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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.

5x10* human ovarian cells (SKOV3.ip1, HEY, OV-4 and PA-1)

and normal cells (HFBC) were plated on 24 well plates and
T 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
4.00% TSP)/(RLU induced by the CMV promoter) x 100. The mean
2.00% - value £SE of triplicate samples is shown.

16.00% -

10.00% - T

% CMV

8.00%
6.00% -

0.00% - T
HFBC  SkOV3.ipl HEY ov-4 PA-1



Table 1. The characteristics of adenoviral vectors used in this study

Virus name Promoter Reporter El 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 - Luciferase | No No No No
leukoprotease inhibitor)
Ad5-C.Luc C (CXCR4) Luciferase | No No No No
Ad5-Cox2.Luc Cox-2 Luciferase | No No No No
(Cyclooxygenase-2)
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 CMvV Luciferase | No No pk7/RGD No
Ad-CMV.Luc.CK CMV Luciferase | No No Canine knob No
Ad- . .
CMV.Luc.CKpk? CMV Luciferase | No No Canine knob/pk7 No
Ad-CMV.Luc. F5/3 | CMV Luciferase | No | No | Shimeric fiber protiens possessing the |
Ad3 knob
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-A24.F5/3 Native No A24 | 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:
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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 a 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 CRAdSs in ovarian cells. 5 x 10* 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-A24.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.



Before After
Treatment Treatment

Figure 4: Tumor growth inhibition: 1x10” of SKOV3Luc cells were
inoculated i.p. and visible tumors were evident post 5 days post-
injection.  Ad vector and control (1x10° vp), including PBS,

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.

Adwt.F5/3
CRAd-S.F5/3

KEY RESEARCH ACCOMPLISHMENTS

e Identified a series of novel tumor selective promoters useful for ovarian cancer targeting

e ldentified adenoviral capsid modifications allowing enhanced infection of ovarian cancer tumor targeting

e Developed novel tissue slice assay to allow analysis of targeting principles in a stringent/human-like context

e Developed novel ovarian cancer mouse model which allows light-based imaging analysis of therapeutic
intervention

e Defined a novel viral agent for ovarian cancer which embodies optimized transcriptional and transductional
targeting
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CONCLUSION

Targeting can improve the therapeutic index of adenoviral-based therapy for carcinoma of the ovary. The
combination of transductional and transcriptional targeting can achieve an optimized therapeutic index. These
strategies allowed the realization of a novel viral agent with direct translational potential.
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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 (Ad5/3Luct). 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

Keywords: canine adenovirus; fiber chimerism; cancer; transductional targeting; gene therapy

Introduction

Gene therapy is a novel approach for the treatment of
malignancies resistant to traditional therapeutic modal-
ities."” 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.”> 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.** In particular, it has been
demonstrated that ovarian and breast cancer cells exhibit
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relative resistance to adenoviral transduction as a result
of CAR deficiency.®” 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.?* 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.'® 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.*'>'?



Not as rigorously explored, and perhaps more radical,
is a recently described approach entailing the develop-
ment of Ad ‘xenotypes’.'* 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,'>™'” 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,® 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.”

Previously, we exploited the unique tropism of canine
adenovirus serotype 2 (CAV-2)'® to generate an Ad5/
CAV-2 chimeric vector, which exhibited profound in-
fectivity enhancement of CAR-deficient human tumor
cell targets.'* 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 CAV1'>* 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
protein® 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 1la).*
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 wusing a two-plasmid rescue

