of shuttle plasmid clones showed that
several clones contained nucleotide inserts longer or
shorter than 21 bp in the HI-loop portion; the sequence
variations might occur in the process of PCR amplifica-
tion with degenerate oligonucleotides and ligation into
the shuttle plasmids. To prove that the selected peptides
are a result of binding-mediated selection and not due to
a low complexity bias in the library, AsPC-1 cells were
also screened using the same library. We were able to
isolate several enriched sequences for the AsPC-1 cells
after 3–4 rounds of selection, and all peptide sequences
selected from the library during AsPC-1 screening were
different from those selected from U138MG cells (data
not shown).

Characterization of adenovirus displaying a selected
peptide
To test the targeting effect of the selected peptide,
U138MG cells were infected with a luciferase expressing
targeted vector ablated for CAR binding (AdDCAR-
LuciGFP-AQG). Although several peptide sequences
were repeatedly selected in two-independent screenings,
the only peptide whose frequency increased along with
the succeeding rounds of selections in both screenings
was AQGQWAL. Therefore, we focused on the AQGQ-
WAL sequence in this study. The assay of luciferase
activity showed that gene transduction efficiency of a
targeted vector was 4- to 5-fold higher (Po0.01) than that
of an untargeted adenovirus (AdDCAR-LuciGFP) in a
U138MG cell line but not in other cell lines (AsPC-1,
A549 and hepatocytes) (Figure 4a).

Then, to examine whether the insertion of a targeting
peptide sequence into the HI-loop of a wild-type fiber

knob could maintain cell-type specificity and affect the
adenoviral native tropism, a targeted vector that also
retains the CAR binding capacity (Ad-LuciGFP-AQG)
was used to infect various cells. Transduction efficiency
was significantly enhanced in PC3 as well as in U138MG
cells (Po0.01), whereas transduction of other cell lines
resulted in a 78.1–99.9% decrease compared to the vector
carrying a wild-type fiber knob (Ad-LuciGFP; Figure 4b),
suggesting that the insertion of a targeting peptide into
the HI-loop might inhibit native tropism, contributing to
the targeting nature of the virus. However, it seems that
the insertion of a targeting peptide into the HI-loop does
not always decrease the infectivity of a targeted vector on
other cells, because the several peptides selected from
AsPC-1 did not show this inhibitory effect on infection of
other cells (data not shown). GFP expression 48 h after
infection with the targeted vectors corresponded with
the results of luciferase activity in U138MG and AsPC-1
cells (Figure 4c).

To validate that the targeting is mediated by the
selected peptide, the transduction efficiency of Ad-
LuciGFP-AQG in U138MG cells and PC3 cells was
determined in the presence or absence of the cognate
peptide. A substantial competitive inhibition by the
cognate peptide, but not by a control unrelated peptide,
was observed at various MOI in a dose-dependent
manner (Figure 4d), whereas these peptides did not
interfere the infection of control vector Ad-LuciGFP (data
not shown), confirming that the enhanced transduction
of the targeted vector in the cells is mediated by the
insertion of the selected peptide.

Since U138MG could not form any subcutaneous nor
brain tumor in immune incompetent mice, the in vivo
infectivity of the targeted virus was examined by
intratumoral injection of the target vector (Ad-LuciGFP-
AQG) into PC3 subcutaneous tumors. The luciferase
assay showed that the targeted vector had a significantly
higher infectivity in the PC3 tumor compared with the
control virus (Ad-LuciGFP) (Po0.05; Figure 4e).

To examine whether the high infectivity of the targeted
vector enhances the oncolytic activity of an adenovirus
vector ablated for CAR binding, U138MG and PC3 cells
were infected with a replication-competent adenovirus
displaying the selected peptide (AdDCAR-WT-AQG)
at various MOI. The growth of cells infected with
AdDCAR-WT-AQG was significantly (Po0.01) inhibited
compared with those of the control replication-competent
adenovirus (Figure 4f), demonstrating that the targeted

Table 1 Efficiency of GFP-expressing adenovirus production

pBHIDCAR-GFP-lib/pBHIDCAR-liba

Cells 1/300 1/3000 1/10 000 1/30 000 1/300 000

293-38.HissFv.rec Yesb Yes Yes Noc No

Abbreviation: GFP, green fluorescent protein.
An independent replica experiment showed the similar results.
aVarious ratios of pBHIDCAR-GFP-lib and pBHIDCAR-lib were
mixed and recombined with DNA-TPC by Cre. GFP-expressing
adenovirus was only produced from pBHIDCAR-GFP-lib.
bGFP-expressing cells were detected.
cGFP-expressing cells were not detected.
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sequence might be useful to improve the efficacy of
oncolytic vectors.

Discussion

The redirection of virus tropism is one of the most
rational approaches to targeted vector development. We
show here that the screening of a random peptide
display adenovirus library on a cell type of interest
allows the selection of targeted vectors. Although
random peptide display libraries have been developed
in retrovirus31–33 and adeno-associated virus vectors,23

this is the first report to generate targeted adenovirus
vectors by a library-based approach.

The construction of an adenovirus display library was
based on our original method for adenovirus cDNA
expression libraries, in which we optimized several
factors such as isolation of high-efficiency virus-produ-
cing 293 clones and utilization of the adenoviral terminal
protein to develop high-complexity libraries.24,25

Although it is impossible to determine directly the
complexity of a final adenovirus display library product,
a plasmid-based library containing a GFP clone at an

abundance of 0.01% was readily converted to the
adenovirus library in a convenient 60-mm dish scale
(Table 1), suggesting that the complexity of the virus
library could be more than 1�104 by the present method.
In the previously reported adenovirus cDNA libraries,
we estimated that a 3� 104–3� 105 complexity of
adenoviruses could be produced in the same 60-mm
dish.25 The difference of complexity between the two
virus libraries is possibly due to the significant dis-
turbance of adenovirus generation by the insertion of a
peptide into the HI-loop and to the lower infection
efficiency of an artificial 6-histidine and anti-6His sFv
system compared with the native CAR-fiber knob
binding.

We were able to select a peptide that provided a gene
transduction five-fold higher than an insertless vector
from the 2� 105 complexity level of the library. Although
the selected peptide may be the most efficient sequence
among this complexity level, the theoretical peptide
complexity of seven amino acids is over 109. Therefore,
the library used in this screening represents only a very
small fraction of the possible vector clones, even after
considering the fact that the majority of the peptides may
not be compatible with the adenovirus fiber knob
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Figure 3 Poor susceptibility of U138MG cells to wild-type adenovirus vector. (a) Expression of CAR and integrins. Left panel: flow
cytometic analyses of CAR and integrin avb5. Cells were incubated with anti-CAR antibody (RmcB; ATCC) (filled curve, upper portion) or
anti-integrin avb5 antibody (P1F6; Chemicon International Inc., Temecula, CA, USA) (filled curve, lower portion) or isotype control antibody
(open curve), and flow cytometry was carried out using an FACScan system (Becton Dickinson, Franklin Lakes, NJ, USA). Right panel:
Reverse transcriptase-PCR analyses of CAR and integrins. Total RNA was extracted from cell lines, and after reverse transcription the mRNA
of CAR, integrin av, integrin b3 and integrin b5 was detected by PCR as described.30 (b) Luciferase activities following infection of adenovirus
vector in vitro. The cells were infected with luciferase-expressing adenovirus vectors, and 24 h later the luciferase activities were measured.
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integrity. Therefore, more efficient peptide motifs could
be isolated by a scaling up of the library size. Since the
complexity of an adenovirus library depends on the
number of helper cell transfected with recombined DNA,
the simple scaling up of the number and the size of plates
could increase the complexity of the library. Further-
more, we incorporated seven amino acids into the HI-
loop of the fiber to construct the adenovirus library, since
phage peptide libraries displaying seven amino acids
have been effective for isolating tissue-specific se-
quences.17,18 However, it is possible that more efficient
motifs can be identified from libraries with different
lengths of peptide inserts. It should be also noted that the
insertion of peptides longer than seven amino acids into
a HI-loop may cause excessive conformational change of
a fiber knob and strongly disturb the virus assembly and
maturation, leading to an overall decrease of library
complexity, and the binding affinity may be determined
by the overall conformation of a modified fiber and not
by inserted peptides alone.

Since any cell should express a large number of
different receptors on its surface, a wide variety of
sequences might have been isolated in screening.
However, our screening identified a limited number of
specific sequences, which were already apparent in the
second round of screening (Table 2). Possible reasons for
this efficient enrichment include the following: many

seven amino acids in the conformation of fiber may not
be able to bind effectively enough with the receptors to
mediate the infection; many receptors may not be
internalized into the cell in a manner supporting gene
transduction following virus binding; and the use of
replication-competent viruses in the system may result in
the rapid enrichment of the most efficient viruses among
the many clones of viruses that can bind receptors.

The selected sequences did not contain any RGD
sequences. Theoretically, the 2� 105 complexity of seven
amino acids should contain more than 20 RGD triples in
the inserted peptides. However, the RGD sequences
successfully inserted into the HI-loop of a fiber knob to
bind with integrins in the previous studies were the
RGD-4C peptides such as CDCRGDCFC.14,34 We think
that the seven amino acid peptide library in our vector
system does not contain this type of RGD-4C sequences,
and other RGD sequences present in the HI-loop of the
adenovirus library could not effectively enough bind
with the integrins to mediate the infection in the context
of fiber conformation.

Although there was a possibility to isolate peptide
sequences that can generally enhance gene transduction
in many cells, a selected peptide showed cell type-
directed infection (Figures 4a and b), suggesting that the
corresponding target receptor is a specific cell surface
molecule or its expression is significantly higher on the

Table 2 Peptide sequences selected from adenovirus display library on U138MG cells

Preparation 1st screening 2nd screening

Selection round 2 3 4 2 3 4

Sequence AQGQWAL AQGQWAL AQGQWAL AQGQWAL AQGQWAL AQGQWAL
AQGQWAL AQGQWAL AQGQWAL AQGQWAL AQGQWAL AQGQWAL
AQGQWAL AQGQWAL AQGQWAL AQGQWAL AQGQWAL AQGQWAL
AQGQWAL AQGQWAL AQGQWAL AQGQWAL AQGQWAL AQGQWAL
AQGQWAL AQGQWAL AQGQWAL AQGQWAL AQGQWAL AQGQWAL
AQGQWAL FGGCIG AQGQWAL ATRRG* AQGQWAL AQGQWAL
AQGQWAL FGGCIG AQGQWAL ASGLLG AQGQWAL AQGQWAL
AQGQWAL FGGCIRF AQGQWAL FGGCIG AQGQWAL AQGQWAL

CGRV*V LFRPFAI AQGQWAL FGGCIG ASIGFL AQGQWAL
FGGCIRF MGGMRV AQGQWAL GAAGLAV DAGGILN AQGQWAL
FGGCIRF MGGMRV FGGCIRF GAAGLAV FGGCIG AQGQWAL
G*CELAS MGGMRV LFRPFAI GACSWCF FGGCIG AQGQWAL

GCCGVWGG VAGLSLC LFRPFAI GAGGILN FGGCIG AQGQWAL
GFMVWGS VAGLSLC MGGMRV GAGGILN FGGCIG FGGCIG
GFMVWGS GAMFLAR GAGGILNC FGGCIG
GGGSLQA GVGSLQA GAGGILNC FGGCIG
GVGSLQA IGRLLV GAGGILNC GCGVWGG
QRVSGCP IGRLLV GCGVWGG GFMVWGP

RVGSVLVV LFRPFAI GFMVWGS GRAGVMG
RWSWVSV MGGMRV GLVEGR GRAGVMG
RWSWVSV MGGMRV IGRLLV MGGMRV

RVGSVLVV IGRLLV MGGMRV
RWSWVSV MGGMRV MGGMRV
RWSWVSV MGGMRV MGGMRV
RWSWVSV MGGMRV MGGMRV
VAGLSLC MGGMRV MGGMRV
VAGLSLC MGGMRV MGGMRV
VAGLSLC MGGMRV MGGMRV
VRW*GVV MGGMRV VAGLSLC
WVVCVC MGGMRV VAGLSLC

AQGQWAL 7/21 (33%) 5/14 (36%) 10/14 (71%) 5/30 (17%) 8/30 (27%) 13/30 (43%)
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Figure 4 High transduction efficiency of adenovirus vectors displaying a selected peptide on the target cells. (a) Luciferase activities after
infection with adenovirus vectors ablated for CAR binding. The cells were infected with AdDCAR-LuciGFP-AQG or AdDCAR-LuciGFP at
various MOI, and 24 h later the luciferase activities were measured. (b) Luciferase activities after infection of adenovirus vector with CAR
binding. The cells were infected with Ad-LuciGFP-AQG or Ad-LuciGFP at various MOI, and 24 h later the luciferase activities were
measured. (c) GFP expression after infection with adenovirus vector displaying a selected peptide. AsPC-1 and U138MG cells were infected with
AdDCAR-LuciGFP, AdDCAR-LuciGFP-AQG, Ad-LuciGFP or Ad-LuciGFP-AQG and 24 h later GFP expression was examined by fluorescence
microscopy (original magnification � 100). AsPC-1, MOI¼ 100. U138MG, MOI¼ 300. The cells were almost confluent in the wells. (d) Competitive
inhibition of transduction of the adenovirus vector with selected peptide. Transduction efficiencies of adenovirus vectors into U138MG cells and
PC3 cells were evaluated at various MOI in the presence of the cognate or a control-unrelated peptide at 0.2–1.5 mmol/l. The data are expressed as
the relative luciferase activity (luciferase activity in the presence of peptide/that in the absence of peptide). (e) In vivo infectivity of the adenovirus
vector with selected peptide. The Ad-LuciGFP-AQG and Ad-LuciGFP were injected into the PC3 subcutaneous tumors, and 48 h later the
luciferase activities were measured (n¼ 4–6). The luciferase activity was expressed as light unit per milligram of protein. (f) Growth suppression of
cells infected with replication-competent adenovirus vectors displaying a selected peptide. U138MG cells and PC3 were infected with AdDCAR-
WT-AQG or control adenovirus at various MOI. Cell growth was determined by cell proliferation assay 7 days after the infection.
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target cells. Unexpectedly, the targeted peptide display
vector selected on the U138MG glioma cells showed a
similarly high-efficiency gene transduction on the PC3
prostate cancer cells. The receptor may be shared by the
U138MG and PC3 cells, or the selected peptide motif
binds to different receptors, which are specifically
expressed in each U138MG and PC3 cell line. The
identification of the receptors may be useful to under-
stand the molecular characteristics of the target cells and
can be applied for diagnosis, such as the detection of a
relapse, and therapy of the disease. On the other hand,
the target receptors do not seem to be commonly
expressed in all gliomas and prostate cancers, since
the enhancement of gene transduction by a selected
adenovirus was not observed in the T98G glioma cells

and DU145 prostate cancer cells (Figure 4b). Database
searches (BLAST) revealed sequence homology
of the selected peptide with known human proteins
such as ELTD1 (AQGQWSL)35 and major histocompat-
ibility complex class I-related protein A/B (MICA/B)
(PQGQWAE).36 However, whether the receptors for
ELTD1 and MICA/B are responsible for the AQGQWAL-
mediated infection is unknown. Additional work is
necessary to identify the corresponding receptors.

The findings presented here open new perspectives in
the field of gene therapy. Recently, promising preclinical
and clinical data on the treatment of cancer have been
reported using a conditionally replication-competent
adenovirus (CRAd).37,38 Although the infection and
spreading of such replication-competent adenovirus are
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restricted to tumor tissue in theory, several levels of
safety devices are definitely required in the clinical
setting. Therefore, the combination of CRAds with target
specificity is a highly encouraging strategy for gene
therapy.

Although the virus with the selected peptide showed
the high infectivity in PC3 subcutaneous tumors, the
expression levels and kinds of cell surface receptors may
be substantially different between in vitro culture and in
vivo tumor tissue. Screening of our peptide display
adenovirus library should be performed in vivo, which
may allow development of vectors to specifically
transduce certain tumors and tissues even through
systemic administration. Another line of future develop-
ment will be a screening on the biopsy and surgical
materials of the tumor, thereby leading to a generation of
individualized-targeted viruses. Similarly, the library
selection on immobilized proteins might be useful to
isolate a vector targeted to any kind of molecule,
although these cases may require an addition of an
efficient screening step, which does not depend on viral
replication to select a targeted virus. This technology of a
specific adenovirus vector selection on any cell type or
tissue of interest may have broad implications for the
development of targeted gene therapy.

Materials and methods

Cell lines
Used in this study were a human embryonic kidney cell
line (293), glioma cell lines (U138MG and T98G), a
pancreatic cancer cell line (AsPC-1), a non-small cell lung
cancer cell line (A549), prostate cancer cell lines (PC3 and
DU145), a colon cancer cell line (HCT15) and primary
cultures of human normal cell lines (hepatocytes and
human umbilical vascular endothelial cells: HUVEC). All
the cancer cell lines were obtained from American Tissue
Culture Collection (ATCC; Rockville, MD, USA). 293
cells were cultured in Dulbecco’s modified Eagle’s
medium (Sigma, St Louis, MO, USA) with 10% fetal
bovine serum (FBS), U138MG cells were in Eagle’s
minimum essential medium (Sigma) with 10% FBS, and
A549 cells were in an RPMI-1640 medium (Nissui
Pharmaceutical, Tokyo, Japan) with 10% FBS. Hepato-
cytes were purchased from Dainippon Pharmaceutical
Co. (Osaka, Japan). 293.HissFv.rec cells express an
artificial receptor against six histidine (His) residues,
containing an anti-His single chain antibody (sFv).16 The
293-38 is a high-efficiency virus-producing clone of 293
cells,25 and the 293-38 cells expressing an anti-His sFv
stably (293-38.HissFv.rec) were generated by retrovirus-
mediated transduction.

Shuttle plasmids and recombinant adenovirus DNA
The fiber-modified adenoviral shuttle plasmids include a
76.1–100 map unit (m.u.) of the adenoviral genome with
a single loxP site at the E3 region deleted (79.4–
84.8 m.u.).24 The pBHI(Csp) plasmid has a Csp45I site
in the HI-loop of the fiber knob34 and pBHIDCAR(Csp)
includes 4-point mutations in the AB-loop of the fiber
knob that abolishes CAR binding (Figure 2a).26 The
pBHIDCAR-fs(�) and -fs(+) plasmids have the 4-point
mutations as well, and six histidine residues were
incorporated into the carboxy terminus of the fiber knob,

so that the vector can be propagated in the 293 cells
expressing an anti-His sFv as described.16 The pBHID
CAR-fs(�) and -fs(+) contain two incompatible Csp45I
and SpeI restriction sites in the HI-loop to display
random peptides, but in the pBHIDCAR-fs(+) one
nucleotide was inserted between Csp45I and SpeI sites
to shift the reading frame of the fiber knob (Figure 2c).
The pBHIDCAR-GFP-fs(+) was constructed by inserting
a cytomegalovirus immediate early enhancer/promoter
(CMV promoter), the green fluorescent protein (GFP)
gene and a SV40 poly(A) signal into the downstream of a
loxP site of pBHIDCAR-fs(+). The pBHI-AQG and
pBHIDCAR-AQG plasmids have a GCTCAGGGTCAG
TGGGCTCTG (AQGQWAL) sequence in the HI-loop of
pBHI(Csp) and pBHIDCAR-fs(�) plasmids, respectively.
The adenoviral cosmid cAd-WT includes the 0–79.4 m.u.
of the adenovirus genome containing a wild-type E1
region and a single loxP site at 79.4 m.u. In the cAd-GFP
and cAd-LuciGFP, the E1 gene is replaced with the CMV
promoter-driven GFP or luciferase-GFP fusion gene
(LuciGFP). The cAd-WT was recombined with pBHID
CAR(Csp) to generate adenovirus vectors AdDCAR-WT
for preparation of adenoviral DNA tagged with a
terminal protein, and was recombined with pBHID
CAR-AQG to generate replication-competent adenovirus
vectors displaying the AQGQWAL peptide (AdDCAR-
WT-AQG). The cAd-LuciGFP was recombined with
pBHI(Csp), pBHIDCAR-fs(�), pBHI-AQG and pBHID
CAR-AQG plasmids to generate adenovirus vectors Ad-
LuciGFP, AdDCAR-LuciGFP, Ad-LuciGFP-AQG and
AdDCAR-LuciGFP-AQG, respectively.

Construction of a fiber-modified shuttle plasmid library
Adenovirus libraries were based on the library backbone
plasmids (pBHIDCAR-fs(+) and pBHIDCAR-GFP-fs(+))
to display a random seven amino acid residues peptide
on the HI-loop of the fiber knob domain. To generate
fiber-modified shuttle plasmid libraries, the degenerate
oligonucleotide 50-AACGGTACACAGGAAACAGGAG
ACACAACTTTCGAA(NNK)7ACTAGTCCAAGTGCAT
ACTCTATGTCATTTTCATGG-30 (N¼A, T, G or C, K¼
G or T) served as a template for PCR with the primers 50-
GAAACAGGAGACACAACTTTCGAA-30 and 50-ACTA
GTCCAAGTGCATACTCTATG-30. The PCR product was
digested with Csp45I and SpeI (restriction sites under-
lined) and ligated into the same sites of pBHIDCAR-fs(+)
and pBHIDCAR-GFP-fs(+) and transfected into Max
Efficiency electrocompetent cells (Invitrogen, Carlsbad,
CA, USA) by electroporation. The plasmid libraries con-
structed from pBHIDCAR-fs(+) and pBHIDCAR-GFP-
fs(+) were designated as pBHIDCAR-lib and pBHIDCAR-
GFP-lib, respectively. The pBHI(Csp) was also employed
to generate the shuttle plasmid library pBHI-lib: the
degenerate oligonucleotide 50-AACGGTACACAGGAAA
CAGGAGACACAACTTTCGAA(NNK)7TTCGAACCA
AGTGCATACTCTATGTCATTTTCATGG-30 served as a
template for PCR, and the PCR product was digested
with Csp45I (underlined) and ligated into the same site of
pBHI(Csp). Both pBHIDCAR-lib and pBHIDCAR-GFP-
lib contained 4� 106 clones, excluding insertless and
unsuitable clones. The complexity of plasmid libraries
was estimated by the number of clones growing from a
representative aliquot of the transformed bacteria on
agar plates containing ampicillin. DNA sequencing of
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100 clones verified that different random sequences are
encoded in each clone (data not shown).

Construction of a random peptide display adenovirus
library
First, the adenoviral DNA tagged with terminal protein
(DNA-TPC) from AdDCAR-WT was prepared through a
buoyant CsCl density gradient with 4 M guanidine
hydrochloride.39 DNA-TPC was then digested with ClaI
and Csp45I to remove the right hand of the adenoviral
DNA containing the 30 ITR and fiber-coding region, and
was filtered through a centrifugal filter device (Centricon
YM-100; Amicon, Beverly, MA, USA). Namely, the left
hand of the digested DNA-TPC included 0–79.4 m.u. of
the adenoviral genome and a single loxP site at 79.4 m.u.
Fiber-modified shuttle plasmid libraries were linearized
at the right end by PacI and recombined with equal
moles of the left hand of the digested DNA-TPC by Cre
recombinase (Clontech, Madison, WI, USA) in vitro to
produce a full-length adenovirus genomic DNA library.
For example, 5 mg of shuttle plasmid and 15 mg of DNA-
TPC were mixed with 500 ng of Cre recombinase (25 ng
per 1 mg of DNA) in 600 ml of reaction mixture at 371C for
3 h. Removal of the unrecombined DNA is not necessary,
because only the recombined adenoviral DNA among
the four molecules in the reaction mixture can give rise to
an adenovirus. Then, to generate adenovirus display
libraries, 7.5 mg of recombined adenoviral DNA was
transfected by the lipofection method (Lipofectamine
Reagent; Invitrogen) into 2� 106 293-38.HissFv.rec cells
in a 60-mm dish. After 12–14 days, when the cells
showed an expansion of cytopathic effect, the first
generation of the adenovirus display library was
harvested. The CVLs were titrated as GFP expression
forming units on 293-38.HissFv.rec cells, and then 293-
38.HissFv.rec cells were infected with the CVL again at
an MOI of 1. The second generation of the library was
harvested 3–4 days after the infection (Figure 1a).

Biopanning of a random peptide display adenovirus
library
The 2� 106 of U138MG cells were seeded in 60-mm
dishes. One day later the cells were infected with an
adenovirus display library at an MOI of 1, and 2 h later
the cells were washed with phosphate-buffered saline.
After 5–7 days following the infection, the replicated
adenoviruses were harvested from the cells, and CVLs
were titrated by GFP expression on 293-38.HissFv.rec
cells. For each subsequent selection round on U138MG
cells, the CVL from a preselected adenovirus library was
reapplied to the target cells at an MOI of less than 1 and
the process was repeated 3–4 times (Figure 1b).

PCR and sequencing of adenovirus display library
clones
DNA was extracted from the CVL of each selection
round and then served as a template for a PCR with the
primers containing upstream and downstream se-
quences of the HI-loop: 50-GAAACAGGAGACACAA
CTTTCGAA-30 and 50-ACTAGTCCAAGTGCATACTCT
ATG-30. PCR products were cloned into the Csp45I and
SpeI sites of the pBHIDCAR-fs(+) plasmid. Randomly
assigned clones were sequenced using the primer
50- GGAGATCTTACTGAAGGCACAGCC-30.

Assay for luciferase activity in vitro
The cells were seeded at 1�104 per well in 96-well plates
(Optilux multiplate; BD Biosciences, Franklin Lakes, NJ,
USA) and infected with adenoviruses at various MOI.
Twenty-four hours after the infection, the cells were
lysed with 100 ml of luciferase assay buffer (Bright-Glo
luciferase assay system; Promega, Madison, WI, USA)
and then 100 ml of assay substrate (Promega) was added.
The light units of luciferase activity were measured using
a luminometer (EnVision multilabel plate reader; Parki-
nElmer, Shelton, CT, USA). The assays (carried out in
eight wells) were repeated for a minimum of two times
and the mean7s.d. was plotted. Comparative analysis of
luciferase activity was performed by the Student’s t-test,
and differences were considered statistically significant
when Po0.05.

To validate that the targeting is mediated by the
selected peptide, transduction efficiency of Ad-LuciGFP-
AQG was determined in the presence of the cognate
peptide at a high concentration, because it is usually
difficult to inhibit an adenovirus infection by peptide
competitive inhibitors.40 The control peptide is SYENF-
SA, which is an unrelated sequence to the peptides
isolated from the U138MG screening.

Assay for luciferase activity in vivo
Five-week-old female BALB/c nude mice were obtained
from Charles River Japan (Kanagawa, Japan). To exam-
ine the in vivo infectivity of the targeted virus, PC3 (50 ml
of 1�107 cells) and AsPC-1 cell suspensions (50 ml of
5� 106 cells) were injected subcutaneously into the legs.
When the tumor mass was established (B0.8 cm in
diameter), 50 ml of a viral solution (1�1010 pfu/ml) of
Ad-LuciGFP-AQG and Ad-LuciGFP was injected into
the tumor with a 29-gauge hypodermic needle. The
luciferase assay was performed as described pre-
viously.41

In vitro cell growth assay
The U138MG and PC3 were seeded at 2� 103 per well in
96-well plates and infected with AdDCAR-WT-AQG or
control replication-competent adenovirus ablated for
CAR binding at MOI 1, 5, 10, 20 and 30. The cell
numbers were assessed by a colorimetric cell viability
assay using a water-soluble tetrazolium salt (Tetracolor
One; Seikagaku Corp, Tokyo, Japan) 7 days after the
infection. The absorbance was determined by spectro-
photometry using a wavelength of 450 nm with 595 nm
as a reference. The data were expressed as the relative
cell growth (OD450 of virus-infected cells/that of parental
cells) and the mean7s.d. was plotted.
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Targeting EGFR with metabolically biotinylated
fiber-mosaic adenovirus

L Pereboeva1, S Komarova1, J Roth1, S Ponnazhagan2 and DT Curiel1
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University of Alabama at Birmingham, Birmingham, AL, USA and 2Department of Pathology, Gene Therapy Center, University of
Alabama at Birmingham, Birmingham, AL, USA

Adenovirus (Ad)-based vectors are useful gene delivery
vehicles for a variety of applications. Despite their attractive
properties, many in vivo applications require modulation of
the viral tropism. Targeting approaches applied to adenoviral
vectors included genetic modification of the viral capsid,
controlled expression of the transgene and combinatorial
approaches that combine two or more targeting elements in
single vectors. Most of these studies confirmed successful
retargeting in cell cultures, however, in vivo gains of targeted
adenoviral vectors have not been widely demonstrated. We
have developed a combinatorial retargeting approach utiliz-
ing metabolically biotinylated Ad, where the biotin acceptor
peptide was incorporated in one of the fibers in a dual fiber
viral particle resulting in metabolically biotinylated fiber-

mosaic Ad (mBfMAd). We have utilized this vector in
complex with epidermal growth factor (EGF)-Streptavidin to
retarget fiber-mosaic virus to EGF receptor (EGFR) expres-
sing cells in vitro and confirmed an increased infectivity
of the retargeting complex. Most importantly, the utility of this
strategy was demonstrated in vivo in two distinct animal
models. In both models tested, retargeted mBfMAd demon-
strated an increased ratio of gene expression in target
tissues compared to the liver expression profile. Thus,
metabolically biotinylated fiber-mosaic virus in combination
with appropriate adapters can be successfully exploited for
adenoviral retargeting strategies.
Gene Therapy (2007) 14, 627–637. doi:10.1038/sj.gt.3302916;
published online 25 January 2007
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Introduction

Adenovirus (Ad)-based vectors remain one of the most
useful gene delivery vehicles for a variety of clinical
contexts and a preferable vector for cancer gene therapy.
However, several limitations preclude safe and efficient
Ad-based gene transfer, specifically for in vivo settings. One
limitation is the broad tropism of Ad, due to the ubiquitous
expression pattern of the primary cell receptor CAR and
secondary integrin receptors, which leads to undesired
virus uptake and gene expression in non-target tissues.
Furthermore, low and inconsistent expression of CAR
on tumor cells raises concerns about the efficacy of Ad-
mediated gene therapy in cancer applications. Thus, for
efficient and versatile use of Ad as an in vivo gene therapy
vector, modulation of the viral tropism is highly desirable.

Various targeting approaches have been designed to
change viral tropism. One approach includes genetic
modification of the viral capsid proteins via addition of
foreign targeting ligands such as short peptides or
polypeptide binding domains or the substitution of the
fiber with other types of Ad fiber. In adapter-mediated

approaches, the tropism of the virus is modified by
a targeting moiety utilizing a ligand, which associates
with the Ad virion. Adapter molecules successfully used
for Ad targeting include bispecific antibody (Ab)
conjugates,1 genetic fusions of single-chain Ab (scFv)
with soluble CAR,2 or scFv–scFv diabodies.3

The combined use of two or more targeting com-
ponents in single vector has also been reported to
significantly enhance the utility of individual targeting
approaches. The immunoglobulin (Ig)-binding domain
of the Staphylococcus aureus protein A has been geneti-
cally-incorporated into Ad fiber, allowing antigen-
specific Ig to serve as bifunctional adapter molecules.
Another complex targeting system designed by Barry,
Campos and co-workers utilizes the high affinity biotin-
avidin interaction.4,5 This system exploits the incorpora-
tion of a biotin acceptor peptide (BAP) into the structural
proteins of Ad, which allowed metabolic biotinylation of
these vectors during propagation in 293 cells. All of these
studies have demonstrated successful retargeting of Ads
in vitro through alternative receptors. However, several
limitations could be envisioned for the translation of
these targeting approaches for in vivo applications.
For instance, viruses with incorporated IgG-binding
domains may face a competition with IgGs abundantly
present in serum and other biological fluids. On the other
hand, drastic modifications of adenoviral structural
proteins usually hamper infection and subsequent steps
in the viral life cycle, limiting the ability to scale up viral
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preparations. This could explain why no targeting gains
have been reported to date using this strategy in vivo.

In this study, we developed a variation of the
combined retargeting approach utilizing metabolically
biotinylated fibers in the context of a fiber-mosaic viral
capsid. The fiber mosaic construct allows expression of
two fibers: fiber-fibritin (FF) and the wild-type (wt) fiber,
both of which are incorporated into viral particles (vp).
We have previously demonstrated that inclusion of a
second fiber with distinct binding properties can provide
virus binding and infection.6 In contrast to studies by
Barry et al., the BAP was incorporated into one of the
fibers resulting in metabolically biotinylated fiber-mosaic
Ad (mBfMAd). The wt fiber facilitates the viral life cycle
and allows the fiber-mosaic virus to be propagated
to levels near that of the wt Ad. In our study, we have
exploited biotinylated FF in complex with adapter
epidermal growth factor (EGF)-Streptavidin to retarget
the fiber-mosaic virus to EGF receptor (EGFR) expressing
cells both in vitro and in vivo.

Results

Design and characterization of mBfMAd
The genome design of the mBfMAd Ad5FF.PSTCD.F5luc
(mBfMAd) was similar to that previously described for

AdFF6H.F5luc.6 A minimal domain of the 1.3S subunit
of Propionibacterium shermanii transcarboxylase (PSTCD)
was added to the C-terminus of chimeric protein FF.
This domain is naturally biotinylated at lysine 89,
when expressed in Escherichia coli (E. coli) and Saccharo-
myces cerevisiae by each organism’s cellular biotin ligase
enzyme7 and is also metabolically biotinylated in
mammalian cells.8 Thus, the mBfMAd genome encodes
two fibers in the L5 region: a chimeric FF containing
a C-terminal 6His tag and the PSTCD domain
(FF.PSTCD.6H) and the Ad5 wt fiber (Figure 1a). Both
fibers contain the tail portion of Ad5 fiber, which anchors
them to the penton of the virion and also allows both
fibers to be detected with anti-fiber tail AB. The coding
sequences of both fibers were spanned by untranslated 50

and 30 sequences of the wt fiber thereby providing equal
transcription conditions (splicing, polyadenylation as
well as regulation by the Major Late Promoter) for both
fibers. The fiber-mosaic vector carries the firefly lucifer-
ase gene under the control of the cytomegalovirus (CMV)
promoter in the E1 region of the Ad5 genome (Figure 1a).
The mBfMAd was rescued in 293 cells expressing the
complementary E1 region for Ad5 growth. The titer of
fiber-mosaic virus used for this study was 4.83� 1012 vp/
ml. 293 cell culture infected by these viruses at the same
multiplicity of infection (MOI) exhibited similar rates of
CPE development, indicating a comparable time course

Figure 1 Design and characterization of mBfMAd (a) Diagram of the fiber-mosaic adenovirus Ad.FF.PSTCD.6H.F5luc (mBfMAd) genome.
Modification of L5 region of Ad genome includes tandem of fiber genes: FF with BAP PSTCD and 6His tag and wt Ad5 fiber. (b) Fiber content
in fiber-mosaic AdFF6H.F5luc virions. Equal amounts of Ad5luc AdFF6 H.F5luc and Ad.FF.PSTCD.6H.F5luc (5� 109 vp) in SDS sample
buffer were loaded on gradient (4–20%) SDS gel either boiled or unboiled. Electrophoretically separated viral proteins were transferred to
PVDF membrane and developed with monoclonal antibodies specific to fiber tail (4D2), fiber trimer (2A6), 6His-Tag and Streptavidin-HRP.
(c, d) Binding characteristics of mBfMAd. Binding of mBfMAd to streptavidin (c) and recombinant CAR (d) was tested in ELISA. The number
of virus particles used for binding experiments was within the range of 1�107–2� 1010, which corresponded to 0.01–5 mg of viral protein per
well. Control lane shown represents nonspecific binding of mBfMAd to the plastic surface in the absence of CAR.
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of infection. Furthermore, the total yield of mBfMad and
physical titers calculated in vp were comparable to the
preps of wt virus, indicating that viral yield was not
affected. Several lots of the virus have been obtained in
the standard lab preparations with the titers ranged from
1.5� 1012 to 1.3� 1013 vp/ml. Thus, the yield of mBfMAd
was similar to the yield routinely observed for the
recombinant Ad5 preparations with unmodified capsid,
suggesting that the additional fiber did not hamper virus
propagation and packaging and allowed efficient pro-
duction of the fiber-mosaic virus.

Fiber content in fiber-mosaic virions
To examine fiber incorporation into mosaic virions,
we performed a series of Western blots where an equal
number of vp (2� 109) of Ad5luc, Ad5.FF6H. F5luc and
Ad5FF.PSTCD.F5luc were loaded on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Figure 1b). Incorporation of FF.PSTCD.6H into vp was
confirmed by the interaction with antibodies specific to
fiber tail (4D2), trimeric fiber (2A6) and 6His. Western
blots with the 4D2 and 2A6 antibodies revealed fiber
monomers and timers of the correct size. The anti-His Ab
only reacted with chimeric fibers from mosaic virions:
FF.6H and FF.PSTCD.6H. Attachment of biotin on
FF.PSTCD.6H fiber was confirmed by interaction with
streptavidin both in Western blot (Figure 1b) and
enzyme-linked immunosorbent assays (ELISA), where
mBfMAd was captured either by streptavidin or EGF-
Streptavidin coated on plates (Figure 1c). In addition,
the mBfMAd retained CAR binding through wt fiber
as demonstrated in Figure 1d. Thus, the presence of the
FF.PSTCD.6H in the capsid of the mosaic virus was
detected by antibodies directed to all of the functional
domains of the protein – fiber tail, fiber trimer and 6His,
thereby demonstrating that the additional fiber was
incorporated into the virion and correctly displays all of
its functional motifs. The presence of the biotin on this
fiber has also been confirmed, thus, enabling utilization
of our vector in combination with bioltinylated adapters
for Ad retargeting strategies.

The fiber content in the mosaic virions was semi-
quantitatively estimated by the protein band intensity
after staining with 4D2 AB employing Image Tool
software. This analysis showed that the average ratio of
FF.PSTCD.6H to wt fiber in mBFmAd was similar to the
average ratio of FF.6H to wt fiber in AdFF.6H and has
been estimated as 1:5 (ranging from 1:3 to 1:6, where
higher ratios were obtained analyzing fiber monomers
and lower ratios were obtained based on fiber trimers).
Therefore, it could be expected that fiber-mosaic has 1–3
vertices of the viral capsid that contained biotinylated
fiber, which can be utilized in retargeting strategy.

Targeting metabolically biotinylated fiber-mosaic
vectors to EGFR using the bi-functional adapter
EGF-Streptavidin in vitro
Theoretically, any molecule equipped with bispecific
binding affinities, one to biotin and another to a target
cell-specific receptor, can function as an adapter to
redirect biotinylated virus to specific cell types. The
bispecific adapter contained human EGF fused to the
core-streptavidin9 has been previously expressed in
the bacterial system and its design and production was

described in detail by Ponnazhagan et al.10 This adapter
has been thoroughly characterized and used to retarget
AAV to EGFR expressing cell lines. Thus, the availability
of this adapter enabled us to test the utility of our vector
in an EGFR retargeting strategy. We first wanted to
determine the infectivity of our vector when applied
with the EGF-Streptavidin adapter in vitro.

To analyze EGFR targeting in vitro, we evaluated
adapter-mediated infection by mBfMAd of several cell
lines with different EGFR expression status. Cancer cell
lines with low (MDA-MB-453) and high EGFR expres-
sion (A431, SKOV3ip1, A549) were transduced with
Ad5luc or mBfMAd at 100 vp/cell. Viruses were pre-
incubated with EGF-Streptavidin at concentration of
10 mg/ml and purified from excess of adapter using
Microcon filter tubes. The results are shown in Figure 2.
On the cell line with low EGFR expression (MDA-MB-
453), both viruses showed comparable infectivity as
measured by luciferase transgene activity. However,
EGF-Streptavidin targeted transduction of mBfMAd
resulted in significantly enhanced luciferase activity on
EGFR-positive cells compared to that obtained with
Ad5luc. The increase in transduction varied from more
than 10-fold in A431 to more than 30-fold in SKOV3ip1
cells (Figure 2a). Additional evidence of efficient in vitro
retargeting with the bispecific adapter was also obtained
using stable cell lines that express the extracelular
domain of human EGFR.11 Murine fibroblasts NR6
(EGFR-deficient) or NR6wt (EGFR-expressing) were
preincubated with either phosphate-buffered saline
(PBS) (no adapter) or with increasing concentration of
EGF-Streptavidin 1–25 mg/ml, washed, and then trans-
duced with Ad5luc or mBfMAd. Addition of the adapter
enhanced the transduction of EGFR-positive cells in
a dose-dependent manner, but had no effect on cells
lacking EGFR receptor expression. The highest concen-
tration of adapter used for retargeting mBfMAd to
EGFR-positive NR6wt cells resulted in an eightfold
increase in transgene expression, whereas it only
increased transduction of wt Ad by 3.2-folds at the same
experimental conditions (Figure 2b). Thus, mBfMAd can
achieve enhanced transduction via bispecific adapter
in cell lines expressing target receptor.

Targeting metabolically biotinylated fiber-mosaic
vectors to EGFR in vitro after blocking fiber-CAR
interaction
Our EGFR retargeting strategy relies upon the incorpora-
tion of modified FF, which is one of the two fibers present
in the capsid of the fiber-mosaic virus. Retaining the wt
fiber gene in the viral genome (i.e. the wt fiber protein
in the vp) gives the potential advantage of facilitation
of viral life cycle and virus propagation. A possible
disadvantage for retargeting is the presence of the wt
fiber, which can direct the infection of fiber-mosaic via
the CAR-mediated pathway on CAR-positive cell lines.
To confirm that biotinylated fibers, which represent only
a fraction in the context of viral capsid, are able to
mediate virus infectivity and to confirm the dependence
of transgene expression on EGF–EGFR interaction, we
performed retargeting gene transfer experiments in the
presence of the Ad5knob. Virus infectivity in conditions
when the binding ability of the wt fiber is blocked would
indicate the relative contribution of the second fiber to
the overall virus infectivity.
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The low EGFR-expressing cell line, MDA-MB-453, and
cell lines overexpressing EGFR (A431, A549, SKOV3)
were transduced with Ad5luc or mBfMAd at 50 PFU/
cell preincubated either with PBS (no adapter) or with
EGF-Streptavidin at concentration of 10 mg/ml. To block
the infection via wt fiber, cells were preincubated with
50 mg/ml of recombinant Ad5 knob protein. We have
previously shown that this concentration of Ad5knob
blocked infectivity of wt virus more than 95% on high
CAR-expressing cell lines. The results are shown in
Figure 3. In line with previous experiments, an addition
of the EGF-Streptavidin retargeting adapter augmented
infectivity of the fiber-mosaic virus only, whereas it did
not influence the infectivity of Ad5luc in any cell line
tested. In general, mBfMAd demonstrated similar pat-
terns of EGFR-dependent transduction as in the previous
in vitro experiment with significant gene transfer increase
in EGFR-overexpressing cells (A431, SKOV3) and no
effect in cells with low EGFR expression (MDA-MB-453).
In the presence of Ad5 knob, Ad5luc had predicted
pattern of infection block for all cell lines tested. The
results of CAR blocking was particularly clear in the
highly CAR-positive cell line A549, where gene transfer
was blocked by 99% in the presence of Ad5knob. Wt Ad
infectivity remained at 20–50% of normal levels in other

cell lines that express lower levels of CAR, presumably
via infection through cellular integrins (A451, SKOV3).
Ad5 knob-mediated blocking of mBfMAd infection in
the absence of adapter did not reduce infectivity as
significantly as that for the Ad5luc, and was either
similar to the infectivity levels without blocking or only
decreased to 37–45% of the initial infectivity levels. Most
importantly, the fiber-mosaic virus demonstrated effi-
cient adapter-based retargeting in EGFR-positive cells in
Ad5 knob blocking conditions. Infectivity was increased
by approximately 300% in A431 cells and 200% in
SKOV3 cells in blocking conditions, where wt fiber
presumably did not participate in infection. The level of
EGFR-based infectivity was higher on cell lines with
high EGFR expression and moderate CAR expression,
indicating that in the situation where CAR-mediated
infection is negligible, transduction via a second fiber
dominates and is sufficient to mediate infection. Thus,
biotinylated fiber can mediate adapter-driven transduc-
tion in the context of mosaic virions.