>
Figure 1 Design and molecular validation of an Ad5 vector containing the
CAV-1 fiber-knob domain. (a) Construction of the chimeric fiber of
Ad5Lucl-CK1 by incorporating the CAV-1 knob into the Adb 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 (5x10°vp) of AdLucl-CK1 with the
chimeric fiber (lanes 1 and 2) and Ad5Lucl with wild-type Adb5 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 95°C before electrophoresis. Fiber monomers (M) and
trimers (T) are indicated. The markers represent molecular mass in
kilodaltons.
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system essentially as described by Krasnykh et al."
We generated an El-deleted recombinant Ad genome
(Ad5Lucl-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
Ad5Lucl-CK1 were sequenced, and two correct clones
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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 Ad5Lucl-
CK1 and the Ad5Lucl 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 (Ad5Lucl), CAV1 knob (Ad5Lucl-CK1), or the
CAV2 knob (previously named Ad5Lucl-CK but desig-
nated here as Ad5Lucl-CK2 for ease of distinction).'*
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 Ad5Lucl and Ad5Lucl-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 200kDa molecular weight
corresponding to the nondenatured trimeric fiber mole-
cule for both Ad5Lucl-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 Ad5Lucl-CK1
were confirmed.

Distinct binding and gene transfer properties

of Ad5Luc1-CK1 and Ad5Luc1-CK2

The rationale for developing our novel Ad5Lucl-CKl1
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 Ad5Lucl-CK1 (Figure 2a and b) and
Ad5Lucl-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, Ad5Lucl 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 Ad5Lucl-CK1 cell
binding (Figure 2b) whereas the CAV-1 fiber-knob
protein can inhibit Ad5Lucl-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 Ad5Lucl-
CK1 and Ad5Lucl-CK2-mediated tropism as indicated
by the cell-binding assay, we sought to block Ad5Lucl-
CK1 and Ad5Lucl-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-
Lucl-CK1 gene transfer in only SKOV3.ip1 cells but not
completely (Figure 3a). However, the CAV-1 knob can
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competitively block Ad5Lucl-CK1 gene transfer with
increasing concentrations (Figure 3b). Conversely, the
CAV-1 knob protein can totally inhibit Ad5Lucl-CK2
gene transfer in all tested cell lines (Figure 3c) in the
same manner that the CAV-2 knob can mediate inhibition
of Ad5Lucl-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 Ad5Lucl-CK2.

Since CAV-2 has been shown to bind to CAR,'*?” 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 Ad5Lucl-mediated
gene transfer in U118-hCAR-tailless cells (a CAR-positive
U118 cell line variant that heterelogously expresses the
extracellular domain of human CAR?®) 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 Ad5Lucl-CK1 vector in comparison with Ad5-
Lucl, 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 Ad5Lucl (38%) was detected (Figure
4a). In contrast, 81% of the CAR-positive variant line
U118-hCAR-tailless cells were positive for Ad5Lucl
binding (Figure 4b). Importantly, our novel vector
Ad5Lucl-CK1 exhibited a remarkable 95% cell surface
binding in U118 MG (glioma) cells (Figure 4a) and cell
interaction comparable to that of Ad5Lucl 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 Ad5Lucl-CK1-mediated gene
transfer in the U118MG and U118-hCAR-tailless cell lines
(Figure 5). Ad5Lucl (containing the wild-type Ad5 fiber),
Ad5Lucl-CK2, and Ad5/3Lucl, (containing the Ad5
fiber shaft and the Ad3 knob) were used as controls.
Ad5Lucl 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, Ad5Lucl-CK1
gene delivery in U118 MG cells was about 100-fold
higher than that of Ad5Lucl while infection of the
CAR-positive variant cell line yielded a comparable level
of luciferase activity. Although the Ad5 fiber-knob
competitively inhibited Ad5Lucl-mediated gene transfer
in U118-hCAR-tailless (over 85% at 10 pg/ml), it had no
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Figure 2 Distinct binding of Ad5Luc1-CK1 and Ad5Luc1-CK2. Flow cytometry-binding assay of Ad5Luc1-CK1 and Ad5LucIl-CK2 on A549 cells in the
presence of purified CAV-1 fiber-knob protein and CAV-2 fiber—knob protein (50 ug/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) Ad5Lucl+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.

appreciable effect on Ad5/3Lucl, Ad5Lucl-CK1, and
Ad5Lucl-CK2 transduction (Figure 5). Thus, these data
suggest that CAV1 knob-mediated gene delivery is CAR
independent.

Ad3 receptor independence of CAV'1 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®* Transgene expression

mediated by Ad5/3Lucl decreased with increasing
concentrations of the Ad3 knob protein. In contrast, the
purified Ad3 knob exhibited no influence on transduc-
tion with Ad5Lucl-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 Ad5Lucl-CK1 transduction in a
variety of cancer cells, which are known to be deficient
in CAR. In all cases, the Ad5Lucl-CK1 vector achieved
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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.

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 Ad5Lucl-CK2, further indicating the
distinction between the tropism of the CAV-1 versus the
CAV-2 knob. More importantly the excellent perfor-
mance of Ad5Lucl-CK1 was also observed in primary
ovarian cancer tissue samples, in which CAR levels are
highly variable and often very low.> 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. Ad5Lucl1-CK1 demon-
strated increased gene transfer capability in ovarian
cancer tissue slices (four patients) from 6.2- to 11.4-fold
higher than Ad5Lucl (Figure 6c). Notably, the transduc-
tion capacity of Ad5Lucl-CK1 was superior overall
compared to our Ad5/3Lucl and Ad5Lucl-CK2, two
chimeric vectors, which themselves have already shown
remarkable infectivity enhancements in the same disease
context previously.'*#*® Of note, the Ad5Lucl-CK1 and
Ad5Lucl-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 Ad5Lucl-CK1 in the
most relevant context, the human liver, we infected
precision-cut human liver tissue slices of three donors
with Ad5Lucl or Ad5Lucl-CK1. These precision-cut

Gene Therapy

liver slices maintain the tissue architecture and contain
the variety of cells normally found in liver.?" As shown in
Figure 7 the luciferase activity in human liver tissue
slices infected with Ad5Lucl-CK1 was significantly less
than luciferase activity in human liver tissue slices
infected with Ad5Lucl (P <0.01).

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.’> 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 constructed'*'*** and
displayed a distinct tropism not exhibited by human



a U1l18MG

[:]
@
-
-
[=]
o
109 1 102 103
FITC

b U118-hCAR-tailless

50 " I\L

el

40
® 30
c
3
O 20

10 4

5

100 101 102 103
FITC

Figure 4 Ad5Lucl-CK1 CAR-independent cell binding. Flow cytometry-
binding assay of Ad5Lucl, Ad5Lucl-CK1 on CAR-deficient U118MG
(glioma) cells (a) and the CAR-positive variant, U118-hCAR-tailless cells
(b). Gray line=cells alone, solid line = cells+Ad5Luc1-CK1, dashed
line = cells+Ad5Lucl.

Ad5."® 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. 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
homology®*** and the reported differences in disease
manifestations between CAV-1 and CAV-2.'°¢%7 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,** 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-
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Figure 5 Ad5Luc1-CK1CAR-independent gene transfer. Luciferase activ-
ities following infection of UI118MG cells and U118-hCAR-tailless cells
with Ad5Lucl, Ad5/3Lucl, and Ad5Lucl-CK1 are presented. The
concentration of recombinant Ad5 fiber—knob protein used to block
infection is indicated in ug/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. *P <0.05 versus Ad5.

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.*” 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 vector®” as well as an Ad5
chimeric vector.™* 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.
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Figure 6 Enhanced gene transfer by Ad5Lucl-CK1 in cancer cells.
Luciferase activities following infection of ovarian cancer cell line
SKOV3.ipl (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 ug/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 Ad5Lucl.
*P <0.05 versus Ad5. Brackets represent *P <0.05 Ad5Luc1-CK1 versus
Ad5Luc1-CK2 (b).