Analysis of EGFR retargeting with mBfMAd in vivo
using a murine model of ovarian carcinoma
Next, we wanted to test whether our retargeting strategy
gives any benefits when applied in vivo. The SKOV3ip1
cell line has been previously shown to have high
expression of EGFR.12 This cell line also demonstrated
high levels of EGFR-mediated retargeting in our in vitro
experiments. Thus, we utilized an intraperitoneal (i.p.)
xenograft model of human ovarian cancer based on i.p.
injection of SKOV3ip1 cells into CB17 severely com-
bined-immunodeficient (SCID) mice for analysis of
in vivo targeting by mBFmAd. After tumors have been
developed, the animals were injected i.p. with Ad5luc or
mBfMAd viruses with or without preincubation with
the EGF-Streptavidin adapter. Expression of luciferase
was measured 48 h later in tumor and liver tissue lysates.
As shown in Figure 4a, EGFR-mediated infection with

Figure 3 Infectivity of mBfMAd Ad after blocking fiber-CAR
interaction. Cell lines with low EGFR expression (MDA-MB-453)
and cell lines overexpressing EGFR (A431, A549, SKOV3) were
transduced with Ad5luc or mBfMAd at 50 PFU/cell preincubated
either with PBS (no adapter) or with EGF-Streptavidin at concen-
tration of 10 mg/ml. To block infection via wt fiber cells were
preincubated with Ad5 knob recombinant protein at 50 mg/ml.
Twenty-four hours later the cells were processed for luciferase
assay. Results are presented as % of luciferase expression compared
to infection of this virus without adapter or knob blocking. Data
presented are mean average of triplicates plus sample standard
deviation.

Figure 2 Increased gene transfer to EGFR-expressing cell lines.
(a) Cancer cell lines with low (MDA-MB-453) and high (A431,
SKOV3ip1, A549) EGFR expression were transduced with Ad5luc
or mBfMAd at 100 vp/cell. Viruses were preincubated with EGF-
Streptavidin at concentration of 10 mg/ml, purified from excess of
adapter using centricon tubes and applied on cells. Results are
presented as % of increase of luciferase expression with adapter.
Mean luciferase expression of the same virus without adapter was
designated as 100%. (b) Murine fibroblasts NR6 or NR6wt EGFR,
expressing extracellular domain of human EGFR, were preincu-
bated with either PBS (no adapter) or with increasing concentration
of EGF-Streptavidin 1–25 mg/ml. Cells has been were transduced
with Ad5luc or mBfMAd at 50 PFU/cell. Results are presented as
increase of luciferase expression with adapter. Mean luciferase
expression of the same virus without adapter was designated as
100%.
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mBFmAd resulted in a statistically significant increase in
luciferase expression in tumors. Addition of the adapter
augmented mBfMAd-mediated gene transfer in EGFR-
expressing tumors by over sevenfold, with average
of relative light units (RLU)/mg protein values of
1668 0007530 100 and 223 900738 910 for groups with
and without adapter, respectively. Liver gene transfer
was not influenced by addition of the adapter in animals
receiving mBfMAd with or without the adapter. Ad5luc
showed higher levels of the gene transfer both in tumors
and in livers (Figure 4b) compared to mBfMAd.
However, the pattern of retargeting with adapter for
Ad5luc was different from mBfMAd. Preincubation of
Ad5luc with EGF-Streptavidin resulted in only a slight
increase of gene transfer noted for both tumors and livers
in all groups, but this enhancement was not statistically
significant. Despite of potential of adenoviral vectors for
cancer gene therapy, a major impediment of Ad-based
delivery is liver tropism of the vector. Vector modifica-
tions that could minimize liver uptake and maximize
tumor transduction would enhance vector applicability.
In this context, we were also interested how our retar-
geting efforts were reflected in changing the tumor-to-
liver gene transfer ratio. The tumor-to-liver ratio was
calculated for each individual animal and presented as
individual dots on a graph in Figure 4c. The mean values
of these ratios for the two groups receiving Ad5luc
with or without adapter were similar and corresponded
to 9.4 and 8.9. The mean ratio calculated for
the group receiving mBfMAd increased from 39 for the
group receiving virus without adapter to 69 for the
group receiving EGFR-retargeted virus. Large variations
between the values calculated for individual animals
within each group were noted, and rendered the
differences between these two groups statistically
insignificant. However, the EGF-mediated targeting
capacities of mBfMAd and Ad5luc as measured by the
tumor-to-liver luciferase activity ratio, were statistically
significant (P¼ 0.01). Thus, these data demonstrate the
gains of adapter-based retargeting to EGFR-expressing
tumor xenografts in the model of localized tumor.

In vivo retargeting of mBfMAd to EGFR-expressing
lung endothelium in EGFR transient transgenic human
CAR (hCAR) mice
We also explored the feasibility of targeting mBFmAd to
hEGFR expressed in the pulmonary vasculature of mice.
For these experiments we have utilized the model
recently developed in our group that is based on tran-
sient induction of the target molecule in the pulmonary
endothelium. This is accomplished using a combination
of hCAR transgenic mice and Ad-based vectors that
allowed endothelial cell-specific antigen expression via
placing the transgene under control of the endothelial
specific flt-1 promoter.

The hCAR transgenic mice express a truncated hCAR
under control of the ubiquitin promoter, resulting in
hCAR protein expression in all organs including the
lungs and therefore sensitizing the animal to adenoviral
infection.13 The major benefit of this model for testing
vector targeting gains is the accessibility of the antigen to
systemically introduced targeted vectors. To transiently
induce human EGFR in the pulmonary endothelium of
hCAR transgenic mice, we used the AdfltEGFR adeno-

virus. We have previously confirmed the functionality of
this virus in vitro. Further, we confirmed the expression
of hEGFR in the pulmonary vasculature of hCAR mice
upon tail vein injection of AdflthEGFR (1�1011 vp) by

Figure 4 In vivo retargeting of mBfMAd to EGFR using animal
model of ovarian carcinoma. CB17 SCID mice were injected i.p. with
10� 106 SKOV3ip1 cells to establish i.p. ovarian tumors. At day 21
after SKOV3ip injection, four groups of mice (n¼ 7) were injected
with Ad5luc or mBfMAd viruses either without adapter or
preincubated with EGF-streptavidin. Viruses were injected i.p. at
1�1010 vp/animal. Mice were killed 48 h later, tumors and livers
were excised and luciferase assay was performed in tissue lysates.
Results are presented as luciferase expression (RLU) normalized for
protein content (mg protein) for mBfMAd (a) and Ad5luc (b), and as
tumor-to-liver ratio of luciferase expression (c). Tumor-to-liver ratio
was calculated for individual animals, each represented as one dot
on the graph. Bars represent averages of values in each group
(n¼ 7), P¼ 0.01.
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staining for EGFR in lung sections (data not shown).
To validate EGFR targeting in vivo, hCAR mice precondi-
tioned with AdflthEGFR injection were reinjected 48 h
later with 5.0� 1010 vp of mBfMAd preincubated with
either PBS or EGF-Streptavidin. The animals were killed
48 h subsequent to the second injection, and luciferase
activities in the lungs and livers were quantified. As
shown in Figure 5a, EGF-mediated luciferase activity
of mBfMAd in the lungs of pre-treated animals was
increased by almost fivefold compared to that in animals
receiving mBfMAd without the adapter (341 587 vs
70 625 mean RLU/mg protein, respectively). This in-
dicates that mBfBAd complexed with molecular adapter
was able to efficiently target cells expressing antigen in
the lung of mice following intravenous administration.
Furthermore, liver transduction by the targeted virus did
not increase. This outcome provided a significantly
higher lung-to-liver ratio for the EGFR-retargeted group
vs the control virus infected group (6.5 vs 1.3 mean
ratios, respectively; P¼ 0.01) (Figure 5b). Therefore, the
accessibility of EGFR expressed in the lung vasculature
enables to augment EGFR-based transduction of targeted
cells by systemically introduced mBfBAd. In aggregate,

these results demonstrate the targeting capacities of our
strategy in vivo.

Discussion

In this study, we evaluated a targeting approach,
utilizing a genetically modified Ad fiber and adapter-
mediated retargeting, both combined in the context of a
fiber-mosaic viral capsid. We applied this approach for
EGFR targeting, to demonstrate the functionality of our
strategy in vitro and to establish the potential of this
system for in vivo targeting applications.

Bifunctional adapter molecules have been engineered
with specificity for both the Ad capsid protein (mainly
Ad fiber) and to alternative cellular receptors distinct
from CAR. The main advantage of this system is in its
flexibility for using high affinity binders, regardless
of their nature and size. However, the necessity for
producing complex adapter molecules, such as whole
antibodies, Ab fragments or recombinant fusion proteins,
has always been regarded as an inherent drawback of
this approach. Nevertheless, efficient adenovirus target-
ing in vivo has only been reported using adapter-based
approaches.14–16

Genetically modified vectors have a theoretical ad-
vantage in that they do not require additional soluble
components for infectivity. A number of viruses with
fibers constructed in this manner have been reported
ranging from minor modifications, including single
amino-acid substitutions17 and addition of small pep-
tides18,19 to more substantial alterations, such as switch-
ing entire protein functional domains (knob, shaft)20–22

and generation of artificial fiber-like scaffolds that retain
the essential functional properties of the whole Ad
fiber.23,24 These vectors generally fulfill the basic target-
ing requirements on cells in vitro, but the expected
targeting efficacy has not yet been translated to in vivo
experiments. In fact, the genetically modified single
component vectors most often require careful optimiza-
tion of vector design by trial and error. In view of these
obstacles, we hypothesized that the fiber mosaic plat-
form, where two fibers are included in the viral genome,
presents a more flexible mode for Ad vector modification
and may simplify optimization of targeting efforts.

Here, we engineered a novel fiber-mosaic Ad vector,
which comprises two fiber types: the wt fiber and FF
chimera fused to the BAP. This strategy has previously
been used to metabolically conjugate biotin to viral
proteins in mammalian cells, which allows them to be
coupled to retargeting adapter molecules that contain
streptavidin.4,5,25 However, the utility of biotin incorpora-
tion for virus retargeting has thus far only been
demonstrated in vitro and, among all of the structural
proteins tested, only fiber-incorporated biotin was cap-
able of efficient retargeting.5 These studies established
that biotin attachment is determined by the locale for
BAP incorporation and provided the rationale for our
fiber-based retargeting strategy.

Although our fiber-mosaic vector does provide an
alternative tropism, the native tropism is not completely
ablated due to the retention of the wt fiber in the viral
capsid. The targeting function is delegated to a recombi-
nant fiber, while keeping the structural and functional
integrity of the wt fiber during all stages of the viral life

Figure 5 In vivo retargeting of mBfMAd to EGFR-expressing lung
endothelium in EGFR transient transgenic hCAR mice. hCAR
transgenic mice were injected with AdfltEGFR at 1011 vp/mice via
tail vein for expression of EGFR in lung endothelium followed by a
second injection of mBfMAd with or without adapter at 5� 1010 vp/
animal via tail vein 48 h later. Forty-eight hours after mBfMAd all
animals were killed. (a) Lung and liver luciferase activities 48 h after
intravenous administration of mBfMAd with or without the EGF-
Streptavidin adapter. Results are presented as lung and liver
luciferase expression (RLU) normalized for protein content (mg
protein). (b) Lung-to-liver ratios of luciferase activities in individual
animals (n¼ 7). Bars represent averages of values in each group
(P¼ 0.01).
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cycle. The presence of wt fiber served to amplify the
fiber-mosaic Ad to titers as high as 1012–1013 vp/ml in
regular laboratory-scale preparations. The presence of wt
fiber may undermine the efficiency of retargeting, as just
a fraction of fibers present on the viral capsid will serve
for retargeting purposes. However, efficient redirection
of our vector towards cells expressing EGFR was vali-
dated in vitro. The adapter-driven mBfMAd increased
transduction of EGFR-positive cell lines 10- to 23-fold,
compared to transduction without adapter. This level of
enhancement is comparable with previously reported
values obtained utilizing a complex of the wt virus with
different bispecific molecular adapters.12,26 Similarly,
adenovirus retargeted through an ‘adenobody’ strategy
demonstrated a 10-fold enhancement of infectivity on
A431 cell line.27 Efficient utilization of the retargeting
fiber was demonstrated using blocking experiments. The
mBfMAd vector complexed with EGF-Streptavidin
maintained a high level of gene transfer in the presence
of Ad5 fiber knob concentrations that blocked infectivity
of the Ad5luc control virus in the presence or absence
of the adapter. These data additionally support the
ability of mBfMAd to redirect infection through the
EGFR pathway. Thus, we believe that the proposed
mosaic virus can efficiently utilize one of the mosaic
fibers to redirect virus to alternative receptor in vitro.

Retargeting of different viruses through cell growth
factor receptors, such as EGFR, which is highly ex-
pressed on tumors of different origin, has been validated
in several adapter-based studies.12,26–29 All reported
adapter constructs were effective at coupling Ad to
EGFR and resulted in increased gene transfer to EGFR
expressing cell lines. This proved that EGFR pathway is
compatible with the adenoviral infection cycle. EGF
exhibits high affinity binding to EGFR, which leads to
rapid internalization via the receptor-mediated endocytic
pathway but no recycling of the receptor-ligand com-
plex.30 Thus, the EGFR pathway is one of the best studied
and proven pathways for adenoviral retargeting in vitro.
However, in vivo studies involving such experiments are
scarce and primarily utilize intratumoral administration
of retargeted viruses.28,31 There is often a disconnect bet-
ween the virus targeting efficacy in vitro and that in vivo,
whereby the retargeting results obtained in cell culture
does not translated into in vivo gains. Thus, we next
wanted to test if our retargeting strategy using fiber-
mosaic virus can be effective in vivo and retarget
mBFmAd to EGFR expressing cells.

Initial in vivo studies for retargeting adenoviral vectors
were carried out using adapter-mediated approaches in
i.p. models of human cancer in mice.32,33 This approach
allows evaluation of targeting without the major hurdle
of systemic virus administration, sequestration of the
injected virus by the liver. The SKOV3ip ovarian cancer
cell line expresses a very high level of EGFR and thus
presents a good model to test EGFR targeting. Depend-
ing on the experimental conditions, mBfmAd demon-
strated a 5-to 20–fold increase in gene transfer on these
cells in vitro. Thus, it seemed logical to test whether
the targeting gains would be paralleled in vivo. When
injected in mice with pre-established i.p. SKOV3ip
xenografts, EGFR-retargeted mBfmAd increased tumor
luciferase expression sevenfold, whereas gene expression
in the liver was not affected. Gene transfer efficiency
with the Ad5luc vector was also slightly enhanced by the

presence of the adapter. We have noted the similar effect
of adapter on Ad5luc infectivity in vitro, but the adapter-
based gene transfer enhancement of Ad5luc was lower
than that of the mBFmAd. Moreover, the addition of the
adapter to Ad5luc increased gene transfer in both tumor
and liver to the same extent, which finally resulted in
similar tumor-to-liver ratios for Ad5luc with or without
adapter (9.4 vs 8.9), whereas the mean tumor-to-liver
ratio calculated for the group receiving mBfMAd
increased from 39 to 69 for virus without adapter and
EGFR-retargeted virus, respectively. Of note, previous
publications on adapter-mediated Ad retargeting, under
similar experimental conditions, report only qualitative
data on targeting gains32,34 or targeting gains of at most
two- to fivefold. Thus, the retargeting strategy applied
to mBFmAd allowed to achieve comparable increase in
tumor gene transfer in the context of ovarian cancer
xenografts.

Another approach to test retargeting properties of
adenoviral vectors in an efficient manner was recently
developed in our group.2 As systemically introduced
vectors retargeted to tumors are to overcome multiple
physiological barriers before reaching their targets, it has
been proposed that the display of targeting molecules
at accessible sites would facilitate testing of targeting
gains of systemically administered adenoviral vectors.
An hCAR-transgenic mouse model that is sensitized to
Ad infection and is used to transiently express tumor
antigens in the lung vasculature was recently reported to
be efficient for evaluating vectors targeted to CD40 and
carcinoembryonic antigen (CEA).2,35 Thus, the hCAR
mice were used to confirm whether our targeting
strategy using the combination of two targeting modes
in a single vector could efficiently target hEGFR
expressed in the lungs. Expression of hEGFR was
transiently induced in the mice pulmonary endothelium
by systemic injection of recombinant adenovirus Ad-
fltEGFR. In this model, mBFmAd retargeted to EGFR
expressed in mouse lungs showed a fivefold enhance-
ment in the lung gene transfer, which resulted in
increased the lung-to-liver retargeting ratio from 1.3 for
the virus without adapter to 6.3 for the retargeted virus.
The lung-to-liver ratios calculated in our experiment for
the retargeted fiber-mosaic vector correlated well with
the values obtained in a previous study utilizing this
model for CD40 retargeting (lung-to-liver ratio of 5.2 for
CD40-retargeted virus and 1.2 for irrelevant virus),35 thus
providing a good estimate of the level of transductional
retargeting gains achievable in this in vivo model.
Overall, this transient transgenic model system allowed
our targeting strategy to be evaluated.

Despite the fact that statistically significant differences
in gene transfer was obtained by targeted vs untargeted
virus in both models tested, a considerable variation of
gene transfer values were obtained for individual
animals, particularly for the calculated tumor-to-liver
or lung-to-liver ratios. Specifically, this was observed in
the groups receiving mBFmAd with adapter. These
variations could be associated with the individual
in vivo conditions, experimental errors or factors related
to the retargeting system itself in its current design, such as
uniformity of virus prep and virus-adapter formulation.

All experimental work included in this study was
carried out using single mBFmAd and Ad5luc preps,
which were characterized for vp and PFU content, as
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well as the degree of fiber incorporation and biotinyla-
tion. However, we would like to stress that the
uniformity of viral preparation in terms of the fiber
content of each individual vp remains unknown. It is
likely that the preparation of fiber-mosaic virus could
contain (i) truly fiber-mosaic particles having both fibers
in one viral capsid, (ii) a mixture of viral capsids
displaying just one of the fibers and (iii) a combination
of both variants. This factor may affect the overall
performance of the fiber-mosaic virus. Of note, native
fiber-mosaic viruses of serotype 40 and 41 have equal
presentation of both fibers and apparently display both
fibers in a single vp.

Another possible cause for inconsistence of viral preps
is potential recombination. Although we were trying to
minimize homologous sequences in mosaic genome, the
rearrangement at low level still exists. DNA isolated
from several viral preps of mBFmAd was tested for
rearrangement and reversion to the single fiber genome
by PCR. A low level of PCR product with that size
corresponded to the recombination event was detected in
viral preps, and in plasmid preps of mBFmAd Shuttle
vector and Ad genome, which are the standard steps of
designing adenoviral vector. We believe that recombina-
tion at some low level occurred in the plasmid DNA,
whereas it is being propagated in bacteria, thus
mBFmAd viral prep also may carry the low level of
contamination with viruses with one fiber. To minimize
recombination in improved generations of fiber-mosaics,
silent point mutations can be introduced into fiber tail
sequences. In addition, we also cannot exclude possible
batch to batch variation of mBFmAd preps in terms of
biotinylated fiber incorporation. For this experiment
virus was pre-incubated with the adapter without any
additional purification. However, further optimization
for obtaining the virus-adapter complex can be consid-
ered. The crude viral prep obtained after the first virus
CsCl banding can be further purified on avidin columns
to eliminate virions lacking the recombinant fibers fibers.
We are currently testing the consistency of fiber-mosaic
virus preparations. Several lots of virus preparation did
show a similar ratio of wt fiber to biotinylated fiber
incorporation as described previously. However, differ-
ent experimental and viral amplification conditions may
bias or favor incorporation of the retargeting fiber and
influence the overall efficiency of the retargeting strategy.

In this study, we have demonstrated enhanced gene
transfer based on transductional retargeting of our
vector. It would be of a considerable interest to investi-
gate the extent to which it will translate to therapeutic
end points. Several publications indicated the feasibility
of conversion of the vector targeting gains to the
treatment benefits in experimental animal models.28,33

Thus, our future goal will include the introduction
of an anticancer therapeutic gene in the context of the
proposed fiber-mosaic platform to test therapeutic
efficacy of our retargeting strategy.

In summary, we have confirmed that mBfMAd
complexed with EGF-Streptavidin could successfully
retarget virus to EGFR-expressing cancer cell lines. Most
importantly, the evidence of utility of this strategy was
demonstrated in vivo. The targeting potential of mBfMAd
complexed with EGF-Streptavidin was tested on two
in vivo models that overexpress EGFR in different tissues.
First, we utilized a mouse model of locoregional EGFR-

positive ovarian xenografts. Secondly, the retargeting
capacity of mBfMAd/EGF was tested on a ‘transient
transgenic’ mouse model with transient expression of
hEGFR in the mouse lung vasculature. mBfMAd/EGF
achieved a higher transduction level in the lung
compared to mBfMAd without adapter. Moreover,
tumor-to-liver or lung-to-liver gene expression ratios
for retargeted mBfMAd increased in both models tested.
Thus, we demonstrated that an additional fiber in fiber-
mosaic virions could be used for biotinylation and this
modification, in combination with appropriate adapters,
can be successfully exploited for adenoviral retargeting
strategies. Importantly, our study demonstrated the
proof of preclinical utility of our targeting strategy in
animal models.

Materials and methods

Cells
The 293 human kidney cell line was purchased from
Microbix (Toronto, Ontario, Canada). The human ovarian
carcinoma cell line SKOV3.ip1 was obtained from Janet
Price (MD Anderson Cancer Center, Houston, TX, USA).
The human epidermoid carcinoma (A-431), human
ovarian carcinoma (SKOV3), lung carcinoma (A549)
and human breast cancer (MDA-MB-453) cell lines were
from the American Type Culture Collection (Manassas,
VA, USA). NR6 and NR6wt cell lines were obtained from
Dr Alan Wells (University of Pittsburgh, Pittsburgh, PA,
USA). These cell lines represent 3T3-derived fibroblasts
lacking endogenous EGFRs (NR6) or the same cell line
retrovirally transduced with the complete human EGFR
(NR6wt).11

Antibodies
Monoclonal antibodies against the Ad5 fiber tail (4D2)
and the fiber trimer (2A6) were purchased from Lab
Vision (Fremont, CA, USA). Anti-His Ab was obtained
from Qiagen (Valencia, CA, USA). Secondary goat anti-
mouse IgG horseradish peroxidase (HRP)-conjugated Ab
was obtained from DAKO (Carpinteria, CA, USA).
Streptavidin and biotinylated HRP for Western blot were
from Vector Labs (components of Vectastain ABC kit).
Streptavidin for ELISA was from Southern Biotechnology
Association (Birmingham, AL, USA).

Recombinant proteins
Recombinant soluble CAR protein was provided by
Dr Igor Dmitriev, The Gene Therapy Center, University
of Alabama at Birmingham.12 The fiber-knob domain of
Ad5 fibers was produced in E. coli with N-terminal tags
of six consecutive histidine residues (6His), using the
pQE30 expression vector (Qiagen, Valencia, CA, USA).
Recombinant EGF-Streptavidin was obtained as de-
scribed by Ponnazhagan et al.10 Briefly, this adapter
was obtained by cloning the coding sequences of EGF in
frame with core-streptavidin in the vector pSTE2-215 Yol.
For large-scale production of the fusion protein, 1 l of
bacterial culture was induced with 20 mM IPTG (iso-
propyl-b-D-thiogalactopyranoside) for 5 h at 301C. Pro-
tein was purified from both soluble periplastic extract
and remaining inclusion bodies. To obtain soluble
periplasmic extract of recombinant protein the cell pellet
was resuspended in 1/100 of the original culture volume
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in a buffer containing 50 mM Tris-HCl and 20% sucrose
(pH 8.0). To purify protein from inclusion bodies, the
pellet remaining after previous step was resuspended in
1/50 volume (to that of the original culture) of a buffer
containing 6 M guanidine-HCl and 100 mM Tris (pH 7.0)
and left rotating overnight. Following centrifugation at
13 000 r.p.m. for 30 min, the supernatant containing the
fusion protein was affinity purified with a Ni-nitrilo-
triacetic acid (Ni-NTA) column (Qiagen) according the
manufacturers instruction. The eluted fusion protein was
dialyzed against a buffer containing 100 mM Tris and
400 mM L-arginine and stored as frozen in aliquots
at �201C.

Viruses
Adenoviral vector having wt fiber (Ad5luc) was used as
a control for infectivity assessment of fiber-mosaic virus.
Fiber mosaic virus AdFF/F56 genetically encoding two
fibers: FF containing 6His at C-teminus23 and wt fiber
was used in virus binding experiments. Both viral
genomes are isogenic to mBfMAd except the fiber region
and contain the firefly luciferase gene under CMV
promoter in E1 region. AdfltEGFR was used for transient
expression of human EGFR in mouse lung vasculature in
experiments testing systemic targeting of mBfMAd. The
design of this virus is similar to the virus AdfltCEA
described by Everts et al.,2 where EGFR cDNA replaced
CEA. EGFR cDNA was amplified from plasmid
pcDNA3-EGFR.36 All viruses were CsCl purified and
vp titer was determined according to standard proce-
dure.

Generation of mBfmAd
The design of the genome of mBfMAd Ad5-
FF.PSTCD.F5luc (mBfMAd) was similar to that described
previously for AdFF6H.F5luc,6 where the virus genome
encodes two fibers in the L5 region: chimeric FF
containing C-terminal 6His (FF6H)37 and Ad5 wt fiber.
The coding sequences of both fibers are spanned by
untranslated 50 and 30 sequences of wt fiber, with intent
to provide equal transcription conditions for both fibers
(splicing, polyadenylation and regulation by the Major
Late Promoter). To create Ad5FF.PSTCD.F5luc we added
a minimal domain of the 1.3S subunit of PSTCD to the
chimeric protein FF. This domain is naturally biotiny-
lated at lysine 89, when expressed in E. coli and
Saccharomyces cerevisiae by each organism’s cellular biotin
ligase enzyme7 and also can be metabolically biotiny-
lated in mammalian cells.8 DNA of PSTCD domain was
amplified by PCR from the PinPoint-Xa2 plasmid
(Promega, Madison, WI, USA) using primers 50-GGCT
CTAGAGCCGGTAAGGCCGGAGAG and 50-CCGTCTA
GAGAGATCCCCGATCTTGATG. The amplified frag-
ment was then inserted into the XbaI site of plasmid
pZeroFF6H, to obtain FF.PSTCD.6H. The cDNA of the
resulting fiber FF.PSTCD.6H was amplified and cloned
into a fiber mosaic shuttle vector pTGbx using ClaI and
SwaI sites, therefore the shuttle plasmid finally has
tandem fibers: FF.PSTCD.6H and Ad5 wt fiber flanked
by Ad sequences. The Ad5 fiber-mosaic genome was
obtained by homologous recombination of the mosaic
shuttle vector (pTGbx FF.PSTCD.6H) with SwaI-linear-
ized Ad5 genome backbone plasmid pVK70038 in E. coli
BJ5183. The pVK700 plasmid contains CMV promoter-
driven firefly luciferase gene in the E1 region as a

reporter gene. The plasmid obtained was designated
as pAdFF.PSTCD.6 H.F5luc. The fiber-mosaic virus
AdFF.PSTCD.6H.F5luc was rescued in 293 cells and
purified by a standard CsCl gradient protocol. Titers of
viral preps were determined in physical (vp) units, and
infectious (PFU) units by TCID50 method according to
the AdEasy protocol (Strategene, La Jolla, CA, USA).
Single virus preps of both Ad5luc and mBfMAd were
used throughout the entire study. The physical titers
obtained were 4.15� 1012 and 4.83� 1012 vp/ml for
Ad5luc and the mBfMAd vector, whereas the infectious
titers were 4.50� 1011 and 8.97� 109 PFU/ml, respec-
tively. Ratio of vp/PFU for Ad5luc and mBfMAd was 1:9
and 1:530, respectively.

Western blot analysis
Western blot to detect virus fibers and confirm fiber
biotinylation was performed as described.6 Briefly,
aliquots of Ad vectors equal to 5� 109 vp were loaded
on sodium dodecyl sulfate 4–20% gradient PAGE
(BioRad, Hercules, CA, USA) either boiled or unboiled.
After separation, viral proteins were electroblotted onto
a polyvinylidene difluoride (PVDF) membrane and
detected with 4D2, 2A6, anti-His monoclonal AB followed
by secondary Ab conjugated with HRP or strepavidin/
biotinylated HRP for detection of fiber biotinylation. The
blots were developed with 3,30-diaminobenzidine.

Enzyme-linked immunosorbent assay
To test the binding properties of fiber-mosaic Ad, solid-
phase binding ELISA was performed. Binding attributed
to wt Ad fiber was confirmed by interaction with
CAR as described.6 Binding properties of the mosaic
virus attributed to the biotinylated fiber were tested
in interaction with streptavidin and EGF-streptavidin,
which were coated on plastic at 50 and 5 mg/ml
correspondingly in 100 ml of 100 mM carbonate buffer
(pH 9.5) during overnight incubation at 41C. After
washing and blocking, the wells were incubated with
the virus followed the secondary antibodies.

Ad-mediated gene transfer assay
Infectivity of the mBfMAd in tumor cell lines was deter-
mined by gene transfer assay. The amount of mBfMAd or
Ad5luc was calculated for each gene transfer experiment,
depending on cell numbers in the experimental protocol,
to correspond to the desired MOI. Viruses were
preincubated with EGF-Streptavidin at the concentration
of 10 mg/ml in 300 ml of PBS for 1 h at room temperature
(RT) and purified from excess of adapter using Microcon
Centrifugal Filter Devices YM-100 (molecular weight
cutoff 100 kDa) (Amicon Bioseparation, Millipore, Bed-
ford, MA, USA). Viruses used as no adapter control
underwent the same procedure as above except PBS was
added instead of the adapter. Aliquots of the prepared
viruses in DMEM-F12 containing 2% fetal bovine serum
(FBS) were added to the cells and infection was carried
out for 2 h at 371C. The cells were incubated in complete
media with 10% FBS at 371C to allow expression of the
luciferase gene for 24 h. Luciferase activity in the cell
lysates was analyzed by using the Promega (Madison,
WI, USA) luciferase assay system and a Berthold
(Gaithersburg, MD, USA) luminometer.

In the system with artificial expression of human
EGFR, mouse fibroblast cells NR6 or NR6wt stably

Targeting EGFR with fiber-mosaic Ad
L Pereboeva et al

635

Gene Therapy



transduced with human EGFR were first preincubated
for 10 min at RT with either PBS (no adapter) or with
increasing concentration of EGF-Streptavidin (1–25 mg/
ml). After washing with PBS cells were transduced with
Ad5luc or mBfMAd at 50 PFU/cell. Luciferase assay was
performed as described above.

Competitive inhibition assay
Cell lines with low (MDA-MB-453) or high EGFR
expression (A431, A549, SKOV3) were plated in 24-well
plates at a density of 1�106 cells/well. On the following
day the cells were preincubated with recombinant
Ad5 knob at 50 mg/ml for 10 min at RT to block infection
via the wt fiber. Viruses were prepared as described in
previous section and applied to cells, after the blocking
step was completed, at MOI 50 PFU/cell for 2 h at 371C.
Unbound virus was washed away with PBS, and
medium with 10% FBS was added to each well. Forty
hours later, the cells were processed for luciferase assay
as described above.

In vivo retargeting of mBfMAd to EGFR using animal
model of ovarian carcinoma
CB17 SCID female mice 6–8 weeks of age (Charles River)
were injected i.p. with 10� 106 SKOV3ip1 cells to
establish i.p. ovarian tumors. At day 21 after SKOV3ip
injection, mice (n¼ 7 per group) were followed with i.p.
injection of Ad5luc or mBfMAd viruses at 1�1010 vp/
animal preincubated either with adapter EGF-Streptavi-
din (10 mg) or PBS. Mice were killed 48 h later, all visible
tumor nodules (combined and treated as one tumor
sample from each animal) and livers were excised and
luciferase assay was performed in tissue lysates. Same
lysates were used to determine protein concentration by
Bio-Rad assay.

In vivo retargeting of mBfMAd to EGFR-expressing
lung endothelium in EGFR transient transgenic hCAR
mice
The transgenic hCAR mice were a generous gift from
Dr Sven Pettersson (Karolinska Institute, Sweden). These
mice express truncated hCAR under the control of the
human ubiquitin-C promoter, thus allowing hCAR
expression in a variety of tissues, including the lungs,
kidneys, liver, heart, brain and muscle.13 In this study,
8-to 12-week-old hCAR mice screened for presence of
hCAR using PCR and flow cytometry were used. First,
hCAR transgenic mice were preconditioned to achieve
transient EGFR expression in lung endothelium. For that
mice were injected via tail vein with 1�1011 vp of
AdfltEGFR per animal. Transient expression of Ad
transgene in lung endothelium under these conditions
has been first demonstrated by Everts et al.2 Forty-eight
hours after the first injection, each mouse was injected iv
with 5� 1010 vp of mBfMAd preincubated either with
EGF-Streptavidin (100 ng) or PBS. All animals were
killed 48 h after the last viral injection. Lung and liver
luciferase activities were measured and normalized for
protein content determined by Bio-Rad assay.

Animal experiments and protocols were reviewed
and approved by the Institutional Animal Care and Use
Committee of University of Alabama at Birmingham.

Statistics
Student’s t-test was employed for statistical analysis
where Po0.05 was considered to be statistically sig-
nificant.
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Abstract

Purpose Alternative and complementary therapeutic

strategies need to be developed for metastatic breast

cancer. Virotherapy is a novel therapeutic approach for

the treatment of cancer in which the replicating virus

itself is the anticancer agent. However, the success of

virotherapy has been limited due to inefficient virus

delivery to the tumor site. The present study addresses

the utility of human mesenchymal stem cells (hMSCs)

as intermediate carriers for conditionally replicating

adenoviruses (CRAds) to target metastatic breast

cancer in vivo.

Experimental design HMSC were transduced with

CRAds. We used a SCID mouse xenograft model to

examine the effects of systemically injected CRAd

loaded hMSC or CRAd alone on the growth of MDA-

MB-231 derived pulmonary metastases (experimental

metastases model) in vivo and on overall survival.

Results Intravenous injection of CRAd loaded

hMSCs into mice with established MDA-MB-231 pul-

monary metastatic disease homed to the tumor site and

led to extended mouse survival compared to mice

treated with CRAd alone.

Conclusion Injected hMSCs transduced with CRAds

suppressed the growth of pulmonary metastases, pre-

sumably through viral amplification in the hMSCs.

Thus, hMSCs may be an effective platform for the

targeted delivery of CRAds to distant cancer sites such

as metastatic breast cancer.
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Introduction

In the United States, breast cancer remains the most

common malignancy in women. In some women,

breast cancer is a local disease without spread. Such

early breast cancers are usually diagnosed by screening

mammography and are highly curable with local or

regional treatment alone. However, most women with

primary cancer have subclinical metastases, and in a

high percentage of those treated with apparently

curative surgery, distant metastases ultimately develop.

The clinical course of metastatic breast cancer is vari-

able. Chemotherapy, hormonal therapy, radiotherapy,

and limited surgery are all used in the treatment of

women with metastatic breast cancer, although the

overwhelming majority of these women will die of their

disease. In view, of the limited success of available

treatment modalities for metastatic breast cancer,

alternative and complementary strategies need to be

developed.

In this regard, virotherapy is an exciting therapeutic

approach for the treatment of cancer in which the

replicating virus itself is the anticancer agent. Among

various viruses, the adenovirus-based vector has

emerged as a leading candidate for in vivo cancer

virotherapy. Conditionally replicative adenovirus

based agents (CRAds) have been designed to replicate

in tumor cells whereby the virus can self-amplify and

spread in the tumor from an initial infection of only a

few cells. However, highly effective use of CRAd

agents in tumors clinically has been heretofore hin-

dered by three main factors: (1) low viral infectivity,

(2) suboptimal replicative specificity and (3) inefficient

viral agent delivery to the tumor site [10]. With respect

to breast cancer, transduction efficacy by adenovirus

serotype 5 (Ad5) is often suboptimal due to the highly

variable and often low expression pattern of the pri-

mary adenovirus receptor, coxsackie adenovirus

receptor (CAR) [4, 9]. To circumvent this, genetic

alterations of the virus fiber protein that utilizes CAR-

independent entry pathways have been identified, thus

bypassing CAR deficiency on cancer cells and

enhancing tumor transduction. In parallel, strategies

have been developed to enhance the transcription

selectivity of current vector systems toward tumor cells

by using tumor specific promoter (TSP) that limit ec-

topic expression in non-tumor cells and decrease

treatment-associated toxicities. However, efficient

virus delivery to the tumor site is a central mandate of

virotherapy.

In this regard, cell carriers exhibiting endogenous

tumor homing activity have been recently exploited to

chaperone virus delivery to the tumor site. Although

the utility of cells as vehicles for toxic genes, anti-

angiogenic molecules, and immunostimulatory genes

has been suggested in several studies, there have been

only limited studies whereby cells have been exploited

as carriers for virotherapeutic agents. In this regard, we

have proposed human mesenchymal stromal cells

(hMSCs) as carriers of oncolytic viruses in vitro [15].

MSCs are bone marrow-derived non-hematopoietic

precursor cells that when systemically administered,

home to the tumor, preferentially survive and prolif-

erate in the presence of malignant cells and become

incorporated into the tumor architecture as stromal

fibroblasts [20]. In this regard, it has been recently

shown that systemically administered hMSCs home to

breast cancer metastasis of the lung [21].

Based upon these findings, we hypothesized that

hMSCs could be used as a targeting strategy for

CRAds in the treatment of breast cancer metastasis of

the lung. Our results, demonstrating that systemic

administration of hMSC carriers can target CRAds to

metastatic disease, constitute a novel therapeutic par-

adigm for breast cancer that couples cell therapy with

virotherapy.

Materials and methods

Adenoviral vectors

The CRAd Ad5/3.CXCR4 was constructed as follows:

the plasmid pBSKCAT/CXCR4, which contains a

279 bp sequence from the human CXCR4 promoter (–

191 to +88), was a kind gift of Dr. Nelson L. Michael

[25]. The CXCR4 promoter sequence (NCBI Acces-

sion Number AY728138, from 1780 to 2059 bp) con-

taining the 279 bp CXCR4 promoter and the simian

virus 40 (SV40) polyadenylation (poly A) signal was

cloned by PCR into the NotI/XhoI site of pScsE1

plasmid [12, 17] (a kind gift from Dr. Dirk Nettelbeck,

Department of Dermatology, University Medical

Center-Erlangen, Erlangen, Germany), resulting in

pScsE1CXCR4 that contained the E1A gene down-

stream of the CXCR4 gene promoter. The Ad vector,

pAdback 5/3 was a kind gift from Dirk Nettenbeck and

contains both the E3 gene and a capsid modified F5/3

[12, 17]. After cleavage with PmeI, the shuttle vector,

pScsE1CXCR4, was recombined with pAdback5/3 to

generate the CRAd Ad5/3.CXCR4, where the human

Ad knob serotype 5 is replaced by human Ad knob

serotype 3. The Ad vector, pVK503c, was a kind gift

from Dr. V. Krasnykh (M.D. Anderson, Houston, TX),

and contains both the E3 gene and a capsid modified

RGD4C [23]. After cleavage with PmeI, the shuttle
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vector, pScsE1CXCR4, was recombined with Cla I

linearized pVK503c to generate the CRAd

Ad5RGD.CXCR4 with a fiber protein incorporating

an RGD-motif in the HI-loop of Ad5 fiber. The

recombinant plasmids were linearized with PacI and

transfected into 293 cells using superfect reagent

(Qiagen; Valencia, CA) to generate the Ad5/3.CXCR4

and Ad5R6D.CXCR4 adenoviruses. The other repli-

cation competent adenoviruses used in this study were:

wild type Ad5wt with unmodified fiber [22], Ad5/3wt

with a chimeric fiber having the knob of Ad5 fiber

replaced by knob of Ad3 fiber [12, 17], Ad5.RGDwt

with a fiber protein incorporating an RGD-motif in the

HI-loop of Ad5 fiber. Ad.CXCR4Luc [26] was used for

replication negative control. The adenoviruses were

propagated in the A549 cells (a lung cancer cell line in

which the CXCR4 gene is overexpressed), and purified

by double CsCl density gradient centrifugation, fol-

lowed by dialysis against phosphate buffered saline

(PBS) containing 10% glycerol. The concentration of

total viral particle numbers (PN) was determined by

measuring absorption at 260 nm. Infectious PNs were

determined by measuring the concentration of viral

hexon protein-positive 293 cells after a 48-h infection

period, using an Adeno-X Rapid Titer Kit (Clontech;

Mountain View, CA).

Cell line and cell culture

MDA-MB-231 breast cancer cell lines were obtained

from the American Type Culture Collection (ATCC)

and cultured as described. In brief, the cells were

maintained in DME/F-12 medium (Life Technologies,

Inc., Grand Island, NY), containing 10% fetal bovine

serum (FBS: Gemini Bio-Products, Woodland, Ca),

and 1% antibiotic–antimycotic solution (penicillin–

streptomycin–fungizone, Sigma Chemicals Co., St.

Louis, MO). The cells were maintained in T-175 flasks

at 37�C and 5% humidified CO2, and were sub-cul-

tured using 1% trypsin–EDTA (Gibco BRL, Life

Technologies).

Human mesenchymal stem cells and labeling

Human mesenchymal stem cells were obtained from

the Tulane Center for Gene Therapy (Tulane Uni-

versity Health Sciences Center, New Orleans, LA,

USA) and cultured according to the protocol provided.

Carbocyanine dye (CellTracker CM-Dil; Molecular

Probes Inc, Eugene, Ore) was used to label the human

mesenchymal stem cells according to the manufac-

turer’s standard protocol as previously described [3].

In vitro cytotoxicity assay of CRAds

For determination of virus-mediated cytotoxicity,

1 · 104 MDA-MB-231 cells were seeded in 48-well

plates and infected with adenoviruses at MOI of 1–

1000 or were mock-infected [17]. To visualize cell

killing, cells were fixed and stained with 1% crystal

violet in 70% ethanol for 20 min followed by washing

with tap water to remove excess dye at day 3, 5, 7 and

9. The plates were dried and images were captured

with a Kodak DC260 digital camera (Eastman Kodak,

Rochester, NY, USA).

In vitro cytotoxicity assay of human mesenchymal

stem cells loaded with CRAd

About 3 · 105 hMSCs were plated in 6 well plates and

infected with Ad5/3.CXCR4 at MOI of 1–1000 in 2%

media. After 18 h the Ad5/3.CXCR4 infected hMSCs,

now called hMSC-Ad5/3.CXCR4, were washed three

times with PBS and trypsinized. Next, 5 · 104 MDA-

MB-231 breast cancer cells plated in 48 well plates

were co-cultured with 5 · 104 hMSCs carrying Ad5/

3.CXCR4 at different MOIs. To visualize cell killing,

cells were fixed and stained with 1% crystal violet in

70% ethanol for 20 min followed by washing with tap

water to remove excess dye at day 3, 5, 7, and 9. The

plates were dried and images were captured with a

Kodak DC260 digital camera (Eastman Kodak,

Rochester, NY, USA).

Quantitating virus replication

Purification of the DNA and quantitative real-time

PCR for E4 was performed as previously described [6].

About 1.5 · 105 cells were seeded per well in a six-well

plate. The next day cells were infected with the indi-

cated viruses at different MOIs or mock infected and

growth medium was collected at the indicated time

points. Negative controls without templates were per-

formed for each reaction series, and an internal control

(human GAPDH) was used to normalize the copy

number for the E4 genes. Comparison of replication

rates of different treatment groups were performed

with a Student’s t-test.

Mouse xenograft model for experimental metastatic

breast cancer to the lung

Female C.B-17 SCID mice (6-weeks old) were

obtained from Charles River Laboratories, Inc

(Wilmington, MA, USA). Mice were used according
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to approved institutional protocols. The mouse

xenograft model for metastatic breast cancer to the

lung and the route of hMSC injection was performed

as described [21]. Mice were injected intravenously in

the lateral tail vein with 2 · 106 MB-MDA-231 sus-

pended in 200 ll of PBS [21]. In preliminary experi-

ments, we determined that all mice injected with

2 · 106 MB-MDA-231 developed macroscopic tumor

nodules in their lungs at 14 days after tumor cell

injection (data not shown). Fourteen days later,

treatment was started. The following preparations

were made prior intravenous injection: 106 hMSCs

were infected with Ad5/3.CXCR4 at MOI of 1000 in

2% media. After 18 h the Ad5/3.CXCR4 infected

hMSCs, now called hMSC-Ad5/3.CXCR4, were wa-

shed three times with PBS and trypsinized. Then

hMSC-Ad5/3.CXCR4 and hMSCs alone were labeled

with dye (CellTracker CM-Dil; Molecular Probes

Inc., Eugene, Ore) at 37�C in complete media for

30 min followed by three washes with PBS and

resuspended in 100 ul of PBS. Then, at day 14, mice

were we injected intravenously in the lateral tail vein

with either 106 hMSCs which had been infected with

Ad5/3.CXCR4 of MOI 1000 (n = 8), hHMSC alone

(n = 8) or Ad5/3.CXCR4 of MOI of 1000 alone

(n = 8) suspended in 100 lL PBS. Non-treated MDA-

MB-231 tumor bearing mice (n = 8) and healthy mice

(n = 8) served as a control.