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.'* 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
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Figure 7 Ad5Lucl-CK1 displays significant lower infectivity in human
liver tissue slices compared to Ad5Lucl. Human liver tissue slices from
liver samples of six donors were infected with Ad5Lucl 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. *P <0.05 versus Ad>.

chimeras to achieve greatly improved gene delivery.*
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, CD86%® and CD46.%°

Variable expression of CAR has been documented in
many cancer types, such as glioma, melanoma, breast
cancer, prostate cancer, and rhabdomyosarcoma.'>'%404!
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.* Over-
coming this deficiency, both Ad5Lucl-CK1 and Ad5-
Lucl-CK2'* show the ability to bind to and transduce
CAR-deficient human glioma cells. Importantly, the
transduction by Ad5Lucl-CK1 was augmented by 100-
fold versus Ad5Lucl and 75-fold versus Ad5Lucl-CK2 in
glioma cells and superior to Ad5Lucl and Ad5Lucl-CK2
in human ovarian cancer, osteosarcoma, and rhabdo-
myosarcoma cell lines. The significant difference of
transduction in the various cancer cell lines between
Ad5Lucl-CK1 and Ad5Lucl-CK2 also strongly supports
our finding that the CAV-1 knob has a distinct tropism
from the CAV-2 knob.

Both Ad5/3Luc1?*®° and Ad5Lucl-CK2'* (Ad3 recep-
tor independent) have been reported to exhibit increased
infectivity enhancement in ovarian cancer cell lines and
primary ovarian cancer cells.*>*° We endeavored to
compare the infectivity enhancement of our seemingly
CAR, Ad3 receptor, and CAV2 receptor-independent
novel chimeric vector with Ad5/3Lucl and Ad5Lucl-
CK2 in ovarian cancer targets. There is mounting
evidence that primary ovarian cancer express highly
variable and often low amounts of CAR.** 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



cancer tissue slices obtained by precision cut slice
technology, an in vitro model representing the architec-
tural features of in vivo tissue.*® In primary ovarian
cancer tissue slices, the infectivity enhancement by
Ad5Lucl-CK1 was greater than that of Ad5/3Lucl and
Ad5Lucl-CK2. Of note, the gene transfer by Ad5Lucl-
CK2 versus Ad5Lucl 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
Ad5Lucl-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
Ad5Lucl-CK1, since CAV-1 has been reported to rarely
cause hepatitis in dogs.> Importantly, our data showed
that liver transduction of Ad5Luc1-CK1 was significantly
lower compared to Ad5Lucl.

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 ] 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.?® 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 pg/ml).
Stably transfected U118MG-hCAR-tailless cells were
maintained in 400 pg/ml G418. Media and supplements
were purchased from Mediatech (Herndon, VA, USA).
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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 (<2 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 (<2 h).

Krumdieck tissue slicer

The Krumdieck tissue slicing system (Alabama Research
& Development**) was used in accordance with the
manufacturer’s instructions and previously published
techniques.*® 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 pm 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 2ml 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 37°C/5% CO, in a humified environment
under normal oxygen concentrations for 2h. A plate
rocker set at 60 r.p.m. was used to agitate the slices and to
ensure adequate oxygenation and viability.*>*¢

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 x 10° cells/ml) were incubated with 100 viral
particles of the respective vector, or buffer alone, for 1 h
at4°C in 250 pl 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 4°C in
250 ul of PBS-BSA. The cells were washed again three
times in 4 ml of cold PBS-BSA and incubated with 250 ul
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 4°C. 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 x 10° cells/ml in 100 pl) were
incubated with 100 ul PBS-BSA alone or buffer contain-
ing 50 pg/ml recombinant fiber-knob at 4°C 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.>* The following
primers were applied: (forward) 5-TATGGACTGGAC
CTGATCCAAACGTT-3' and (reverse) 5'-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 Smal and
EcoICRI restriction sites."’ The plasmid was linearized
by the enzymes Smal and EcoIlCRI 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 3’ end.
The chimeric fiber gene in pSHAFT was digested with
Ncol and Munl to liberate a 0.75kb DNA fragment
containing the carboxy terminus of the shaft and
the CAV-1 knob domain and then ligated into the
Ncol-Munl-digested shuttle vector PNEB.PK3.6" 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 Pacl-Kpnl-fragment of pNEB.PK.3.6-CK1. PVK700
was derived from pTG3602,* 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 El region.
Genomic clones were subjected to sequencing and PCR
analysis prior to transfection into 293 cells. Ad5Lucl is a
replication-defective El-deleted unmodified control
Ad5 vector containing a firefly luciferase reporter gene
also driven by the CMV promoter. Ad5Lucl-CK2,
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previously named as Ad5Lucl-CK,'* is a replication-
defective El-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 Mg**, Ca
>*, and 10% glycerol. Final virus aliquots were analyzed
for viral particle (vp) titer (absorbance at 260 nm) using a
conversion factor of 1 OD =10"> 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 1x10°% vp of Ad5Lucl,
Ad5Lucl-CK1, and wild-type CAV-1** (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 (94°C, 1 min),
annealing (54°C, 1min), and extension (72°C, 1 min).
The sequences of the various fiber—knob primer sets are
as follows: Ad5 (forward) 5'-AGTGCTCATCTTATTATA
AGA-3', Ad5 (reverse) 5'-CACCACCGCCCTATCCTG
AT-3'; CAV-1 (forward) 5'-TATGGACTGGACCTGATC
CAAACGTT-3' and (reverse) 5'-TTTATCATTGATTTTCC
CCCACATAGGTGAAGG-3'. 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.''*
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) 5-CAAACACGG
ATCCCCTCAAAACAAAA-3 and (reverse) 5-TTTAT
CATTGATTTTCCCCCACATAGGTGAAGG-3'. The for-
ward primer contains a two-basepair mutation (bold) to
create a 5'- 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-Smal-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
3-3'-diaminobenzene peroxidase substrate (DAB; Sigma
Company, USA).



Western blot analysis

Aliquots of the Ad vectors equal to 5 x 10° viral particles
were diluted into Laemmli buffer and incubated at room
temperature or 95°C 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 3-3'-diaminobenzene
peroxidase substrate for colorimetric development (DAB;
Sigma Company, St Louis, MO, USA).

Ad-mediated gene transfer experiments

To determine gene transfer efficiency, 2 x 10* cells were
seeded per well in a 24-well plate. The next day, the
respective cells were infected for 1 h at 37°C with each
vector at 100 vp/cell in 500 ul 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 pg/ml final concentrations were incubated with
the cells at 37°C 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 37°C in an atmosphere of 5% CO,. For
gene transfer assays of patient tissue slices, all viral
infections were performed with 500 vp/cell in 2% FCS
complete culture media.>" The cell number for the tissue
slices was estimated at 1 x10° cells/slice based on an
approximate 10 cell slice thickness (~250 pm) 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 values+s.d. Statistical
differences among groups were assessed with a two-
tailed Student’s t-test. P(*)<0.05 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 61 protein
to infect cells expressing sialic acid and junction adhesion molecule 1 (JAM1). We hypothesized that replacement of the Ad5 fiber
with o1 would result in an Ad5 vector with CAR-independent tropism. We therefore constructed a fiber mosaic Ad5 vector, des-
ignated as Ad5-cl, encoding two fibers: the ol and the wild-type AdS5 fiber. Functionally, Ad5-c1 utilized CAR, sialic acid, and
JAMLI 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 AdS and reovirus, that exhibits enhanced infectivity via