Determination of effect of CRAd loaded hMSCs on

MB-MDA-231 tumor weight in mouse lung

Fourteen days after MB-MDA-231 tumor cell injec-

tion (as described above), the mice obtained treat-

ment intravenously in the lateral tail vein with either

106 hMSCs which had been infected with Ad5/

3.CXCR4 of MOI 1000 (n = 4), MSC alone (n = 4) or

Ad5/3.CXCR4 of MOI of 1000 alone (n = 4) sus-

pended in 100 ll PBS. Mice injected with MB-MDA-

231 tumor cells alone (n = 4) and healthy mice with

no tumor cell injection (n = 4) served as controls.

Mice were sacrificed by asphyxiation with CO2

30 days after tumor cell injection. We measured the

weight of whole lungs in all groups of mice and used

whole lung weight as a surrogate endpoint of MD-

MBA-231 tumor burden in the lung and to assess the

effect of hMSCs, Ad5/3.CXCR4 on tumor growth

[21]. All mice were followed daily until euthanasia.

None of the mice had to be sacrificed because of

excessive bleeding, open wound infection, moribund

status, or prostration with weight loss of more than

25% of initial body weight.

Determination of effect of CRAd loaded hMSCs on

survival in mice bearing metastatic breast cancer

Fourteen days after MD-MBA-231 tumor cell injection

(as described above), the mice obtained treatment

intravenously in the lateral tail vein either 106 hMSCs

which had been infected with Ad5/3.CXCR4 of MOI

1000 (n = 10), hMSC alone (n = 10) or Ad5/3.CXCR4

of MOI of 1000 alone (n = 10) suspended in 100 ll

PBS. Mice injected with MB-MDA-231 tumor cells

alone (n = 10) and healthy mice with no tumor cell

injection (n = 10) served as controls. All mice were

followed daily until day 150. None of the mice had to

be sacrificed because of excessive bleeding, open

wound infection, moribund status, or cachexia.

MDA-MB-231 lung metastases

To assess the effect of transient transfection of hMSC-

Ad5/3.CXCR4 on MDA-MB-231 lung metastasis,

lungs were harvested 30 days later, fixed in 10% neu-

tral-buffered Formalin, longitudinally trisected, paraf-

fin embedded, and three 5–7 lm thickness sections

were cut at 200 lm intervals from each embedded

block. Tissue sections were stained with hematoxylin

and eosin, examined for the presence of tumor nodules

by a pathologist unaware of the treatments.

Tissue processing and imaging studies

Lungs from each group of mice were harvested 30 days

after treatment, fixed in 10% neutral-buffered forma-

lin, longitudinally trisected, paraffin embedded, and

three 5–7 lm thickness sections were cut at 200 lm

intervals from each embedded block. Tissue sections

were stained with hematoxylin and eosin, examined for

the presence of tumor nodules by a pathologist. In

addition, lungs for each group of mice were embedded

in Tissue TEK OTC compound (Miles, Elkhart, IN),

snap-frozen in liquid nitrogen, and stored at –80�C.

Immunofluorescence

GFP labeled hMSCs were identified in the lung as

following: Frozen tissue sections were air dried, fixed in

4% paraformaldehyde for 1 h, permeabilized in PBS

with 0.2% Triton X-100, washed 5 min in PBS and

blocked in 25% goat serum for 30 min. The sections

were washed in PBS three times for 5 min, mounted

with VectaShield mounting medium with 4¢,6-diami-

dino-2-phenylindole (H-1200; Vector Laboratories)

and then analyzed by fluorescence microcopy. Aden-
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oviral hexon was identified in the lung as following:

Frozen tissue sections were air dried, fixed in 4%

paraformaldehyde for 1 h, permeabilized in PBS with

0.2% Triton X-100, washed 5 min in PBS and blocked

in 25% goat serum for 30 min. Then the tissue sections

were treated overnight with goat anti-hexon antibody

(Chemicon) at 4�C. The sections were washed in PBS

three times for 5 min. The tissue sections were treated

with Alexa 534 labeled anti-goat secondary antibody

(Alexa 534, Molecular Probes, Invitrogen) for 1 h,

washed three times in PBS. All sections were mounted

with VectaShield mounting medium with 4¢,6-diami-

dino-2-phenylindole (H-1200; Vector Laboratories).

The images were captured with either a Texas Red or a

FITC filter in an Olympus AX70 fluorescence micro-

scope equipped with a Zeiss Axiocam camera (Carl

Zeiss, Oberkochem, Germany). Individual images

were processed and merged using Adobe Photoshop

5.5 application software.

Statistical methods

We used the Wilcoxon rank sum test to perform pair-

wise comparisons of treatment effect on lung weight

between all groups. Survival was measured from the

day of MDA-MB-231 cell injection until the day of 130.

For the survival data, the log-rank test was used to

assess differences in survival among the four treatment

groups. Because this overall test showed that the dif-

ference between MSC-Ad5/3.CXCR4–treated and

control mice was statistically significant (P < 0.001),

pairwise log-rank tests were performed. All statistical

tests were two-sided; a P value of less than 0.05 was

considered statistically significant. Statistical analyses

were performed by using GraphPad Prism software

(GraphPad Software, San Diego, CA).

Results

Identification of a CRAd allowing efficient loading

of hMSCs and maximal oncolysis of breast cancer

cells

One prerequisite of exploiting hMSCs as cell carriers

for CRAds in vivo was to identify a CRAd agent,

which combined efficient loading of the hMSCs with

maximal killing potency of tumor cells. Therefore,

our goal was to identify a CRAd possessing a limited

oncolytic activity in the carrier cells in vitro while

exhibiting efficient cytotoxicity in breast cancer cells.

In this regard, previous studies have demonstrated

that efficient transduction of hMSCs as well as breast

cancer cells were hampered due to the paucity of the

primary adenoviral receptor CAR. Thus, we deter-

mined the transduction efficiency of a panel of

replication competent Ads, which utilize CAR-

independent viral entry pathways. As shown in

Fig. 1, we tested the cytotoxicity in hMSCs and in

the metastatic breast cancer cell line MDA-MB-231.

The hMSCs and MDA-MB-231 cells were infected

with replication competent Ads that have: wild-type

Ad5 fiber (Ad5wt), an RGD peptide incorporated

into the HI loop of the Ad5 fiber knob domain

(Ad5RGDwt and Ad5RGD.CXCR4) or a serotype

switching of the Ad5 knob with that of Ad3

(Ad5/3wt and Ad5/3.CXCR4). In these experiments,

Ad.CXCR4Luc served as a non-replicating control.

While the crystal violet staining-based cell-killing

assay showed that hMSCs were most sensitive to

RGD peptide-containing Ads (Ad5RGDwt and

Ad5RGD.CXCR4), the Ad5wt, Ad5/3wt, and

Ad5/3.CXCR4 viruses had an attenuated cytopathic

effect on hMSCs. In MDA-MB-231 cells, the most

Fig. 1 Cytopathic effect of infectivity enhanced CRAds in breast
cancer cells and human mesenchymal stem cells as carrier cells in
vitro. (A) MDA-MB-231 cells and (B) human mesenchymal
stem cells (hMSCs) were infected with Ad.CXCR4Luc (as a non-
replicating control), the CRAd Ad5/3.CXCR4, the CRAd

Ad5RGD.CXCR and the replication competent vectors
Ad5RGDwt and Ad5wt at different MOIs. Cytotoxic activity
was evaluated by crystal violet staining. Control without any viral
infection is indicated as C
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prominent oncolysis was attributed to Ad5/3 viruses

(Ad5/3wt and CRAd Ad5/3.CXCR4). Thus, the Ad5/

3.CXCR4 exhibited sufficient hMSC infectivity with

limited cytotoxic effect, while it was substantially

more cytopathic in MDA-MB-231 cells. Based on

these data, we selected the CRAd Ad5/3.CXCR4 for

our subsequent in vitro and in vivo experiments.

Cells carrying this CRAd were designated as hMSC-

Ad5/3.CXCR4.

Ad5/3.CXCR4 loaded human mesenchymal stem

cells display oncolysis of breast cancer cells in vitro

Next, we tested the proof-of-principle that Ad5/

3.CXCR4 loaded hMSCs (hMSC-Ad5/3.CXCR4 cells)

could affect oncolysis of MDA-MB-231 breast cancer

cells in vitro. In addition, we evaluated the time

course by which hMSC-Ad5/3.CXCR4 could produce

oncolysis of MDA-MB-231 cells in vitro. As shown in

Fig. 2, MDA-MB-231 cells were co-cultured with

hMSCs loaded with Ad5/3.CXCR4 at MOI ranging

from 0 to 1000 oncolysis, and oncolysis was assessed by

crystal violet staining on days 3, 5, 7, 9 and 11. To

exclude any toxic effects of the adenovirus infection

itself that may also contribute to cell lysis, tumor cells

were also mixed with HMSC carrier cells infected with

non-replicative virus. In addition, any oncolytic effect

from adenovirus infection alone was assessed by direct

infection with non-replicative virus. These control

experiments demonstrated that non-replicative Ad

does not cause cell lysis of breast cancer tumor cells

when applied directly or carried in hMSCs.

At day 3 of the co-culture experiment, hMSC-Ad5/

3.CXCR4 cells showed evidence of initial oncolysis in

MDA-MB-231 cells at MOI of 1000, which was com-

pleted at day 7. Interestingly, between days 7 and 9 of

co-culture, an increase of oncolysis of MDA-MB231 of

more than 3 orders of magnitude was achieved,

resulting in complete oncolysis at MOI of 1. These

results were correlated with PCR assays of Ad DNA in

the culture media, which showed a significant increase

in viral copy number between days 7 and 9 corre-

sponding to enhanced viral oncolysis (data not shown).

In the aggregate, co-culturing of MDA-MB-231 cells

with hMSC-Ad5/3.CXCR4 resulted in increased

oncolysis of MDA-MB-231 cells with time, suggesting

viral amplification in hMSCs. The killing of MDA-MB-

231 was protracted, thus indicating a sufficient time

window to manipulate hMSCs with CRAds.

MSC-Ad5/3.CXCR4 homes to breast cancer

metastases in the lung in vivo

We investigated the homing capacity of hMSCs loaded

with CRAds to breast cancer metastases in the lung in

vivo. In this experiment, we injected MDA-MB-231

cells intravenously into the tail veins of SCID mice to

establish pulmonary metastases as previously described

[21]. Fourteen days later, the mice were injected

intravenously with Ad5/3.CXCR4 loaded hMSCs and

labeled with fluorescent dye, with Ad5/3.CXCR4, or

with fluorescent dye labeled hMSCs alone. At day 3

after treatment the mice were sacrificed and lung

samples were assessed for the presence of hMSCs

loaded with CRAds. Fluorescence microcopy was

performed to identify cell populations in lung sections.

Dye labeled hMSCs were identified by green fluores-

cence and cells immunostained against Ad hexon (as

an indicator of viral replication [1]) were identified by

red fluorescence. HMSCs carrying CRAd would ap-

pear as orange overlay. As shown in Fig. 3A, fluores-

cent microscopy demonstrated orange fluorescent cells

Fig. 2 Ad5/3.CXCR4 loaded human mesenchymal stem cell
display oncolysis in breast cancer cells in vitro. (A) Co-culture of
Ad5/3.CXCR4 loaded human mesenchymal stem cells (hMSC-
Ad5/3.CXCR4) and MDA-MB-231 breast cancer tumor cells at
days 3, 5, 7, 9 and 11. Oncolytic activity was evaluated by crystal

violet staining. (B) Direct oncolytic effect of Ad5/3.CXCR4 on
MDA-MB-231 cells by infection with Ad5/3.CXCR4 at same
MOIs at day 3, 5, 7, 9 and 11. Both experiments (A) and (B) were
started in parallel at the same time point. Oncolytic activity was
evaluated by crystal violet staining
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indicative of hMSCs positive for Ad hexon localized

to tumor nodules in lung tissue from tumor bearing

mice injected with Ad5/3.CXCR4 loaded hMSCs.

In lung tissue from tumor bearing mice injected with

Ad5/3.CXCR4, only red fluorescent cells positive for

Ad hexon immunostaining were observed (Fig. 3B). In

tumor bearing mice injected with HMSCs alone, these

cells were detected in the tumor nodules as indicated

by green fluorescence (Fig. 3C). Interestingly, no evi-

dence of hMSCs could be found in non-MDA-MB-231

bearing lungs (data not shown). Thus, these results

suggest that hMSCs loaded with Ad5/3.CXCR4 are

capable to home to breast cancer metastases in the

lung after systemic injection.

Systemically administered MSC-Ad5/3.CXCR4

reduces the growth of MDA-MB-231 cell derived

lung metastases in vivo

Next, we investigated the in vivo anti-tumor activity of

hMSC-Ad5/3.CXCR4. We injected MDA-MB-231

cells intravenously into the tail veins of SCID mice to

establish pulmonary metastases (Fig. 4A). Fourteen

days later, we injected 1 · 106 hMSCs loaded with

Ad5/3.CXCR4 (Fig. 4B) or Ad5/3.CXCR4 alone

(Fig. 4C) intravenous. Control mice received either no

treatment (Fig. 4A) or intravenous injection of

1 · 106 hMSCs (Fig. 4D). Thirty days after tumor cell

injection, the mice were sacrificed, and the weights of

whole lungs were measured. A group of healthy mice

that received no cell injection served as a reference

for measurement of normal lung weight. As shown in

Fig. 5, the mean lung weight of mice injected with

MDA-MB-231 tumor cells was statistically signifi-

cantly greater than the mean lung weight of healthy

mice. Much of this weight difference was due to the

tumor tissue occupying substantial portions of the

lungs of the mice injected with the tumor cells.

Therefore, we used whole lung weight as a surrogate

endpoint of tumor burden in lungs and as an

assessment of treatment, as previously described [21].

Mice injected with tumor cells and intravenously

with hMSC-Ad5/3.CXCR4 had smaller mean lung

weight than Ad5/3.CXCR4 treated mice or control

untreated mice injected with tumor cells only

(P < 0.05). Thus, the tumor burden of breast cancer

metastases in the lungs was significantly less in ani-

mals treated with CRAd loaded hMSCs than with

the CRAd alone.

Treatment with hMSC-Ad5/3.CXCR4 improved

survival of mice bearing breast cancer metastases in

the lungs

Finally, we examined whether hMSCs loaded with Ad5/

3.CXCR4 improved the survival of mice with

pre-established pulmonary metastases derived from

Fig. 3 Evaluation of homing capacity of systemically adminis-
tered CRAd loaded human mesenchymal stem cells to meta-
static breast cancer to the lungs by fluorescence microscopy.
Established pulmonary metastases of MDA-MB231 carcinoma
intravenously injected with hMSC-Ad5/3.CXCR4 (A), Ad5/
3.CXCR4 (B) or hMSC (C). Fluorescence microscopy was
performed to detect hexon of Ad5/3.CXCR4 (red, see B), GFP
label of hMSCs (green, see A and C) and hMSC carrying hexon
(orange, see A fi ) in established pulmonary metastatses of
MDA-MB231 carcinoma at day 3 after treatment

Breast Cancer Res Treat

123



MDA-MB-231 cells. Mice were treated either with

hMSC-Ad5/3.CXCR4, Ad5/3.CXCR4, or with hMSCs

alone. Untreated mice served as a control group. Among

mice bearing pulmonary metastases derived from MDA-

MB-231 cells, the group treated with hMSC-Ad5/

3.CXCR4 survived significantly longer (P < 0.05) than

Ad5/3.CXCR4 treated, hMSC treated or untreated mice

(Fig. 6). Thus, these results indicate that the delivery of

CRAds with hMSCs resulted in a greater survival benefit

compared to CRAd injection alone.

Discussion

In the present study, we have exploited the utility of

hMSCs as cellular carriers of CRAds for the therapy of

Fig. 4 Treatment schedules
of MDA-MB-231 cell derived
lung metastases in vivo.
Pulmonary breast cancer
metastases were established
in mice (A). Mice were
treated on day 14 after
intravenous injection with
MDA-MB231 with one dose
of intravenous injection of
hMSC-Ad5/3.CXCR4 (B),
Ad5/3.CXCR4 alone (C),
hMSC alone (D), or no
treatment (E).
Representative lung sections
are shown, lungs were
analyzed by histology and
H&E staining
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metastatic breast cancer to the lung. We have dem-

onstrated both in vitro and in vivo the capability of

hMSCs as intermediate carriers for CRAds. Impor-

tantly, we have shown the ability of systematically

administered CRAd loaded hMSCs to home to

and to kill breast cancer pulmonary metastases. The

exploitation of mammalian cells represents a novel

approach of coupling virotherapy with cell therapy. In

this regard, delivery of conditional replication HSV

type 1 viruses by neural precursor cells has been

endeavored for the treatment of glioma [5]. Tumor

cells have also been used as cellular carriers of repli-

cation competent parvoviruses for the treatment of

hepatic cancer [16]. Recently, the ability of mesen-

chymal stem cells to deliver replication competent

adenoviruses to ovarian and cervical cancer cells in

vitro was investigated [15]. Herein, our present study

extends this paradigm to an in vivo approach to distant

metastatic cancer.

In the design of our study we investigated a com-

bined cell vehicle therapy and virotherapy approach by

exploiting a CRAd agent designed with enhanced tu-

mor infectivity and specificity in vitro as well as anti-

tumor potency in vivo. With respect to virotherapy, our

CRAd was designed to address the biological

requirements of breast cancer. Tumor infectivity

enhancement of this CRAd was achieved by incorpo-

ration of the knob domain from the human adenovirus

serotype 3 (Ad5/3) to provide CAR-independent tro-

pism [19]. Enhanced specificity was achieved by plac-

ing the CRAd E1A gene under the transcriptional

control of the tumor selective promoter CXCR4. In

this regard, the CXCR4 gene promoter revealed a

superior ‘‘breast cancer—on/liver-off’’ profile in a

preclinical evaluation of transcriptional targeting

strategies for carcinoma of the breast in a tissue slice

model system [18]. Furthermore, recent evidence

Fig. 5 Effect of systemically administered hMSC-Ad5/3.CXCR4
on the weight-growth of MDA-MB-231 cell derived lung
metastases in vivo. Lung weights after treatment with hMSC-
Ad5/3.CXCR4, Ad5/3.CXCR4 or hMSC compared with those of
untreated mice with MDA-MB231 metastasis at day 30 after

tumor cell injection. Lung weights of healthy animals with no
tumors are included for comparison. Each bar presents the mean
of four experiments ± SD. *, P < 0.05, hMSC-Ad5/3.CXCR4
versus Ad5/3.CXCR4
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Fig. 6 Survival analysis. Survival of mice with established
pulmonary metastases of MDA-MB231 breast carcinoma intra-
venously injected with hMSC-Ad5/3.CXCR4, Ad5/3.CXCR4 or
hMSC compared with those of untreated mice
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points to the SDF-1a-CXCR4 complex as having an

important role in progression to metastasis in several

tumor contexts [13, 24]. This CRAd combining trans-

ductional and transcriptional targeting strategies has

been recently shown to exhibit superior infectivity and

tumor selective replication in breast cancer (Stoff-

Khalili et al., unpublished observations).

The present study addresses the utility of hMSCs as

intermediate carriers for CRAds to target metastatic

breast cancer in vivo. The choice of hMSCs as cellular

vehicles was based on their described tumor homing

capacity and the observation that intravenously

administered hMSCs do not engraft in healthy organs

(i.e. lung, liver, spleen, kidney and muscle) [7, 14, 21].

Indeed, fluorescence microscopy of lung tissue sections

showed homing of labeled hMSCs to the breast cancer

metastases, while no hMSCs could be identified in

healthy regions of the lung. It has been suggested that

signals mediating increased turnover and proliferation

of connective stromal cells in tumors may induce the

homing of MSCs to this site [20, 21]. In this regard, it

has been recently suggested that this process may be

related to high local concentrations of paracrine

growth factors such as fibroblast growth factor, plate-

let-derived growth factor, epidermal growth factor,

transforming growth factor-b, or other mediators

within the tumor microenvironment [2].

In order to exploit hMSCs as cellular carriers for

CRAds, it was important to consider how to limit viral

activity in the carrier cells until the hMSCs would

reach the metastatic breast cancer cells in the lung. We

selected the Ad5/3.CXCR4 CRAd as optimal for our

strategy because this agent exhibited limited cytotox-

icity in hMSCs and maximal cytotoxicity in breast

cancer cells. Indeed, the identification of labeled

hMSCs loaded with the CRAd at metastatic tumor

sites in the lungs after systemic injection suggested a

sufficient time window for the hMSCs to carry this

agent to the disease. The prevention of cytotoxicity of

viruses on cell carriers is an important practical issue

relevant to our strategy [8, 11]. In this regard, several

approaches have been designed to attenuate the cyto-

toxicity of viruses on cell carriers, such as mimosine

treatment to avoid premature destruction of neural

precursors serving as cellular carriers for conditionally

replicative herpes simplex virus type 1 vectors [5]

We demonstrated here that hMSC based viral

delivery enhanced the oncolytic effect of virothera-

peutic treatment and increased the survival of tumor-

bearing animals. This result validates the feasibility of

using hMSCs as cellular carriers for replication com-

petent adenoviruses. The amount of virus loaded into

hMSCs was measured at the time of in vivo delivery and

corresponded to the titer of CRAd injected alone.

Therefore, the superior therapeutic response of meta-

static breast cancer in the lung from treatment with

CRAd loaded hMSCs cannot be attributed to a higher

dose of the CRAd initially introduced. This response

may result from the amplification of viral load in the

hMSC carriers or from targeted virus delivery and

release of the virus in the vicinity of tumor cells at

multiple foci. Further studies are in progress to inves-

tigate our hypothesis that hMSCs may function as local

factories of CRAds to explain the superior oncolysis of

CRAd loaded hMSCs compared to CRAd alone in

vivo. In our study, we used an immune-compromised

animal model. In future studies, we will investigate if

hMSCs could also serve as a ‘‘Trojan horse’’ for CRAd

delivery by evading an antiviral immune response. As a

result of the transport of CRAds inside hMSCs, CRAds

may be protected not only from untargeted trapping

but also from inactivation through hemaglutination and

neutralization through preexisting antiviral immunity.

In conclusion, this study represents to the best of our

knowledge, the first attempt to demonstrate the proof

of principle that hMSCs can serve as cellular carriers to

deliver CRAds to distant tumors such as breast cancer

metastases in the lungs and mediate oncolysis in vivo

after systemic administration. This work provides the

first evidence to suggest that hMSCs as carrier cells

represent a promising mode of administration of

CRAds for the treatment of distant neoplastic meta-

static disease.
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Abstract

Background In view of the limited success of available

treatment modalities for a wide array of cancer, alternative

and complementary therapeutic strategies need to be

developed. Virotherapy employing conditionally replica-

tive adenoviruses (CRAds) represents a promising targeted

intervention relevant to a wide array of neoplastic diseases.

Critical to the realization of an acceptable therapeutic in-

dex using virotherapy in clinical trials is the achievement

of oncolytic replication in tumor cells, while avoiding non-

specific replication in normal tissues. In this report, we

exploited cancer-specific control of mRNA translation

initiation in order to achieve enhanced replicative speci-

ficity of CRAd virotherapy agents. Heretofore, the

achievement of replicative specificity of CRAd agents has

been accomplished either by viral genome deletions or

incorporation of tumor selective promoters. In contrast,

control of mRNA translation has not been exploited for the

design of tumor specific replicating viruses to date. We

show herein, the utility of a novel approach that combines

both transcriptional and translational regulation strategies

for the key goal of replicative specificity.

Methods We describe the construction of a CRAd with

cancer specific gene transcriptional control using the

CXCR4 gene promoter (TSP) and cancer specific mRNA

translational control using a 5¢-untranslated region (5¢-
UTR) element from the FGF-2 (Fibroblast Growth Factor-

2) mRNA.

Results Both in vitro and in vivo studies demonstrated

that our CRAd agent retains anti-tumor potency. Impor-

tantly, assessment of replicative specificity using stringent

tumor and non-tumor tissue slice systems demonstrated

significant improvement in tumor selectivity.

Conclusions Our study addresses a conceptually new

paradigm: dual targeting of transgene expression to cancer

cells using both transcriptional and mRNA translational

control. Our novel approach addresses the key issue of

replicative specificity and can potentially be generalized to

a wide array of tumor types, whereby tumor selective

patterns of gene expression and mRNA translational con-

trol can be exploited.

Keywords Virotherapy � Adenovirus � Conditionally

replicative � CRAd � E1A � Tumor selective promoter �
TSP � Transcription � Transcriptional control � CXCR4 �
mRNA translation � mRNA translational control �
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5’-untranslated region � 5’-UTR � Fibroblast growth factor �
FGF-2 � Eukaryotic initiation factor 4E � eIF4E �
Breast cancer � Breast tumor

Introduction

In view of the limited success of available treatment

modalities for breast cancer, alternative and complemen-

tary strategies need to be developed. Virotherapy marks an

innovative approach in the development of new treatment

regimes, in which a replicating virus itself is the anti-

cancer agent. In this regard, virotherapy employing con-

ditionally replicative adenoviruses (CRAds) represents a

promising targeted intervention relevant to a wide array of

neoplastic diseases. Critical to the realization of an

acceptable therapeutic index in clinical trials using viro-

therapy is the achievement of oncolytic replication in tu-

mor cells, while avoiding nonspecific replication in normal

tissues [1–4]. In this regard, the elucidation of the critical

pathways involved in the adenoviral infectious cycle has

provided the basis of multiple levels of potential control to

achieve the goal of selective replication. For example,

modification of viral tropism via altered cell surface

binding provides the practical basis of transductional tar-

geting [5, 6]. Alternatively, controlling expression of crit-

ical adenoviral regulatory genes via tumor selective

promoters (TSPs) is the basis of transcriptional targeting

[7]. These multiple targeting strategies thus provide the

potential for a combinatorial approach to achieve an opti-

mized level of selective CRAd replication.

Thus far, transcriptional targeting has been the most

frequently applied strategy in the design of CRAd agents.

Due to the native adenoviral hepatotropism [4, 8], the ideal

TSP should exhibit the widest differential between ‘‘tumor

on’’ and ‘‘liver off’’ expression profiles [1]. Whereas

candidate promoters have been identified that embody this

profile, direct TSP employment in the CRAd context may

not necessarily provide the level of cancer specificity re-

quired. In this regard, heterologous promoters incorporated

into the adenovirus (Ad) genome may exhibit altered

induction patterns due to endogenous cis and trans regu-

latory elements derived from the Ad genome. To address

this issue, the addition of insulator elements has been

proposed. Such strategies however, may not be generally

applicable to all TSPs [9]. These observations demonstrate

that additional regulatory strategies may be necessary to

achieve an optimized cancer selective replication of

CRAds.

To this end, control of gene expression at the level of

mRNA translation offers an additional approach relevant to

targeting cancer cells. Recently, the control of mRNA

stability via tumor-associated proteins has been explored

for tumor-specific replicating viruses. This approach uti-

lized sequences from the 3¢ untranslated region (3¢-UTR)

of the PTGS2 (prostaglandin-endoperoxide synthase 2)

mRNA to control selective mRNA stability and degrada-

tion of the adenovirus E1A gene transcript [10]. In contrast,

control of mRNA translation has not been exploited for the

design of tumor specific replicating viruses to date. Of

note, dysregulation of mRNA translation in cancer is a

well-recognized mechanism, which may contribute to

neoplastic conversion and progression. In particular, over-

expression of the translation eukaryotic initiation factor

eIF4E has been documented in cellular transformation and

tumorigenesis [11]. The eIF4E factor specifically binds to

the cap structure of mRNAs during the first step of mRNA

recruitment for translation [12, 13]. It is also a subunit of a

pre-initiation complex, which contains a helicase activity

that unwinds the secondary structure at the 5¢-UTR of

mRNA. This latter function is critical during scanning for

the translation start site of mRNAs with long 5¢-UTRs

capable of forming complex stable secondary structures

[14, 15].

Recognizing the nearly ubiquitous eIF4E over-expres-

sion in solid tumors, we hypothesized that mRNA trans-

lation could be exploited as an additional regulatory

strategy to control replication of adenoviral vectors for

cancer virotherapy. We hypothesized that the addition of a

long and highly structured 5¢-UTR preceding the adeno-

viral E1A coding sequence would limit efficient translation

exclusively to cells that express high levels of the trans-

lation initiation factor eIF4E. We describe herein, the

construction of a CRAd with cancer specific gene tran-

scriptional control using the CXCR4 gene promoter as a

TSP and cancer specific mRNA translational control uti-

lizing a 5¢-UTR element from the FGF-2 (Fibroblast

Growth Factor-2) mRNA. Our study thus addresses a

conceptually new paradigm: dual targeting of transgene

expression to cancer cells using both transcriptional and

mRNA translational control. Our novel approach addresses

the key issue of replicative specificity and may be very

valuable both scientifically and clinically. It can potentially

be applied to a wide array of tumor types, whereby tumor

selective patterns of gene expression and mRNA transla-

tional control can be exploited, resulting in a new class of

virotherapeutic agents.

Materials and methods

Cell lines and cell culture

The MDA-MB-231, MDA-MB-361, and MDA-MB-435

breast cancer cell lines were obtained from the American

Type Culture Collection (ATCC) and cultured as
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described. In brief, the cells were maintained in DMEM/F-

12 medium (Life Technologies, Inc., Grand Island, NY),

containing 10% fetal bovine serum (FBS; Gemini Bio-

Products, Woodland, Ca), and 1% antibiotic-antimycotic

solution (penicillin-streptomycin-fungizone; Sigma Chem-

icals Co., St. Louis, MO). The cells were maintained in

T150 flasks at 37�C and 5% humidified CO2, and were sub-

cultured using 1% trypsin-EDTA (Gibco BRL, Life

Technologies). Human mammary epithelial cells (HMEC)

were obtained from Clonetics (Walkersville, MD), and

were maintained in serum-free mammary epithelial growth

media (Clonetics) and passaged as recommended by the

vendor.

Primary human cells

Human dermal fibroblasts were derived from neonatal skin

by trypsinization as described [16–18]. Human dermal fi-

broblasts obtained from outgrowth of explant cultures,

were grown in DMEM (Dulbecco’s modified Eagle’s

medium; Bio Whittaker) supplemented with 10% fetal calf

serum, 2 mM glutamine, 100 U/ml penicillin, and 100 lg/

mL streptomycin and grown as monolayers on plastic tis-

sue culture dishes in a humidified atmosphere of a CO2

incubator at 37�C.

Tissue slices and culture

Approval was obtained from the Institutional Review

Board for all studies on human tissue. Human breast cancer

samples were obtained (Department of Pathology, Uni-

versity of Alabama at Birmingham) from three patients

undergoing mastectomy for primary invasive ductal carci-

noma; normal breast tissue samples were obtained from

three patients undergoing reduction mammoplasty. Human

liver samples were obtained (Department of Surgery,

University of Alabama at Birmingham) from three HIV

seronegative donor livers prior to transplantation into

recipients. All tissue samples were flushed with University

of Wisconsin (UW) solution (ViaSpan, Barr Laboratories,

Inc. Pomona, NY) before harvesting and kept on ice in UW

solution until slicing. Time from harvest to slicing was kept

at an absolute minimum (<2 h).

The precision tissue cut technique was performed using

the Krumdieck Tissue Slicer as previously described [19].

Tissue slices (250 micron) were placed into six-well plates

(1 slice per well) containing 2 mL of complete culture

media (liver, William’s Medium E with 1% antibiotics, 1%

L-glutamine, and 10% FCS; normal breast and breast tu-

mor tissue, RPMI with 1% antibiotics, 1% L-glutamine,

and 10% FCS). The plates were then incubated at 37�C and

5% CO2 in a humidified environment under normal oxygen

concentrations for up to 48 h. A plate rocker set at 60 rpm

was used to agitate slices and ensure adequate oxygenation

and viability [20]

Construction and production of adenoviruses

The plasmid pBSKCAT/CXCR4, which contains a 279 bp

sequence from the human CXCR4 promoter (–191 to +88),

was a kind gift of Dr. Nelson L. Michael [21]. The CXCR4

promoter sequence (NCBI Accession Number AY728138,

from 1780 to 2059 bp) was cloned by PCR into the SpeI/

PmeI site of pAdenoVator-CMV5 (Qbiogene; Irvine, CA)

replacing the CMV promoter to generate pAdenoVator-

CXCR4. This construct contained the 279 bp CXCR4

promoter and the simian virus 40 (SV40) polyadenylation

(poly A) signal. The adenoviral type 5 E1A gene (NCBI

Accession Number AY728138, from 560 to 1545 bp) was

then cloned by PCR into the PmeI/BamHI site of pAde-

noVator-CXCR4 to generate the pAdenoVator-CXCR4-

E1A plasmid. The 5¢ upstream-untranslated region se-

quence of the rat FGF-2 cDNA (NCBI Accession Number

NM_019305, from 1 to 532 bp) was inserted in the PmeI

site immediately upstream of the E1A sequence to produce

the pAdenoVator-CXCR4-UTR-E1A plasmid. After

cleavage with FseI, the pAdenoVator-CXCR4-E1A and the

pAdenoVator-CXCR4-UTR-E1A plasmids were used for

homologous recombination in BJ5183 bacteria with the

pAdEasy-1 genome (Stratagene; La Jolla, CA). The

resulting pAdEasy-CXCR4-E1A and pAdEasy-CXCR4-

UTR-E1A recombinant plasmids were identified by PCR

screening.

The recombinant plasmids were linearized with Pac I

and transfected into 293 cells using Superfect reagent

(Qiagen; Valencia, CA) to generate the Ad5-CXCR4-E1A

and Ad5-CXCR4-UTR-E1A adenoviruses. The adenovi-

ruses were propagated in the FaDu cell line (a human head

and neck cancer cell line in which CXCR4 is over ex-

pressed), and purified by double CsCl density gradient

centrifugation, followed by dialysis against phosphate

buffered saline (PBS) containing 10% glycerol. The con-

centration of total viral particle numbers (PN) were deter-

mined by measuring absorption at 260 nm. Infectious PN

(IFN) were determined by measuring the concentration of

viral hexon protein-positive 293 cells after a 48 h infection

period, using an Adeno-X Rapid Titer Kit (Clontech;

Mountain View, CA). Wild type Ad5 (Ad-wt-dE3) and Ad-

CXCR4-GL3 [22] were used for replication positive and

negative control, respectively, in the CRAd agent analysis.

Western blot analysis

Levels of endogenous human eIF4E, CXCR4, and b-actin

expressed in uninfected cells, were determined by Western

immunoblot analysis, from 20 lg of total cellular protein.
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Cells were solubilized in lysis buffer (150 mM NaCl, 1.0%

NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate

(SDS), 50 mM Tris pH 8.0) and the protein concentration

was determined using the Bradford protein assay (Bio-Rad

Laboratories, Richmond, CA, USA). For eIF4E expression,

cells were harvested and solubilized in lysis buffer. Sam-

ples were electrophoresed on a 10% SDS/polyacrylamide

gel and subsequently transferred to nitrocellulose in a

semidry electrophoretic blotting system (NovaBlot; Phar-

macia, Piscataway, NJ, USA). The nitrocellulose mem-

branes were incubated for 1 h in a blocking buffer of 5%

bovine serum albumin (BSA) in TTBS buffer (500 mM

NaCl, 100 mM Tris, 0.1% Tween 20), followed by incu-

bation with buffer containing 1% BSA and either (a) a

mouse anti-human eIF4E monoclonal antibody (BD

Transduction Labs), (b) a mouse anti-human CXCR4

monoclonal antibody (BD Transduction Labs), or (c) a

mouse anti-human b-actin monoclonal antibody (Pharm-

ingen). Subsequently, membranes were washed in TTBS

buffer and incubated with a horseradish peroxidase (HRP)

conjugated secondary anti-mouse or anti-rabbit antibody

(Santa Cruz Biotechnology; Santa Cruz, CA). Specific

protein bands were detected using the ECL Western blot-

ting system (Amersham Biosciences; Piscataway, NJ). Fi-

nally, the membranes were washed and incubated with

ECL reagent and analyzed by autoradiography. Densi-

tometry analysis was performed using a VersaDoc 3000

imaging system (Bio-Rad).

Levels of adenoviral E1A protein were determined by

Western immunoblot analysis. Cells infected Ad-CXCR4-

E1A, Ad-CXCR4-UTR-E1A, Ad-CXCR4-GL3, or Ad-wt-

dE3 at a multiplicity of infection (MOI) of 100:1 were

harvested at 48 h. Cells were harvested and solubilized in

lysis buffer. Samples were subjected to electrophoresis on a

10% SDS/polyacrylamide gel and subsequently transferred

to nitrocellulose. The nitrocellulose membranes were

incubated for 1 h in a blocking buffer of 5% BSA in TTBS

buffer, followed by incubation with TTBS buffer contain-

ing 1% BSA and a mouse anti-Adenovirus type 5 E1A

monoclonal antibody (Lab Vision; Fremont, CA). Subse-

quently, the membranes were washed in TTBS buffer and

incubated with a HRP conjugated goat anti-mouse IgG

secondary antibody (Santa Cruz Biotechnology). Specific

protein bands were detected using the ECL reagent and

analyzed by autoradiography.

Quantifying viral transcription

For quantification of E1A mRNA expression 1.5 · 105

cells were seeded per well in a six-well plate. The next day,

cells were infected with the indicated viruses at 100 MOI,

or mock infected. After 48 h, purification of total RNA and

quantitative real-time PCR for E1A were performed as

previously described [23]. Viral infection of the tissue

slices was performed as previously described [19]. After

infection and frozen storage, tissue slices were thawed and

placed in RLT buffer (RNEasy RNA extraction kit, Qia-

gen, Valencia, CA) with ß-mercaptoethanol (Sigma, St.

Louis, MO). Slices were homogenized immediately with

an ultrasonic sonicator (Fisher Scientific Model 100) at a

setting of 15 watts for 10 sec. The homogenate was cen-

trifuged, and the supernatant was removed to separate

Eppendorf tubes for subsequent RNA purification with the

RNEasy RNA purification kit according to the manufac-

turer’s directions. Comparison of transcription rates of

different treatment groups were performed with a Student’s

t-test.

Quantifying virus replication

Purification of the DNA and quantitative real-time PCR for

E4 was performed as previously described [24]. 1.5 · 105

cells were seeded per well in a six-well plate. The next day

cells were infected with the indicated viruses at 100:1 MOI

or mock infected. Growth medium was collected at the

indicated time points, and assessment of viral copy number

in 200 lL aliquots was performed as previously described

[19]. Negative controls without template were performed

for each reaction series, and an internal control (human

GAPDH) was used to normalize the copy number for the

E4 genes. Comparison of replication rates of different

treatment groups were performed with a Student’s t-test.

In vitro cytotoxicity assay

For determination of virus-mediated cytotoxicity,

1.5 · 104 cells were seeded in 24 well tissue culture plates

and were infected with adenoviruses at indicated titers or

were mock-infected [25]. To visualize cell killing, cells

were fixed and stained with 1% crystal violet in 70% eth-

anol for 20 min, followed by washing with tap water to

remove excess dye. The plates were dried and images were

captured with a Kodak DC260 digital camera (Eastman

Kodak, Rochester, NY, USA).

In vivo oncolysis

All experimental protocols were approved by the Institu-

tional Animal Care and Use Committees of LSU Health

Sciences Center and University of Alabama at Birming-

ham. To establish subcutaneous tumors, 4–5 week old

BALB/c nude mice were inoculated in both flanks with

5 · 106 MDA-MB-361 cells (n = 5 animals/group; 2 tu-

mors/animal). Before injection, the tumor cells were veri-

fied to have >95% viability by trypan blue exclusion. When
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the tumor reached 5 mm in widest diameter, 1 · 108 IFN

of Ad-CXCR4-E1A, Ad-CXCR4-UTR-E1A, Ad-CXCR4-

GL3 or Ad-wt-dE3 was injected intratumorally, in a

0.05 mL volume. Control tumors were injected with an

equal volume of PBS only. Animals were examined every

other day and killed if tumor size reached 1.0 · 1.0 cm.

The tumor volume was calculated by the formula: 1/2 xy2,

where x is the longest distance of the tumor and y is the

distance perpendicular to x.

Results

A model for using differential expression of eIF4E

We constructed a dual-level targeted CRAd with the Ad

E1A gene that is essential for viral replication, with tran-

scriptional control using the CXCR4 gene promoter and

mRNA translational control using the FGF-2 5¢-UTR se-

quence placed upstream of the coding sequence (Fig. 1).

This CRAd construct (Ad-CXCR4-UTR-E1A) was com-

pared to a single-level targeted CRAd (Ad-CXCR4-E1A)

with transcriptional control using the CXCR4 gene pro-

moter alone. Experiments were performed to compare

regulation of E1A expression in cells in infected with Ad-

CXCR4-E1A (using gene transcriptional control alone)

with regulation of E1A expression in cells infected with

Ad-CXCR4-UTR-E1A (using mRNA translational and

gene transcriptional control). E1A expression was com-

pared in infected breast cancer cell lines (MDA-MB-231,

MDA-MB-361, and MDA-MB-435) and in infected normal

breast epithelial cells (HMEC) and normal human fibro-

blasts.

First, to correlate the differential expression of endog-

enous expression of eIF4E and CXCR4 between normal

and cancer cell lines, Western blot analysis was performed,

and the amounts of each protein were quantified by den-

sitometry and normalized using the relative expression of

b-actin. As shown in Fig. 2, normal HMEC and fibroblasts

showed low levels of eIF4E expression. However, the

breast cancer cell lines MDA-MB-231, MDA-MB-361, and

MDA-MB-435 showed between 37- and 41-fold higher

levels of eIF4E compared to normal HMEC, and between

23- and 25-fold higher levels compared to normal fibro-

blasts. In contrast, to the differential expression of eIF4E

between normal and breast cancer cell lines, CXCR4

showed high levels of expression in normal HMEC and

fibroblasts as well as in breast cancer cell lines. These

results suggest that using gene transcriptional control alone

may be insufficient to target cancer cells, and that the

addition of mRNA translational control may be necessary

to achieve tumor specificity.

Transcription of the dual-level targeted CRAd is

Independent of eIF4E protein level

A real-time RT-PCR was used to quantify transcription

levels of E1A in breast epithelial and stromal cell lines

expressing low levels of eIF4E (HMEC and fibroblasts)

and in breast cancer cell lines having high levels of eIF4E

(MDA-MB-231, MDA-MB-361, and MDA-MB-435), at

48 h after infection with either Ad-CXCR4-E1A or with

Ad-CXCR4-UTR-E1A. Transcription levels of E1A were

also quantified in cells infected with an untargeted repli-

cative Ad-wt-dE3 as a positive control and in cells infected

with a non-replicative Ad-CXCR4-GL3 as a negative

control. As shown in Fig. 3, there were no statistically

significant differences in the levels of E1A mRNA ob-

served for any of the cell lines, whether the cells were

Fig. 1 Strategy to exploit translational targeting as an adjunct to

transcriptional targeting. (A) Construction of pAdenoVator-CXCR4.

This construct contains the 279 bp CXCR4 promoter and the simian

virus 40 (SV40) polyadenylation (poly A) signal. (B) The adenoviral

type 5 E1AcDNA was cloned by PCR into pAdenoVator-CXCR4 to

generate the pAdenoVator-CXCR4-E1A plasmid. (C) The 5¢ up-

stream-untranslated region sequence of the rat FGF-2 cDNA was

inserted immediately upstream of the E1A sequence to produce the

pAdenoVator-CXCR4-UTR-E1A plasmid
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infected with Ad-CXCR4-E1A or with Ad-CXCR4-UTR-

E1A. Importantly, these levels were similar to levels of

E1A in cells infected with Ad-wt-dE3. These results serve

to confirm our hypothesis that the transcription of E1A in

these systems is independent of eIF4E protein levels and is

unaffected by the FGF-2 5¢UTR sequence.

Dual-Level targeting allows specific 5¢UTR-E1A

mRNA translation during CRAd infection

In the following experiments we tested the feasibility of

translational regulation in the context of CRAd, based on

eIF4E dependent translational control. The breast cancer

cell lines (MDA-MB-231, MDA-MB-361, and MDA-MB-

435) and normal cell lines (HMEC and fibroblasts) were

infected with either Ad-CXCR4-E1A or Ad-CXCR4-UTR-

E1A, and Western blot analysis of E1A protein levels was

performed (Fig. 4). Western blot analysis was also per-

formed on cells infected with an untargeted replicative Ad-

wt-dE3 as a positive control and on cells infected with a

non-replicative Ad-CXCR4-GL3 as a negative control. In

breast cell lines that express relatively high levels of eIF4E,

the E1A protein expression levels in cells infected with Ad-

CXCR4-UTR-E1A were similar to cells infected with Ad-

CXCR4-E1A or with Ad-wt-dE3. Importantly, in breast

epithelial and stromal cell lines that express relatively low

levels of eIF4E, the E1A expression level was significantly

lower (in fact, lower than the detection limit) after infection

with Ad-CXCR4-UTR-E1A compared to infection with

Ad-CXCR4-E1A or Ad-wt-dE3. Thus, these results con-

firm our hypothesis that the translation of the 5¢-UTR-E1A

mRNA in the dual-level targeted CRAd is strongly

dependent on the presence of elevated levels of eIF4E.

eIF4E selective replication of dual-level targeted

cRAds

To assay and compare eIF4E selective replication of the

single-level targeted CRAd (Ad-CXCR4-E1A) and the

dual-level targeted CRAd (Ad-CXCR4-UTR-E1A) after

infection of cells with different levels of eIF4E, viral rep-

lication was determined by viral copy number. In this as-

say, the presence of the E4 gene was determined using real-

time PCR from DNA samples extracted from medium after

1, 3, and 9 days post-infection [26, 27]. Viral replication

was also determined in cells infected with an untargeted

replicative Ad-wt-dE3 as a positive control and in cells

infected with a non-replicative Ad-CXCR4-GL3 as a

negative control. Infection of breast cancer cell lines

(MDA-MB-231, MDA-MB-361, and MDA-MB-435)

expressing relatively high levels of eIF4E with either the

single-level targeted CRAd or the dual-level targeted

CRAd generated comparably high DNA copy numbers,

which were similar to the untargeted replicative Ad-wt-dE3

control (Fig. 5). In contrast, in normal cells (HMEC and

fibroblasts) expressing low levels of eIF4E the dual-level

targeted CRAd displayed significantly (P < 0.05) lower

viral copy number in comparison to the single-level tar-

geted CRAd. Thus, the dual-level targeted CRAd demon-

strated specific eIF4E selective replication.

Dual-Level targeting exploiting both gene

transcriptional and mRNA translational control displays

oncolytic specificity in cells over expressing eIF4E

We next compared the oncolytic profile of the single-

level targeted and the dual-level targeted CRAd in cells

expressing different levels of eIF4E (Fig. 6). Cell sur-

Fig. 2 Western blot analysis of eIF4E protein levels in normal breast

epithelial and stromal cells and breast cancer cell lines. An analysis

was performed for each cell line used (fibroblasts, HMEC, MDA-MB-

231, MDA-MB-361, and MDA-MB-435) for expression of CXCR4,

eIF4E and b-actin. (A) A representative of three independent Western

blot experiments. (B) Densitometric ratios of CXCR4 and eIF4E

levels normalized to b-actin
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vival was determined by crystal violet staining. In all the

breast cancer cell lines tested, the single and dual-level

targeted CRAds displayed oncolytic potency comparable

to Ad-wt-dE3. In contrast, in the normal HMEC and fi-

broblasts expressing low levels of eIF4E, the dual-level

targeted CRAd (Ad-CXCR4-UTR-E1A) showed a cyto-

toxicity that was severely attenuated relative to the wild

type adenovirus control (Adwt-dE3). Importantly, Ad-

CXCR4-UTR-E1A displayed an oncolytic activity that

was one order of magnitude lower compared to Ad-

CXCR4-E1A in fibroblasts and HMEC. In the aggregate,

these data clearly demonstrate that differential E1A

protein expression and replication by the dual-level tar-

geted CRAd Ad-CXCR4-UTR-E1A in cells expressing

low and high levels of eIF4E results in eIF4E specific

oncolytic activity.

Dual-Level targeted CRAd maintains its cancer

specificity in a human tissue slice model

To more closely mimic the clinical situation, we aimed

to determine eIF4E selective replication of the dual-level

targeted CRAd in the most stringent available preclinical

model, precision cut tissue slices of normal breast and

breast cancer samples. To measure viral copy number,

the presence of the E4 gene was determined using real-

time PCR from DNA samples extracted from medium at

1, 3, and 9 days post-infection [26, 27]. Infection of

Fig. 3 Evaluation of

transcription of the E1A gene of

the single and dual-level

targeted CRAd by quantitative

Real-time PCR. (A)

Quantification of E1A mRNA

expression after infection with

Ad-CXCR4-E1A, Ad-CXCR4-

UTR-E1A, Ad-CXCR4-GL3

(negative control) or Ad-wt-dE3

(positive control) in normal

cells expressing relatively low

levels of eIF4E. (B)

Quantification of E1A mRNA

expression after infection with

AdCXCR4-GL3, Ad-CXCR4-

E1A, Ad-CXCR4-UTR-E1A

and Ad-wt-dE3 in breast cancer

cell lines expressing relatively

high levels of eIF4E. The

mRNA copy numbers are

normalized by the GAPDH

copy number. Each bar

represents the mean of three

experiments ± SD. *P = ns
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breast cancer tissue samples expressing relatively high

levels of eIF4E with either the single-level targeted

CRAd or the dual-level targeted CRAd generated com-

parably high DNA copy numbers, (Fig. 7), which were

similar to the untargeted replicative Ad-wt-dE3 control.

However, in normal breast tissue samples expressing low

levels of eIF4E the dual-level targeted CRAd (Ad-

CXCR4-UTR-E1A) showed a significantly lower

(P < 0.05) viral copy number in comparison to the sin-

gle-level targeted CRAd (Ad-CXCR4-E1A). Importantly,

the results determined in normal human breast tissues

and primary human breast cancer samples correspond to

the results obtained in cell lines expressing low and high

levels of eIF4E. Thus, exploiting translational targeting

as an adjunct to transcriptional targeting in a CRAd al-

lows distinctive cancer-selective replication.

Dual-Level targeted CRAd is oncolytic in vivo in a

murine model of breast cancer

Next, the anti-tumor effects of the single-level targeted

CRAd (Ad-CXCR4-E1A) and the dual-level targeted

CRAd (Ad-CXCR4-UTR-E1A) were analyzed in vivo

using MDA-MB-361 breast cancer cells injected subcu-

Fig. 4 Dual-level targeting

allows specific 5¢UTR-E1A

mRNA translation during CRAd

infection. Western blot analysis

was performed using lysates

from normal cells expressing

relatively low levels of eIF4E

(A) and breast cancer cell lines

expressing relatively high levels

of eIF4E (B) after infection with

after infection with Ad-CXCR4-

E1A, Ad-CXCR4-UTR-E1A,

Ad-CXCR4-GL3 (negative

control) or Ad-wt-dE3 (positive

control)
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taneously in an athymic mouse xenograft model. As

shown in Fig. 8, the decrease of the relative tumor

volume in Ad-CXCR4-UTR-E1A treated mice was

comparable to the Ad-CXCR4-E1A injected mice and

the untargeted replicative Ad-wt-dE3 control. Taken to-

gether, these in vivo results are consistent with the

in vitro data demonstrating a comparable oncolytic effect

between the dual-level targeted CRAd (Ad-CXCR4-

UTR-E1A) and the single-level targeted CRAd (Ad-

CXCR4-E1A). Interestingly, treatment with a negative

control (non-replicative) Ad-CXCR4-GL3 virus resulted

in a partial therapeutic effect. The effect of transient

tumor inhibition by a non-therapeutic adenovirus has

previously been observed [28–31], and has been attrib-

uted to the recruitment and activation of the innate

immune system (e.g., natural killer cells and macro-

phages) [32–35]. These findings may explain the non-

specific tumor inhibition we observed.

Dual-Level targeted CRAd displays reduced replication

in a human liver tissue slice model

To preclinically evaluate the liver toxicity of human

CRAds is a challenge. It is known that human

adenoviruses replicate only poorly in mice. Therefore, we

evaluated adenoviral replication in the most relevant

preclinically available model, the human liver tissue slice

model. To measure viral copy number, the presence of

the E4 gene was determined using real-time PCR from

DNA samples extracted from medium 2 and 4 days post-

infection [26, 27]. As shown in Fig. 9, the dual-level

targeted CRAd (Ad-CXCR4-UTR-E1A) showed the

lowest copy number among the replication competent

viruses tested, which was significantly lower compared to

the single-level targeted CRAd (Ad-CXCR4-E1A) or

Ad-wt-dE3. Thus, exploiting translational targeting as an

adjunct to transcriptional targeting in a CRAd allows a

significant reduction of replication in human liver tissue.

Discussion

In this report, we exploited cancer-specific control of

mRNA translation initiation in order to achieve enhanced

replicative specificity of CRAd virotherapy agents. Both

in vitro and in vivo studies demonstrated that the CRAd

agent, which utilized a heterologous mRNA translational

control element, retained anti-tumor potency. Importantly,

Fig. 5 eIF4E selective

replication of dual-level

targeted CRAds. Viral copy

number as an indicator of viral

replication in normal cells

expressing relatively low levels

of eIF4E (A) and breast cancer

cell lines expressing relatively

high levels of eIF4E (B).

Growth medium was collected

at day 1, 3 and 9 after infection

with Ad-CXCR4-E1A, Ad-

CXCR4-UTR-E1A, Ad-

CXCR4-GL3 (negative control)

or Ad-wt-dE3 (positive control).

Each bar represents the mean of

three experiments ±SD.

*P < 0.05 Ad-CXCR4-E1A

versus Ad-CXCR4-UTR-E1A
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assessment of replicative specificity using stringent tumor

and non-tumor tissue slice systems demonstrated signifi-

cant improvement in tumor selectivity. Heretofore, the

achievement of replicative specificity of CRAd agents has

been accomplished solely with gene transcriptional control

elements based upon incorporation of tumor selective

promoters. Our report herein demonstrates the utility of a

novel approach that combines both transcriptional and

translational regulation strategies for the key goal of rep-

licative specificity.

In cancer cells, translational regulation has become a

well-recognized mechanism contributing to the neoplastic

phenotype. Processes linked to aberrant translation regu-

lation include cell cycle alterations, motility and inva-

siveness, angiogenesis, metastasis, and resistance to

apoptosis. Therefore, translational regulation represents a

very attractive point of attack to for therapy of cancer,

because of the multitude of downstream effectors that can

be modulated at one time. Clearly, eIF4E is a central player

in translational regulation and is critical to the genesis and/

or progression of cancer cells as indicated by the fact that it

is over-expressed in the majority of solid tumors studied to

date [11, 36, 37]. In addition to the importance of eIF4E in

early changes in the primary tumor, eIF4E has been iden-

tified as one of eight genes that when elevated constitutes a

molecular signature of metastasis potential [38]. In this

regard, elevated eIF4E expression results in drastically

increased synthesis of basic fibroblast growth factor (FGF-

2) [39] and vascular endothelial growth factor (VEGF)

[40], both of which are encoded by mRNAs with a long and

complex 5¢-UTR. Both of them powerful mitogens for

vascular endothelia and are essential for tumor vasculari-

zation [41].

In this study, use of an mRNA translational control

element in combination with the use of a gene transcrip-

tional control element maintained oncolytic CRAd activity,

both in vitro in tumor cells and in vivo in a xenograft breast

cancer mouse model. Importantly, our CRAd agent dem-

onstrated selective cytotoxicity in vitro, which was

dependent upon eIF4E activity. Murine models are not an

appropriate in vivo model to test non-specific adenoviral

replication and spread, because normal murine tissues are

poorly permissive for Ad replication [42, 43]. Thus we

utilized the human tissue slice model, the most stringent

preclinical substrate system currently available [44, 45]. In

this model, we showed using normal human liver and

Fig. 6 Dual-level targeting

exploiting both gene

transcriptional and mRNA

translational control displays

cytotoxic specificity in cells

over expressing eIF4E.

Oncolysis was evaluated by

crystal violet staining in normal

cells expressing relatively low

levels of eIF4E (A) and breast

cancer cell lines expressing

relatively high levels of eIF4E

(B) after infection with Ad-

CXCR4-E1A, Ad-CXCR4-

UTR-E1A, Ad-CXCR4-GL3

(negative control) or Ad-wt-dE3

(positive control) as described

in Material and methods
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breast tissue that the dual-level targeted CRAd significantly

reduced non-specific adenoviral replication compared to a

transcriptional targeted CRAd.

Our study exploited the 5¢-UTR sequence from the FGF-

2 mRNA as an mRNA translational control element. In our

construct, protein expression of the modified Ad5 E1A

transcript, which is essential for CRAd replication func-

tion, was restricted to cancer cells expressing high levels of

elF-4E. Recently, another study exploited mRNA stabil-

ization in the context of virotherapy for tumor specific

replication [10]. In this design, the 3¢-UTR sequence from

the PTGS2 (prostaglandin-endoperoxide synthase 2)

mRNA was exploited as a targeting element that allowed

activated RAS/P-MAPK dependant mRNA stability of a

modified Ad5 E1A transcript in cancer cells. Importantly,

however, this design only tested a single targeting ap-

proach, with the use of a non-specific CMV promoter for

E1A expression. In our approach, we extended CRAd

targeting using mRNA translational control by placing the

E1A gene under a second targeting element, using gene

transcriptional control from a candidate TSP, the CXCR4

gene promoter [22].

To our knowledge, the conditionality of adenoviral

replication and oncolysis through a post-transcriptional

level of control of E1A expression using an mRNA

translational control element has not been previously

demonstrated. At this point, it is clear that reliance on a

single targeting control of adenovirus replication could

allow toxicity in non-target tissues. Thus, the combination

of CRAd replication control at the level of both tran-

scription and translation should provide greater cancer

selectivity in vivo than either control element alone.

Our study has highlighted specificity gains that accrue

from the employment of methods combining transcrip-

tional and translational targeting. In this regard, the parent

vector of our CRAd construct is based on adenovirus

serotype 5. Genetic capsid modifications have recently

been shown to allow for cell-specific targeted infection.

This transductional targeting represents an additional

strategy for the achievement of specificity, which can be

Fig. 7 Evaluation of dual-level

targeted CRAds in primary

normal breast and breast cancer

cells (4 patients). Viral copy

number as an indicator of viral

replication in precision cut

tissue slices of normal breast

(A) and breast cancer samples

(B) obtained from three

patients. Growth medium was

collected at day 1, 3, 5 after

infection with Ad-CXCR4-E1A,

Ad-CXCR4-UTR-E1A, Ad-

CXCR4-GL3 (negative control)

or Ad-wt-dE3 (positive control).

Each bar represents the mean of

three experiments ±SD.

*P < 0.05 Ad-CXCR4-E1A

versus Ad-CXCR4- UTR -E1A
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employed with the methods we describe in this study. In

conclusion, our future efforts are aimed toward the devel-

opment of multiple-component targeted CRAds that will be

the most effective at generating truly tumor selective

vectors. Based on our studies, we propose that mRNA

translation may be considered as one of the targeting

component of such multiple targeted CRAds.

Augmentation of the specificity of adenoviruses for

cancer targets is urgently required for deriving their full

benefit and safety profile with regard to clinical trials. We

presently describe an innovative dual cancer-specific tar-

geting approach resulting in a new class of CRAds. We

envisage/believe that the mRNA translational control ele-

ment will play an important role in the vector design of

virotherapeutic CRAds in future virotherapeutic clinical

trials.
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AMosaic FiberAdenovirus Serotype 5 Vector Containing Reovirus
S1and Adenovirus Serotype 3 Knob Fibers Increases Transduction
in an Ovarian Cancer Ex vivo System via a Coxsackie and
Adenovirus Receptor^ Independent Pathway
YukoTsuruta,1Larisa Pereboeva,1,2 Joel N. Glasgow,1,2,3 DanielT. Rein,1,6 Yosuke Kawakami,1

Ronald D. Alvarez,2,4 Rodney P. Rocconi,4 Gene P. Siegal,2,5 Paul Dent,7

Paul B. Fisher,8 and DavidT. Curiel1,2

Abstract Purpose:Adenovirus serotype 5 (Ad5) has beenused for gene therapy with limited success due
to insufficient infectivity in cells with low expression of the primary receptor, the coxsackie and
adenovirus receptor (CAR). Evidence that adenovirus serotype receptors other than CARmay be
of use was presented in previous studies that showed that theAd3 receptor is expressed at high
levels in ovarian cancer cells.We hypothesized that combined use of unique chimeric fibers in the
context of novel mosaic adenovirus vectors would enhance infectivity via non-CAR pathways in
ovarian cancer cells.
Experimental Design:We constructed and characterized Ad5 vectors that use Ad3 knob and
reovirus fibers to generate a mosaic fiber virion. Serotype 3 Dearing reovirus uses a fiber-like j1
protein to infect cells expressing sialic acid and junction adhesion molecule 1.We therefore con-
structed amosaic fiberAd5 vector, designated Ad5/3-j1, encoding two fibers: a j1chimeric fiber
and the chimeric Ad5/3 fiber composed of an Ad3 knob.
Results: Functionally, Ad5/3-j1used sialic acid, junction adhesionmolecule1, andAd3 receptor
for cell transduction and achieved maximum infectivity enhancement in ovarian cancer cells with
low CAR expression. Furthermore, Ad5/3-j1achieved infectivity enhancement in primary tissue
slices of human ovarian tumor.
Conclusions:We have developed a new type of Ad5 vector with the novel tropism, possessing
fibers from Ad3 and reovirus, which exhibits enhanced infectivity via CAR-independent path-
way(s). In addition, the flexible genetic platform of vector allows different combination of fiber
variants that can be incorporated within the same particle.

Cancer gene therapy has been widely investigated in the last
decade as one of the new approaches for ovarian cancer.
Adenoviral vectors, particularly vectors based on human
serotype 5 (Ad5), have shown a great applicability in preclinical
evaluations (1). Despite exciting preclinical data, adenoviral
gene therapy approaches have yet to display significant clinical
benefit. In general, poor therapeutic results have been
attributed in large part to insufficient transduction of tumor
cells. Human tumor cells frequently express little to none of the
primary adenovirus receptor coxsackie and adenovirus receptor
(CAR; refs. 2, 3). This CAR deficiency renders many tumor cells
resistant to adenovirus infection, undermining cancer gene
therapy strategies that require efficient tumor cell transduction.
To address this issue, strategies are being developed that aim
at modifying the adenovirus vector tropism to achieve CAR-
independent transduction.

Genetic capsid modification has rationally focused on the
fiber knob domain, which is the primary determinant of
adenovirus tropism, to achieve CAR-independent cell entry. We
previously showed that a mosaic fiber Ad5 vector provided viral
entry via two different pathways, resulting in an additive gain in
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infectivity in a variety of transformed cells, including ovarian
cancer cells (4). We derived a mosaic fiber Ad5 vector that
incorporates two distinct fibers: the Ad5 fiber and a reovirus
chimeric fiber (4). The reovirus chimeric fiber includes the
fiber-like j1 protein, which is a receptor-binding molecule of
serotype 3 Dearing reovirus. The j1 protein has been reported
to use the coreceptors junction adhesion molecule 1 (JAM1)
and sialic acid for cellular binding (5, 6). These receptors are
clearly distinct from the Ad5 receptor and together determine
serotype 3 Dearing reovirus tropism. Of note, this mosaic fiber
modification greatly enhanced vector infectivity in cancer cells
compared with the wild-type Ad5 fiber. To further increase
infectivity of the mosaic fiber Ad5 vector, and to gain more
specific infectivity for ovarian cancer, we replaced the Ad5 wild-
type fiber gene in a tandem fiber cassette with the gene for a
chimeric Ad5/3 fiber. The Ad5/3 fiber contains the tail and
shaft domains of Ad5 and the knob domain of serotype 3. It
has been suggested that the Ad3 receptor is expressed at high
levels in ovarian cancer cells. Ad5 vectors that express a
chimeric fiber consisting of the adenovirus serotype 3 knob
domain (Ad5/3) have been shown to significantly increase
infectivity in ovarian cancer cells. Thus, we engaged in the
construction and characterization of Ad5 vectors that were
mosaics of Ad3 knob and reovirus fibers. The goal is to develop
mosaic fiber adenovirus vector, which could bind to ovarian
cancer cells using the Ad3 receptor JAM1 and sialic acid cell
receptors, thus establishing a novel strategy to achieve
infectivity enhancement based on a CAR-independent tropism.

A noteworthy aspect of our mosaic fiber strategy is the
flexibility whereby different combinations of fiber variants can
be incorporated within the same particle. On this basis, mosaic
fiber virions can be proposed, which embody ever greater
potential for enhancement of vector infectivity.

To evaluate the efficacy of the newly established adenovirus
vector, we introduced a thin-slice tumor model technique that
has been evaluated in our group. In this regard, Kirby et al. (7)
has clarified that the thin-slice tumor model system represents a
stringent method of ex vivo evaluation of novel adenoviral
vectors. For this technique, the Krumdieck tissue slicer is a
novel instrument, which was introduced in 1980s to cut precise
tissue slices from an organ of interest (8). Tissue slices thus
obtained, including those of human derivation, are capable of
maintaining their original in vivo structure and composition.
This study provides a means for rigorous preclinical analysis of
adenovirus-based transduction of patient tumors. We explored
the infectivity efficacy of our newly developed mosaic fiber
adenovirus vector using this established technique for preclin-
ical evaluation, thus providing a powerful tool to determine the
therapeutic index for clinical translation.

Materials andMethods

Cell lines. The 293 cells were purchased from Microbix. Human
ovarian cancer cell lines ES-2 and OV-3 were obtained from the
American Type Culture Collection. Human ovarian adenocarcinoma
cell lines OV-4 and Hey were a kind gift from Dr. Timothy J. Eberlein
(Harvard Medical School, Boston, MA) and Dr. Judy Wolf (M. D.
Anderson Cancer Center, Houston, TX), respectively. L929 cells were
maintained as described previously (6). All other cell lines were
cultured in medium recommended by suppliers (Mediatech and Irvine
Scientific). Fetal bovine serum was purchased from Hyclone. All cells
were grown at 37jC in a humidified atmosphere of 5% CO2.

Generation of the s1 chimeric fiber construct. A schematic of the
j1 chimeric fiber structure is shown in Fig. 1A. To design the j1
chimeric fiber, the fiber tail domain of Ad5 was fused in its whole
length to the entire j1 coding region in frame with a C-terminally
encoded 6-histidine (6-His) sequence, resulting in F5S1H as described
previously (4).
Generation of shuttle plasmids for the mosaic fiber Ad5 genome. We

previously created a shuttle vector, pNEB.PK.FSPF5S1/F5, which

contained tandem fiber genes for the j1 chimeric fiber F5S1H and
the wild-type Ad5 fiber (4). The current shuttle vector was based on

pNEB.PK.FSPF5S1/F5. We replaced the Ad5 knob sequence of the wild-

type Ad5 fiber with the Ad3 knob coding sequence in frame, resulting in
pNEBj5/3. Technically, a fiber shuttle vector, pNEB.PK.F5/3 (9),

containing an Ad5 tail, Ad5 shaft, and an Ad3 knob was used to
extract the coding sequence of the Ad3 knob with NheI-MunI digestion.

Another shuttle vector, pNEB.PK.FSPF5S1/F5, was digested with NheI

and MunI for removal of the Ad5 knob sequence. A NheI/MunI
fragment containing the coding sequence of the Ad3 knob from pNEB.

PK.F5/3 was cloned into the NheI-MunI–digested pNEB.PK.FSPF5S1/
F5, resulting in pNEBj5/3, containing the j1 chimeric fiber F5S1H and

the chimeric Ad5/3 fiber genes in tandem.

Generation of recombinant adenovirus. A schematic of the viruses
used in this study is shown in Fig. 1B. Recombinant Ad5 genomes

containing the tandem fiber genes were derived by homologous
recombination in Escherichia coli BJ5183 with SwaI-linearized rescue

plasmid pVK700 and the PacI and KpnI fragment of pNEBj5/3

containing tandem fibers essentially as described previously (10). The
recombinant region of the genomic clones was sequenced before

transfection into 293 cells. All vectors were propagated in 293 cells and

purified using a standard protocol (11). The resultant mosaic fiber virus
was Ad5/3-j1. Viral particle (vp) concentration was determined by the

A260 method as described by Maizel et al. (12). The infectious titer was
determined according to the AdEasy Vector System (Qbiogene, Inc.).
PCR amplification of viral genome fragments. Viral DNA was

amplified using the Taq PCR Core kit (Qiagen, Inc.). The sequences
of the primers were as follows: Ad5tail-sense, 5¶-ATGAAGCGCGCAA-
GACCGTCTGAAGAT; Ad3knob-antisense, 5¶-GTCATCTTCTCTAATA-
TAGGAAAAGGTAAATGGGG; and j1head-antisense, 5¶-ATTCTTGCGT-
GAAACTACGCGG.
Protein electrophoresis and Western blotting. To detect the incorpo-

ration and the trimerization of fibers in vp, adenovirus vectors equal to
1.0 � 1010 to 1.0 � 1011 vp were resolved by SDS-PAGE and Western
blotting as described previously (13).
Recombinant proteins. The fiber knob domains of Ad5 and Ad3

fibers were produced and purified as described previously (9). The
protein concentrations in all experiments were determined by the

Bradford method (Bio-Rad Laboratories).
Gene transfer assays. Cells were infected with viruses at 37jC for 1 h

and unbound virus was washed away. A luciferase assay was done 24 h
after infection (Promega) according to the manufacturer’s instructions.
Tumor slices were cut, infected, and processed for luciferase assay after
24 h of incubation at 37jC as described previously (7, 14).

Competitive inhibition assay. Recombinant Ad3 fiber knob protein

or anti-JAM1 polyclonal antibody (c-15; Santa Cruz Biotechnology,
Inc.) was incubated with the cells at 37jC for 15 min before infection.

Alternatively, cells were treated with 333 milliunits/mL of Clostridium
perfringens neuraminidase type X (Sigma-Aldrich Co.) at 37jC for 30

min to remove cell surface sialic acid followed by two washes with PBS.

Cells were then exposed to viruses at 37jC for 1 h. Unbound virus and
blocking agents were washed away. After 24 h of incubation at 37jC,

the cells were processed for luciferase assay as described previously.
Subsequent procedures were the same as described previously.
Precision-cut human ovarian tumor slices. Following institutional

review board approval, primary human ovarian tumors were obtained
from newly diagnosed ovarian cancer patients who underwent
debulking surgery as primary treatment. Precision-cut ovarian tumor
slices were prepared using a Krumdieck tissue slicer (Alabama Research
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and Development; ref. 7). The number of cells contained within each
tissue slice was determined using the method of Kirby et al. using
an estimation of 1 � 106 cells per slice based on a 10-cell thick slice
(f250 Am) and 8-mm slice diameter (7).
Statistics. Data are presented as mean values F SD. Student’s t test

was used for pairwise comparison. The difference is deemed statistically
significant if P < 0.05.

Results

Construction of mosaic fiber viruses. To create a chimeric fiber
structurally compatible with Ad5 capsid incorporation, the j1
chimeric fiber (F5S1H) was designed to comprise the N-terminal
tail segment of the Ad5 fiber sequence genetically fused to the
entire serotype 3 Dearing j1 protein, and a C-terminal 6-His tag
was included as a detection marker (Fig. 1A; ref. 4). Our previous
mosaic fiber virus (Ad5-j1) contained tandem fiber genes,
wherein the F5S1H j1 chimeric fiber was positioned in front of

the Ad5 wild-type fiber gene. We replaced the Ad5 wild-type
fiber gene of the tandem fiber cassette with the genome of the
chimeric Ad5/3 fiber containing the tail and shaft domains of
adenovirus serotype5 and the knob domain of serotype 3 (9).
Our current tandem fiber cassette contained tandem fiber genes,
wherein the F5S1H j1 chimeric fiber was positioned in front of
the chimeric Ad5/3 fiber gene in the L5 region of the Ad5
genome (Fig. 1B). In this configuration, each fiber was
positioned before the untranslated sequences of the wild-type
fiber to provide equal transcription, splicing, polyadenylation,
and regulation by the major late promoter. We constructed E1-
deleted recombinant adenovirus genomes (Ad5/3-j1) contain-
ing the j1 chimeric fiber (F5S1H), the chimeric Ad5/3 fiber, and
a firefly luciferase reporter gene controlled by the cytomegalo-
virus immediate early promoter/enhancer. Following virus
rescue and large-scale propagation in 293 cells, we obtained
Ad5/3-j1 vector at concentrations of 6.48 � 1012 vp/mL. These
concentrations compared favorably with that of Ad5Luc1 at

                       

                       

Fig. 1. Schema of mosaic fiberAd5
genomes. A, key components of the j1
chimeric fiber. In the j1chimeric fiber, the
tail of Ad5 fiber is fused to the reovirus fiber
protein j1and a 6-His tag is fused to the
C-terminus of the j1chimeric fiber through
a linker (designated F5S1H). B, map of
Ad5 genomes with fiber modification.
In all vectors, the E1region is replaced
by cytomegalovirus (CMV) promoter/
luciferase transgene cassette. Ad5/3-j1is a
mosaic fiber vector that carries the j1
chimeric fiber with a C-terminal 6-His tag
(F5S1H) aswell as the chimeric Ad5/3 fiber.
Ad5/3Luc1is a control virus that carries
the chimeric Ad5/3 fiber. Ad5-j1is a
mosaic fiber vector that carries the j1
chimeric fiber with a C-terminal 6-His tag
(F5S1H) as well as the wild-typeAd5 fiber.
Ad5Luc1is a control virus that carries the
wild-typeAd5 fiber.
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3.74 � 1012 vp/mL, Ad5/3Luc1 at 8.7 � 1011 vp/mL, and
Ad5-j1 vector at 5.31 � 1012 vp/mL. In addition, the vp per
plaque-forming unit ratios determined for Ad5/3-j1, Ad5Luc1,
Ad5/3Luc1, and Ad5-j1 were 13.8, 13.3, 2.76, and 22,
respectively, indicating excellent virion integrity for both species.
Of note, the control vectors used throughout this study,
Ad5Luc1 and Ad5/3Luc1 each contained one fiber and are
isogenic to Ad5/3-j1 in all respects, except for the fiber locus.
Definition of fiber gene configurations for mosaic fiber

adenovirus. We confirmed the fiber genotype of Ad5/3-j1
via diagnostic PCR using the j1 chimeric fiber or the chimeric
Ad5/3 fiber primer pairs and genomes from purified virions as
PCR templates (Fig. 2A). To confirm that Ad5/3-j1 virions
contained both trimerized fibers, we did SDS-PAGE followed
by Western blot analysis on vp. The 4D2 anti-Ad5 fiber tail
monoclonal antibody (NeoMarkers) was used and fiber bands
were observed at f180 kDa for unboiled samples of Ad5Luc1,

Ad5/3Luc1, and Ad5/3-j1 virions, corresponding to fiber
trimers (Fig. 2B, lanes 1, 3 , and 5). In boiled samples, the
4D2 antibody detected bands of apparent molecular mass of
f60 kDa, indicative of fiber monomers (Fig. 2B, lanes 2, 4 ,
and 6). The mosaic fiber viruses were difficult to resolve by
Western blotting due to the near-identical sizes of the j1
chimeric and the chimeric Ad5/3 fiber proteins.

To confirm the presence of the j1 chimeric fiber protein in
virions, we used the anti-Penta His monoclonal antibody
(Qiagen, Inc.), which recognizes 6-His tags (Fig. 3C). Fiber
bands corresponding to both trimeric and monomeric j1
chimeric fiber protein were observed using the anti-Penta His
antibody (Fig. 3C, lanes 1 and 2). These results confirm that
the trimeric F5S1H j1 chimeric fiber was incorporated into
Ad5/3-j1 virions.
The Ad5/3-s1 vector exhibits sialic acid–dependent, JAM1-

dependent, and Ad3 receptor–dependent tropism. Our hypoth-
esis was that inclusion of both the j1 chimeric fiber (F5S1H)

Fig. 2. Analysis of fibers in rescued vp. A, detection of fiber genes in the
adenovirus genome. Rescued vp were analyzed with PCRusing pairs of the j1
chimeric fiber primers or the chimeric Ad5/3 fiber primers. pNEBj5/3was used as a
positive control for both fibers. Absence of a PCR template was designated as the
‘‘Control.’’B and C,Western blot analysis of fiber proteins in purified virions. B, a
total of 1.0 � 1010 vp per lane of Ad5Luc1with the wild-typeAd5 fiber (lanes1
and 2), Ad5/3Luc1with the chimeric Ad5/3 fiber (lanes 3 and 4), orAd5/3-j1with
dual fibers (lanes 5 and 6) was resuspended in Laemmli buffer before SDS-PAGE,
electrotransferred, and detected with the 4D2 anti-Ad5 fiber tail antibody.The
samples in lanes 2, 4, and 6 were boiled (b), whereas lanes1, 3, and 5 [unboiled
(u)] contain proteins in their native trimeric configuration. C, a total of 1.0 � 1011vp
per lane of Ad5/3-j1 (lanes1 and 2) and Ad5-j1 (lanes 3 and 4) with dual fibers
was probed with an anti-6-His antibody. Lane1, unboiled Ad5/3-j1virions; lane 2,
boiled Ad5/3-j1virions; lane 3, unboiled Ad5-j1virions; lane 4, boiled Ad5-j1
virions; lane 5, recombinant Ad5 knob with a 6-His tag as a positive antibody
control.We consider the protein band appearing atf113 kDa to be the dimeric form
of the j1chimeric fiber.

Fig. 3. Evaluation of the efficacy and receptor specificity of Ad5/3-j1^ mediated
gene transfer. A, analysis of Ad5/3-j1receptor usage in Hey cells. C. perfringens
neuraminidase (NM), an anti-JAM1antibody (JAM1Ab), and recombinant Ad3 fiber
knob protein (Ad3knob) were used to block Ad5/3-j1infection. Hey cells were
either untreated or treated with100 Ag/mL anti-JAM1antibody, both an anti-JAM1
antibody and 333 milliunits/mL neuraminidase, or combined reagents with
neuraminidase, anti-JAM1antibody, and 50 Ag/mL recombinant Ad3 fiber knob
protein. Cells were incubated with100 vp/cell of Ad5/3Luc1 (gray column) or
Ad5/3-j1 (black column) and harvested 24 h later for luciferase activity. All
luciferase values were normalized against the activity of controls receiving no
blocking treatment valued at 100%. Similar results were obtained in three
independent experiments. Columns, average of four replicates; error bars, SD.
*, P < 0.05, Student’s t test. B, mouse fibroblast cells (L929) were incubated with
Ad5Luc1 (white column), Ad5-j1 (dotted column), Ad5/3Luc1 (gray column),
orAd5/3-j1 (black column) at 10, 100, and1,000 vp/cell. Luciferase activity was
determined 24 h after infection and is expressed as relative light units (RLU).
Columns, average of three replicates; error bars, SD. *, P < 0.005, Student’s t test.

Cancer Therapy: Preclinical

www.aacrjournals.orgClin Cancer Res 2007;13(9) May1, 2007 2780



and the chimeric Ad5/3 fiber into an Ad5 vector would enhance
infectivity of adenovirus-refractory cell types via expanding the
vector tropism. To test the Ad5/3-j1 tropism, we did
neuraminidase treatment to remove cell surface sialic acid
and competitive blocking experiments using an anti-JAM1
antibody or recombinant Ad3 knob protein. Ad5/3Luc1 was
used as a positive control for the chimeric Ad5/3 fiber function.
For this analysis, we used the low CAR-expressing human
ovarian cancer cell line Hey due to its high sialic acid,
JAM1, and Ad3 receptor expression (4). Transduction with
Ad5/3-j1 was inhibited by 12% using the anti-JAM1 antibody,
which increased to 25% when combined with neuraminidase
(Fig. 3A). Combined treatment with neuraminidase, anti-JAM1
antibody, and the Ad3 knob protein reduced transduction by
78% compared with controls receiving no blocking agent
(Fig. 3A). Together, these data confirm that the Ad5/3-j1 vector
uses the sialic acid and JAM1-binding domains of the j1
chimeric fiber (F5S1H), and the Ad3 receptor–binding domain
of the chimeric Ad5/3 fiber for cell transduction. These findings
indicate that Ad5/3-j1 created sialic acid–dependent, JAM1-
dependent, and Ad3 receptor–dependent tropism, confirming
the functionality of the j1 chimeric fiber (F5S1H) and the
chimeric Ad5/3 fiber in our mosaic fiber Ad5.
Ad5/3-s1 vector exhibits increased transduction of CAR-

deficient cells. To determine the contribution of the j1
chimeric fiber to the expanded adenovirus tropism, we
evaluated Ad5/3-j1 infectivity in L929 murine fibroblast cells
that are commonly used for propagating reovirus. L929 cells
express both the sialic acid and JAM1 j1 receptors but no
detectable CAR. As expected, Ad5/3-j1 resulted in the
maximum increase level of gene transfer (57-fold) relative to
both Ad5Luc1 and Ad5/3Luc1 in L929 cells (Fig. 3B).
Ad5/3-s1 vector exhibits increased transduction of low CAR

ovarian cancer cells. In our previous study, we confirmed that
the Hey, OV-4, ES-2, and OV-3 ovarian cancer cell lines were
sialic acid/JAM1 positive but low CAR (4). Ad5/3-j1 results in a
33-fold (OV-3) to 62-fold (Hey) increase in luciferase activity
compared with Ad5Luc1. Luciferase activities were also en-
hanced in OV-4 (1.74-fold) and OV-3 (3.43-fold) cells using
Ad5/3-j1 compared with Ad5/3Luc1 (Fig. 4A). Many clinically
relevant tissues are refractory to adenovirus infection, including
ovarian cancer cells, due to negligible CAR levels (15). To more
closely model the clinical situation with the most stringent
substrate, we analyzed Ad5/3-j1 transduction of primary human
ovarian carcinoma cells. Importantly, Ad5/3-j1 increased gene
transfer to precision-cut ovarian cancer tissue slices from 1.7- to
59-fold versus Ad5Luc1 (Fig. 4B). Herein, we have outlined the
construction, rescue, purification, and initial tropism character-
ization of a novel vector containing a nonadenovirus fiber
molecule. Our results show that, in low CAR cells, Ad5/3-j1
provides novel tropism and results in increased gene transfer
rates compared with wild-type Ad5. This is accomplished using
the reovirus coreceptors JAM1 and sialic acid in combination
with the Ad3 receptor. The novel tropism of this vector represents
a crucial attribute for adenovirus-based gene therapy vectors.

Discussion

One strategy to enhance the therapeutic potential of Ad5-
based vectors has been to alter the native tropism toward non-
CAR receptors that are abundant on the surface of primary

tumor cells. Variable and/or low expression of CAR has been
documented in many cancer cell types, including glioma,
rhabdomyosarcoma, and ovarian cancer (16–18). We have
reported that a mosaic fiber Ad5 vector provided viral entry via
two different pathways with additive gains in infectivity in a
variety of cell types (4). In this study, we evaluated the use of a
mosaic fiber Ad5 vector that uses both the Ad3 and serotype 3
Dearing reovirus receptors, which are independent of native
Ad5 tropism. This vector was based on our previously reported
mosaic fiber Ad5 vector that incorporates two distinct fibers:
the Ad5 fiber and a reovirus chimeric fiber. The current mosaic
fiber Ad5 vector was generated by substituting the Ad3 knob in

Fig. 4. Infectivity profiles of Ad5/3-j1. A, representative ovarian cancer cell lines
Hey, OV-4, ES-2, and OV-3 were infected with Ad5/3Luc1 (gray column) and
Ad5/3-j1 (black column) at 10 and100 vp/cell. Luciferase activity was measured
24 h after infection and is expressed as relative light units. Columns, mean of three
experiments; error bars, SD. B, human tumor slices of ovarian cancer patient
were infectedwith Ad5Luc1 (white column), Ad5-j1 (dotted column), Ad5/3Luc1
(gray column), orAd5/3-j1 (black column) at100 vp/cell. Luciferase activity was
measured 24 h after infection and is expressed as relative light units/mg protein.
Columns, mean of four experiments; error bars, SD.
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place of the Ad5 knob domain. We constructed an Ad5 genome
using a tandem fiber cassette, which resulted in an Ad5 vector
that expressed both the Ad5/3 and j1 chimeric fibers. We
confirmed that these virions incorporated both fibers by
Western blot analysis and by the functional ability of both
fibers to use the appropriate receptor(s) for viral transduction.
This is the first vector that contains non–CAR-binding fibers
from two different virus families to replace Ad5 tropism.

We further confirmed that the addition of the j1 chimeric
fiber contributed to augmentation of gene transfer compared
with adenovirus vectors with single fiber in cells lacking the
Ad5 and Ad3 receptors. Ad5/3-j1 provided a 57-fold increase
in gene transfer relative to the wild-type fiber control virus, the
Ad5Luc1, and the single Ad5/3 fiber control virus, Ad5/3Luc1,
in L929 cells that lack Ad5 and Ad3 receptor expression.

Consistent with our hypothesis of enhanced infectivity, we
observed augmented gene transfer with Ad5/3-j1 in all ovarian
cancer cell lines tested, ranging from 33-fold to 62-fold, when
compared with the wild-type fiber control virus. However,
compared with Ad5/3Luc1, augmented gene transfer on the
same cell lines was modest, ranging from 1.74-fold to 3.43-fold.

Our thin-slice tissue culture is an ideal method for preclinical
ex vivo infectivity analysis because it allows evaluation of
adenovirus in primary tumors derived from cancer patients (7).
Importantly, the enhanced infectivity of the Ad5/3-j1 virus was
observed on more stringent clinical substrates, human primary
ovarian tumor tissue slices, although the augmentation of gene
transfer was variable, ranging from 1.7-fold to 59-fold. This
variability in augmentation was likely due to differential
receptor expression between tumors from different patients.
Clearly, it would be of interest to directly correlate receptor
expression with the degree of infectivity in clinical specimens.
Unfortunately, this was not possible with the samples studied
here because the whole tumor specimen was necessary for
analysis of infectivity enhancement. However, we have shown a
positive correlation between primary receptor density, infectiv-
ity, and oncolysis in our previous studies (16, 19–23).

There are two possible explanations for the modest level of
Ad5/3-j1 gene transfer compared with the single Ad5/3 fiber
control virus Ad5/3Luc1. At first, it may be due to reduced
levels of the j1 chimeric fiber incorporation compared with the
chimeric Ad5/3 fiber in mosaic fiber Ad5 particles. We
previously confirmed that both 4D2 anti-Ad5 tail antibody
and 6-His antibody detect fibers with similar band intensity in
Western blot when equal numbers of vp are loaded. Figure 2B
and C shows the presence of both fibers in Ad5/3-j1 virions.
However, to detect the j1 chimeric fiber in our mosaic fiber
Ad5 vector with the 6-His antibody, we had to load 10 times
the number of vp compared with the chimeric Ad5/3 fiber as
detected by using 4D2 anti-Ad5 tail antibody. This result

suggests that incorporation of the j1 chimeric fiber is decreased
compared with the chimeric Ad5/3 fiber on Ad5/3-j1. This
could explain the limited additivity of transductional efficiency
by the j1 chimeric fiber in ovarian cancer cells even when JAM1
or sialic acid is expressed. We have previously investigated a
series of mosaic fiber adenoviruses that possess two genetically
distinct fibers from different origins (13). Although the ratio of
virion-incorporated fibers varies, both fiber properties have
been functionally confirmed in each mosaic fiber adenovirus. A
second explanation is that the Ad3 receptor is widely expressed
on ovarian cancer cell surfaces of epithelial origin, and the
chimeric Ad5/3 fiber in the Ad5/3-j1 vector was used
preferentially, minimizing the role of the j1 chimeric fiber in
these cells (16).