CAR-independent pathway(s).
© 2005 Elsevier Inc. All rights reserved.
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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-a-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
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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 AdS5 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 AdS 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 AdS
vectors that contained fibers of Ad5 and reovirus. In par-
ticular, the receptor-binding molecule of serotype 3
Dearing (T3D) reovirus, called the 61 protein, was incor-
porated into fiber mosaic Ad5 vectors together with the
wild-type AdS fiber. This fiber-like o1 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 ol 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, Ul 18MG-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% CO,. 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 ol chimeric fiber construct. A schematic of the o1
chimeric fiber structure is shown in Fig. 1A. To design the 1 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 o1, resulting in pGEM4ZT3DS1delBam-
Ad5tail. The AdStail and entire 61 sequence was PCR-amplified from
pGEMA4ZT3DS1delBamAdS5tail, using the primers 5-GCCATG
AAGCGCGCAAGACCGTCTGAA (sense), 5-TTTACTAGATGA
AATGCCCCAGTGCCGC (the first antisense for addition of stop
codon and polyadenylation signal), and 5'-GAAATCAATTGTTTAC
TAGATGAAATGCCC (the second antisense for addition of Munl
restriction site). The resultant PCR product of the o1 chimeric fiber
was cloned into pNEB.PK.3.6, resulting in pNEB.PK.3.6Ad5tail/c1.
The sequence of pNEB.PK.3.6Ad5tail/cl was confirmed by DNA
sequencing. This o1 chimeric fiber was designated as F5S1.

To design the expression vector for the o1 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 AdS 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 ol sequence and create the ol chimeric fiber (FSS1H). Coding
sequence of ol was amplified from plasmid pNEB.PK.3.6Ad5tail/c1
with the primers 5-CAGAACGTTGGGGATCCTCGCCTACG
TGAAGAAGTAGTAC and 5'-TCCTCTAGATCCGCCCGTGAAA
CTACGCGGGTACGAAAC. The PCR product was cloned into
Acll/Xbal sites of FF in plasmid pZpTG 5FF3 [13]. We replaced the
fibritin sequence with ol coding sequence in-frame with a carboxy-
terminally encoded 6-histidine (6-His) stretch, resulting in F5SS1H. The
resulting plasmid was designated as pZpTG5F/S1.6H. An Agel/Agel
fragment of this plasmid was cloned into the Agel site of
pNEB.PK.FSP [5] to obtain a shuttle plasmid, designated as
pNEB.PK.FSPF5S1/F5, which contains tandem fiber genes: the ol
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 AdS5 genomes con-
taining the tandem fiber genes were derived by homologous recom-
bination in Escherichia coli BJ5183 with Swal-linearized rescue
plasmid pVK700 and the tandem fiber-containing Pacl and Kpnl-
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 AdS5-cl. 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 Taqg PCR Core Kit (Qiagen, Valencia, CA). The
sequences of the primers were as follows: Ad5tail-sense 5'-ATGAAGC
GCGCAAGACCGTCTGAAGAT; AdSknob-antisense 5'-TTATTCT
TGGGCAATGTATGAAAAAGT:; and clhead-antisense 5'-ATTCT
TGCGTGAAACTACGCGG.

Protein electrophoresis and Western blotting. To detect the incorpo-
ration of fibers in virus particles, Ad vectors equal to 5.0 x 10° v.p. were
resolved by SDS-PAGE and Western blotting as described previously
[13].

To detect trimerization of the ol 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 JAMI
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 o1 was produced as de-
scribed in Chandran et al. [17]. AdS5 fiber knob domain recombinant
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Fig. 1. Schema of fiber mosaic Ad5 genomes. (A) Key components of the ol chimeric fiber. In the o1 chimeric fiber, the tail of AdS fiber is fused to
the reovirus fiber protein ol (designated as F5S1). A six-histidine (6-His) tag is fused to the carboxy-terminus of the o1 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. Ad5Lucl is a control virus that carries the wild-type AdS fiber. Ad5-c1 is a fiber mosaic vector that carries the ol
chimeric fiber with a carboxy-terminal 6-His tag (F5S1H) as well as the wild-type AdS fiber.