In a clinical setting of ovarian cancer, adenovirus-based
vectors might be administered i.p. It would therefore be critical
that vector used in this manner has decreased tropism for
normal mesothelial cells or liver. We have not yet evaluated the
Ad5/3-j1 vector in an in vivo model of peritoneal administra-
tion. In this regard, however, our group has previously
investigated the infectious properties in vivo of an adenovirus
expressing a single Ad5/3 fiber (21). We showed that Ad5/
3Luc1 had higher transgene expression but fewer virus copies in
the liver and less transgene expression in peritoneum in
comparison with Ad5Luc1 via i.p. administration into tumor-
bearing mice. Additionally, histologic studies revealed that
serotype 3 Dearing reovirus infection in vivo was restricted to
tumor cells, whereas the surrounding normal tissue remained
uninfected (24). Considering these facts, we fully expect that
the Ad5/3-j1 vector will not have increased tissue tropism for
liver or other normal tissues.

Thus, we have used the ‘‘fiber mosaicism’’ concept, the use of
two separate fibers with distinct receptor recognition, to
combine the use of multiple receptors to enhance viral infectivity
(4). In this study, the mosaic fiber Ad5/3-j1 vector provided
enhanced infectivity in low CAR-expressing ovarian cancer cell
lines. This was the result of multiple non-CAR receptor-binding
properties provided by the fiber elements of different virus
families. Adenovirus gene therapy vectors with CAR-indepen-
dent tropism may prove valuable for maximal transduction of
low CAR-expressing tumors using minimal vector doses.
Furthermore, this study used a preclinical assay that involved
primary human ovarian tumor tissue to evaluate the mosaic fiber
adenovirus vectors and proved further evidence of a preclinical
screening strategy for examining improved gene therapy agents.
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Despite the remarkable preclinical success of gene 
therapy, its clinical applications remain limited1–3. 
Clinical trials have been crucial for highlighting the 
main challenges, one of which is the high cost of vector 
production. Another challenge relates to vector target-
ing: to achieve successful gene therapy, the appropriate 
genes must be delivered to and expressed in target cells, 
without harming non-target cells. One approach is to 
use promoters that are active only in the target cell (tran-
scriptional targeting; for a review, see REF. 4). Although 
this strategy can reduce or even eliminate potential toxic 
side effects of the transgene, it does not address the need 
to avoid those that result from the mislocalization of 
vector particles. Furthermore, transcriptional targeting 
alone is not sufficient to ensure gene expression in the 
target cell, which also requires efficient introduction of 
the therapeutic nucleic acid into the correct cells.

The development of technologies that allow tar-
geting of specific cells has progressed substantially in 
recent years for several types of vectors, particularly 
viral vectors, which have been used in 70% of gene 
therapy clinical trials as of January 2007 (REF. 5). Non-
viral gene therapy, although promising, presents greater 
challenges with regard to gene-transfer efficiency (these 
approaches are discussed in REFS 6,7). This reflects the 
vast time that viruses have had to evolve naturally into 
efficient gene-transfer vehicles (FIG. 1). Building on this 
advantage, many groups are currently working towards 
improving the features of viral vectors for gene therapy 
purposes.

One major technical challenge in facilitating the 
efficient infection of the correct cells by viral vec-
tors — known as transductional targeting — is that 

the native tropism of the virus often does not meet 
the therapeutic need. To avoid toxic side effects, the 
natural tropism of the vector must often be ablated 
or diminished. The vector might also need to be 
engineered to infect target cells that it does not infect 
naturally. If target cells are easily isolated from the 
patient (for example, from the blood or bone mar-
row) and re-transferred, ex vivo gene transfer might be 
ideal, and broadening of the vector tropism might 
be advantageous. Alternatively, a local application 
might be sufficient (for example, for a locally restricted 
tumour or a small organ such as the eye) and, depend-
ing on the possible side effects of gene transfer to local 
non-target cells, broadening or narrowing the tropism 
might be required. Finally, systemic treatment might be 
necessary, for example, to reach disseminated metastases 
or a large number of somatic cells to correct a genetic 
defect. In this situation, the tropism must be narrowed 
down to the target cells only. 

Here we discuss new approaches aimed at improv-
ing viral vector targeting, focusing mainly on systemic 
targeting, which promises ease of application and great 
therapeutic returns. There are several obstacles that need 
to be overcome in order for a systematically applied vec-
tor to reach its target cells (BOX 1). The challenge that has 
been most widely studied, and on which we focus here, 
is the final step of infecting the target cell. To accomplish 
this, the vector must display a suitable ligand to bind a 
target-cell receptor. The natural tropism of some viruses 
matches their vector utility, as is the case for the herpes 
virus, which can be used for neuronal gene delivery8, but 
in many cases the vector must be engineered to have a 
new tropism. This final obstacle to targeting has received 
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Tropism
Affinity of a virus or vector for a 
particular tissue and cell type.

Engineering targeted viral vectors 
for gene therapy
Reinhard Waehler, Stephen J. Russell and David T. Curiel

Abstract | To achieve therapeutic success, transfer vehicles for gene therapy must be 
capable of transducing target cells while avoiding impact on non-target cells. Despite 
the high transduction efficiency of viral vectors, their tropism frequently does not 
match the therapeutic need. In the past, this lack of appropriate targeting allowed only 
partial exploitation of the great potential of gene therapy. Substantial progress in 
modifying viral vectors using diverse techniques now allows targeting to many cell 
types in vitro. Although important challenges remain for in vivo applications, the first 
clinical trials with targeted vectors have already begun to take place.
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the most attention from researchers, mainly owing to the 
fact that its study has been easier because of the avail-
ablity of in vitro models (BOX 2), unlike the other obstacles 
that are discussed in BOX 1.

Most progress in vector development has been 
achieved using adenovirus (Ad), adeno-associated virus 
(AAV) and vectors that are derived from retroviruses, 
particularly lentiviruses (TABLE 1). The technical hurdles 
that must be overcome in developing effective therapeu-
tic systems are similar for most viral vector systems; so, 
methods to enhance one vector system often have gen-
eral relevance. Here we discuss the main approaches that 
have been applied to vector targeting, and outline the 
important challenges that need to be addressed in order 
for gene therapy using viral vectors to reach widespread 
clinical application. 

Vector targeting by pseudotyping
Pseudotyping, which was the first method used to alter 
viral vector tropism, involves transferring viral attachment 
proteins either between strains within a family of viruses 
or between virus families (FIG. 2; TABLE 2). Pseudotyping 
can be achieved by co-transfection of plasmids, with one 
encoding the attachment protein to be pseudotyped and 
separate plasmids encoding all other vector components. 
This approach is used routinely to pseudotype AAV and 
retroviral or lentiviral vectors. Alternatively, the viral 

attachment protein can be expressed in trans from the 
production cell line, or genetically incorporated into 
the viral genome, an approach that is particularly well 
suited to the generation of adenovirus pseudotypes.

Pseudotyping of enveloped vectors. Pseudotyping has 
been used most extensively to modulate the host-cell tro-
pisms of retroviral (including lentiviral) vectors because 
they are highly permissive for incorporation of heterolo-
gous attachment glycoproteins9,10. The most widely used 
retroviral vector pseudotypes are those that incorporate 
the attachment glycoprotein of the vesicular stomatitis 
virus (VSV-G)11, which both allows the production of 
high-titre vector stocks and confers a broad host range. 
The list of other foreign envelope glycoproteins that have 
been incorporated into lentiviral vectors is long, includ-
ing representatives from several virus families. These 
pseudotypes show large differences in their relative 
transduction efficiencies for different tissues. Notable in 
vivo findings include the high efficiencies of neural tissue 
transduction by lyssavirus pseudotypes (the rabies and 
Mokola viruses)9 and efficient transduction of airway 
epithelium by filovirus (Ebola Zaire)9 or paramyxovirus 
(Sendai) pseudotypes12. If lentiviral gene transfer gains 
broader acceptance as a clinically viable vector system, 
these vectors could be used to explore gene therapies for 
Parkinson disease and cystic fibrosis, respectively. 

Figure 1 | Native entry mechanisms of unmodified viral vectors. a | Adenovirus (Ad). Ad serotype 5 binds to its 
receptor CAR (coxsackie and adenovirus receptor) through its fibre knob. Subsequently, integrins interact with the 
RGD peptide motif in the penton base (the capsid protein at the base of the fibre) and facilitate cell entry by 
endocytosis138. b | Adeno-associated virus (AAV). Several basic residues of the AAV2 (adeno-associated virus serotype 2) 
capsid protein VP3 (especially positions R585 and R588) are involved in heparin binding. AAV2 first binds to heparan-
sulphate proteoglycan (HSPG)139 and then to the co-receptor, which can be either an integrin (shown here), human 
fibroblast growth factor receptor or hepatocyte growth factor receptor. The virus is internalized by endocytosis. 
Other AAV serotypes either resemble AAV2 in its heparin binding (such as AAV3 and AAV6), or use different primary 
receptors (for example, sialic acid for AAV4 and AAV5)140. c | Retrovirus (lentivirus): Membrane fusion is the main 
mechanism whereby enveloped viruses deliver their genomes into target cells141. After initial nonspecific adhesion of 
the virus to the cell surface142, viral attachment glycoproteins bind specifically to their cognate receptors, whereupon 
binding becomes irreversible. The host range of retroviral vectors is determined by the interaction of the viral 
envelope protein (Env) and the cellular receptor143. Subsequent steps in the viral entry process vary between different 
viruses but always result in fusion between the lipid membranes of the virus and the host cell, following which the viral 
nucleocapsid is released into the cytoplasm144. In some cases, receptor binding triggers conformational changes in 
the viral proteins that mediate membrane fusion. In others, the cell-bound virus is transported by its receptor into an 
endosomal compartment where a reduction in pH triggers a conformational rearrangement of the viral fusion 
machinery. SU, surface subunit; TM, transmembrane subunit.
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Vascular bed 
An intricate network of minute 
blood vessels that extends 
through the tissues of the body 
or one of its parts.

Gammaretroviruses
Simple viruses that are 
characterized by a C-type 
morphology; this genus has 
the most members in the 
retroviruses family, including 
murine leukaemia viruses, 
feline leukaemia viruses and 
the gibbon ape leukaemia virus. 

Unfortunately, the specificities of naturally occurring 
viral attachment proteins frequently do not coincide 
with those that are required for targeted gene delivery. 
In response to this, several encouraging studies have 
demonstrated the feasibility of pseudotyping retroviral 
vectors with chimeric envelope glycoproteins from 
Sindbis viruses and gammaretroviruses that have been 
genetically engineered to incorporate polypeptide 
ligands that direct targeting to specific cell types9,13,14 
(see later for a detailed discussion of the genetic incor-
poration of targeting ligands into viruses). As for many 
retroviral targeting approaches, however, accuracy often 
comes at the price of low gene-transfer efficiency via 
the targeted receptors, and optimizing the efficiency of 
targeted gene transfer will be needed to justify clinical 
testing.

The concept of pseudotyping has recently been 
extended to the incorporation of host-cell viral receptors 

(CD4 and CXCR4 or CCR5) into viral envelopes for 
targeted entry into HIV-infected cells. Feasibility was 
demonstrated using a replication-competent rhabdo-
virus (VSV) and non-replicating lentiviral or murine 
leukaemia virus (MLV) vectors to mediate the targeted 
destruction of HIV-infected cells by redirecting them 
to use the HIV-derived glycoprotein HIVgp120 as a 
receptor15–17. However, the efficiency of targeted entry 
into HIV-infected cells was low, for reasons that are not 
understood. 

Pseudotyping of non-enveloped vectors. Pseudotyping 
has also been used for non-enveloped vectors, including 
AAV and adenovirus. An important challenge here is 
that the viral attachment protein must be incorporated 
into a protein capsid instead of a lipid bilayer. This has 
mainly been achieved by substituting coat proteins with 
homologous proteins of other related serotypes, giving 
rise to a new tropism without changing the rest of the 
genome and thus enabling the use of established clon-
ing systems that have been developed for the previous 
serotype. It is also possible to incorporate the coat pro-
teins of unrelated viruses, although structural incom-
patibility can preclude this. For example, on the basis 
of the structural similarities of the trimeric Ad fibre and 
the trimeric reovirus attachment protein σ1, a chimeric 
fibre–σ1 protein was introduced into the Ad capsid by 
modifying the Ad genome, enabling efficient infection 
of primary dendritic cells and intestinal epithelial cells18. 
In cases in which structural incompatibilities hinder 
incorporation of the desired part of the foreign viral 
attachment protein, artificial fibre molecules can be 
used. For example, these have been exploited for fusing 
single-chain variable fragment (scFv) antibodies to the 
Ad vector19. 

Combining prokaryotic and eukaryotic vectors. Current 
eukaryotic viral vectors can infect cells with high effi-
ciency, but they have the disadvantage that their native 
tropism must be ablated to achieve ligand-directed 
targeting upon systemic administration. Prokaryotic 
viruses infect mammalian cells with a low efficiency 
at best, but can be adapted to bind mammalian recep-
tors by genetically engineering a eukaryotic ligand 
into their capsid. For example, one study reported the 
construction of a hybrid vector that comprises an AAV 
cassette inserted in the phage genome and that targets αv 
integrins through an Arg-Gly-Asp (RGD-4C) peptide 
motif that is displayed on the phage capsid20. Following 
systemic application in nude mice, this vector showed 
specific targeting to tumours derived from injection of 
human prostate cancer cells, and tumour shrinkage was 
achieved when a therapeutic transgene was introduced 
into the vector. Monitoring the biodistribution of the 
vectors in this study was facilitated using in vivo vector 
imaging (BOX 3). Remarkably, the chimeric vector was 
also highly effective for anti-tumour therapy in the con-
text of immunocompetent mice, even following prior 
phage vaccination and high anti-phage antibody titres. 
A similar strategy could be used for other vectors with 
double-stranded genomes, such as adenoviruses.

Box 1 | Obstacles to systemic targeting 

Many of the obstacles to systemic delivery have been studied most thoroughly for 
adenovirus (Ad), and still need to be addressed in other systems in terms of their 
impact and how they might be overcome. However, the areas discussed below are 
likely to be relevant to all vectors.

The first potential hurdles for a vector are found in the form of the immune system 
and other factors in the blood circulatory system. Reactions with the complement 
system99,100 and pre-existing antibodies101,102 (either naturally occurring or from 
previous vector applications) can impede the vector in reaching its target. Coating 
Ad vectors with polyethylene glycol (PEG) can help to escape both the antibody-
mediated and innate immune responses, but should be combined with targeting as 
this modification can otherwise reduce the efficiency of gene transfer29,103. Blood 
factors (for example, coagulation factor IX and complement protein C4BP) 
can bind the adenoviral fibre and redirect the virus from the bloodstream into 
the liver via uptake through heparan-sulphate proteoglycans and LDL-receptor-
related protein104,105. Furthermore, Ad can interact with human blood cells 
(erythrocytes, neutrophils and monocytes), which can prevent the vector from 
reaching its target106. Serotype switching and modifications of capsid proteins may 
circumvent such interactions. 

The next hurdle is the endothelial cell layer: the vector must exit the bloodstream at 
the right tissue, move beyond the endothelial cell lining, and transduce the target 
cells. Some vascular beds are accessible for vector exit (for example, Ad can exit into 
the liver)107, and some vectors naturally possess mechanisms to allow transcytosis 
beyond the endothelium (for example, some AAV subtypes90 and HIV108 can cross 
certain monolayers). However, in most cases the vascular bed presents a barrier and 
the vector is unable to cross the endothelium109, necessitating vector modification. 
Engineering the ability to undergo transcytosis is one potential mechanism to achieve 
this transition; another method involves the use of cellular vehicles (such as stem cells) 
to carry the vector and home in to the target tissue110,111. Cellular vehicles might be 
especially helpful if one needs to overcome an extracellular matrix that separates the 
target cells (for example, tumour cells) from the endothelium112. After entering the 
correct target tissue, the final step for the vector is to infect the target cell (FIG. 1), as 
discussed in detail in the main text. 

Additional obstacles can exist when tumours are targeted. Despite the fact that 
lesions are accessible on systemic treatment in some experimental models23, such 
models do not fully recapitulate a clinical scenario. Frequently, tumour-cell islets can 
be surrounded by a basal-membrane-like structure within stromal cells. In one animal 
model, blood vessels were observed to be in direct contact with only the stromal 
cells113. The vector would need to cross the stroma and the basal-membrane-like 
structure to reach the tumour. It might be possible to overcome these obstacles using 
stem cells carrying the vector or by first targeting the surrounding area of the tumour 
to weaken stroma- and basal-membrane-like structures (for example, with matrix 
metalloproteinases) and then targeting the tumour. However, targeting of the tumour 
environment might be sufficient for a therapeutic effect, at least in some cases114. 
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Serotypes
Antigenically distinct forms 
of microorganisms, including 
viruses, that elicit different 
antibody responses by the 
immune system. 

Adenoviral fibre
The attachment protein of 
an adenoviral vector. 

Primary-tumour spheroids 
A three-dimensional aggregate 
of purified and unpassaged 
cancer cells.

Oncolytic
An agent that induces lysis 
of tumour cells.

Vector targeting using adaptors
Pseudotyping is limited by the number of viral attach-
ment proteins for which receptors are expressed 
exclusively and abundantly on target cells of interest. 
Genetic modifications that can overcome this limitation 
require structural knowledge to guide modification of 
the viral attachment protein — knowledge that is only 
just becoming available. The use of adaptor proteins, 
which can be applied even with a limited knowledge 
of the viral structure, has been explored as an alterna-
tive. Adaptors are molecules with dual specificities: one 
end binds the viral attachment protein and the other 
binds the receptor on the target cell. The advantages of 
this approach are its great flexibility, as different adap-
tors can readily be coupled to the same vector, and the 
fact that it does not require changes in vector structure 

that could be detrimental to vector production or gene 
transfer. Most adaptors can achieve the two main goals 
of targeted delivery: ablating native tropism and confer-
ring a novel tropism towards the desired target. Adaptor 
systems have proved particularly useful for proof-
of-principle preclinical studies, allowing easy testing of 
several target receptors21. 

Receptor–ligand complexes. Receptor–ligand com-
plexes are an important class of adaptors that exploit 
native viral tropisms and are widely used for retargeting 
vectors. The viral receptor is genetically fused to the 
ligand of a receptor that is expressed on the target cell. 
For example, fusing the ectodomain of the adenovirus 
receptor (coxsackie and adenovirus receptor; CAR) with 
CD40L (the ligand for the CD40 receptor on dendritic 
cells) through a trimerization motif successfully targeted 
Ad vectors to dendritic cells with more than four orders 
of magnitude higher efficiency than untargeted Ad 
vectors22 (FIG. 2Ba). Fusing the ectodomain of CAR to a 
single-chain antibody against human carcinoembryonic 
antigen (CEA) allowed vector targeting to subcuta-
neous tumours as well as hepatic metastases of colon 
cancer in nude mice, while simultaneously ablating 
liver tropism23. 

The same principle has been applied for retroviral 
vectors. A fusion of the extracellular domain of the avian 
sarcoma and leukaemia virus (ASLV) retroviral receptor 
(tumour virus subgroup A receptor; TVA) to heregulin-
β1 successfully targeted the vector to cells expressing 
heregulin receptors24, providing a potential therapeu-
tic strategy for the treatment of various malignancies. 
Adaptors that incorporate the ASLV receptor as the 
virus-binding moiety have been explored in particular, 
as they can trigger conformational changes in the ASLV 
envelope glycoprotein that are required for membrane 
fusion and virus entry.

In another important example, this type of target-
ing has been achieved for one of the coronaviruses 
(a class of enveloped RNA viruses), which are potential 
oncolytic agents. The tropism of a replication-competent 
coronavirus, mouse hepatitis virus (MHV), was recently 
retargeted by engineering the viral genome to express an 
adaptor protein that consisted of part of the natural cel-
lular receptor of MHV and a targeting peptide, allowing 
multiround infection and killing of target cells25.

Altogether, the receptor–ligand approach shows 
promise for use in a range of preclinical studies. However, 
for clinical applications, other targeting methods (such 
as genetic targeting, discussed below) might be prefer-
able because of the potential risk that the adaptor could 
dissociate from the vector.

Chemical conjugation. Chemical conjugation is a method 
for coupling adaptors to vectors in which the targeting 
ligand is covalently linked to the vector. Polyethylene 
glycol (PEG) and PEG-derived polymers have been used 
to couple Ad vectors to ligands such as fibroblast growth 
factor 2, which was used to target ovarian cancer cells26. 
Endothelial cells have also been targeted using this 
approach, by coupling the Ad vector to PEG and then 

Box 2 | Model systems for evaluating vector targeting

Cell-culture systems. The first step in evaluating the targeting capabilities of a vector 
is usually testing in cell lines. However, this has limited predictive value for in vivo 
scenarios (for example, cell lines can overexpress viral receptors relative to more 
clinically relevant primary cells115). Two-dimensional cell-culture systems are also 
limited in their predictive value as they usually represent only one or two cell types, 
and are grown on an artificial surface in an artificial two-dimensional context. As a first 
step towards three-dimensional culture, primary-tumour spheroids have been used to 
evaluate targeted Ad vectors. The vectors that were tested were replication 
competent in tumour cells and showed gradual penetration of the spheroids116. 
However, these spheroids were almost exclusively composed of tumour cells whereas, 
within a naturally occurring tumour, therapeutic effects can be modified by the 
presence of stromal cells and the extracellular matrix.

Another drawback of two-dimensional culture systems for assessing anti-cancer 
gene therapy mediated by viral vectors is that possible toxic effects on stromal cells 
cannot be evaluated. Three-dimensional cell-culture models can include endothelial 
cells, fibroblasts, immunocompetent cells and extracellular matrix. Although they are 
currently expensive, three-dimensional scaffolds provide a promising system to 
emulate the native structure of living tissue117 and could become a valuable tool for 
vector testing.

Tissue explants. The next step up in sophistication for model systems is the use of 
tissue explants. For example, tissue-slice systems can be used to evaluate targeting to 
any tissue. Although such systems do not directly resemble systemic administration, 
valuable data concerning the transduction of target and non-target tissues can be 
easily obtained. These systems have been available for different applications for some 
time, but their implementation in targeting studies is recent. In one example, this 
approach was used to analyse targeted Ad vector transduction of breast tumour and 
liver cells71. Another tissue explant model is represented by the human skin substrate 
system. Plastic surgery frequently yields skin that can be used ex vivo to evaluate 
vector targeting. This model has recently proved its potential usefulness for gene 
therapy assessment in the context of an Ad vector targeted to dendritic cells118. 

Animal models. Although their circulatory system is comparable to humans, animal 
models have limitations with respect to evaluating transductional targeting. For 
example, they do not express human receptors and, in the case of xenotransplantation 
models in cancer research, they lack a complete immune system. New 
immunocompetent transgenic mouse models that express human receptors are being 
developed for the evaluation of vector targeting. For example, transgenic mice have 
been generated that express human CD46 in an expression pattern that is similar to 
that in humans119; CD46 is the receptor for several viruses, and this mouse model has 
been used to evaluate a pseudotyped Ad5 vector120. 

In some cases, ectopic transgenic expression of the human receptor in a mouse 
model will suffice, and relevant mouse models promise to reduce the effort and 
costs compared with those needed to generate a transgenic model for each target. 
Such a system was recently developed and used for the evaluation of targeted 
adenoviral vectors121–123.
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coupling the Ad–PEG complex to an RGD peptide or 
E-selectin-antibody27. Importantly, PEGylation has the 
potential to shield the vector from the innate immune 
system in vivo28, and it allows infection in the presence 
of Ad antibodies29, which might enable repeated vec-
tor application. Whereas PEGylation can impede cell 
transduction in vitro, this effect does not seem to occur 
in vivo, possibly owing to different hydrodynamic condi-
tions28. So far, targeting by PEGylation has been used for 
AAV and Ad vectors, but could potentially be extended 
to enveloped vectors, for which a PEGylation strategy 
has been recently developed30.

A promising extension of the chemical conjugation 
approach was recently introduced in a study that com-
bined the flexibility of adaptor systems with the advantage 
of the stable covalent bonds that are provided by genetic 
targeting (see below)31. Highly reactive thiol groups were 
introduced into the Ad capsid by genetically inserting cys-
teines at solvent-exposed positions. The thiol groups were 
then coupled to transferrin, which mediated the success-
ful targeting of the vector to cells expressing the receptor 
for this protein. Because the thiol groups are at the tip of 
the fibre, and thus distant from the surface amino groups 
that are used for PEGylation, both systems can be used 
simultaneously. This novel thiol-group coupling system 
allows not only the convenient introduction of full-length 
proteins such as transferrin, but also receptor ligands 

that cannot be introduced by genetic methods, such as 
sugars, fatty acids and small molecules. This approach 
has the potential to be extended to other vector systems, 
possibly with the exception of enveloped vectors: these 
vectors lack the necessary capsid sites for modification 
and, in addition, coupling to the Env protein (retroviral 
or lentiviral viral envelope protein) might be deleterious 
to its function and the chemical steps involved might 
disrupt the viral envelope.

Adaptor systems using avidin and biotin. The high-affinity 
binding between avidin and biotin has been used in 
many biotechnological applications32,33, and gene thera-
pists have taken advantage of this to provide an adaptor 
strategy that has been exploited for several viral vectors 
and forms a valuable basis for targeting studies.

One of the first studies to demonstrate the feasibility 
of this approach for an enveloped virus was reported as 
long ago as 1989 (REF. 34). An ecotropic retrovirus was 
crosslinked to human major histocompatibility complex 
class I (MHCI) in an adaptor strategy in which the virus 
was coated with a biotinylated anti-envelope antibody, 
then with streptavidin, and finally with a biotinylated 
anti-MHC antibody to redirect its attachment. Although 
entry via class I MHC was convincingly demonstrated 
in vitro, the efficiency of this approach was low, for 
reasons that were not fully determined35. 

Table 1 | Key features of viral vectors

Feature Adenoviral vector Helper-dependent 
adenoviral vector

AAV vector Retroviral 
vector

Lentiviral 
vector

Particle size (nm) 70–100 70–100 20–25 100 100

Cloning capacity (kb) 8–10 ~30 4.9 (10 after heterodimerization 
of two AAV virions) 

8 9

Chromosomal integration No No No (yes if rep gene is included) Yes Yes

Vector yield 
(transducing units/ml)

High (1012) High (1012) High (1012) Moderate (1010) Moderate (1010)

Entry mechanism Receptor (CAR)-mediated endocytosis, 
endosomal escape and microtubule 
transport to the nucleus

Receptor-mediated 
endocytosis, endosomal escape 
and transport to the nucleus

Receptor binding, conformational 
change of Env, membrane fusion, 
internalization, uncoating, nuclear 
entry of reverse-transcribed DNA

Transgene expression and 
practical application

Weeks to months; 
highly efficient short-
term expression 
(e.g. for cancer or in 
acute cardiovascular 
diseases)

>1 year; highly 
efficient medium- 
to long-term 
expression

>1 year; medium- to long-term 
gene expression for non-acute 
diseases (onset of transgene 
expression after ~3 weeks)

Long-term correction of genetic 
defects

Oncolytic potential? Yes No No No (but has potential to spread through 
the tumour without lysis, thereby 
spreading a suicide gene that encodes 
a pro-drug-converting enzyme)

Emergence of replication-
competent vector in vivo?

Possible but not a 
major concern

Negligible, low risk Possible but not a major 
concern

Risk is a concern Risk is a concern

Infects quiescent cells? Yes Yes Yes No Yes

Transcriptional targeting 
affected by chromosomal 
integration site?

No No No Yes Yes

Risk of oncogene 
activation by the vector?

No No No Yes Yes

AAV, adeno-associated virus; CAR, coxsackie and adenovirus receptor; Env, viral envelope protein. 
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Biotinylation strategies have also been developed 
for Ad vectors. A biotin-acceptor peptide (BAP) has 
been cloned into the fibre capsid protein to produce the 
Ad–BAP fusion. The BAP is biotinylated during vector 
production in mammalian cells and can therefore be 
coupled to a biotinylated targeting ligand via tetrameric 
avidin (FIG. 2Bb). Compared with coating the vector 
with biotinylated antibody, this strategy makes use of a 
more robust covalent attachment of biotin to the vector. 
This approach has been used to screen for potential target-
ing ligands21, to purify adenoviral vectors36 and to evaluate 

Ad capsid proteins for targeting37. In terms of potential 
clinical applications, the avidin–biotin system has been 
used to target Ad vectors to dendritic cells in vitro using 
monoclonal antibodies or high-affinity binding peptides 
as ligands for the targeted cell receptor38. The high-affinity 
binding of avidin to biotin (10–15) qualifies this system for 
in vivo applications, including therapeutic ones. Possible 
toxicity from high levels of avidin — which can complex 
biotin in the circulation — could be a concern; however, 
we consider this risk to be low, because only vector-bound 
avidin is expected to be introduced into the patient.

Figure 2 | Targeting options for viral vectors. Many targeting modalities have been implemented for all three vector 
types discussed in this Review. The targeting techniques are illustrated for only one viral attachment protein in most of 
the panels. A | Pseudotyping. A retroviral (lentiviral) vector is pseudotyped with an envelope protein (Env) from a 
different virus9. B | Adaptors. In part Ba, an adenoviral vector is coupled with a receptor–ligand fusion; in this example, 
the ectodomain of the adenoviral receptor is fused to a ligand that is expressed on a target cell type (for example, 
CD40L, the ligand for the CD40 receptor on dendritic cells)22. In part Bb, a biotin-acceptor peptide is integrated into 
the fibre knob, biotinylated and coupled to an avidin-containing ligand21. In part Bc, an antibody-binding domain is 
genetically incorporated into the adeno-associated virus (AAV) capsid to couple a monoclonal antibody to the vector43. 
In part Bd, a bispecific antibody is attached to the AAV capsid145. C | Genetic incorporation of a targeting ligand. In part 
Ca, a single-chain antibody (single-chain variable fragment (scFv) against human carcinoembryonic antigen (CEA)) and 
a matrix metalloprotease (MMP) cleavage site are coupled to the viral envelope protein (Env). This allows binding to 
tumour cells that express CEA, followed by cleavage of the MMP cleavage site by tumour-secreted MMP48. The vector 
can also be targeted to tumour cells by incorporating a tumour-specific scFv directly into Env. However, these insertions 
can perturb infection if the targeted receptor does not support the required post-binding steps towards viral entry. 
The MMP cleavage site allows release of the scFv before fusion with the target cell. In part Cb, incorporation of a small 
targeting ligand (for example, an RGD peptide) can be used to target a vector to integrin receptors73. In part Cc, the 
serotype is changed to achieve desired targeting140. In part Cd, the use of different fibres in the same vector allows 
multifunctionality in a mosaic fibre virus93. CAR, coxsackie and adenovirus receptor.
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AAV vectors can be biotinylated in a similar way to 
Ad vectors, and this system is now being used as a plat-
form for purification and targeting of this vector type39. A 
different biotinylation approach has recently been taken 
with vaccinia viral vectors and has proved successful for 

in vitro targeting. The virus was chemically biotinyl-
ated, followed by the addition of avidin and subsequent 
incubation with a biotinylated antibody, which allowed 
targeting to MHCI- and B7.2-transfected tumour cells40. 
The avidin–biotin system seems to be suitable for any 

Table 2 | Targeting systems

Approach Principle Advantages Disadvantages Examples

Pseudotyping

Approach 
overview

Use of a viral attachment 
protein from a different virus 
strain or family

Technically easy when the 
biology is supportive or 
compatible

Limited availability of pseudotypes 
that fit the desired target cell; possible 
reduction of transfection efficiency 
(retrovirus)

Ad (in vitro)18 
(in vivo)120; 
AAV (in vivo)138; 
Lentivirus (in vivo)30

Adaptor systems

Approach 
overview

Use of a molecule that binds 
both the vector and target-
cell receptor to facilitate 
transduction

Limited knowledge of 
capsid structure is sufficient; 
flexibility; no/minimal change 
in vector structure; easy 
preclinical testing of different 
targeting ligands

Two-component system; stoichiometry 
of adaptor to vector might vary 
between batches; two molecules must 
be produced separately; issues with 
regulatory agencies; adaptor might 
dissociate in vivo; clinical applicability 
can be limited

Receptor–ligand A native viral receptor is fused 
to the targeting ligand

Easy preclinical testing Correct folding of each new receptor–
ligand pair must be determined

Ad (in vivo)22; 
retrovirus (in vitro)24

Bispecific 
antibody

Two antibodies are coupled, 
with the resulting molecule 
having specificity for the 
vector and the target

Using existing reagents, the 
antibody is easy to make; 
screening for different 
targets is readily possible

Binding affinity of the targeting 
complex to the vector can vary

Ad (in vivo)139; 
AAV (in vitro)145; 
coronavirus (in vitro)148

Chemical linkage Targeting moiety is bound to 
the vector by chemical means

A covalent bond is formed 
with the targeting complex, 
thus no adaptor dissociation 
from the vector

Technically more demanding 
than other adaptor systems (but 
nevertheless scaleable for clinical 
applications)

Ad (in vitro)29,31

Avidin–biotin Biotin is coupled to the vector 
and then bound to the avidin–
ligand complex

High-affinity binding of the 
targeting complex to the 
vector; allows easy vector 
purification

Some risk for toxicity in clinical 
applications (biotin from the 
circulation could be complexed)

Ad (in vitro)38; 
AAV (in vitro)39; 
retrovirus (in vitro)34,35

Antibody Antibody binds to a 
genetically incorporated Ig-
binding domain of the vector

Vast pool of available 
antibodies for targeting; easy 
coupling

Antibodies from the circulation could 
interfere with targeting

Ad (in vitro)44; 
AAV (in vitro)43; 
retrovirus (in vitro)45

Genetic systems

Approach 
overview

A polypeptide is incorporated 
into the vector by genetic 
means to facilitate 
transduction

Single-component system; 
favoured for clinical 
application; ease of high-titre 
vector production

Technically more challenging 
than adaptor approaches; can be 
detrimental to vector or ligand 
structure

Serotype 
switching

Use of a different serotype 
from within the same virus 
family

Biological compatibility 
makes it feasible

Limited availability of serotypes; the 
precise cellular receptor is frequently 
unknown

AAV (in vivo)140; 
Ad (in vivo)149

Small targeting 
motifs

Small peptides are inserted 
into the capsid or viral 
attachment protein

Minimal disturbance of 
vector structure

Broadens tropism without ablating 
native tropism; limited number of 
available motifs, thus not applicable 
for all cell types

Ad (in vivo)76; 
AAV (in vitro)70; 
retrovirus (in vitro)73; 
phage–AAV (in vivo)20

Single-chain 
antibody

A single-chain antibody is 
incorporated into the viral 
attachment protein

Vast pool of tested antibodies 
available for targeting

Antibody might need adaptation to a 
biosynthetic pathway of virus protein 
production (Ad)

Ad (in vivo)19; 
AAV (in vitro)47; 
retrovirus (in vivo)48

Mosaic viral 
attachment 
proteins

Two viral attachment proteins 
with different properties are 
combined, allowing targeting, 
production or imaging in 
parallel

True multifunctionality in a 
virion can be achieved

Desired stoichiometry can be difficult 
to achieve

Ad (in vitro)93; 
AAV (in vitro)70

Ablation of 
native tropism

Mutation of the amino acids 
responsible for native tropism

Can be combined with other 
techniques

Can confound production in 
packaging cell line

Ad (in vivo)88; 
AAV (in vivo)87; 
Lentivirus (in vivo)13

AAV, adeno-associated virus; Ad, adenovirus.
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Box 3 | Imaging technologies for evaluating vector targeting

Until recently, testing the biodistribution of targeted vectors required 
sacrificing animals to evaluate transgene expression or viral particle 
concentration in various organs124,125. Several clinical trials have shown a lack 
of useful end points that would allow evaluation of vector targeting126,127. 
Approaches that allow imaging of viral vector distribution in vivo have the 
advantage that animals do not need to be sacrificed for analysis, enabling 
multiple real-time measurements of vector distribution. Vectors with novel 
modalities that allow in vivo imaging are now being developed. Imaging 
moieties are generally either expressed in the form of a reporter transgene 
from the viral genome or attached to the vector by genetic fusion to a capsid 
protein.

Gene-based imaging can make use of radioactive systems, such as the 
vector-mediated gene transfer of herpes simplex thymidine kinase, which can 
phosphorylate radiolabelled nucleoside analogues. Quantification is carried 
out using positron emission tomography (PET) imaging128, which is applicable 
in clinical settings. Alternatively, light-emitting systems can be used, 
including those using luciferase and green or red fluorescent proteins129,130.

A recent example illustrates how imaging can greatly facilitate the 
evaluation of targeting approaches. A lentiviral vector that was pseudotyped 
with the envelope protein (Env) of the Sindbis virus was successfully 
retargeted to metastatic melanoma in vivo13. To achieve this, the Sindbis Env 
was mutated to ablate liver or spleen tropism, and the ZZ domain (Ig-binding 
domain) of protein A was genetically fused to this protein. This allowed 
coupling to a monoclonal antibody that targeted P-glycoprotein-expressing 
melanoma cells (see part a in the figure). Biodistribution was monitored 
through imaging, which was facilitated by vector-mediated luciferase 
expression. Part b in the figure shows ablation of the native tropism of the 
vector. SCID (severe combined immunodeficiency) mice were injected 
systemically with a lentivirus that was pseudotyped with a Sindbis Env 
protein that contained an antibody-binding domain. The upper panel shows 
strong liver and spleen tropism owing to domains within the Sindbis Env 
protein that target the vector to these tissues. Mutating these domains 
largely ablated this natural tropism (shown in the lower panel). Light emission 
is measured in photons (p) s –1 cm–2 steridian (sr)–1. In part c, mice were 
injected first with tumour cells that form lung metastases, and 12 days later 
with the vector. Use of a nonspecific control antibody did not lead to tumour-
cell transduction (shown in the upper panel), whereas use of a tumour-cell-
specific antibody leads to transduction of tumour cells in the lung (lower 
panel). This study shows how combining several targeting techniques 
(pseudotyping, ablation of native tropism and adaptor coupling) can lead to 
truly targeted gene transfer after systemic application, and how imaging is 
essential for the analysis. 

For Ad vectors, it has recently become possible to incorporate imaging 
ligands into the capsid. Green and red fluorescent proteins131–133, herpes 
simplex virus thymidine kinase (HSVtk)134 and an HSVtk–luciferase fusion 
protein135 have been fused to the capsid protein pIX, allowing multi-modality 
imaging. In all cases, the imaging ligands retained their activity. Because of 
the localization of the imaging signal, capsid labelling seems to be especially 
promising in the context of tracking the intracellular fate of vectors, which 
would not be possible otherwise, and for observing the spread of targeted 
oncolytic vectors.

Another approach exploits magnetic resonance imaging (MRI), which has 
been used in a gene therapy context136 but only recently became applicable 
for direct vector imaging. Räty et al. used MRI-based imaging of an avidin-
coated baculovirus that was conjugated with biotinylated 
superparamagnetic iron oxide particles137. This technique should be easily 
applicable to other capsid-coated viruses. The spatial resolution of MRI is in 
the millimetre (typical for medical MRI) to micrometre (typical for research 
MRI) range, which is much greater than for the other imaging methods (which 
generally have a resolution of several millimetres) and which will allow 
assignment of vector location to individual cells. However, MRI is 
considerably less sensitive than radioactive or light-based imaging systems. 
Parts b and c reproduced with permission from Nature Medicine REF. 13 © 
(2005) Macmillan Publishers Ltd. 
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B7.2
B7.2 (CD86) is a co-stimulatory 
transmembrane protein in the 
B7 family. It is found on 
antigen presenting cells (APCs) 
and interacts with receptors 
on T cells.

vector type that allows incorporation of a BAP, or that 
can be chemically biotinylated — techniques that should 
be universally applicable — and is expected to be utilized 
in many more applications in the future. 

Monoclonal antibodies as adaptors. Antibodies have 
been used as targeting tools in various applications41,42, 
and many researchers are working on ways to capitalize 
on the diversity and wide availability of these reagents. 
Vectors have been genetically modified to allow cou-
pling of monoclonal antibodies; for example, a region 
of a bacterial immunoglobulin (Ig)-binding protein 
(usually the Z-domain of the staphylococcus protein A) 
can be inserted into the viral attachment proteins of 
various vector systems14,43–45. In this way, the unmodi-
fied antibody can work like an adaptor, bridging the 
Ig-binding domain that is incorporated in the vector to the 
target receptor through its antibody specificity (FIG. 2Bc). 
This approach has been successfully used in vitro and 
in SCID (severe combined immunodeficiency) mice13. 
However, a significant limitation of this approach is 
that polyclonal Igs in the bloodstream might compete 
to displace the monoclonal antibody from the virally 
displayed Ig-binding protein before it reaches its target 
site. The approach has not yet been advanced to clinical 
testing and might be better suited to ex vivo gene therapy 
applications that require transduction of specific target 
cells in a mixed cell population (for example, stem cells 
in bone marrow). 

Challenges facing adaptor systems. Most of the adaptor 
systems described above have disadvantages that detract 
from their potential use for gene therapy. One disadvan-
tage relates to the potentially suboptimal stability of the 
vector–adaptor complex, especially in vivo, which might 
result from unforeseen interactions with factors that 
perturb the non-covalent binding. Systems that rely on 
either the BAP, with their strong binding of the targeting 
complex, or on chemical conjugation are the least likely 
to be affected by this. In addition, difficulties can arise 
in terms of scaling up adaptor protein production, and 
the coupling efficiency might vary between different 
batches. Finally, regulatory agencies favour single-
component systems and consider the adaptor and the 
virus to be separate drugs. One perceived problem is that 
the crosslinker might elute from the surface of the virus 
in vivo; the adaptor approach is also considered more 
cumbersome for clinical applications.

None of the adaptor approaches has been tested 
extensively in vivo, which has limited our understanding 
of their potential utility. Systems based on the BAP have 
great flexibility and are expected to be widely applied, 
including potentially in patients. The other systems 
are likely to have their greatest potential in preclinical 
proof-of-principle studies.

Genetic incorporation of targeting ligands 
To avoid the potential complexities of adaptor systems, 
researchers have investigated methods for the genetic 
incorporation of targeting ligands into viral vectors. 
Genetic fusion of these ligands into the capsid or the 

envelope protein yields a single virion molecule that 
recognizes the target cell. Despite being more techni-
cally challenging than the use of adaptors, such single-
component systems provide homogenous retargeted 
vector particles, unlike adaptor-based approaches. As well 
as overcoming the regulatory issues of two-component 
systems, this approach facilitates high-titre production 
by eliminating the need to create a separate adaptor 
molecule.

Systems involving polypeptide ligands. Several prom-
ising single-component systems involve the genetic 
incorporation of polypeptide ligands into viral surface 
proteins, giving vectors new and highly specific tropisms 
for cells expressing the target antigen. This approach was 
pioneered in 1993 with the display of a single-chain anti-
body on the surface of an enveloped virus46. In this case, 
an anti-hapten antibody was genetically fused near the 
N-terminus of the MLV surface (SU) component of 
the envelope glycoprotein, and retroviral vectors incor-
porating the chimeric protein were shown to bind to 
hapten via the displayed antibody. 

The single-chain antibody approach has been applied to 
several vectors — AAV47, adenovirus19, retrovirus48 (FIG. 2Ca),
 measles virus49 and herpes simplex virus50 — underlin-
ing the versatility of this approach. Many other complex 
polypeptide ligands, including growth factors and 
cytokines, have since been displayed on various gamma-
retroviral envelope glycoproteins, as either N-terminal 
fusions, insertions into the proline-rich hinge region 
or substitutions for the N-terminal protein domains51. 
Similar engineering has been attempted for other 
enveloped viruses: ligands have been fused proximal 
to the N-termini of herpesvirus proteins gC and gD52, 
influenza haemagglutinin53,54 and the VSV-G protein55, 
and a ligand has been inserted within the N-terminal 
receptor-binding domain of the E2 attachment protein 
of Sindbis virus14.

Despite the great potential of this approach in terms 
of specificity, one limitation to applying it more gen-
erally is that the introduction of large proteins can be 
deleterious to the structure of the viral protein into 
which they are inserted, or can impede the correct 
folding of the incorporated polypeptide. Incorporation 
of a single-chain antibody fusion into an Ad vector was 
initially impeded because of the different biosynthetic 
pathways that are used to produce the scFv (which is 
synthesized in the rough endoplasmic reticulum (ER), 
facilitating formation of disulphide bridges) and the Ad 
capsid proteins (which are synthesized in the cytosol, 
interfering with the formation of these bridges)56. In 
addition, incorporation of such large proteins into the 
Ad fibre can impede proper folding (trimerization) of 
the fibre and hence viral rescue. The use of cytosoli-
cally stabilized scFvs (intrabodies) and the generation 
of an artificial fibre allowed genetic coupling of the fibre 
and scFv in the Ad system19. The artificial fibre has the 
added advantage of ablating the native tropism of Ad. 
One challenge in using this system relates to identifying 
scFvs that will fold correctly in the cytosol, requiring 
expertise in scFv technology and complex fibre 
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Amphotropic
Describes a pathogen such 
as a virus or a bacteria that 
has a wide host range and can 
infect more than one species 
or cell-culture line.

modifications. By contrast, the glycoproteins of envel-
oped vectors are routed through the ER, which supports 
the folding and post-translational modification of 
complex proteins fused to the envelope57,58. Thus, 
polypeptide ligands with multiple disulphide bonds, 
stringent glycosylation requirements or oligomeric 
structures can be more readily displayed on enveloped 
viruses than on non-enveloped viruses.

Targeted virus attachment does not necessarily lead 
to targeted entry. In the case of retroviral envelope gly-
coproteins, displayed targeting ligands usually impede 
infectivity because the normal functions of the viral 
attachment protein are altered. This can lead to direction 
of the virus into a non-functional entry pathway, steric 
blocking of its natural receptor interactions or prevention 
of conformational changes that are required for effective 
fusion triggering51. These problems led to the concept of 
inverse targeting, whereby the viral envelope glycopro-
tein is modified to selectively destroy its infectivity for 
cells expressing a targeted receptor59. Thus, amphotropic 
retroviral vectors that display epidermal growth factor 
(EGF), stem-cell factor (SCF) or insulin-like growth 
factor 1 (IGF1) are selectively non-infectious for cells 
that express the cognate receptors (EGFR, KIT or IGFR), 
but remain fully infectious for other (receptor-negative) 
human cells59–61. This inverse targeting provides a use-
ful way to detarget the liver (EGFR positive) or marrow 
stem cells (KIT positive), and can be used to ameliorate 
specific vector toxicities against these targets, although 
the number of potential applications is limited. 

Protease targeting is another concept that has emerged 
from early unsuccessful efforts to reprogramme retrovi-
rus entry. Here virus infectivity is engineered to depend 
on the proteolytic maturation of a viral surface protein. 
This can be achieved through cleavage of a protease-
susceptible linker that tethers an infectivity-blocking 
polypeptide to the viral surface. Another approach is 
cleavage of an engineered junctional sequence between 
the SU and transmembrane (TM) components of a ret-
roviral envelope glycoprotein, or between the F1 and F2 
components of a measles attachment glycoprotein62. In 
this way, the vector is targeted to cells that are bathed in 
the appropriate protease. Examples include the targeting 
of protease-rich tumours63 by vectors with an infectivity 
that is selectively activated by matrix metalloproteinases 
(MMPs) (FIG. 2) or by plasmin. Other potential protease-
rich targets include the sites of new blood vessel forma-
tion in diabetic retinopathy and in the pannus tissue of 
joints affected by rheumatoid arthritis, as well as sites 
of acute and chronic inflammation. 

Several animal studies have demonstrated the feasi-
bility of in vivo transductional targeting using retroviral 
and lentiviral vectors with genetically incorporated 
polypeptide ligands. In one study, a retroviral vector 
that was activated by MMP and displayed a melanoma-
targeting single-chain antibody was shown to target 
gene delivery to MMP-rich melanoma xenografts64. In 
another study, the liver was successfully detargeted by 
pseudotyping lentiviral vectors with an amphotropic 
MLV envelope glycoprotein that displayed EGF as an 
N-terminal fusion65. The reduced hepatic transduction 

in this case resulted from inverse targeting, which was 
possible because EGF receptors are expressed abundantly 
on hepatocytes. 

A third example is represented by the first and so far 
only targeted vector that has been tested in the clinic: the 
retroviral vector Rexin-G, which expresses a cytocidal 
dominant-negative form of cyclin G1. This vector dis-
plays the collagen-binding portion of von Willebrand 
factor (vWF), which is required for the adhesion of 
platelets to sites of injured endothelium66, incorporated 
in its Env protein. Exploiting this targeting mechanism 
allows preferential vector delivery to the tumour site 
where angiogenesis and collagen matrix exposure occur 
(tumour neovessels)67. Rexin-G is targeted to the extra-
cellular matrix of tumour tissue68 and has been tested 
for its anti-tumour activities in three clinical studies69. 
Several cases of partial responses and stable disease 
demonstrated the effectiveness of the vector.

The limitations that are encountered during ret-
roviral or lentiviral vector targeting using engineered 
polypeptide ligands do not necessarily apply for other 
enveloped viruses. In contrast to retroviruses, the 
attachment and fusion functions of the measles virus 
are encoded on separate proteins, making it easier 
to manipulate binding specificity without negatively 
impacting the efficiency of fusion triggering (see 
below). However, measles is still the only virus that can 
be efficiently retargeted through a wide range of cellular 
receptors using a variety of cell-targeting polypeptides 
without significant reductions in its entry efficiency. 

Small-peptide motifs. Small-peptide motifs are less 
likely to perturb the structure of the viral attachment 
protein, which permits their insertion at various 
regions of the protein. Despite their small size (gener-
ally 3–20 amino acids), they can change the targeting 
characteristics of a vector dramatically.

Small peptides containing an RGD motif, which 
targets vectors to integrins, have most often been used 
for this purpose, facilitating diverse applications that 
include targeting of the vasculature and of tumour 
cells. Such targeting has been achieved for AAV 
(in vitro)70, adenovirus (ex vivo in tissue-slice assays71, and 
in vivo)72, retroviral vectors (in vitro)73 (FIG. 2Cb), and for 
a phage–AAV hybrid vector (in vivo)20. Another useful 
small-peptide targeting moiety is the poly-lysine (pK7) 
peptide that targets vectors to heparan sulphates, which 
are overexpressed in a number of malignancies74 and 
other pathologies. Adenoviral vectors carrying pK7 in 
their fibre knob showed an increased transduction of 
various CAR-deficient targets, such as skeletal muscle 
in vivo75. In addition, RGD and pK7 have recently been 
used together in the Ad capsid to improve the efficiency 
of vector delivery (and hence survival) in a murine 
model of cancer76. Generally, both of these modifications 
broaden the vector tropism, which makes them especially 
useful for local administrations. An RGD-modified con-
ditionally replicating Ad77 is soon to be used clinically for 
local applications in ovarian carcinoma at the University 
of Alabama at Birmingham, USA, following the recent 
completion of animal safety tests78. 
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Although small-peptide motifs are versatile and can 
be used to target viral vectors to several cell types, other 
cell types cannot be targeted in this way and require 
different targeting approaches.

Library-selection approaches. As described above, 
genetic targeting approaches are limited by the size, 
and sometimes the structure, of the ligand that can be 
incorporated without compromising assembly, stabil-
ity or infectivity of the vector. It is also crucial that the 
displayed ligand maintains its bridging ability towards 
the target after fusion to the viral attachment protein. 
These considerations have driven library-selection 
approaches, which display the ligand in the context 
of the viral attachment protein and then select for the 
desired increase in infectivity by binding to a column 
that displays the targeting receptor79, by repeated cycles 
of binding to target cells80,81, or by serial passage through 
the target cells82. 

In one example, the H and I sheets of the Ad fibre 
knob were inserted into the pIII protein of a bacte-
riophage. A random peptide library was introduced 
between the Ad knob sheets and selected against the 
target cells. This resulted in identification of a peptide 
that improved Ad transduction of mouse muscle cells 
14-fold compared with unmodified Ad81. A different 
approach was used for library screening with AAV79. 
First, the AAV capsid protein CAP was subjected to 
PCR-based mutagenesis and recombination, followed by 
insertion into an AAV packaging plasmid and creation 
of an AAV library. This library was then screened for 
desired properties, for example, using heparin affinity 
chromatography to select for low or high heparin affin-
ity, or incubation with neutralizing serum to select for 
mutants that evaded antibody responses. Library selec-
tion for changes in retroviral vector tropism has also 
been carried out. For example, in one study82, feline 
leukemia virus (FeLV) envelope glycoproteins were 
randomized in the cell-targeting region by oligonucle-
otide insertions83,84 and subjected to transduction-based 
selection strategies in cancer cells. The resulting FeLV 
vector was able to transduce prostate cancer cell lines, 
but required the presence of a murine retrovirus (4070A) 
helper envelope glycoprotein to facilitate virus entry. 
Although this example demonstrates the feasibility of 
selecting vectors with new tropisms from retroviral 
libraries, the selection strategy cannot be focused on a 
specific known receptor; it can only be focused on a par-
ticular cell type. However, in cases in which no targeting 
ligands are known, such library-selection approaches can 
provide one way forward, and proof of principle for this 
approach has been established for targeting all the major 
vector classes79,81,85,86.

Ablation of native vector tropism. For systemic applica-
tions, the native vector tropism of gene therapy vectors 
might need to be ablated to avoid the transduction of 
non-target tissue. In some instances, the addition of the 
targeting ligand reduces the native tropism sufficiently. 
For example, the incorporation of peptides that tar-
get human venous endothelial cells into AAV capsids 

resulted in significantly lower hepatocyte transduc-
tion, but greatly increased venous-cell transduction87. 
However, there are other cases in which additional steps 
must be taken to ablate the native tropism of the vector.

For example, for the Ad serotype 5 vector, which is 
the most commonly used Ad vector, detargeting is of 
central importance to enable successful systemic treat-
ments that avoid effects on the liver; the addition of a 
targeting moiety alone is frequently insufficient. Many 
fibre mutants have been generated in attempts to achieve 
liver detargeting. The most dramatic effect has been 
seen for Ad fibres with deletions in a putative heparan-
sulphate proteoglycan-binding motif that resulted in a 
15-fold decrease in liver transduction and a 1,000-fold 
decrease when combined with a CAR-ablating mutation. 
However, the effects of detargeting mutations seem to be 
highly dependent on the strain and species of rodent88, 
highlighting the importance of using multiple and 
complementary preclinical model systems. 

Examples for tropism ablation regarding retroviral 
vectors are discussed above in the context of inverse 
targeting, and an example for a lentiviral vector is dis-
cussed in BOX 3. Generally, each vector requires specific 
changes in the viral attachment protein to ablate its 
native tropism. These modifications can then be used 
in a wide range of applications, with the exception of 
reverse targeting used for enveloped vectors, which is 
specific for a particular cell type.

An alternative to the above approaches is the use of 
a vector with no tropism in the target organism. When 
using a prokaryotic vector that normally does not infect 
eukaryotic cells, but can be modified with an RGD 
motif, systemic application becomes feasible and can 
lead to tumour-specific transduction, as shown for an 
AAV–phage hybrid20. 

Outlook and future directions
Cell-type-specific targeting in vivo by gene therapy 
vectors is a milestone that has only recently been real-
ized. For some applications, direct translation of that 
achievement to the clinic might be possible; for example, 
local application of genetically modified vectors with a 
broadened tropism or systemic administration of vec-
tors with specific targeting and ablated native tropism 
could see application in a few years. Other therapeutic 
interventions will require further research to achieve the 
desired targeting specificity, which should be facilitated 
by several recent developments. For example, single-
component systems (such as Ad with an artificial fibre 
that is genetically fused to a scFv) are easy to prepare in 
high titres and are not expected to face problems for clin-
ical approval. By contrast, a lentiviral vector coupled to 
an adaptor might face more problems during large-scale 
preparation and in regard to the general safety issues of 
lentiviral vectors. As we have seen, in many cases the 
challenges to developing a successful targeting vector 
relate to the biology of the individual vector type. 

Despite the vast range of experimental studies that 
have been carried out with targeted vectors, transition to 
a clinical setting has been slow. This delay is related 
to general problems in the field of gene therapy that 
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Complement system
A protein system in the blood 
that forms a defense against 
pathogens. 

Transcytosis
Transport of macromolecules 
(including pathogens) 
across a cell, which consists 
of the endocytosis of a 
macromolecule at one side 
of a monolayer and its 
exocytosis at the other side. 

concern high costs of vector production for clinical use 
and acquisition of financial support for this production. 
Several rounds of clinical trials will be needed to opti-
mize a particular gene therapy approach, as is the case 
for other therapies (for example, monoclonal antibod-
ies), which needed several trials to find their way into 
clinical practice. The important aspect of the clinical 
studies that have begun, and are beginning now, is that 
targeted vectors can gain regulatory (Food and Drug 
Administration (FDA)) approval in the USA69. With 
most western nations being geared to FDA procedures, 
this approval represents an encouraging sign for targeted 
gene therapy protocols worldwide.

Although this Review has focused largely on the final 
step of targeting — transduction of the target cell — other 
aspects are equally important, especially for systemic 
vector administration. We have briefly discussed other 
potential obstacles, such as the immune system (antibod-
ies, complement system) or other blood factors that impact 
the vector in the blood stream, and ways to escape these 
problems that are currently being investigated (BOX 1). 
The exit of vectors from the blood stream into the target 
tissue will also be an important step to address. Ensuring 
that vectors move beyond the vascular endothelial layer 
after systemic application, for example, by transcytosis, 
will be of crucial importance to achieve clinical success 
in many instances (such as disseminated metastases).

Strategies to enable transcytosis have recently moved 
to the forefront of vector targeting research. Whereas 
transcytosis for a lentivirus, HIV, has been described89, 
this area is only just beginning to be explored for viruses 
that form the basis of the other types of gene therapy 
vectors. In the context of AAV, three serotypes out of 
five that were tested showed transcytosis; this ability was 
both serotype and cell-type specific90. Serotype switch-
ing, which can be achieved by transfection of plasmids 
with different capsid backbones, can therefore be a valu-
able tool when transcytosis of AAV is required. Coupling 
the Ad vector with an adaptor that targets the transfer-
rin-receptor pathway has enabled transcytosis, albeit 
at low efficiency91. Exploitation of other transcytosis 
pathways92 and elucidation of the natural transcytosis 
pathways of some viruses might allow for rational design 
of transcytosing vectors. Furthermore, the generation of 
vectors that are mosaic for their viral attachment protein 
(having two genetically distinct versions)93 could prove 
valuable (FIG. 2Cd). One attachment protein could carry a 

ligand for transcytosis, whereas the other could carry the 
ligand for transduction of the target cell. Alternatively, 
the transcytosis ligand could be placed onto other cap-
sid proteins (for example, pIX in the case of Ad), while 
having the transduction ligand on all viral attachment 
proteins. 

Besides improving established vector systems, new 
viruses are also being developed for targeted gene 
therapy. One promising example is the measles virus, 
an enveloped virus that has recently been retargeted to 
tumour cells to exploit its oncolytic potential. In con-
trast to retroviruses, because the attachment and fusion 
functions of the measles virus are encoded on separate 
proteins, it is easier to manipulate binding specificity 
without negatively impacting the efficiency of cell entry. 
Several large polypeptide ligands have been displayed 
on the surface of the measles virus as extensions of 
the viral attachment glycoprotein94. In most cases, the 
ligand-displaying measles viruses have been able to enter 
cells efficiently via the targeted receptor95,96. Mutations 
that are known to ablate the natural measles tropisms 
for CD46 and SLAM (signalling lymphocytic activa-
tion molecule) were subsequently incorporated into the 
chimeric viral attachment proteins, thereby generating 
fully retargeted measles viruses with entirely new recep-
tor specificities49. Several fully retargeted measles viruses 
have been shown to mediate targeted in vivo destruction 
of receptor-positive tumours97,98. In this way, new gene-
transfer vehicles can be created, combining established 
targeting principles (such as ablation of native tropism 
and targeting through single-chain antibodies) with the 
natural abilities of different vectors, thus continuously 
expanding the gene therapist’s toolbox.

The concepts of vector targeting that are described 
in this Review are now recognized throughout the gene 
therapy field. In regard to non-viral vectors, the efficien-
cies of gene transfer after systemic delivery are low unless 
vectors are administered under high pressure (for exam-
ple, hydrodynamic delivery in mice, which selectively 
transduces the liver). Non-viral vectors, which are essen-
tially DNA-containing nanoparticles, can be retargeted by 
incorporating ligands into their lipid or protein shells, but 
to date there are no convincing studies to demonstrate the 
in vivo utility of retargeted non-viral vectors. However, 
once their efficiencies approach those of viral vectors, the 
targeting principles that are outlined in this Review are 
also likely to be applicable to non-viral vectors.
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I. INTRODUCTION 

While still in its infancy, gene-based therapy has emerged as a potentially powerful 

therapeutic platform. The concept of gene therapy as a rational molecular intervention is simple; 

that is, to correct or eradicate defective tissues via delivery of nucleic acids. However, practical 

implementation of safe, highly effective gene-based interventions has been difficult due to the 

stringent and complex requirements of this paradigm.  Indeed, the introduction of functional 

foreign nucleic acids into mammalian target cells without oncogenicity or significant toxicity or 

immune response represents a daunting task unique in biomedicine.  This realization has 
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spawned the field of vector design, which has for twenty years sought to engineer gene delivery 

vector systems compatible with the stringent mandates of human clinical use.  

     Vectors based on human adenovirus (Ad) serotypes 2 and 5 continue to show utility as gene 

therapy vectors, particularly in the context of cancer gene therapy, due to several innate 

biological characteristics:  Replication-deficient Ad vectors display in vivo stability and superior 

gene transfer efficiency to numerous dividing and non-dividing cell targets in vivo and rarely 

cause severe disease in humans.  Further, production parameters for clinical grade Ad vectors are 

well established. In 2007, Ad vectors were employed in one-fourth of clinical trials worldwide 

(326 of 1,309) with two-thirds of all trials being for cancer (871 of 1,309).1  

Nonetheless, clinical trial results of Ad vectors have clearly exposed the need to advance Ad 

vector technology.  Relatively lackluster clinical performance of Ad-based agents to date has 

provided clear direction for vector modifications designed to improve efficacy and safety. In this 

regard, two distinct approaches have been employed, 1) transductional targeting, which 

approaches limit the entry of agents to target cells, and 2) transcriptional targeting, which 

restricts expression of transgenes (or Ad replication, in some cases) to target tissues by using 

tissue- or tumor-specific promoters (TSPs). The following is a discussion of Ad biology, barriers 

to transductional targeting and a review of the vector modifications applied toward transforming 

the human adenovirus into a clinically effective therapeutic agent. 

II. ADENOVIRUS STRUCTURE 

     The family Adenoviridae contains over one hundred serotypes, including fifty-two human 

serotypes that are divided among seven species (A-G) based on genome homology and 

organization, oncogenicity and hemagglutination properties.2-6  The human adenovirus is a non-

enveloped icosahedral particle that encapsulates up to a 36-kilobase double-stranded DNA 

genome.  The Ad capsid is comprised of several minor and three major capsid proteins: hexon is 
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the most abundant structural component with 720 copies per virion and constitutes the bulk of 

the protein shell; five penton monomers form the penton base platform at each of the twelve 

capsid vertices to which the twelve fiber homo-trimers attach (Fig. 1).  The distal tip of each 

fiber is composed of a globular knob domain which serves as the major viral attachment site for 

cellular receptors. Hexon appears to play only a structural role as a coating protein, while the 

penton base and the fiber are responsible for distinct virion-cell interactions that constitute Ad 

tropism.  Detailed structures of hexon7-11, penton base12 and fiber13,14 have been determined by 

crystallography; the high-resolution structure of the entire virion has been determined by various 

methods.15,16 

III. ADENOVIRUS TRANSDUCTION PATHWAY 

     Intense research efforts into Ad biology has revealed crucial steps involved in gene transfer. 

The tropism of Ad is determined by two distinct virus-cell interactions: attachment to a primary 

receptor molecule at the cell surface, followed by interaction with molecules responsible for 

virion internalization. Initial high-affinity binding of the virion occurs via direct binding of the 

fiber knob domain to its cognate primary cellular receptor, which is the 346 amino acid 

coxsackie and adenovirus receptor (CAR) glycoprotein for most serotypes including Ad2 and 

Ad5, which are widely used in gene therapy approaches.17,18 Other receptors have been described 

for Ad5, although the nature of their interaction(s) with the Ad5 virion is unclear and their roles 

appear limited.  These receptors include heparin sulfate glycosaminoglycans,19,20 class I major 

histocompatability complex,21 and vascular cell adhesion molecule-1.22 Receptor binding is 

followed by receptor-mediated endocytosis of the virion via interaction of penton base Arg-Gly-

Asp (RGD) motifs with cellular integrins including αvβ3 and αvβ523, αvβ124, α3β1 and α5β1.25 

Virus enters the cell in clathrin-coated vesicles26 and is transported to endosomes.  Acidification 

of the endosome results in stepwise virion disassembly and subsequent release of the virus core 
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into the cytosol, where it docks at the nuclear membrane. Further capsid disassembly and 

subsequent nuclear import of the Ad genome is then achieved via interaction of genome-

associated Ad core proteins with transportin and importin components of the nuclear pore 

complex. 27-29 

IV. TRANSDUCTIONAL TARGETING OF ADENOVIRUS      

Targeted gene delivery is ultimately predicated on the ability of the vector to discriminate 

between target and non-target cells via interaction with unique cell- or disease-specific surface 

markers. However, the CAR-dependence of Ad5 transduction results in a scenario wherein non-

target but high-CAR cells can be infected, whereas target tissues, if low in CAR, remain poorly 

infected.  This may be of particular relevance in Ad-based cancer gene therapy, as increased 

CAR expression appears to have a growth inhibitory effect on some cancer cell lines, while loss 

of CAR expression correlates with tumor progression and advanced disease.  Indeed, a lack or 

down-regulation of CAR has been reported for various tumor types, such as ovarian, prostate, 

lung, breast and colorectal cancer, melanoma, glioma and rhabdomyosarcoma 30-39 (reviewed in 

40,41). Further, this may be a general phenomenon associated with the carcinogenesis of various 

tumor types, as inverse correlation with tumor grade has been suggested 37,38. CAR is a 346 

amino acid glycoprotein containing a single membrane-spanning domain and is localized to tight 

junctions42 where it mediates homotypic cell adhesion.43,44 The functions of CAR are not fully 

understood, but it plays role in cell adhesion and perhaps cell cycle regulation, as it has a role in 

suppression of tumor growth 38. Interestingly, a preliminary report has suggested inverse 

correlation between activity of the tumor-associated Raf-MEK-ERK pathway and CAR 

expression.45 For treatment of cancer with Ad-based vectors, these associations are problematic 

since CAR-dependant approaches may not be useful against advanced disease if CAR is variably 

expressed in these tumors. Thus, targeting of Ad to tumor cells should be useful for increasing 
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the clinical efficacy and safety of approaches. Further, considering the widespread expression of 

CAR, targeting approaches may be advantageous for increasing the specificity of any clinical Ad 

gene therapy application.  

The biodistribution of Ad-based vectors in vivo, however, is not determined solely by 

receptor biodistribution.46  Intravenous administration of Ad results in accumulation in the liver, 

spleen, heart, lung, and kidneys of mice, although these tissues may not necessarily be the 

highest in CAR expression.47,48  Instead, the degree of blood flow and the structure of the 

vasculature in each organ probably contribute to the biodistribution. This is true with regard to 

the liver in particular, which retains the majority of systemically administered Ad particles via 

hepatic macrophage (Kupffer cell) uptake49,50 and hepatocyte transduction,51 leading to Ad-

mediated inflammation and liver toxicity.52-55  Thus, the nature of adenovirus-host interactions 

that determine the fate of systemically applied Ad has come under considerable scrutiny. 

     To this end, initial attempts to “de-target” the liver were based on the supposition that CAR- 

and integrin-based interactions were required for liver transduction in vivo. Strategies to inhibit 

hepatocyte and/or liver Kupffer cell uptake by ablating CAR- or integrin-binding motifs in the 

Ad capsid have been largely unsuccessful, however, indicating that native Ad tropism 

determinants contribute little to vector hepatotropism in vivo.56-60 These data notwithstanding, 

work by several groups has implicated the fiber protein as a major structural determinant of liver 

tropism in vivo (reviewed by Nicklin, et al.61).  For example, shortening of the native fiber shaft 

domain of the Ad 5 fiber,62 or replacement of the Ad5 shaft with the short Ad3 shaft domain63 

was shown to attenuate liver uptake in vivo following intravenous delivery.  In related work, 

Smith and co-workers examined the role of a putative heparan sulfate proteoglycan (HSPG)-

binding motif, KKTK, in the third repeat of the native fiber shaft.64 Replacement of this motif 
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with an irrelevant peptide sequence reduced reporter gene expression in the liver by 90 percent. 

This was also the first suggestion of the importance of HSPG as Ad receptors in vivo. 

     Critical work by Shayakhmetov and colleagues shed light on these apparently contradictory 

lines of evidence by uncovering a major role for coagulation factor IX (fIX) and complement 

component C4-binding protein (C4BP) in hepatocyte and Kupffer cell uptake of intravenous 

Ad.65 A key finding was that these blood factors mediated in vivo tropism by cross-linking Ad 

particles to hepatocellular HSGP and the LDL-receptor related protein (reviewed in 66). Kupffer 

cell sequestration of Ad particles was likewise heavily dependent on Ad association with fIX and 

C4BP. Importantly, Ad5 vectors containing fibers genetically modified to ablate fIX and C4BP 

binding provided 50-fold lower liver transduction with reduced inflammation and hepatotoxicity. 

Extending this work, this group also showed that Ad5 virions bind to circulating platelets in vivo, 

resulting in their aggregation, entrapment in liver sinusoids and eventual clearance by Kupffer 

cells.49 Further, Ad sequestration in organs was reduced by platelet depletion prior to systemic 

vector injection.  

   These efforts serve to highlight the complexity of vector/host interplay, and have identified 

genetic modifications that have important practical implications for designing safer and more 

effective Ad-based vectors for clinical applications.  In the absence of a clinically defined upper 

limit for ectopic liver transduction in humans, it is clear that the concepts of “de-targeting” and 

“re-targeting” must be simultaneously employed to allow for maximum Ad vector efficacy at the 

lowest possible dose. Two distinct approaches have been employed to transductionally target 

Ad-based therapeutic vectors: 1) adapter molecule-based targeting, and 2) genetic targeting via 

structural manipulation of the Ad capsid.   

 A. Adapter-based adenovirus targeting      
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     The formation of a “molecular bridge” between the Ad vector and a cell surface receptor 

constitutes the adapter-based concept of Ad targeting (Fig. 2).  Adapter function is performed by 

so called “bi-specific” molecules that cross-link the Ad vector to alternative cell surface 

receptors, bypassing the native CAR-based tropism. This approach is predicated by the 

aforementioned two-step entry mechanism of the Ad virion wherein attachment is distinct from 

internalization.  In this way, alternative means of cellular attachment do not impede Ad cell 

entry.  The majority of current adapter-based Ad targeting approaches incorporate the two 

mandates of delivery targeting, that of ablation of native CAR-dependent Ad tropism and 

formation of a novel tropism to previously identified cellular receptors.  Bi-specific adapter 

molecules include, but are not limited to: bi-specific antibodies, chemical conjugates between 

antibody fragments (Fab) and cell-selective ligands such as folate, Fab-antibody conjugates using 

antibodies against target cell receptors, Fab-peptide ligand conjugates and multi-domain 

recombinant fusion proteins comprised of soluble CAR and peptide ligands or recombinant 

antibody fragments.  

     The first in vitro demonstration of Ad targeting via the adapter method resulted in CAR-

independent, folate receptor-mediated cellular uptake of the virion by cancer cells 

overexpressing this receptor.67 This was accomplished using a bi-specific conjugate consisting of 

an anti-knob neutralizing Fab chemically linked to folate.  A similar targeting adapter comprised 

of the same anti-knob Fab as above fused to basic fibroblast growth factor (FGF2) was utilized to 

target Ad vectors to FGF receptor-positive Kaposi’s sarcoma and ovarian cancer substrates.68,69 

Upon intraperitoneal injection of Ad-Fab-FGF2 coding for Herpes simplex virus type I 

thymidine kinase (HSV-TK) into mice bearing human ovarian cancer, survival was prolonged.70 

Importantly, this targeting system also reduced hepatic toxicity and resulted in increased survival  

in melanoma71 and ovarian cancer72 xenograft mouse models. Other Fab-ligand conjugates 
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targeted against Ep-CAM, Tag-72, EGF receptor, CD40, and other cell markers have been 

employed in a similar manner with promising results.31,34,73-77 

     Dmitriev and colleagues developed a more elegant alternative to chemical conjugates by 

creating a single recombinant fusion molecule formed by a truncated, soluble form of CAR 

(sCAR) fused to either CD4078 or epidermal growth factor (EGF).79 Using the latter, a 9-fold 

increase in reporter gene expression was achieved in several EGFR-overexpressing cancer cell 

lines compared to untargeted Ad or EGFR-negative cells in vitro.  EGF-directed targeting to 

EGFR-positive cells was shown to be dependent on cell surface EGFR density, an additional 

confirmation of Ad targeting specificity.  Addressed also was the issue of virion/adapter complex 

stability, a critical issue if targeting adapters are to be employed in vivo.  In this regard, pre-

formed Ad/sCAR-EGF complexes subjected to gel filtration purification showed the same 

targeting profile as those not purified, indicating adequate Ad/adapter complex stability.   To 

further increase Ad/sCAR-ligand complex stability, Kashentseva and colleagues developed a 

trimeric sCAR-anti-c-erbB2 single chain antibody adapter molecule.  The trimeric sCAR-c-

erbB2 adapter displayed increased affinity for the Ad fiber knob while augmenting gene transfer 

up to 17-fold in six c-erbB2-positive breast and ovarian cancer cell lines in vitro.80 In similar 

work, Itoh and colleagues demonstrated improved efficiency of sCAR-based fusion molecule 

adapters.81 Kim et al. showed that adapter trimerization yielded a 100-fold increase in infection 

of CAR-deficient human diploid fibroblasts compared to the monomeric sCAR adapter.82  

Importantly, in vivo employment of a non-targeted trimeric sCAR adapter attenuated liver 

transduction in mice following intravenous administration, indicating excellent in vivo stability 

of this Ad/trimeric adapter complex.  

     The above proof-of-principle studies and others have rationalized the further testing of 

targeting adapters in vivo.  In this regard, Reynolds et al. employed a novel bi-specific adapter 
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composed of an anti-knob Fab chemically conjugated to a monoclonal antibody (9B9) raised 

against angiotensin converting enzyme (ACE), a surface molecule expressed preferentially on 

pulmonary capillary endothelium and upregulated in various disease states of the lung.75  

Following peripheral intravenous injection of the Ad/Fab-9B9 complex, reporter transgene 

expression and viral DNA in the lung was increased 20-fold over untargeted Ad and reporter 

gene expression in the liver, a non-target, high-CAR organ, was reduced by 83 percent. Further, 

ACE-targeted gene delivery of bone morphogenetic protein receptor type 2 (BMPR2) to the 

pulmonary vascular endothelium of rats reduced hypoxia-induced pulmonary hypertension, as 

reflected by reductions in pulmonary artery and right ventricular pressures, right ventricular 

hypertrophy, and muscularization of distal pulmonary arterioles.83 

    In another adapter-based in vivo targeting model, Everts and co-workers used a bi-functional 

adapter molecule comprised of sCAR fused to a single-chain antibody (MFE-23) directed against 

carcinoembryonic antigen (CEA).84 Systemic administration of the Ad/sCAR-MFE-23 adapter 

complex increased gene expression in CEA-positive murine lung by 10-fold and reduced liver 

transduction, resulting in an improved lung-to-liver ratio of gene expression compared with 

untargeted Ad. In another study, the sCAR-MFE adapter was used to target Ad vectors to CEA-

expressing cells in vitro, CEA-positive subcutaneous tumor grafts and hepatic tumor grafts 

following systemic administration of the Ad/sCAR-MFE complex85. Of note, Ad/sCAR-MFE 

liver transduction by was reduced by over 95% and CEA-negative tumors in vivo were not 

transduced, suggesting remarkable safety and specificity profiles for this approach. 

    Overall, adapter-based Ad targeting studies provide compelling evidence that Ad tropism 

modification can be achieved by targeting alternate cellular receptors and that this modality 

augments gene delivery to CAR-deficient target cells in vitro. Adapter targeted vectors have also 

performed well in vivo, although data so far is limited.  While single-component systems have 
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been favored for employment in human gene therapy trials, rigorous analysis of the pharmoco-

dynamics and -kinetics, and systemic stability of vector/adapter complexes may provide the 

rationale for clinical translation. 

B. Adenovirus targeting via genetic modification: Fiber 

     Genetic manipulation of capsid proteins has yielded increasingly promising data in terms of 

Ad targeting.  Direct capsid Ad modification may be advantageous over adapter molecules in 

that all virions harbor an identical modification and lack of stability is less likely. Redirection of 

Ad tropism via genetic capsid modification is conceptually elegant, but genetic targeting efforts 

must work within narrow structural constraints.  The success of this approach depends upon 

modulation of the complex protein structure/function relationships that result in Ad tropism 

modification, without disrupting the innate molecular interactions required for proper biological 

function. Specifically, genetic modification can affect fiber trimerization, production, stability 

and ultimately packaging of infectious virions. Based on a clear understanding of Ad infection 

biology, development of genetically targeted vectors has rationally focused on the fiber, the 

primary capsid determinant of Ad tropism.  In general, there have been three basic strategies for 

genetic tropism modification via structural modification of the Ad fiber: 1) so-called “fiber 

pseudotyping” 2) ligand incorporation into the fiber knob domain, and 3) “de-knobbing” of the 

fiber coupled with ligand addition (Fig. 3). 

1. Fiber pseudotyping     

As previously mentioned, clinically relevant tissues are often refractory to Ad5 infection, 

including several cancer cell types, due to negligible CAR levels.  Ad fiber pseudotyping, the 

genetic replacement of either the entire fiber or knob domain with its structural counterpart from 

another human Ad serotype that recognizes a cellular receptor other than CAR, was first 

accomplished by Krasnykh et al to circumvent CAR deficiency.86 This vector expresses a 
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chimeric fiber contains the Ad serotype 3 knob domain (Ad5/3) and demonstrates the same 

CAR-independent cell recognition as does Ad3. The use of another Ad5/3 vector selectively 

targeted low-CAR lymphoid cell lines in vitro, whereas these cells were refractory to Ad5 

infection87. Ad5/3 has been useful for retargeting Ad5 to low-CAR primary ovarian carcinoma 

cells and cell lines88,89 and primary glioma90-92 in vitro and in vivo. Other fiber pseudotyped Ad 

vectors display CAR-independent tropism by virtue of the natural diversity in receptor 

recognition found in human species B and D fibers.93  In this regard, primary receptors for 

species B Ads have been recently identified, including the complement regulatory protein 

CD46,94-97 CD80 and CD86,98 although an additional unknown receptor is postulated.95 Species 

D adenovirus receptors include CD46 and α(2-3)-linked sialic acid, a common element of 

glycolipids.99-101 Fiber pseudotyping has identified chimeric vectors with superior infectivity to 

Ad5 in several clinically relevant cell types including primary ovarian carcinoma cells,88,89,102 

vascular endothelial cells,103 dendritic cells,104 B-cells,87 CD34+ hematopoietic cells,105 synovial 

tissue,106 human cardiovascular tissue107 and others.108,109 Interestingly, this strategy has been 

extended to exploit fiber elements from non-human Ads110,111 and the fiber-like σ1 reovirus 

attachment protein, which targets cells expressing junctional adhesion molecule.112,113 

 2. Genetic ligand incorporation     

To circumvent variable expression of CAR, targeting ligands have been incorporated into the Ad 

knob domain without ablating native CAR-binding. This has resulted in Ad vectors with 

expanded, rather than restricted, cell recognition.  These efforts are based on rigorous structural 

analysis of the knob domain and have exploited two separate locations within the knob that 

tolerate genetic manipulation without loss of fiber function, the C-terminus and the HI-loop.  

Since the C-terminus of the Ad knob is solvent exposed, extension of the knob peptide to include 

a targeting peptide moiety is conceptually simple.  Ads with C-terminal integrin-binding 
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arginine-glycine-aspartate (RGD) motifs and poly-lysine ligands have yielded some promising 

results in vitro and in vivo, but other peptide ligands were rendered ineffective in the C-terminus 

structural context,114 presumably due to steric or other inhibition.  On this basis, Krasnykh, et al. 

inserted a FLAG peptide sequence into an exposed loop structure that connects beta-sheets H and 

I (HI-loop) within the Ad5 knob, showing that this locale is structurally permissive to 

modification.115 Indeed, the Ad5 HI-loop tolerates peptide insertions up to 100 amino acids with 

minimal negative effects on virion integrity, thus suggesting considerable potential for ligand 

incorporation at this site.116 On this basis, Magnusson and colleagues developed a targeting 

approach via incorporation of complex ligands in the HI-loop. This group genetically inserted 

tandem HER2/neu reactive Affibody molecules in the HI-loop of a CAR binding-ablated fiber, 

resulting in CAR-independent, HER2-mediated cell infection in vitro.117 Dmitriev and co-

workers introduced an integrin-binding RGD peptide sequence into the HI-loop. The resulting 

vector, Ad5lucRGD, used the RGD/cellular integrin interaction to enhance gene delivery to 

ovarian cancer cell lines and primary tumors versus unmodified Ad5.33,118,119 The expanded 

tropism of this vector has been useful in several other cancer contexts including carcinomas of 

the ovary, pancreas, colon cancer, and head and neck carcinomas, all of which frequently display 

highly variable CAR levels (reviewed in 120). Wu et al. demonstrated that Ad vectors with a 

double fiber modification consisting of a C-terminal poly-lysine stretch, which interacts with 

heparan sulfates, and the HI-loop RGD provided increased infectivity in several CAR-deficient 

cell lines,121 as well as human pancreatic islet cells,122 ovarian carcinoma,123 and cervical cancer 

cells in vivo.124 Other targeting peptides have functioned in the HI-loop locale, including a 

vascular endothelial cell-binding motif SIGYLPLP.125 This fiber modification also provided 

cancer cell selective infection.126  
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     Korokhov, et al., Volpers et al. and others127 have developed similar targeting approaches that 

embody elements of both genetic fiber modification and adapter based targeting by incorporating 

the immunoglobulin (Ig)-binding domain of Staphylococcus aureus protein A in to the fiber C-

terminus or HI-loop.128,129  As a result, these fiber-modified vectors form stable complexes with a 

wide variety of targeting molecules containing the Fc region of Ig.  This provides the opportunity 

to screen numerous targeting molecules directed against a host of cell-surface elements.  This 

approach was used to target and activate dendritic cells via an Fc-single chain antibody directed 

against CD40.130 This system was also used to target ovarian cancer cells via an antibody 

directed against mesothelin,131 as well as the pulmonary endothelium in a rat model in vivo.132 

 3. Knob-deleted fibers with complex ligands 

   The structural conflicts emerging from knob modifications and the observation that fiber-

deleted Ad vectors could be produced133,134 provided the conceptual basis for replacing the native 

fiber with knobless fibers.  Virions containing a knobless fiber would be ablated for CAR 

binding, a hallmark of targeted Ad vectors.  Simultaneous addition of a targeting ligand to the 

knobless fiber would result in a more specifically targeted Ad.  The technical barrier to this 

approach is the innate trimerization function of the fiber knob domain, required for proper fiber 

function and capsid assembly.  As solution was devised by addition of a foreign trimerization 

motif to replace the native fiber and/or knob.135 Krasnykh et al. replaced the fiber and knob 

domains with bacteriophage T4 fibritin containing a C-terminal 6-His motif.136 This novel Ad 

variant lacks the ability to interact with CAR and demonstrated up to a 100-fold increase in 

reporter gene expression to cells presenting an artificial 6-His binding receptor.  A similar “de-

knobbing” strategy was employed by Magnussen and colleagues, wherein an integrin-binding 

RGD motif was utilized, resulting in selective infection of integrin-expressing cell lines in 

vitro,137 as well as human glandular cells.138 Based on the feasibility of knob replacement with 
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foreign trimerization motifs, an elegant system was devised wherein the trimeric CD40 ligand 

was fused to the C-terminus of a knobless fiber.139 Notably, this vector provided CD40-specific 

gene delivery in vivo following systemic delivery.140  Further, this vector accomplished CD40-

mediated infection of human monocyte derived dendritic cells, suggesting possible utility for 

cancer vaccine “antigen loading” approaches.  In addition, Ad vectors simultaneously 

incorporating multiple fiber types with distinct receptor specificities has been proposed.141,142 

     Modification of Ad tropism via antibody-based adapter molecules has demonstrated 

considerable target specificity, as discussed above. On this basis, the development of single-

component Ad vectors with genetically incorporated recombinant antibodies, antibody-derived 

moieties or other multi-domain ligands has been a long-standing field milestone. However, 

genetic incorporation of any moiety into the Ad capsid requires that the peptide be compatible 

with the non-reducing environment within the cytosol and nucleus, wherein Ad capsid proteins 

are translated and assembled. Capsid incorporation of several classes of complex targeting 

ligands, including single-chain antibodies (scFv) and growth factors, has been severely hampered 

by the innate biosynthetic incompatibilities between the ligand and Ad capsid proteins, resulting 

in unstable or insoluble ligands and/or reduced Ad replication.143  On this basis, rational 

development of complex ligands with cytoplasmic solubility and stability will be required for 

their application to Ad vectors. Exemplifying this concept, Hedley and colleagues developed a 

single-component antibody targeted Ad vector by incorporating a cytoplasmically stable scFv 

into a de-knobbed fiber.144  This vector targeted its cognate epitope expressed at the cell surface, 

suggesting that cytoplasmic stability of the targeting molecule, per se, allows retention of antigen 

recognition in the context of genetic capsid incorporation. In another field first, Ulasov et al. 

created an Ad vector targeted to a glioma-associated receptor, the α2 chain of the interleukin-13 

receptor (IL-13Rα2), by fusing the full length human IL-13 cytokine was fused to the C-terminus 
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of a de-knobbed fiber containing the T4 fibritin trimerization motif.145 This targeted vector 

provided IL-13Rα2-specific gene delivery to passaged and primary human glioma cells in vitro 

and in a xenograft model in vivo.  

C. Adenovirus targeting via genetic modification: Other capsid locales 

     The field-wide appreciation of the difficulty of incorporating complex ligands into the Ad 

fiber has prompted the identification of other capsid proteins amenable to genetic ligand 

incorporation. These approaches have the potential, through increased capsid valency and unique 

capsid microenvironments, to incorporate an increased number of ligands per virion.  To date, 

the hexon capsid protein as well as minor capsid protein pIX have been used as platforms for 

incorporation of heterologous peptides. 

 1. Hexon 

Hexon is the largest (952 amino acids) and most abundant capsid protein, and as such is an 

attractive locale for peptide ligand incorporation due to both its surface exposure and high 

valency (240 hexon homotrimers per virion). The primary sequence of the hexon monomer is 

highly conserved among human serotypes with exception of nine non-conserved hypervariable 

regions (HVRs) of unknown function found mainly within solvent-exposed loops at the 

surface.8,146,147 In this regard, Vigne and co-workers exploited hexon hypervariable region 5 

(HVR5), a loop structure in hexon, as a site for incorporation of an integrin-binding RGD motif.  

Notably, virion stability was unaffected by the addition of the foreign peptide, while providing 

enhanced, fiber-independent transduction to low-CAR vascular smooth muscle cells.148  

Extending this work, Wu, et al. identified HVRs 2,3 and 5-7 as hexon sites tolerating 6-histidine 

(6-His) motifs without adverse affects to virion formation or stability149.  6-His motifs in HVRs 2 

and 5 mediated virion binding to anti-6-His antibodies; however, 6-His mediated viral infection 

of cells was not observed, in contrast to Vigne et al. above, highlighting the importance of the 
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nature and the length of the incorporated peptides. While not related to Ad vector targeting per 

se, it bears mentioning that genetic alterations of hexon HVRs has been used as a method for 

evading host neutralizing antibodies (Nabs)150, as most NAbs are directed against hexon.151 

2. Protein IX   

Polypeptide IX (pIX) has emerged as a versatile capsid locale well suited for display of ligands 

with utility for both targeting and imaging modalities (reviewed in 152). The 14.3 kDa pIX is the 

smallest of the minor capsid proteins, a subset of capsid proteins that generally function to 

stabilize the capsid shell.  In the mature Ad virion, eighty pIX homotrimers153 stabilize hexon-

hexon interactions during capsid assembly, and it is therefore termed a “cement” protein.  