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 AdS fiber knob proteins
or anti-JAMI1 polyclonal antibody (c-15, Santa Cruz Biotechnology,
Santa Cruz, CA) was incubated with 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 o1 blocking experiments, anti-T3D o1
antibody (9BGS, 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 pg/ml of the anti-human CAR monoclonal antibody RmcB
(hybridoma was purchased from ATCC) or normal mouse IgGlk
(Sigma—Aldrich) for 1h 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 pg/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 chimeric fiber ( F5S1 ) containing reovirus ol

To create a functional chimeric fiber structurally com-
patible with Ad5 capsid incorporation, we designed the



208 Y. Tsuruta et al. | Biochemical and Biophysical Research Communications 335 (2005) 205-214

o1 chimeric fiber to comprise the amino-terminal tail seg-
ment of the Ad5 fiber sequence genetically fused to the en-
tire T3D ol protein, with (F5S1H) or without (F5S1) a
carboxy-terminal 6-His tag as a detection marker
(Fig. 1A).

Prior to AdS5 vector design, we evaluated the trimer-
ization capacity of the ol 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 ol chimeric fiber, and an anti-T3D o1 polyclonal
antibody (a gift from Dr. Max L. Nibert, Harvard Med-
ical School, Boston, MA) that recognizes c1. 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 o1 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 o1 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 AdS5 fiber and chimeric fibers in the L5 region

Ab AdS tail (4D2)

(kD) u b u b

1829 — h; H

80.9 —
63.8 —

495 —

1 2 3 4

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 of AdS fiber. The samples in lanes
2 and 4 were heat denatured (b), which resulted in dissociation of trimeric
proteins to monomers, while lanes 1 and 3 contain proteinsin their native
trimeric configuration (unboiled (u)).

of the AdS genome. We employed a tandem-fiber cas-
sette wherein the F5S1H ol 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 El-
deleted recombinant Ad genomes (Ad5-cl) containing
the wild-type AdS5 fiber, the ol 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-cl vector at concentrations
ranging from 1.1 X 10" v.p./ml to 5.31 x 10'? v.p./ml,
depending on the individual preparation. These concen-
trations compared favorably with that of Ad5Lucl at
3.74 x 10" v.p./ml. In addition, the v.p./plaque-forming
unit (PFU) ratios determined for Ad5-c1 and Ad5Lucl
were 22 and 13.3, respectively, indicating excellent virion
integrity for both species. Of note, the control vector
used throughout this study, Ad5Lucl, is isogenic to
Ad5-o1 in all respects except for the fiber locus.

Definition of fiber gene configurations for fiber mosaic
Ad

We confirmed the fiber genotype of Ad5Lucl and
Ad5-c1 via diagnostic PCR, using Ad5 fiber or the ol
chimeric fiber primer pairs and genomes from purified
virions as PCR templates (Fig. 3A). To confirm that
Ad5-c1 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 Ad5Lucl and Ad5-cl 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 o1 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 ol 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 o1 antibody (Fig. 3D). Using the
anti-Penta His antibody, we observed the fiber bands
corresponding to both trimeric and monomeric 1 chi-
meric fiber proteins (Fig. 3C, lanes 2 and 3). The trimer-
ic band of the o1 chimeric fiber was also detected with
the anti-T3D o1 antibody (Fig. 3D, lane 3), however,
the monomeric band of the ol chimeric fiber protein
was faint because of relatively weak binding affinity of
the anti-T3D o1 antibody (Fig. 3D, lanes 2 and 4).
These results confirm that the trimeric FSS1H o1 chime-
ric fiber was incorporated into Ad5-c1 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 o1 chimeric fiber primers. pVKAdS-c1 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 x 10° v.p. per lane of Ad5Lucl with the wild-type Ad5
fiber (lanes 1 and 2) or AdS5-c1 with dual fibers (lanes 3 and 4) were resuspended in Laemmli buffer prior to SDS-PAGE and electrotransfer and
detected with the 4D2 anti-AdS 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 x 10° v.p. per lane of Ad5-c1 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-c1 virions; and lane 3, boiled Ad5-c1
virions. The arrow indicates the position of the trimeric o1 chimeric fiber protein. (D) A total of 5.0 x 10° v.p. per lane of Ad5-c1 with dual fibers
(lanes 3 and 4) were probed with an anti-T3D &1 antibody. Lanes 1 and 2, recombinant o1 protein. The samples in lanes 2 and 4 were boiled, while
lanes 1 and 3 contain proteins in their native trimeric configuration (unboiled).