Indeed, virions deleted for pIX have decreased thermostability and a DNA capacity that is 

approximately 2 kb less than the normal length.154-156 Interest in employing pIX as a capsid site 

for incorporation of peptide ligands stemmed from the observation that the C-terminus of pIX is 

located at the capsid surface,157,158 which prompted several groups to explore the fusion of 

several polypeptides to this terminus. 

     Dmitriev and colleagues first reported the incorporation of functional targeting peptides at the 

pIX C-terminus by inserting poly-lysine or FLAG motifs, resulting in augmented, CAR-

independent gene transfer via binding to cellular heparan sulfate moieties.159 Similarly, Vellinga 

and colleagues fused an integrin-binding RGD peptide to pIX, and used α-helical spacers (up to 

7.5 nm in length and 113 amino acids) to extend the RGD motif away from the virion surface.160  

Increased gene transfer to CAR-deficient endothelioma cells was observed with increased spacer 

length, giving support to the notion that the pIX C-terminus may reside in a cavity formed by 

surrounding hexons. In a proof-of-principle study, this same group fused a hyper-stable scFv 

directed against beta-galactosidase onto a 7.5nm pIX C-terminal extension.161 Of note, the scFv 
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was functional in this pIX structural context, as evidenced by binding of Ad particles to beta-

galactosidase protein in vitro.  

   In order to evaluate the utility of multiple ligand types at the pIX capsid locale, Campos and 

coworkers fused to the pIX-C-terminus a 71-amino acid fragment of the Propionibacterium 

shermanii 1.3S transcarboxylase protein, which functions a biotin acceptor peptide (BAP).162 

During virus propagation the BAP is metabolically biotinylated, rendering this virus compatible 

with a host of avidin-tagged ligands including peptides, antibodies and carbohydrates.  

Importantly, it was noted in this study that coupling transferrin to virions via pIX-BAP resulted 

in specific transferrin receptor-mediated infection of C2C12 cells, but the use of an antibody 

directed against the transferrin receptor (CD71) did not.  This dichotomy was not observed when 

these two ligands successfully redirected Ad tropism when incorporated into fiber.  The authors 

speculate the difference was not due to a lack of receptor recognition by the pIX-anti-CD71 

complex, but rather a difference between the dissociation of targeted fiber and pIX from the Ad 

particle in endosomes, resulting in trapping of the pIX-anti-CD71 variant, but not the fiber-anti-

CD71 in the endosome.  If this notion is fully validated, it will represent a key finding showing 

that the nature of pIX-incorporated ligands may influence successful redirection of Ad infection. 

     pIX has also been use for the display of relatively large imaging molecules as C-terminal 

fusions.  While Ad vector imaging is beyond the scope of this chapter, the successful 

incorporation of the 240 amino acid enhanced green fluorescent protein (eGFP) into pIX bears 

mentioning due to the size and complexity of this fusion. Of note, the presence of the pIX-eGPF 

fusion in purified Ad virions did not appreciably decrease virus viability or capsid stability, and 

has allowed monitoring of Ad localization in vitro and in vivo.163,164 Other Ad vectors have been 

reported that harbor complex imaging polypeptides at the pIX C-terminus, such as herpes 

simplex virus type 1 thymidine kinase165, a firefly luciferase-thymidine kinase fusion166 or 
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monomeric red fluorescent protein.167 As a whole, these studies have established pIX as a highly 

relevant capsid locale marked by the highest structural compatibility with diverse targeting and 

imaging ligands observed to date. Based on its surface capsid position, pIIIa has been proposed 

as a platform for ligand display for modification of Ad tropism.168,169  The minor capsid protein 

pIIIa is a 67 kDa monomer that is cleaved at the C-terminus during maturation of the virion, 

giving rise to the final 63.5 kDa form. Initial high resolution imaging studies originally indicated 

that pIIIa is an elongated protein penetrating the capsid and is located along the icosahedral 

edges of the virion.15  However, later structural studies performed at higher resolution place pIIIa 

below the outer surface of the virion, likely precluding its utility for foreign peptide display.170  

     In the aggregate, these results highlight that genetic manipulation of a variety of Ad capsid 

proteins is currently feasible, and has brought to fruition several novel targeting and imaging 

paradigms.  These successes confirm a level of capsid flexibility that was largely unexpected.  

There remains, however, an ongoing struggle to identify true targeting ligands that are 

structurally and/or biosynthetically compatible with Ad capsid formation and stability.  

V. TRANSCRIPTIONAL TARGETING: USE OF TISSUE-SPECIFIC PROMOTERS 

Transductional targeting approaches attempt to restrict Ad vector entry into target cells. 

In contrast, transcriptional targeting does not change vector tropism but instead restricts gene 

expression to target tissue by placing virally encoded transgenes under the control of cellular 

promoters that are specifically active or overactive in the target tissue.  The ideal TSP element 

would exhibit the widest differential between “target on/liver off” expression profiles, key to 

ablation of liver toxicity from any ectopically localized vector. One of the first tissue-specific 

promoters (TSPs) explored for cancer was the carcinoembryonic antigen (CEA) promoter, 

expressed in most gastric, pancreatic, and lung cancers 171. For hepatomas, the promoter of the 

alpha-fetoprotein (AFP) has been investigated 172,173, while the L-plastin promoter (LP-P) was 
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used in ovarian and breast cancer cell lines.174,175 Other promoters tested for ovarian cancer 

include DF3176, Cox2 and midkine177, mesothelin131 the secretory leukoprotease inhibitor (SLPI) 

promoter178,179 as well as the ovarian-specific promoter-1180. The Cox-2 promoter has also been 

explored in the context of gastric carcinomas.181 The CXCR4 promoter was shown to have 

general transcriptional selectivity for cancer cells,182 breast cancer cell lines and primary cells183 

as well as renal cancer cell lines.184 The survivin promoter has emerged as a potentially powerful 

element for transcriptional control in glioma and melanoma, and exhibits a “liver-off” activity 

profile.185,186  

Osteocalcin (OC) is a bone protein expressed in osteotropic tumors and differentiated 

osteoblasts, as well as numerous solid tumors, including osteosarcoma and prostate cancer187,188. 

An Ad utilizing the OC promoter to drive HSV-TK expression in prostate cancer cells resulted in 

destruction of tumor cells in vitro and in subcutaneous or bone tumor xenografts. Interestingly, 

tissue-specific toxicity was seen to bone metastases. OC is expressed in osteoblastic lesions, thus 

offering the possibility for co-targeting of regenerating bone and tumor. Further, many types of 

cancers metastatic to the bone could be amenable to treatment. 

The SLPI gene is expressed in several different carcinomas, including ovarian cancer. Its 

expression in normal organs, such as the liver, is low. Therefore, the SLPI promoter was utilized 

to drive transgene expression in ovarian cancer cell lines and primary tumor cells isolated from 

patient samples.178 The promoter was activated in both cell lines and primary tumor cells in an 

Ad context in vitro. A murine orthotopic model of peritoneally disseminated ovarian cancer was 

used to demonstrate high tumor gene expression versus low liver expression with the SLPI 

promoter, and that Ad-delivered HSV-TK under the control of the SLPI promoter was able to 

increase survival.  

A. Vasculature Specific Promoters       
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The vascular endothelium is an attractive therapeutic target for cancer, vascular and cardio-

pulmonary diseases, and is easily accessible to intravascular vector administration. The vascular 

endothelial growth factor receptor type-1 (flt-1) promoter has been used to restrict transgene 

expression to the endothelium in rodents while reducing liver gene expression.83,84,189 E-selectin 

expression is minimal in normal blood vessels but high in the capillaries of tumors and the 

promoter was used for driving gene expression in an Ad. Upon infection, endothelial cell (EC) 

cell lines expressed high levels of reporter gene expression, while non-EC cell lines showed low 

expression. The addition of TNF-alpha, an inducer of the promoter, further increased the E-

selectin’s activity.190 The murine preproendothelin-1 (PPE-1) promoter was also used as a TSP 

for adenoviral-mediated delivery to EC cells. Systemic administration to lung tumor-bearing 

mice resulted in gene expression in the new vasculature of primary tumors.191 The Roundabout-4 

receptor (Robo4) is a transmembrane receptor with endothelial-specific expression in embryonic 

vasculature as well as in the adult.192 193 On this basis, the Robo4 promoter has been employed 

for transcriptional targeting of Ad gene expression to the endothelium.194 

B. Treatment Responsive Promoters 

    Another strategy for cancer gene therapy involves regulating gene expression with another 

form of treatment, such as radiation (reviewed in 195). For example, the early growth response 

gene-1 (EGR-1) promoter, which is radiation inducible, has been used as a TSP for the specific 

expression of lacZ and HSV-TK in glioma and hepatocellular carcinoma cells. Radiation-induced 

transcription of EGR-1 in these cells was accomplished with relatively low doses.196 Another 

approach for dynamically controlling promoter expression involves chemically inducible 

promoters. For example, a tetracycline activated promoter can be used to regulate gene 

expression and subsequent protein production by giving oral tetracycline.197 Withdrawal of the 
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drug rapidly abrogates gene expression. Similarly, a mifepristone (RU486) and tamoxifen-

inducible systems for controlled transgene expression have been developed.198,199 

VI. DOUBLE-TARGETED ADENOVIRUS VECTORS 

    Transductional and transcriptional targeting can be combined to create double targeted viruses. 

Conceivably, this approach could be synergistic with regard to safety and efficacy. Initial proof-

of-concept was achieved by using the vasculature specific flt-1 promoter and a lung endothelium 

targeted adaptor strategy 189. Impressively, the tumor-to-liver ratio of gene expression was 

increased 300,000-fold when both targeting modalities were utilized. Also, double targeting for 

ovarian cancer has been achieved in vitro and in vivo179. Transductional targeting with a sCAR-

fibritin-antiErbB2-sFv adapter was able to increase gene transfer to target cells while reducing 

transduction of non-target cells. When combined with transcriptional targeting with the SLPI 

promoter, an increase in selectivity was seen. Also, the transductional targeting increased the 

level of SLPI-mediated transgene expression in target cells, thereby compensating for the lower 

gene expression typically seen with TSPs.   

VII. TRANSCIPTIONAL AND TRANSDUCTIONAL TARGETING OF 

CONDITIONALLY REPLICATING ADENOVIRUS 

    Although non-replicating first generation Ad vectors have provided high in vitro and in vivo 

transduction rates and good safety data, clinical cancer trials have suggested that the single agent 

antitumor effect may not be sufficient for all treatment approaches.40  As early as the 1950’s, the 

use of viruses that replicate and spread specifically inside the tumor have been suggested as a 

way to improve tumor penetration with an additional benefit of local amplification of effect.200 

To this end, conditionally replicative adenovirus (CRAd) agents have been explored. These 

viruses are genetically modified to take advantage of tumor-specific changes that allow 

preferential replication of the virus in target cells.41,201,202 The adenovirus replication cycle 
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causes oncolysis of the cell, resulting in the release of newly generated virions and subsequent 

infection of neighboring cells. Thus, the anti-tumor effect is not delivered with a transgene but 

by replication of the virus per se. In theory, the oncolytic process continues as long as target cells 

for the virus persist. There are two main ways to control viral replication. One method is the 

control of replication regulators, such as the viral early genes, with tumor-specific promoter 

elements. The other method involves introduction of deletions in the viral genome that require 

specific cellular factors to compensate the effects of these deletions. Further, both approaches 

can be combined with the potential for increased specificity.  

Numerous tumor-associated promoters have been used to control viral replication 

(reviewed in 120,203). Typically, the promoter element is placed to control expression of E1A, the 

crucial regulator of Ad replication, sometimes combined with other genes such as E1B or E4. An 

interesting concept is targeting CRAds to tumor vasculature.204 However, this strategy is more 

challenging to study preclinically, as animal models are unavailable – endothelial cells derive 

from the host in xenograft systems and murine cells do not support replication of human Ads. To 

further increase the oncolytic effect, transgenes for cytokines or prodrug-activating enzymes 

have been included in CRAds 205,206. This approach may also allow non-invasive imaging and 

abrogation of virus replication in case of toxicity.  

Heretofore, two approaches have been utilized for creation of deletion type CRAds. The 

first was ONYX-015 (initially reported as dl1520), which has two mutations in the gene coding 

for the E1B 55-kd protein.207,208 The purpose of this protein is binding and inactivation of p53 in 

infected cells, for induction of S-phase, which is required for virus replication. Thus, this virus 

should only replicate in cells with an aberrant p53-p14ARF pathway, a common feature in 

human tumors. 209 While this is still subject of debate, initial studies suggested that this agent 

replicates more effectively in tumor than in normal cells 210-213. Unfortunately, the function of 
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E1B55kD is not limited to p53 binding, which causes inefficient replication compared to wild 

type adenovirus.207,208,214 

    The second group of deletion mutant CRAds have a 24 bp deletion in the constant region (CR) 

2 of E1A.215,216 This domain of the E1A protein is responsible for binding the retinoblastoma 

tumor suppressor/cell cycle regulator protein (Rb), thereby allowing Ad to induce S-phase entry. 

Therefore, viruses with this type of deletion have reduced ability to overcome the G1-S 

checkpoint and replicate efficiently only in cells where this interaction is not necessary, e.g. 

tumor cells defective in the Rb-p16 pathway. Appropriately, this pathway seems to be inactive in 

most all human tumors.217 It has been shown that replication of CR2-deleted viruses is attenuated 

in non-proliferating normal cells.215,216 Importantly, abrogation of replication was also 

demonstrated when Rb was re-introduced into otherwise permissive cells.215 Ads with mutations 

in both CR1 and 2 of E1A have also been found to replicate selectively in tumor cells although 

increased in comparison to just CR2-deleted CRAds has not yet been demonstrated.218-221 

    As Ad5-based vectors, CRAds have native CAR-dependent tropism. As CAR expression is 

low or variable in many types of clinical cancers.30-32,37-39,91 Nevertheless, even CRAds with wild 

type tropism have shown evidence of clinical utility.222-224 These initial successes suggested that 

if efficiency of infection and specificity of replication of these agents could be enhanced, 

significant improvements in clinical efficacy could be gained. This was corroborated by a clear 

demonstration of the relationship between infectivity and oncolytic potency.225-227 Consequently, 

genetic capsid modifications that allow CAR-independent and/or enhanced infectivity in non-

replicative Ads have been applied to CRAds, resulting in impressive gains in preclinical efficacy. 

For example, Ad5-Δ24RGD features the integrin-binding RGD-4C peptide displayed from the 

HI-loop of the Ad5 fiber 228, and displays similar oncolytic potency to wild type virus in ovarian 

cancer cells. Further, this virus is able to replicate in ovarian cancer primary cell spheroids and 
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results in significantly prolonged survival in an orthotopic models of ovarian 229 and lung 

cancer.230 In addition, Ad5-Δ24RGD has also been evaluated against osteosarcoma substrates. 

231,232  

Based on the superior infectivity of Ad vectors containing human serotype 3 fiber knob domains 

in ovarian substrates89,233, a Δ24-based CRAd featuring the serotype 3 knob (Ad5/3-Δ24) was 

created.234 This agent demonstrated dramatic anti-tumor efficacy in ovarian cancer cells lines, 

primary tumor specimens and in orthotopic animal models of ovarian cancer. The first tumor 

associated promoter-controlled infectivity enhanced CRAd has been constructed and evaluated 

on ovarian, pancreatic and gastric cancer substrates. 235-237  

A major problem in assessing preclinical CRAd efficacy and safety is a severely limited 

number of appropriate animal models. Human adenoviruses (including CRAds) do not replicate 

productively in commonly used animal models. Therefore, meaningful safety data is difficult to 

obtain, and efficacy data is likely skewed due to deficient immune responses in xenograft 

models. Further, evaluation of host-virus interactions and their modulation has not been possible. 

To address this field-wide deficiency, Hemminki and colleagues have proposed the development 

of syngeneic CRAds for use in animal models of cancer.238 To allow the evaluation of Ad5-based 

CRAds, the cotton rat has been put forth as a model.239,240 Since this rodent is semi-permissive 

for human Ad replication, this immunocompetent tumor model allows investigation of host 

immune system effects on the CRAd-tumor interaction as well as the effects on normal host cells 

in vivo. Another promising model system for CRAd evaluation is the Syrian hamster. Human 

Ads replicate well in Syrian hamster cell lines in vitro, and demonstrate significant anti-tumor 

efficacy following injection into Syrian hamster tumors in vivo.241 
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VIII. CLINICAL TRIALS WITH MODIFIED ADENOVIRUS 

    No clinical trials have yet been completed with targeted adenoviruses. Nevertheless, some 

trials are in progress. For example, the first transductionally targeted CRAd trial with Ad5-

Δ24RGD has received National Cancer Institute Rapid Access to Intervention Development 

(RAID) funding for vector production costs and has undergone full preclinical toxicological 

analysis in cotton rats.242  As of this writing, a Phase I clinical trial is underway at the University 

of Alabama at Birmingham for recurrent epithelial ovarian cancer (Ronald D. Alvarez, M.D., 

personal communication). 

IX. FUTURE DIRECTIONS     

     Despite the advances in Ad-based gene therapy vectors described in this chapter, several 

obstacles remain. The vascular endothelial wall is a significant physical barrier prohibiting 

access of systemically administered vectors to tumors and other target tissues. To overcome this 

obstacle, strategies need to be developed to route Ad vectors via transcytosis pathways through 

the endothelium. As an example, Zhu et al. redirected Ad vectors to the transcytosing transferrin 

receptor pathway, using the bifunctional adapter molecule.243 The transcytosed Ad virions 

retained the ability to infect cells, establishing the feasibility of this approach. However, 

efficiency of Ad trafficking via this pathway is poor, and current efforts are directed towards 

exploring other transcytosing pathways such as the melanotransferrin pathway,244 the poly 

immunoglobulin A receptor pathway,245 or caveolae mediated transcytosis pathways.246 One can 

envision the development of mosaic Ad vectors incorporating both targeting ligands directed to 

such transcytosis pathways as well as ligands mediating subsequent targeting and infection of 

target cells present beyond the vascular wall. 

 

 



                                                                                                                                                          J.N. Glasgow , et al. 

 27

X. CONCLUSIONS 

Ad-based vectors are the most widely used platform for gene delivery due to their efficacy in 

gene expression in dividing and non-dividing cells. They are of particular utility for cancer gene 

therapy applications, where temporary gene expression is acceptable or even beneficial. The 

history of Ad-based gene therapy studies clearly illustrates and confirms the critical linkage 

between improved vector design and improvement in therapeutic potential.  Indeed, clinical 

breakthroughs have been dependent on advances in vector development.  With regard to Ad-

mediated cancer treatment, high-level tumor transduction remains a key developmental hurdle. 

To this end, both Ad and CRAd vectors possessing infectivity enhancement and targeting 

capabilities should be evaluated in the most stringent model systems possible. Advanced Ad-

based vectors with imaging, targeting and therapeutic capabilities have yet to be fully employed; 

however, the feasibilities leading to this accomplishment are now being established. 
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FIGURE LEGENDS 
 
Figure 1.  A generalized adenovirus structure depicting major structural components of a wild 

type adenovirus capsid.  Hexon is depicted as a hexagon with 12 homotrimers per capsid face 

(only 12 of 240 trimers are shown). The penton base, comprised of five subunits at each vertex, 

and trimeric fiber and pIX structures are shown. Adenovirus serotype 2 and 5 capsids contain a 

36-kilobase double-stranded DNA genome (not shown). 

 
Figure 2.  Adapter molecules for receptor-specific adenovirus targeting.  A generalized adapter 

molecule ablates native CAR-based tropism and targets adenovirus to an alternate cellular 

receptor molecule.  The dual specificity of the adapter molecule for both the adenovirus and the 

alternative receptor provides novel, CAR-independent cell binding. 

 

Figure 3.  Genetically modified fibers for adenovirus targeting. (See text for specific examples 

of each genetic targeting approach and targeting moiety used.) (A) Trimeric wild type adenovirus 

fiber; tail, shaft and knob regions are shown.  (B) Ad5 fiber knob with a constrained targeting 

peptide in the flexible H-I loop. (C) Ad5 fiber knob containing a C-terminal targeting ligand. (D) 

Pseudotyped chimeric fiber bearing an alternate human or animal serotype knob domain. (E) 

“de-knobbed” fiber containing a heterologous trimerization sequence and a C-terminal targeting 

moiety. 
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Abstract 

Unresectable hepatic colorectal cancer (CRC) metastases are a leading cause of cancer 

mortality. Adenovirus gene-delivery vectors provide substantial promise as therapeutic agents, 

and have proven effective where local delivery is feasible. However, because adenovirus (Ad) 

vectors preferentially infect liver cells in vivo and lack tumor tropism, they cannot be utilized for 

systemic therapy of hepatic metastases. To overcome this problem, sCAR-MFE, a bi-functional 

adapter in which the coxsackie/adenovirus receptor (sCAR) ectodomain is fused to a single-

chain CEA antibody (MFE-23), was used to “transductionally untarget” intravenously 

administered Ad from liver cells and to “retarget” the virus to CEA-expressing hepatic tumor 

xenografts.  

Cyclooxygenase-2 (COX-2) is not expressed in liver, but is expressed constitutively in 

many epithelial tumors. Combining sCAR-MFE mediated hepatic transductional tumor 

retargeting with COX-2 transcriptional restriction substantially increased tumor:liver transgene 

expression ratios for hepatic tumor xenografts following systemic administration of adenoviral 

vectors. Combined transductional liver Ad untargeting, to reduce complications of hepatic viral 

infection, transductional tumor retargeting to increase efficacy and specificity of transgene 

delivery to hepatic tumors, and transcriptional restriction to enhance tumor-specific transgene 

expression suggests a means to engineer practical, effective therapeutic agents for hepatic 

CRC metastases in particular, as well as hepatic metastases of other epithelial cancers.  
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Introduction 

            Liver is the most common site of colorectal cancer (CRC) metastasis, as well as a site of 

metastasis for lung, breast and other epithelial cancers. Greater than 50% of patients with CRC 

will develop liver metastases; moreover, the liver can often be the only site of metastases (1, 2). 

Unfortunately, the 5-year survival rate for patients with CRC liver metastases is less than 5% (3-

5).  Surgical resection is a standard therapy for CRC liver metastases; however, only 10-20% of 

hepatic CRC metastases are resectable (6). As a result, it is of paramount importance to 

develop new approaches to treat hepatic CRC metastases to augment standard surgical, 

radiation and chemotherapies. 

Gene therapy presents an approach distinct from conventional therapies for the 

treatment of cancer; an approach in which corrective or toxic genes, and imaging genes used to 

track the location, magnitude and duration of expression of the therapeutic genes, are delivered 

to tumor cells. Both viral and non-viral vectors have been investigated for the delivery of 

therapeutic and imaging genes to tumors. Among the viral vectors (retroviruses, Herpes 

Simplex viruses, measles viruses, etc), adenovirus (Ad) vectors have several properties that 

make them attractive; they provide high levels of transgene expression, they can accommodate 

substantial amounts of foreign DNA, they are quite stable in vivo, and their genomes are easily 

manipulated. Consequently, Ad vectors have been used extensively in animal models to 

investigate delivery of imaging and therapeutic genes (7-9). However, systemically administered 

Ad preferentially infects the liver (10-12), in part because of the blood filtration properties of the 

liver and the high coxsackie/Ad receptor (CAR) levels present on hepatocytes. Thus, while 

current adenoviral vectors have some effectiveness as therapeutic agents for cancer following 

intratumoral or intraperitoneal delivery (13-17), their utility for transgene delivery to tumors cells 

following intravenous administration is quite limited (9, 18, 19)  

Ad binds initially to cells via an interaction between the “knob” of the virus fiber protein 

and cellular CAR receptors (20). Selective targeting of Ad vectors to targeted cells can be 
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achieved by ‘transductional untargeting and retargeting’ with bi-specific adapter molecules; the 

virus particle is prevented from binding to CAR on cells and is redirected to receptors, antigens 

or other targets expressed specifically on the surfaces of retargeted cells (21-25).  

Many epithelial tumors, including CRC cells, non-small cell lung cancers (NSCLC) and 

breast cancers produce ectopic carcinoembryonic antigen (CEA) (26).  We have demonstrated 

that sCAR-MFE, a bi-specific adapter in which the ectodomain of the CAR protein (sCAR) is 

linked to a single chain antibody (MFE-23) directed against CEA, can ‘untarget” liver infection by 

greater than 90% following intravenous Ad administration (27). sCAR-MFE can also retarget Ad 

infection to CEA-positive human tumor cells in culture and can preferentially enhance infection 

of CEA-positive subcutaneous CRC grafts in mice following intratumoral injection of Ad vectors 

expressing the luciferase reporter (27).  

Transcriptional restriction by “tumor-restricted” (e.g., carcinoembryonic antigen, 

cyclooxygenase-2) promoters has also been used both to optimize Ad vector transgene 

expression in tumor cells and – perhaps more importantly – to reduce transgene expression 

from Ad vectors in normal tissues (28-33). Like CEA, elevated cyclooxygenase-2 (COX-2) 

expression is associated with invasive colorectal cancers, and with tumors with higher 

metastatic potential (34, 35). Like CEA, COX-2 is not expressed significantly in normal liver (36). 

The COX-2 promoter can restrict transgene expression from Ad vectors to subcutaneous COX-

2 expressing tumor xenografts following intratumoral injection and can prevent transgene 

expression in the liver following intravenous injection (32). Therefore, following systemic 

administration, Ad vectors in which transgenes are under the control of the COX-2 promoter 

should drive transgene expression in COX-2 positive hepatic metastases and restrict transgene 

expression in liver and in nearly all other normal tissues.   

Combining transductional hepatic CAR untargeting and tumor cell-specific retargeting 

using sCAR-MFE with tumor-associated transcriptional restriction of transgene expression by 

the Cox2 promoter should optimize targeted transgene expression in CEA-positive, COX-2- 
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positive hepatic tumors following systemic Ad vector administration. We previously combined 

transductional Ad vector retargeting to angiotensin converting enzyme (ACE) with transcriptional 

restriction utilizing the endothelial cell flt-1 promoter, achieving synergistic gains in the selectivity 

of transgene expression in the pulmonary vasculature (37). Although these results utilize an in 

vivo model in which the endothelial cell target is easily accessible to systemic vascular 

administration of virus, they provide a rationale for development of targeting strategies to 

disseminated cancers that combine transductional untargeting of CAR-expressing normal 

tissue, transductional retargeting to metastatic lesions, and transcriptional restriction of 

therapeutic and/or reporter genes to targeted tumor cells.  

            In this report we demonstrate, for the first time, that combined sCAR-MFE hepatic 

untargeting, sCAR-MFE CEA-mediated tumor retargeting and COX-2 promoter-restricted 

expression substantially enhance transgene gene expression in COX-2 positive, CEA-positive 

CRC and NSCLC tumors in hepatic metastasis models, following systemic Ad administration. 

This combination of transductional untargeting, transductional tumor retargeting and tumor-

associated transcriptional restriction provides the technological means to achieve selective 

transgene expression in metastatic cells while sparing normal tissue, furthering the potential for 

Ad-based cancer gene therapy as a viable therapeutic approach for disseminated disease. 
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Materials and Methods 

Cell lines, cell culture, virus production, and sCAR-MFE preparation. 

A549, HT29, Caco-2 and LS174T were grown in Dulbecco modified Eagle medium 

(Gibco, Rockville, MD) containing 10% fetal bovine serum (Cellegro, Washington, DC) with 

penicillin-streptomycin (Gibco), 0.1 mM non-essential amino acids (Gibco) and 1.0 mM sodium 

pyruvate (Gibco). H2122 was grown in RPMI1640 (Gibco) containing 10% fetal bovine serum 

with penicillin-streptomycin. sCAR-MFE was prepared as described previously (27, 76). 

Ad vectors 

Ad.CMVfLuc, encoding firefly luciferase (fLuc) under control of the cytomegalovirus 

(CMV) promoter, and Ad.cox2fLuc, encoding fLuc under the control of the human 

cyclooxygenase-2 promoter, were described previously (32), and prepared according to Li et al 

(27). Viruses were propagated in 293 cells and purified by double CsCl density gradient 

centrifugation, followed by dialysis against phosphate-buffered saline with 10% glycerol. The 

vectors were titrated by plaque assay and Adeno-X Rapid Titer Kit (BD Clontech, Mountain 

View, CA) and stored at -80°C.  

Stable transfection 

To establish stable cell lines that over express Renilla luciferase (rLuc), LS174T cells 

were transfected with a pcDNA3.1 expression vector in which the CMV promoter was replaced 

by the Renilla luciferase coding unit rLuc gene driven by an SV40 promoter, using 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Neomycin-resistant cells were selected using 

medium containing G418 (1 mg/ml). Extracts of G418 resistant cells were screened for rLuc 

expression with the Luciferase assay system (Promega, Madison, WI). 

Immunoblot Analysis 

Cells were washed twice with phosphate-buffered saline (PBS) and incubated on ice for 

10 min in lysis buffer containing 50 mM Tris-HCl, pH 7.4, 1% NP-40, 1% triton, 1% sodium 

deoxycholate, 150 mM NaCl, 1 mM EDTA and protease inhibitors (Complete Tablet; Roche, 
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Indianapolis, IN). After 10,000 x g centrifugation for 10 minutes, supernatant protein 

concentrations were measured with the Bio-Rad Protein Assay (Bio-Rad). The protein extracts 

were denatured in denaturing buffer. Equal amounts of protein (100 µg cell lysate) were loaded 

on SDS-polyacrylamide gels (8% for CEA and 12% for all others) for electrophoresis. Proteins 

were subsequently transferred to nitrocellulose membranes. The membranes were probed with 

anti-CEA antibody, cT84.66 (1:10,000 dilution; (77)), anti-human COX-2 monoclonal antibody 

(1:300 dilution; Cayman Chemical), or anti-14-3-3θ antibody (1:3,000 dilution; Santa Cruz 

Biotechnology, Santa Cruz, CA) overnight at 4 °C, followed by incubation at room temperature 

for 60 min with horseradish peroxidase (HRP)-conjugated secondary antibody. Immunoreactivity 

was determined by enhanced chemiluminescence (ECL; Amersham, Piscataway, NJ). 

Analysis of COX-2 promoter activity in cell culture 

            Tumor cell lines were infected with Ad.cox2fLuc or Ad.CMVfLuc (MOI=100).  The 

adenovirus were diluted to 150 μl with medium containing 2% FBS, then added to cell 

monolayers in 24-well plates (2 × 105 cells/well). Virus-treated cells were incubated at 37 °C for 

90 minutes. 1 mL medium containing 10% FBS was added after the 90 minutes incubation. 

After a 40-hour incubation at 37 °C in medium containing 10% FBS, cells were lysed and 

luciferase activity was measured. The relative activities of the COX-2 promoters are presented 

as Relative Luciferase Units (RLU) of the Ad.cox2fLuc infected cells divided by the RLU of 

Ad.CMVfLuc infected cells.  

Preparation of liver xenografts 

Eight week-old (nu/nu) nude mice (Charles River Laboratories, Wilmington, MA) were 

anesthetized with ketamine/xylazine (100/10 mg/kg). A transverse incision was made across the 

xyphoid process and extended approximately two cm. LS174TrLuc or H2122 cells 

(1×106)/mouse in 15 μl were injected into the front of the left upper liver lobe, using a 27-gauge 

needle. The lobe was returned to the abdomen and the incision was closed with sutures and 
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wound clips. Buprenorphine was administered every 12 h for 48 h. Wound clips were removed 

after seven days. Experiments were performed 10-15 days after surgery.  

Systemic Ad administration and measurement of Renilla and firefly luciferase activities 

For transcriptional targeting, Ad.CMVfLuc or Ad.cox2fLuc (1×109 ifu/mouse) in 100 μl 

were administered by tail-vein injection. For transductional untargeting and retargeting, 5×108 

ifu/mouse of AdCMVfLuc, AdCox2-fLuc, [Ad.CMVfLuc][sCAR-MFE], or [Ad.cox2fLuc][sCAR-

MFE] were administered by tail-vein injection. Before injection, viruses were incubated for 1 h 

either with 10 μg sCAR-MFE/mouse or with PBS. Injection volumes were 100 μl. 

On the fourth day after virus injection, coelenterazine (100 µl; ~0.7 mg/kg) was injected 

via tail-vein and mice were scanned for three min using the Xenogen IVIS Optical Imaging 

System to monitor tumor-directed rLuc activity. On the fifth day after virus injection, mice were 

injected intraperitoneally with D-luciferin (250 µl; ~125 mg/kg) and scanned to image Ad-directed 

fLuc activity. Immediately after imaging, mice were sacrificed. Livers were removed and imaged 

for fLuc (Ad-dependent) bioluminescence. The livers were then immersed in a solution 

containing coelenterazine (0.2 mg/ml) and imaged again, using one-minute scans to monitor 

tumor-derived rLuc activity. After optical imaging, tumor and liver extracts were prepared and 

firefly luciferase activity of the cell extracts was measured with the Luciferase assay system 

(Promega, Madison, WI). Protein concentrations were determined with the Bio-Rad Protein 

Assay (Bio-Rad, Hercules, CA). 

Bioluminescent images were analyzed using Living Image software version 2.20 

(Xenogen). Regions of interest (ROI) were drawn over tumor and liver areas and total photons 

were calculated. The ROI sizes in all images for a single experiment were maintained as a 

consistent area (27).  

Statistical analysis  

All experiments were performed at least in triplicate. Data are means +/- SEM and are 

compared by Student’s t test. 
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Results 

COX-2 and CEA levels are elevated in many epithelial cancer cell lines 

           To evaluate the retargeting efficacy of our strategy, which involves both CEA-dependent 

Ad retargeting and COX-2 promoter restricted transgene expression, we utilized human tumor 

cells with high levels of COX-2 and CEA expression. Expression of COX-2 and CEA protein 

were determined by immunoblotting for a number of CRC and lung tumor cell lines, since 

colorectal and lung tumors are known to express COX-2 and CEA, and to metastasize to the 

liver. COX-2 protein is detectable in most of these tumor cell lines, including A549, H2122, 

HT29, Caco-2 and LS174T (Fig. 1A). CEA is detectable by Western blotting in H2122, HT29, 

and LS174T cells, but not in A549 and Caco-2 cells. Thus human H2122, HT29 and LS174T 

cells express both COX-2 and CEA proteins. In addition, because CEA is found on the surface 

of these three cell lines (27), they are excellent candidates for anti-CEA based Ad re-targeting 

and COX-2 promoter restricted Ad transgene expression. These three cell lines also efficiently 

form hepatic tumors in nude mice (data not shown). 

Although COX-2 protein is present in many of these tumor cells, for transcriptional 

targeting we require target cells with high promoter activity of the targeted gene, rather than 

high levels of protein expression. Activity of the COX-2 promoter was measured by Ad.cox2fLuc 

infection of these tumor cell lines in culture. The COX-2 promoter used for Ad.cox2fLuc includes 

the sequence from -1432 to +59 of the human COX-2 gene. Ad.cox2fLuc or Ad.CMVfLuc, Ad 

vectors in which the firefly luciferase gene is expressed from the COX-2 promoter or the CMV 

promoter respectively, were used to infect the different tumor cell lines (Fig. 1B). The relative 

promoter activity is reflected by the ratios of fLuc activity of Ad.cox2fLuc-infected cells divided 

by the fLuc activity of Ad.CMV-fLuc infected cells, to normalize for Ad infectivity. (We used this 

procedure for normalization because we find that various cell lines express different ratios of 

firefly and Renilla luciferase activities when co-transfected with plasmids that utilize the same 

promoter, demonstrating that normalization to a co-transfected Renilla luciferase – while valid 
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for comparisons within a cell line – cannot be used to normalize transfections across cell lines.) 

All cell lines tested have easily detectable levels of COX-2 promoter-driven luciferase activity.  

 

The COX-2 promoter transcriptionally restricts expression from adenoviral vectors to 

hepatic CRC metastases 

COX-2 is over expressed in most hepatic CRC metastases, and is not expressed in liver. 

Ad.cox2fLuc is a replication-defective Ad vector in which the COX-2 promoter regulates firefly 

luciferase expression (31). Expression of the luciferase reporter gene from the COX-2 promoter 

restricts reporter gene expression in the liver following systemic Ad.cox2fLuc administration to 

mice (32). To determine whether Ad.cox2fLuc can effectively deliver transgenes to COX-2 

positive hepatic tumors and direct luciferase in these tumors, while remaining unable to express 

the transgene in the surrounding liver tissue, Ad.CMVfLuc and Ad.cox2fLuc were administrated 

intravenously to nude mice bearing hepatic LS174T(rLuc) CRC xenografts.  

To noninvasively monitor tumor cell burden, the LS174T CRC tumor cells carry a stably 

transfected Renilla luciferase reporter gene. Coelenterazine-dependent bioluminescence from 

Renilla luciferase identifies the location of tumor xenografts (Fig. 2A, panels a-c, f, h-j and m). 

Luciferin-dependent bioluminescence from firefly luciferase indicates the location and degree of 

Ad-mediated transgene expression (Fig. 2A, panels d,g,k and n).  

In Ad.CMVfLuc-injected mice, bioluminescence encoded from the Ad vector is not co-

localized with LS174T(rLuc) tumor bioluminescence (compare panels c and d of Fig 2A for in 

vivo co-localization and panels f and g of Fig. 2A for tumor and liver co-localization in isolated 

organs). In contrast, in Ad.cox2fLuc injected mice the vector-encoded bioluminescence co-

localizes with tumor-encoded bioluminescence (compare panels j and k of Fig 2A for in vivo co-

localization and panels m and n of Fig. 2A for tumor and liver co-localization in isolated organs). 

These imaging data demonstrate that fLuc expression from the CMV promoter is extensive in 
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liver following Ad.CMVfLuc infection, but relatively weak in the LS174T hepatic xenograft; in 

contrast, virally-directed fLuc expression following systemic Ad.cox2fLuc administration is highly 

restricted in normal liver tissue, but is strong in the COX-2 expressing LS174T hepatic 

xenografts.  

After imaging coelenterazine-dependent (tumor cell) rLuc activity and luciferin-

dependent (virus encoded) fLuc activity from the isolated livers (Fig. 1A), the liver and tumor 

tissues were dissected. To quantitate COX-2 promoter transcriptional restriction to LS174T CRC 

tumors, fLuc activities in tumor and liver extracts were analyzed with a conventional in vitro 

firefly luciferase assay (Fig. 2B). Following systemic Ad.CMVfLuc infection, the hepatic 

tumor:liver luciferase ratio is 1.6:1. In contrast, the tumor:liver ratio for Ad.cox2fLuc-driven 

luciferase activity is 37.6:1 (Fig. 2C). Transcriptional restriction increased the tumor:liver ratio of 

transgene expression nearly 25-fold in this setting.  The bulk of the increase in tumor:liver ratio 

is due to reduced expression in the liver tissue from the COX-2 promoter relative to the CMV 

promoter; expression from the CMV promoter and the COX-2 promoter in the LS174T tumor 

tissue is essentially the same (Fig. 2B).  

We used the subcapsular liver model for hepatic metasasis, rather than using spleen 

injection (38, 39) to create liver CRC metastatic model systems, to minimize tumor 

contamination in the normal hepatic tissues. Histologic analyses of tumor-bearing liver tissues 

like those used in these studies had no detectable human tumor cells (data not shown). If tumor 

cells were present in the “liver” samples, the apparent transductional efficiency would be 

reduced (as result of firefly luciferase activity generated from infected tumor cells); thus our 

estimates of “tumor to liver ratio” are minimal values. 

sCAR-MFE hepatic untargeting, sCAR-MFE CEA-mediated tumor retargeting, and COX-2 

promoter transcriptional restriction combine to enhance Ad transgene expression in 

hepatic  CEA-positive, COX-2-positive  CRC tumor xenografts  
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To achieve maximal transgene targeting to hepatic tumors following systemic Ad 

administration, we combined sCAR-MFE hepatic untargeting (27), sCAR-MFE tumor retargeting 

(27), and COX-2 promoter-restricted expression to CEA-expressing, COX-2-expressing liver 

metastases. Ad.CMVfLuc, Ad.cox2fLuc, [Ad.CMVfLuc][sCAR-MFE] and [Ad.cox2fLuc][sCAR-

MFE] were injected intravenously into mice bearing LS174T CRC liver xenografts. fLuc 

bioluminescence, observed in living animals after intraperitoneal D-luciferin injection, indicates 

successful Ad infection and transgene expression (Fig. 3A). Viral transgene expression in the 

tumors versus the livers can be observed in the bioluminescence images of livers removed from 

these tumor-bearing mice (Fig. 3A). Virus-directed firefly luciferase transgene activity in extracts 

of tumors and of the livers from these mice were subsequently quantitated (Fig. 3B).  

The sCAR-MFE adapter reduces liver Ad infection by greater than 90% (27). Thus, 

tumor-bearing mice infected with [Ad.CMVfLuc][sCAR-MFE] have reduced hepatic luciferase 

activity relative to tumor-bearing mice infected with Ad.CMVfLuc (Fig. 3A, panels d-f versus 

panels a-c). The tumor:liver bioluminescence ratio for Ad.CMVfLuc infection is increased from 

0.75:1 to 2.5:1 by sCAR-MFE transductional hepatic untargeting and tumor retargeting (Fig. 

3B). Mice infected with Ad.cox2fLuc exhibit substantially reduced hepatic bioluminescence (Fig. 

3A, panels g-i); the tumor:liver bioluminescence ratio resulting from COX-2 promoter 

transcriptional restriction is 33.5:1 (Fig. 3B). By combining sCAR-MFE transductional hepatic 

untargeting, sCAR-MFE transductional tumor retargeting and COX-2 promoter-dependent 

transcriptional restriction, mice infected with [Ad.cox2fLuc][sCAR-MFE] demonstrate both low 

hepatic bioluminescence and strong tumor bioluminescence (Fig. 3A, panels j-l). Combining 

sCAR-MFE transductional hepatic untargeting, sCAR-MFE transductional tumor retargeting and 

COX-2 promoter transcriptional restriction brings the tumor:liver luciferase expression ratio 

following systemic Ad infection from 0.75:1 to 116:1 (Fig. 3B) in LS174T CRC hepatic tumor 

xenografts; a 150 fold increase in tumor-restricted transgene expression. 



 13

sCAR-MFE hepatic untargeting, sCAR-MFE CEA-mediated tumor retargeting, and COX-2 

promoter transcriptional restriction combine to enhance Ad transgene expression in 

hepatic  CEA-positive, COX-2-positive  NSCLC tumor xenografts  

A number of other epithelial tumors (breast, lung), in addition to CRC tumors, often 

express CEA. The combined efficacy of sCAR-MFE transductional hepatic untargeting, sCAR-

MFE transductional tumor retargeting, and COX-2 promoter transcriptional restriction was also 

evaluated in a CEA-positive, COX-2-positive NSCLC liver metastasis model. Ad.CMVfLuc, 

Ad.cox2fLuc and [Ad.cox2fLuc][sCAR-MFE] were injected intravenously into mice carrying 

H2122 human CEA-positive, COX-2-positive NSCLC hepatic tumors. Once again, mice infected 

with Ad.CMVfLuc (Fig. 4A, panels a-c) have much greater hepatic bioluminescence levels than 

do mice infected with Ad.cox2fLuc (Fig. 4A, panels d-f). The tumor:liver luciferase activity ratio 

in extracts is increased from 0.4:1 to 2.2:1 by COX-2 promoter transcriptional restriction (Fig. 

4B). Mice infected with [Ad.Cox2-fLuc][sCAR-MFE] have even lower hepatic bioluminescence 

and increased tumor bioluminescence (Fig. 4A, panels g-i). The tumor:liver luciferase ratio is 

increased from 2.2:1 for Ad.cox2fLuc to 11.1:1 when Ad.cox2fLuc virus is untargeted from liver 

and retargeted to CEA-positive H2122 xenografts by sCAR-MFE (Fig. 4B). Combining sCAR-

MFE transductional hepatic untargeting, sCAR-MFE transductional tumor retargeting and COX-

2 promoter restricted transgene expression enhances the tumor:liver luciferase ratio from 0.4:1 

to 11.1:1, an increase in tumor-restricted transgene expression of 28 fold for this NSCLC 

hepatic xenograft model (Fig. 4B) 
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 Discussion 

  Circulating epithelial tumor cells frequently form hepatic metastases; tumor cells lodge in 

the liver during the process of blood filtration. The liver is the most common site for CRC 

metastases. Although surgical resection for hepatic CRC metastases is standard therapy, only a 

small percentage of these metastases are resectable; consequently additional therapeutic 

approaches are needed to increase survival rates for patients with hepatic CRC metastases.  

 Because of a reduced endothelial barrier, systemically administered adenoviruses have 

increased access to cells in the liver relative to other tissues. Consequently, hepatic metastases 

should – in principle – be more susceptible to systemic Ad-mediated therapies than would be 

metastases in other tissues. However, although Ad vectors have achieved some clinical 

success for intratumoral (16, 40) and intraperitoneal (41) tumor therapy, they are not currently 

used for systemic treatment of metastatic disease; extensive hepatocyte infection following 

systemic virus administration is potentially a major cause for adverse responses to Ad vector 

mediated therapy, as a result both of hepatic viral transgene expression and of Ad-induced host 

inflammatory responses. Our demonstration of enhanced delivery of transgenes by the 

combined use of transductional hepatic untargeting/transductional tumor retargeting, coupled 

with transcriptionally restricted gene expression in hepatic epithelial tumor xenografts, should 

make clinical application of Ad gene therapy for hepatic metastases more promising.          

            In principle, it might appear more efficient to “re-target” adenoviral vectors by modifying 

the virus structure, both to prevent CAR recognition on normal cells and to enhance recognition 

of tumor-associated cell-surface epitopes on cancer cells. While a number of genetically 

modified viruses that target cells via CAR-independent interactions have been reported (42-48), 

some of which have also used transcriptionally restricted transgene expression (49, 50) genetic 

modification to both enhance Ad tumor targeting and restrict normal cell infection has several 

drawbacks. For each tumor-targeting vector, genetic modifications that accomplish appropriate 
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untargeting/retargeting, but still permit proper virus assembly, must be found. Because these 

viruses are unable to propagate through CAR-mediated infection, cells that permit viral 

replication must be identified or created (51-55). Moreover, viral infection is not solely 

dependent on the initial interaction between the viral knob and cellular CAR; other interactions 

that involve integrins (56, 57) and other viral/target cell components (58-60) are utilized 

following knob:CAR recognition for proper viral binding, internalization and uncoating (61). 

Viruses genetically modified to evade knob/CAR-dependent virus binding and substitute 

alternative initial recognition schema must either remain competent for these secondary events 

and/or substitute alternatives following a redirected initial binding event, in order to complete 

viral infection successfully. Ad untargeting by bi-specific adapters and retargeting to tumor cells 

is – if not in principle, than in practice – often simpler and more scalable than is genetic 

modification to retarget adenoviral vectors to alternative tumor cell epitopes. Transductional 

targeting also offers a non-genetic means to direct Ad infection to tumor cells that express little 

or no CAR (e.g., H2122 cells (27)). 

Although transductional untargeting is effective in reducing liver infection by Ad, 

complementary approaches to reduce transgene expression in normal cells and increase 

selective transgene expression in targeted tumor cells are necessary. A number of studies have 

demonstrated that transgene expression from Ad gene delivery vectors can also be regulated 

by transcriptional restriction, using targeted, cell-specific promoters (28, 62, 63). Even if Ad 

vectors infect hepatocytes, virally-delivered transgenes cannot be expressed in the liver cells if 

the transgenes are under the control of a promoter that is not expressed in the liver.  

The COX-2 gene is ectopically activated in many epithelial cancers (34, 64, 65). 

Moreover, COX-2 is not expressed in hepatocytes, even under conditions of substantial stress 

(66). The frequency of COX-2 overexpression in epithelial tumors, combined with the inability of 

normal liver cells to express COX-2, provides a fortuitous combination of circumstances that can 

hopefully be exploited to enhance tumor expression in hepatic metastases while reducing 
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complications resulting from the extensive liver infection that occurs following systemic viral 

administration.   

Few studies exist that demonstrate effective and selective Ad infection in targeted cells 

as a result of combining transductional untargeting of normal cells, transductional retargeting to 

a selected cell population and transcriptional restriction to targeted cells following systemic 

vector administration. Reynolds et al (67) demonstrated transductional untargeting of normal 

cells and retargeting to rat pulmonary vasculature cells, along with transgene expression 

controlled by a promoter that exhibits enhanced endothelial cell expression. However, 

pulmonary endothelium is directly accessible from the circulation, thus facilitating target cell 

recognition by the transductionally targeted virus. In contrast, both liver toxicity (18) and low 

efficiency of Ad infection (68) prevent systemic (intravenous) Ad therapy of hepatic tumors; prior 

studies of Ad untargeting/retargeting have generally used either intratumoral or intraperitoneal 

administration to subcutaneous or peritoneal tumor models respectively (69-73). However, as 

demonstrated here, circulatory Ad access to hepatic tumors facilitates the efficacy of combined 

transductional Ad retargeting and transcriptional restriction to target tumor nodules within the 

liver following systemic Ad administration. To our knowledge, the combined use of 

transductional liver untargeting/tumor retargeting, coupled with tumor-enhanced transcriptional 

restriction, has not previously been described for the delivery of transgenes to hepatic tumors 

following systemic adenovirus administration.  

Bi-specific adapters increase Ad vector size approximately 2-fold, to 300 nm in diameter 

(71). The size increase may further impede, but not fully prevent the Ad complex from 

penetrating endothelium to reach cells (71, 74). The bioavailability of adapter-coated Ad could, 

therefore, be affected by particle size. Our data suggest that the increased access of liver 

metastases to viral particles, relative to metastases in other tissues, minimizes this potential 

problem for hepatic tumors; hepatic metastasis models may more accurately reflect the clinical 

context than do subcutaneous xenograft animal models (75).  
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 Combined transductional untargeting/retargeting and tumor-restricted transcriptional 

expression offer substantial flexibility. Recombinant proteins can be created that use alternative 

untargeting components (e.g. sCAR, anti-knob Fab) and a variety of tumor-directed retargeting 

agents (e.g., receptor recognition peptides, antibodies, lectins). Promoters for tumor-restricted 

expression can be chosen that utilize either tissue/cell specificity or tumor cell specificity. Tumor 

cell differences in the efficacy of adapter untargeting:retargeting and promoter-restricted 

transgene expression can be seen in the two examples presented here. Although sCAR-MFE 

retargeting and COX-2 promoter restricted expression are successful for both LS174T CRC and 

H2122 NSCLC hepatic xenografts, COX-2 promoter transcriptional restriction is 5-6 fold for 

H2122 cells, but is 45 fold  for LS174T cells. In contrast, sCAR-MFE retargeting efficacy is 5-6 

fold for H2122 cells and 3 fold for LS174T cells. By varying tumor retargeting moieties and 

transcriptionally restricted promoters one can “tailor” untargeting/retargeting and transcriptional 

restriction combinations for specific tumors. However, it will be important to validate 

assumptions about modular components; although the CEA promoter was a substantially more 

powerful promoter than the COX-2 promoter when Ad vectors were used to infect CRC cells in 

culture, in studies in which these same tumor cells were grown in mouse liver, the COX-2 

promoter was more effective than the CEA promoter at restricting transcriptional expression to 

the tumor cells (data not shown). 

By utilizing alternative transgenes, difference purposes can be achieved; cargo genes 

whose products can be imaged by bioluminescent, fluorescent, magnetic resonance imaging, 

positron emission tomography, single photon emission tomography, etc can be targeted to 

tumor cells. Alternatively, therapeutic genes that target tumor cells, tumor neovasculature, 

inflammatory cells and other cells that participate in tumor progression can be incorporated into 

these vectors. 

            Ad vectors for systemic cancer therapy continue to be an attractive goal, with important 

potential clinical consequences. Although substantial barriers (e.g, Ad immunity, cytokine 
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release in response to Ad recognition) still need to be overcome to perfect targeted Ad vectors 

for systemic cancer therapy, significant improvements have been achieved through the targeting 

approaches described here. In addition, by combining transductional untargeting, transductional 

retargeting, transcriptional restriction and the choice of proper reporter genes and imaging 

techniques, new methods that utilize Ad vectors to detect occult tumors (7) and to monitor both 

tumor burden and response to therapy are on the horizon.  
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Figure Legends 

Figure 1. COX-2 and CEA expression in human lung and colon cancer cell lines. (A) COX-

2 and CEA protein expression was analyzed by Western Blotting in the cell lines shown. 14-3-3 

was used as a loading control. (B) COX-2 promoter activity in CRC and lung tumor cell lines. 

Cells were infected with Ad.cox2fLuc or Ad.CMVfLuc (MOI=100). After 40 hours, cell extracts 

were assayed for firefly luciferase activity. The activities of COX-2 promoters are presented by 

relative light units (RLU) for Ad.cox2fLuc infected cells divided by the RLU values for 

Ad.CMVfLuc infected cells.  Data are averages ± SEM (n=3) 

Figure 2. Transcriptional restriction of adenoviral transgene expression by the COX-2 

promoter in liver CRC xenografts. (A) LS174T(rLuc) tumor burden was monitored by 

coelenterazine-dependent rLuc bioluminescence (RL)  in living animals (panels a-c and h-j) at 8, 

15 and 22 days after hepatic tumor cell surgical implantation into nude mice. Ad.CMVfLuc or 

Ad.cox2fLuc (1×109 ifu/mouse) were injected intravenously, at 18 days after surgery, into the 

mice containing these hepatic LS174T(rLuc) CRC xenografts. Ad-directed transgene expression 

was monitored by luciferin-dependent fLuc bioluminescence (FL) in the same mice five days 

after virus administration, i.e. one day after the final in vivo rLuc image (panels d and k). 

Following FL imaging, the mice were sacrificed and the tissues were removed and imaged for 

tumor-derived rLuc activity (panels f and m) and for Ad-directed fLuc transgene expression 

(panels g and n). Photographs of the tissues are shown in panels e and i. (B) and (C) 

Quantitation of Ad-directed fLuc transgene expression in liver and in tumor. After bioluminescent 

imaging of the livers, extracts were prepared from the dissected tumors and from tumor-free 

liver regions. Firefly luciferase activity, reflecting virally directed gene expression from the COX-

2 promoter, and tumor:liver fLuc activity ratios were quantitated with conventional luciferase and 

protein assays. Data are averages ± SEM (n = 3; *p＜0.05, **p＜0.01). 
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Figure 3. Combined sCAR-MFE transductional hepatic untargeting, sCAR-MFE 

transductional tumor retargeting and COX-2 promoter transcriptional restriction of Ad 

transgene expression in hepatic CEA-positive CRC tumor xenografts. (A) Ad.CMVfLuc 

(5×108 ifu/mouse), [Ad.CMVfLuc][sCAR-MFE (10 μg/mouse)], Ad.cox2fLuc and 

[Ad.cox2fLuc][sCAR-MFE] were injected intravenously into nude mice bearing LS174T(rLuc) 

CRC liver xenografts. fLuc-derived bioluminescence was monitored in living mice and from 

isolated livers five days after virus administration. Photographs of the livers show the locations 

of tumors; bioluminescent overlays identify liver and tumor tissues where viral fLuc transgene 

expression occurs. (B) Quantitation of Ad-directed fLuc transgene expression. After 

bioluminescent imaging, extracts were prepared from the isolated tumors and from tumor free 

liver regions. Tumor:liver fLuc activity ratios, quantitated with conventional luciferase and protein 

assays, are shown. Data are averages ± SEM (n = 3; *p＜0.05, compared to mice injected with 

Ad.CMVfLuc only). 

Figure 4. Combined sCAR-MFE transductional hepatic untargeting, sCAR-MFE 

transductional tumor retargeting and COX-2 promoter transcriptional restriction of Ad 

infection in hepatic CEA-positive NSCLC tumor xenografts. (A) Ad.CMVfLuc (5×108 

ifu/mouse), Ad.cox2fLuc and [Ad.cox2fLuc][sCAR-MFE (10 μg/mouse)] were injected 

intravenously into nude mice bearing H2122 NSCLC liver xenografts. fLuc-derived 

bioluminescence was monitored in living mice and from isolated livers five days after virus 

administration. (B) Quantitation of Ad-directed fLuc transgene expression. After bioluminescent 

imaging, extracts were prepared from the isolated tumors and from tumor-free liver regions. 

Tumor:liver fLuc activity ratios, quantitated with conventional luciferase and protein assays, are 

shown. Data are averages ± SEM (n = 3; *p＜0.05, **p＜0.01 compared to mice injected with 

Ad.CMVfLuc only). 
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Adenoviruses (Ad) attach to cells by interaction of the virus fiber/knob with 

coxsackie-adenovirus receptors (CAR)1-3. For systemic gene delivery, Ad must be 

“untargeted” from normal cells and re-targeted to tumor cells. Ad can be untargeted from 

CAR-expressing cells and retargeted to carcinoembryonic antigen (CEA)-positive tumor 

cells with a bi-specific adapter, sCARhMFE4. sCAR is the CAR ectodomain; MFE is a 

single-chain antiCEA antibody (Fig. 1). Ad fiber-knob is a trimer, suggesting adapter 

trimerization may augment tumor retargeting5-7. Trimeric sCARfMFE substantially 

increases adenovirus-adapter interaction, enhances CAR-dependent untargeting and 

enhances CEA-dependent tumor cell infection in culture. Although soluble CEA (sCEA) 

blocks monomer sCARhMFE-directed CEA-dependent infection, trimer sCARfMFE-

mediated infection is resistant to sCEA competition. Trimer is also substantially more 

effective for untargeting adenovirus liver infection following systemic administration and 

for retargeting virus to hepatic CEA-positive colorectal cancer (CRC) xenografts. 

sCARfMFE trimer provides a major advance in adenovirus transgene gene delivery to 

hepatic CRC metastases. 

Structure determinations and stoichiometric analyses8 indicated that the Ad fiber-knob 

protein is trimeric. The CAR binding sites of the trimeric knob are located on lateral surfaces 

formed by interfaces of two adjacent knob monomers9, 10, suggesting that three CARs bind to 

one knob trimer. Trivalent binding results in the high affinity observed between knob and CAR11. 

Therefore, to increase adapter efficacy, several groups trimerized bi-specific adapters. As 

proposed, adapter trimerization increased adenovirus targeting to cells in culture5-7. However, to 

date no enhancement of adenovirus tumor retargeting by trimerized adapter in vivo has been 

reported. 

We previously demonstrated transductional untargeting of CAR-dependent Ad infection 

of normal cells and transductional retargeting of Ad to CEA-positive tumor cells by the 

monomeric bi-specific adapter sCARhMFE, both in cell culture and in vivo4. We first 

demonstrate that trimeric sCARfMFE is more effective in cell culture for both transductional 

 2



untargeting of CAR-dependent infection and for transductional retargeting to CEA expressing 

cells.  Targeting efficacies of monomeric sCARhMFE and trimeric sCARfMFE were evaluated 

using cell lines with differing levels of CEA and CAR expression (Fig. 2a). LS174T cells, a 

human CRC line, express an endogenous 180 kDa CEA protein; MC38-cea-2 cells, a murine 

CRC cell line, express a stably transfected 70 kDa truncated human CEA isoform12. CEA is not 

detectable in 293A cells. CAR is easily detectable in 293A and LS174T cells; in contrast, only 

trace levels are detectable in MC38-cea-2 cells. Monomer sCARhMFE and trimer sCARfMFE 

were characterized by Western Blotting (Fig. 2b). Monomer and trimer concentrations used for 

cell culture and for in vivo untargeting and retargeting experiments are similar. 

CEA-mediated sCARhMFE and sCARfMFE retargeting efficacies were compared on 

LS174T cells, which express high CEA levels. Cells were infected with Ad.CMVfLuc, an 

adenovirus expressing firefly luciferase under transcriptional control of the CMV promoter. 

Ad.CMVfLuc was pre-incubated with (1) buffer, (2) increasing monomer sCARhMFE 

concentrations, or (3) increasing trimer sCARfMFE concentrations. After incubation, washing 

and forty hours in culture medium, cell extracts were assayed for luciferase activity (Fig. 2c). 

Trimeric sCARfMFE increases Ad.CMVfLuc infectivity to 50% of maximum retargeting at a 

concentration of ~11 ng/3 × 108 vp. In comparison, to reach the same retargeting level, ~1100 

ng of monomer sCARfMFE/3 × 108 vp is required; trimeric sCARfMFE targeting efficacy for CEA 

positive cells is ~100-fold higher than is targeting efficacy for monomeric sCARhMFE.  

One critical problem facing practical use of adapter-Ad complexes in vivo, in the clinical 

context of systemic delivery to tumors, is dilution by the blood following injection. We suggest 

that the greater sCARfMFE targeting efficacy (Fig. 2c) results in part from increased binding 

between the trimeric Ad knob and the trimeric adapter, which should reduce the loss of adapter-

mediated infection by dilution. To test this hypothesis, the effect of dilution on targeting efficacy 

of the monomer and trimer complexes was analyzed. Ad.CMVfLuc (3 × 108 vp/well) was pre-

incubated with increasing concentrations of sCARhMFE monomer or sCARfMFE trimer. CEA-

positive MC38-cea-2 cells were subsequently incubated with the virus:adapter complexes for 90 
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min in either a “small” (0.2 ml) or a “large” (1.0 ml) volume. Washed cells were incubated 40 

hours before lysates were assayed for luciferase activity. The targeting efficacy of monomer 

adapter-Ad complex is reduced much more extensively by dilution than is the targeting efficacy 

of the trimer adapter-Ad complex (Fig. 2d), suggesting dilution in vivo following intravenous 

administration of monomer adapter:Ad complexes may result in substantial amelioration of Ad 

retargeting. In contrast, the retargeting efficacy of trimer adapter-Ad complexes is likely to be 

less effected by blood dilution.  

To determine whether sCARfMFE trimer binds more effectively than does sCARhMFE 

monomer to the trimeric viral knob, we examined their ability to block binding to CAR-positive, 

CEA-negative cells. “Untargeting” of CEA-negative cells should be entirely dependent on the 

sCAR:knob interaction. CAR+/CEA- 293A cells (Fig. 2a), were infected with AdCMVfLuc, 

AdCMVfLuc pre-incubated with increasing amounts of sCARhMFE monomer 

([Ad.CMVfLuc][sCARhMFE]), or with AdCMVfLuc pre-incubated with increasing amounts of 

sCARfMFE trimer ([Ad.CMVfLuc][sCARfMFE]). fLuc activity of [Ad.CMVfLuc (3 × 108 

vp)][sCARhMFE] infected 293A cells is reduced to 40% at ~60 ng of sCARhMFE, and could not 

be further reduced (Fig. 2e). In contrast, sCARfMFE trimer reduces infection by 40% at only ~6 

ng and – at higher concentrations – can block ~80% of infection, suggesting sCARfMFE trimer 

binds to the viral knob much more effectively than does sCARhMFE monomer.  

To determine whether sCARfMFE trimer binds more effectively to cellular CEA, we 

examined the ability of soluble CEA (sCEA) to block adapter-mediated, CEA-dependent 

infection. CEA+MC38-cea-2 cells, which express low CAR levels (Fig. 2a), were infected with 

[Ad.CMVfLuc][sCARhMFE] or [Ad.CMVfLuc][sCARfMFE] in the presence of increasing amounts 

of sCEA. Monomer sCARhMFE-mediated Ad retargeting of MCA-cea-2 cells is essentially 

completely blocked by soluble CEA (Fig. 2f). In contrast, nearly half the sCARfMFE trimer Ad 

retargeting cannot be competed by sCEA (Fig. 2f), suggesting that trimer binds to cell-surface 

CEA much more avidly than does monomer sCARhMFE. Trimerization apparently allows the 

MFE-containing adapter to utilize multiple CEA-binding interactions, each with a relatively high 
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possibility of dissociation, to achieve an overall low dissociation rate. Multimeric MFE:CEA 

binding on the cell membrane is likely to be facilitated by “capping” of membrane-anchored, 

mobile CEA molecules, resulting in a multivalent interaction (Fig. 1b). Since viruses contain 

multiple fiber-knob structures that can simultaneously contact cell surface receptors, the 

advantage of MFE-CEA trimerization interaction is further enhanced by multiple trimer 

sCARfMFE:(CEA)3 interactions. It is likely that this increased binding to cellular CEA facilitates 

subsequent infection events.  It is of interest to note that the MFE-23 affinity for CEA (Kd = 2.5 

nM)13, 14 is greater than that of Ad knob for CAR (Kd = 24 nM)11; trimeric sCARfMFE CEA-

retargeted interactions of Ad with cells may rival or exceed interactions of the naked virus with 

CAR receptors. 

The extraordinary trimer sCARfMFE-mediated Ad binding to CEA-positive cells may 

have a profound practical value in clinical application, both for adenovirus-mediated CRC 

therapy and for therapy for other CEA-positive hepatic metastases. CEA is often “shed” by 

tumors, resulting in substantial circulating CEA serum levels. Indeed, elevated serum CEA 

levels are often the first indication of CRC hepatic metastases15, 16. Circulating CEA may act as 

a competitor for MFE-based adapter-mediated retargeting of adenovirus vectors to CEA positive 

tumors; it is clear that a high enough concentration of soluble CEA can completely prevent 

monomer sCARhMFE-mediated Ad retargeting (Fig. 2f). In contrast, sCEA only modestly 

reduces trimer sCARfMFE adapter-mediated Ad binding and infection of CEA-positive target 

cells, even at extraordinarily high concentrations (Fig. 2f). In addition to increasing Adenovirus 

vector tumor retargeting and hepatic untargeting in vivo, trimerization of the retargeting agent 

should substantially reduce competition by antigen shedding in clinical applications of bi-specific 

adapter-mediated Ad therapies.  

To examine the efficacy of transductional liver untargeting by monomeric versus trimeric 

adapters, mice were injected via tail vein with Ad.CMVfLuc, [Ad.CMVfLuc][sCARhMFE] or 

[Ad.CMVfLuc][sCARfMFE]. Three days later mice were injected with D-luciferin and imaged 

(Fig. 3a). Mice were then sacrificed, and livers were imaged (Fig. 3a, insets). Liver extracts were 
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subsequently assayed by conventional luciferase assays (Fig. 3b). Bioluminescence was 

quantified from the CCD images (Fig. 3b, panel A) and from luciferase assays (Fig. 3b, panel 

B). Liver Ad.CMVfLuc infection is decreased ~68-70% by 0.1 μg/mouse of trimeric sCARfMFE 

and ~74-77% by 1 μg/mouse of sCARfMFE. In contrast, no liver untargeting by monomer 

occurs at these concentrations; indeed, a slight increase in liver infection was observed at these 

low concentrations. Only at 3 μg sCARhMFE/mouse was liver infection reduced. Liver 

untargeting by trimer is at least ten-fold more effective than is liver untargeting by monomer. 

We next examined the retargeting efficacy of trimer and monomer to CEA positive CRC 

hepatic tumors. Mice bearing LS174T(rLuc) hepatic tumors were injected intravenously with 

Ad.CMVfLuc, [Ad.CMVfLuc][sCARhMFE] or [Ad.CMVfLuc][sCARfMFE]. Five days later, 

following fLuc (FL) imaging of mice to monitor adenovirus infection (Fig, 4a, panels A, D and G), 

the mice were sacrificed and livers were imaged for tumor-derived rLuc activity (Fig. 4a, panels 

B, E and H) and for adenovirus-directed fLuc expression (Fig. 4a, panels C, F and I). After 

imaging the livers, tumors were dissected, and tumor extracts were assayed for fLuc activity 

(Fig. 4b). Preincubation with 1 µg of trimer produces a 3.6-fold retargeting increase in 

Ad.CMVfLuc infection of LS174T tumors. In contrast, a similar level of monomer does not 

enhance tumor infection in vivo (Fig. 4b).  

In conclusion, we demonstrate here that trimerization of the sCAR-MFE bi-specific 

adapter results in (1) higher adapter affinity for the viral knob, (2) facilitated adenovirus binding 

to and infection of CEA positive cells, (3) increased efficacy of untargeting of CAR-mediated 

infection both in cultured cells and, following systemic administration, in vivo, and (4) increased 

efficacy of retargeted infection of CEA positive cells, both in cell culture and in vivo. These data 

support and enhance the potential of trimerized adaptors that untarget adenovirus infection of 

liver cells and retarget the virus to hepatic tumors as a promising strategy for gene therapy of 

disseminated disease.  

Because trimerization of bi-specific adapters should be generalizable, the advantages 

described here should be applicable to a wide range of Ad-based transductional therapeutic 
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applications. Because many of the targets of other bi-specific adapters are also mobile 

membrane components (receptors, antigens), the advantages observed for trimerization of 

sCAR-MFE retargeting should also be true for other sCAR containing bi-fuctional adapters. In 

addition to the Ad knob-CAR interaction, many receptor-ligand binding reactions involve a 

trimeric partner(s). For example, the interaction between TNF family receptors TRAIL-R1 and 

TRAIL-R2 and their trimeric ligands (e.g. TRAIL)17 is similar to the interaction between the Ad 

knob and CAR9. Because activation of TNF family receptors induces apoptosis, they have 

become targets for potential cancer therapies. Many recombinant ligands (e.g., Apo2L/TRAIL, 

TRAIL-His-LE and TRAIL-His) or antibodies (ex. HGS-ETR1 and HGS-ETR2) that bind to 

TRAIL-R1 or TRAIL-R2 are currently in Phase I or Phase II clinical trials. However, several of 

these reagents (e.g. sTRAIL, HGS-ETR1, HGS-ETR2) require a cross-linking step before 

application to maximize cell killing18-24. We suggest that trimerization of these reagents with 

fibritin M may enhance the efficacy of these ligands and antibodies targeted to the TRAIL 

receptor. 
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 Methods 

Cell Culture 

MC38-cea-2 cells12 were provided by Dr. Jeffrey Schlom, National Institutes of Health, 

and LS174T cells by Dr. Anna Wu, UCLA. 293A cells were purchased from Invitrogen. LS174T, 

293A and MC38-cea-2 were grown in Dulbecco modified Eagle medium (Gibco, Rockville, MD) 

containing 10% fetal bovine serum (Cellegro, Washington, DC) with penicillin-streptomycin 

(Gibco), 0.1 mM non-essential amino acids (Gibco) and 1.0 mM sodium pyruvate (Gibco).  

Stable transfection 

To establish stable LS174T cells that over express Renilla luciferase (rLuc), cells were 

transfected with pcDNA3 expression vectors encoding rLuc and a neomycin selectable marker, 

using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Neomycin-resistant cells were selected 

using medium containing G418 (1 mg/ml) and screened for rLuc expression with the Luciferase 

assay system (Promega, Madison, WI) 

Virus construction and production 

The adenovirus vector encoding firefly luciferase (fLuc) under transcriptional control of 

the constitutively active cytomegalovirus (CMV) promoter is described in Liang et al25. Virus was 

prepared in 293 cells by double cesium chloride (CsCl) gradient centrifugation. Cells were 

infected in medium containing 2% fetal bovine serum. After overnight incubation, cells were 

shifted to medium containing 10% serum and incubated until a total cytopathic effect was 

observed. Cells were harvested, frozen and thawed three times, and virus was purified using 

standard CsCl purification methods. Viral particle number was determined by measuring 

absorbance at 260 nm, using a conversion factor of 1.1 × 1012 viral particles per absorbance 

unit. Viral titers were determined with the Adeno-X Rapid Titer Kit (BD Clontech, Mountain View, 

CA). “vp” (for viral particles) is used to indicate virus particles when considering virus mass 

interactions with bi-specific adapter; “ifu” (for plaque forming units) is used when viral infectivity 

is described.   
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Monomer sCARhMFE and trimer sCARfMFE construction and purification 

sCARhMFE was prepared described previously26. To construct the plasmid encoding 

sCARfMFE, we used the pcDNA/CAR/F/m40L plasmid 7 and replaced the CD40L cDNA with the 

cDNA for anti-CEA scFv MFE-23. MFE-23 was amplified from a plasmid obtained from Dr. Kerry 

Chester. NotI  and XhoI restriction sites were added at the 5’ and 3’ ends, along with a TAA stop 

codon. The pcDNA/CAR/F/m40L plasmid and the MFE-23 PCR product were digested with NotI 

and XhoI and gel purified. The MFE fragment was ligated into the vector, to create 

cDNA/CAR/F/MFE. HEK293 cells were transfected with the pcDNA/CAR/F/MFE plasmid 

linearized with PvuI restriction enzyme, using Superfect reagent (Qiagen, Valencia, CA), 

according to manufacturer’s instructions. The day after transfection, cells were distributed in a 

96-well plate and grown in medium supplemented with 500 µg/ml G418, until about 2/3 of the 

well surface was covered with cells. Supernatants of individual wells were tested for plasmid-

directed production, using a dot-blot assay with a polyclonal rabbit antibody against CAR, 

produced in our laboratory. High producing clones were expanded for further protein production. 

The medium from stable sCARfMFE expressing 293 cells was collected and proteins were 

precipitated using ammonium sulphate. Precipitate was collected by centrifugation,redissolved 

in PBS and then dialyzed against PBS. Recombinant protein was purified using Ni-NTA 

Superflow resin (Qiagen), according to manufacturer’s instructions, again followed by dialysis 

against PBS. 

Dotblot assays were performed using either polyclonal rabbit anti-CAR or anti-fibritin 

antibodies, to confirm presence of these domains of the fusion proteins. Ten microliters of 

protein solution was dotted on pre-wetted a PVDF membrane, and allowed to dry. Membranes 

were re-wetted, rinsed with TBS, and blocked using 5% milk in TBS/Tween. After incubation 

with the primary antibody dissolved in blocking buffer, membranes were washed in TBS/T/Triton 

and incubated with HRP-conjugated secondary goat anti-rabbit antibody, dissolved in blocking 
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buffer. After washing, signal was detected using the Western Lightning Chemiluminescence 

Reagent Plus (PerkinElmer, Boston, MA) on Kodak Biomax MR film (Kodak, Rochester, NY). 

Immunoblot Analysis to compare sCARhMFE and sCARfMFE concentrations 

100, 250 and 500 ng of the two preparations were denatured in loading buffer, subjected 

to electrophoresis on 12% SDS-polyacrylamide gels, and transferred to nitrocellulose 

membranes. The membranes were probed with anti-CAR antibody (RmcB; 1:3,000 dilution, the 

antibody was produced using a hybridoma purchased from the ATCC and was kindly provided 

by J.T. Douglas, University of Alabama at Birmingham) or with anti-fibritin antibody (1:3,000 

dilution). The rabbit serum against T4 fibritin protein was kindly provided by V. Mesyanzhinov 

from the Shemykin and Ovchinnicov Institute of Bioorganic Chemistry, Moscow, Russia). Blots 

were incubated overnight at 4 °C, followed by incubation at room temperature for 60 min with 

horseradish peroxidase (HRP)-conjugated secondary antibody. Immunoreactivity was 

determined by enhanced chemiluminescence (ECL; Amersham, Piscataway, NJ). 

Immunoblot analysis for cellular CEA and CAR expression 

Cells were washed twice with phosphate-buffered saline (PBS) and incubated on ice for 

10 min in lysis buffer containing 50 mM Tris-HCl, pH 7.4, 1% NP-40, 1% triton, 1% sodium 

deoxycholate, 150 mM NaCl, 1 mM EDTA and protease inhibitors (Complete Tablet; Roche, 

Indianapolis, IN). After 10,000 x g centrifugation for 10 minutes, supernatant protein 

concentrations were measured with the Bio-Rad Protein Assay (Bio-Rad). The protein extracts 

were denatured in loading buffer prior to loading. Equal amounts of protein (30 µg) were loaded 

on 8% SDS-polyacrylamide gel for electrophoresis. Proteins were subsequently transferred to 

nitrocellulose membranes. The membranes were probed with anti-CEA antibody, cT84.66 

(1:10,000 dilution27), anti-CAR antibody (RmcB) or anti-GAPDH antibody (1:1,000 dilution; 

Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4 °C, followed by incubation at room 

temperature for 60 min with horseradish peroxidase (HRP)-conjugated secondary antibody. 
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Immunoreactivity was determined by enhanced chemiluminescence (ECL; Amersham, 

Piscataway, NJ). 

Comparing retargeting and untargeting efficacy of sCARfMFE and sCARhMFE in cell 

culture 

Ad.CMVfLuc (3 × 108 vp) was incubated with sCARfMFE or sCARhMFE, in 

concentrations described for specific experiments, in 10 µl and incubated for 60 minutes at room 

temperature. The sCAR-MFE:adenovirus complexes were diluted to 200 μl or 1000 μl with 

medium containing 2% FBS, then added to monolayers of LS174T,  293A, or MC38-cea-2 cells 

in 24-well plates (2 × 105 cells/well). Virus-treated cells were incubated at 37 °C for 90 minutes. 

The virus-containing medium was then aspirated and cells were washed with PBS. After a 40-

hour incubation at 37 °C in medium containing 10% FBS, cells were lysed and luciferase activity 

was measured.  

CEA competition of virus infection  

Ad.CMVfLuc (3 × 108 vp) was mixed with 63 ng of sCARfMFE or with 63 ng of 

sCAR6hMFE in 10 µl and incubated for 60 minutes at room temperature. The sCAR-

MFE:adenovirus complexes were diluted to 200 μl with medium containing 2% FBS and 

increasing amounts of sCEA (0, 50, 150, 500, 1500, 3000 and 5000 ng sCEA; soluble CEA, 

Protein Sciences Corporation, Meriden, CT), then added to MC38-cea-2 cell monolayers in 24-

well plates (2 × 105 cells/well). Virus-treated cells were incubated at 37 °C for 90 minutes. 

Medium was aspirated and cells were washed with PBS. After a 40-hour incubation at 37 °C in 

medium containing 10% FBS, cells were lysed and luciferase activity was measured. 

Comparison of hepatic untargeting efficacy for sCARfMFE and sCARhMFE 

             4.5 × 1010 vp/mouse of Ad.CMVfLuc, [Ad.CMVfLuc][sCARfMFE] or 

[Ad.CMV.fluc][sCARhMFE] were administered by tail-vein injection into eight week-old (nu/nu) 

nude mice (Charles River Laboratories, Wilmington, MA). Before the injection, viruses were 

incubated for one hr either with sCARfMFE, sCARhMFE or PBS in a volume of 250 µl. Injection 
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volumes were 250 μl in all cases. On the third day after virus administration, the mice were 

injected intraperitoneally with D-luciferin (250 µl; ~125 mg/kg body weight) and scanned to 

image Ad-directed fLuc activity. Immediately after imaging, mice were sacrificed and the livers 

were removed and imaged for fLuc (Ad-dependent) bioluminescence. After optical imaging, liver 

extracts were prepared and assayed for fLuc activity. 

Preparation of liver xenografts and virus administration. 

              Eight week-old (nu/nu) nude mice were anesthetized with ketamine/xylazine (100/10 

mg/kg). Under aseptic conditions, a transverse incision was made across the xyphoid process 

and extended approximately two cm. The left upper liver lobe was held with a PVA Surgical 

Spear (Allegiance, IL) and LS174TrLuc cells (1 × 106/mouse) in 15 μl were injected into the front 

of the lobe liver, using a 27-gauge needle. The liver lobe was returned to the abdomen and the 

incision was closed with sutures and wound clips. Buprenorphine was administered every 12 hr 

for 48 hr. The wound clip was removed seven days after surgery. Virus was administered 

intravenously ten days after surgery. For transductional retargeting, ~ 3 × 1010 vp /mouse 

AdCMVfLuc, [Ad.CMVfLuc][sCARhMFE] or [Ad.CMVfLuc][sCARfMFE]  were administered by 

tail-vein injection. Before the injection, viruses were incubated for one hr with 0, 0.5 or 1 μg 

sCAR-MFE/mouse in 100 μl PBS. Injection volumes were 250 μl in all cases. 

Measurement of Renilla and firefly luciferase activities 

Mice were injected intraperitoneally with D-luciferin (250 µl; ~125 mg/kg body weight) 

and scanned to image Ad-directed fLuc activity. Immediately after imaging, mice were sacrificed 

and the livers were removed and imaged for fLuc (Ad-dependent) bioluminescence. For tumor 

bearing mice, the livers were then immersed in a solution containing coelenterazine (0.2 mg/ml) 

and imaged again in the IVIS instrument, using one-minute scans to monitor tumor-derived rLuc 

activity. After optical imaging, extracts of the liver and tumor tissues were prepared and assayed 

for fLuc activity and for protein concentration.               
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Bioluminescence quantitation 

Bioluminescence images were analyzed with Living Image software version 2.20 

(Xenogen). Regions of interest (ROI) were drawn over the tumor or liver area and total photons 

the ROI were calculated. ROI in all images of an experiment were kept with a consistent area25.  

Statistical analysis  

All experiments were performed at least in triplicate. Data are presented as means +/- 

SEM. The statistical significance (P values) in mean values of two-sample comparison (Fig. 3b 

and 4b) was determined with Student's t-test. The statistical significance in the comparison of 

multiple sample was examined with Bonferroni's post-hoc test (Fig. 2) after two-way ANOVA. 
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Figure Legends  

Figure 1. Structure and targeting of monomeric sCARhMFE and trimeric sCARfMFE bi-

specific adapters. (a) sCARhMFE, the monomeric adapter, consists of the CAR ectodomain  

(sCAR), a six-histidine tag (His6) for purification and the anti-CEA single chain antibody svFc 

MFE23. sCARfMFE, the trimeric adapter, consists of sCAR, the His6 tag, a  fibritin trimeric motif, 

and MFE23. Fibritin is a homotrimer, with 12 consecutive α-helical coiled-coil segments flanked 

by small globular domains at both ends, produced by bacteriophage T4. A 27-amino-acid 

trimeric motif from T4 bacteriophage fibritin was utilized to trimerize trimeric sCARfMFE. (b) 

Proposed targeting of the adapters. Monomeric sCARhMFE can block CAR-dependent Ad 

infection and retarget the adenovirus in a CEA-dependent manner (left panel). The 

transductional targeting efficacy is determined by (i) the strength of binding between individual 

Ad knob domains and the sCAR domain of sCARhMFE and (ii) the strength of binding between 

cell-surface CEA and the MFE domain of sCARhMFE.  We suggest that the strength of binding 

of sCARfMFE both to the virus and to cell-surface CEA can be increased by an enhanced 

avidity resulting from multimeric binding of the trimeric bi-specific adapter to the trimeric Ad knob 

complex and to multimeric trimer binding to membrane-associated CEA (right panel). By virtue 

of multimeric binding to the knob, sCARfMFE trimer should be more effective at untargeting Ad 

than sCARhMFE monomer.  Similarly, by virtue of multimeric binding to cell-membrane CEA, 

sCARfMFE should be more effective than sCARhMFE at retargeting Ad to CEA  positive cells. 

Figure 2. Efficacy of transductional untargeting and retargeting of monomer sCARhFME 

and trimer sCARfMFE in culture. (a) CEA and CAR protein expression in cultured cell lines. 

CEA and CAR protein levels expressed in LS174T, MC38-cea-2 and 293A cells were analyzed 

by Western Blotting. GAPDH was used as a loading control. (open arrow head, full length CEA; 

closed arrowhead, truncated CEA; arrow, CAR). (b) Western blot quantitation of sCARhMFE 

and sCARfMFE. Dilutions of purified sCARhMFE monomer and sCARfMFE trimer were 

subjected to electrophoresis on denaturing SDS-PAGE gels. Blots were probed with anti-CAR 
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antibody (upper panel) or with anti-fibritin (lower panel) antibody. Equivalent amounts of 

sCARhMFE and sCARfMFE, based on these data, were used in all subsequent experiments. (c) 

Targeting efficacy of monomeric sCARhMFE and trimeric sCARfMFE on CEA-positive cells. 

Ad.CMVfLuc (3 × 108 vp/well) was pre-incubated with increasing amounts of sCARhMFE or 

sCARfMFE. LS174T cells were then infected with the viral preparations. After 40 hours, cell 

extracts were prepared and assayed for luciferase activity and protein concentration. Data are 

averages ± SEM (n = 3; ***p < 0.001, compared to cells infected with 

[Ad.CMVfLuc][sCARhMFE]) (d) Effect of volume on the targeting efficacy of monomeric 

sCARhMFE and trimeric sCARfMFE. Ad.CMVfLuc (3 × 108 vp/well) was pre-incubated with 

increasing amounts of sCARhMFE or sCARfMFE. MC38-cea-2 cells were then infected with the 

viral preparations in two different volumes, 0.2 ml/well or 1.0 ml/well. After 40 hours, cell 

extracts were prepared and assayed for luciferase activity and protein concentration. Data are 

averages ± SEM of three cultures at each time point, and are plotted relative to the luciferase 

activity observed in extracts from cells infected with [trimeric sCARfMFE (100ng)][Ad.CMVfLuc] 

in 0.2 ml (left panel) and in 1.0 ml (right panel). Data are averages ± SEM (n = 3; **p < 0.01, 

compared to cells infected with [Ad.CMVfLuc][sCARhMFE]) (e) Trimeric sCARfMFE is more 

effective than monomeric sCARhMFE at blocking Ad infection of CAR-positive/CEA-negative 

cells. Ad.CMVfLuc (3 × 108 vp/well) was pre-incubated with increasing amounts of sCARhMFE 

or sCARfMFE. 293A cells were then infected with the viral preparations. After 40 hours, cell 

extracts were prepared and assayed for luciferase activity and protein concentration. Data are 

averages ± SEM (n = 3; **p < 0.01, ***p < 0.001 compared to cells infected with 

[Ad.CMVfLuc][sCARfMFE]). (f) Soluble CEA competes monomeric sCARhMFE retargeting of 

Ad to CEA-positive cells more effectively than it competes trimeric sCARfMFE retargeting of Ad 

to CEA-positive cells. Two samples of Ad.CMVfLuc (3 × 108 vp/well) were pre-incubated with 
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equal amounts of sCARhMFE or sCARfMFE (63 ng/well). MC38-cea-2 cells were then infected 

with the viral preparations in medium containing increasing amounts of sCEA. After 40 hours, 

cell extracts were prepared and assayed for luciferase activity and protein concentration. The Y 

axis indicates the percent of luciferase activity relative to the activity of cells infected in the 

absence of any sCEA competitor. Data are averages ± SEM (n = 3; **p < 0.01, compared to 

cells infected with [Ad.CMVfLuc][sCARhMFE]).  

Figure 3. Trimeric sCARfMFE is more effective than monomeric sCARhMFE at 

untargeting adenovirus liver infection in vivo. (a) Ad.CMVfLuc (4.5 × 1010 vp/mouse), (panel 

A) [Ad.CMVfLuc][sCARhMFE], (panels B-D) and [Ad.CMVfLuc][sCARfMFE], (panels E and F) 

were injected by tail vein into groups of three mice. The living mice and their isolated livers were 

imaged by bioluminescence three days after virus injection. Intensity scales for all mice are the 

same and intensity scales for all livers are the same. (b) Quantitation of luciferase activity. After 

imaging, liver extracts were prepared. Luciferase activity from the intact livers was quantified by 

ROI analysis of Luciferin-dependent bioluminescence (graph A). Luciferase activity in liver 

extracts was quantified by conventional luciferase assays (graph B). Data are averages ± SEM 

(n = 3; *p < 0.05, compared to mice injected with Ad.CMVfLuc).  

Figure 4. Trimeric sCARfMFE is more effective than monomeric sCARhMFE at retargeting 

adenovirus infection to CEA-positive hepatic tumor xenografts. (a) Mice bearing 

LS174T(rLuc) hepatic tumors were injected intravenously with [Ad.CMVfLuc (3 × 1010 

vp/mouse)][sCARhMFE] or with [Ad.CMVfLuc][sCARfMFE]. Adenovirus-directed transgene 

expression was monitored in the living mice by luciferin-dependent fLuc bioluminescence (FL) 

five days after virus administration (Panels A, D and G). Following FL imaging, the mice were 

sacrificed. The livers were removed and imaged for tumor-derived rLuc activity (panels B, E 

AND H) and for adenovirus directed fLuc transgene expression (panels C, F and I). FL intensity 

scales indicate luciferin-dependent firefly luciferase activity, the RL intensity scale indicates 
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coelenterazine dependent Renilla luciferase activity. (b) Quantitation of adenovirus-directed fLuc 

transgene expression in LS174T(rLuc) tumors. After bioluminescent imaging, extracts were 

prepared from the dissected tumors. Firefly luciferase activity, reflecting virally directed gene 

expression, was assayed with conventional luciferase and protein assays. Data are averages ± 

SEM (n = 3; *p < 0.05, comparing mice injected with [Ad.CMVfLuc][sCARhMFE] vs. 

[Ad.CMVfLuc][sCARfMFE]). 
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