Ad5-al vector exhibits native Ad5 tropism

Our hypothesis was that the inclusion of the ol 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-cl
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]. Ad5Lucl was used as a positive control for CAR
binding. As shown in Fig. 4A, AdS5Lucl 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-c1 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 UL18MG cells (Fig. 4A).

Incubation of Ul18MG-hCAR-tailless cells with recom-
binant Ad5 knob protein at 50 pg/ml prior to infection
efficiently inhibited over 70% of Ad5Lucl and Ad5-cl
luciferase activity (Fig. 4B). These data indicate that
Ad5-ol retains CAR-based tropism, confirming the
functionality of the wild-type fiber in our fiber mosaic
AdS.

Ad5-al vector exhibits sialic acid- and JAMI-dependent
tropism

To confirm that Ad5-c1 exploits the non-CAR recep-
tor sialic acid and JAMI1 by virtue of the chimeric fiber,
we further characterized Ad5-c1 tropism by performing
competitive blocking experiments using 9BGS, a c1-spe-
cific monoclonal antibody that recognizes the T3D ol
head domain and blocks cl/JAMI interaction [18].
Pre-incubation of Ad5-c1 with 9BGS prior to infection
blocks over 50% of Ad5-cl 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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Fig. 4. Evaluation of the efficacy and receptor specificity of Ad5-oc1 mediated gene transfer. (A) Ad5-c1 infection of a pair of tumor cell lines that
vary only in their CAR expression. Ul118MG is a parental CAR-deficient human glioma cell line, whereas U118MG-hCAR -tailless stably expresses
the extracellular domain of human CAR. Cells were infected with Ad5Lucl (gray bar) and Ad5-c1 (black bar) at 10 v.p./cell. Luciferase activity was
measured 24 h post-infection and is expressed as relative light units (RLU). (B) Recombinant AdS fiber knob protein blocks Ad5-c1 and AdSLucl
gene transfer. U118MG-hCAR-tailless cells were incubated with 100 v.p./cell of Ad5-c1 or Ad5Lucl with or without recombinant Ad5 fiber knob
protein at the indicated concentrations. Luciferase activity was determined 24 h post-infection. All luciferase values were normalized against the
activity of controls receiving no knob valued at 100%. (C) o1 antibody blocks Ad5-c1 gene transfer. ol antibody was incubated with Ad5-c1 or
Ad5Lucl at 100 v.p./cell for 1 h prior to the infection to 1929 cells. Luciferase activity was determined 24 h post-infection. (D) An anti-JAM1
antibody blocks Ad5-c1 infection. 1L929 cells were incubated with 100 v.p./cell of Ad5-c1 or Ad5Lucl with or without anti-JAM1 antibody (JAM1
Ab) at the indicated concentrations. Luciferase activity was determined 24 h post-infection. (E) Analysis of AdS-c1 receptor usage in Hey cells. C.
perfringens neuraminidase (NM), an anti-JAM1 antibody (JAM1 Ab), and recombinant Ad5 fiber knob protein (Ad5 knob) were employed to block
Ad5-c1 infection. Hey cells were either untreated or treated with 333 milliunits/ml neuraminidase, 100 pg/ml anti-JAMI1 antibody, 50 pg/ml
recombinant Ad5 fiber knob protein, both neuraminidase and an anti-JAM1 antibody or combined reagents with neuraminidase, anti-JAMI
antibody, and recombinant Ad5 fiber knob protein. Cells were incubated with Ad5-c1 or Ad5Lucl at 100 v.p./cell 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%. Each data
point is an average of four replicates. The error bars indicate standard deviation.
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Table 1

Ad5-o1 luciferase gene expression and co-receptor expression in various cell lines
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Cell line JAM1* Sialic acid® CAR® CAR reference Activity vs. Ad5Lucl®
Fold increase in luciferase

L929 P P L/N Flow cytometry data 453
OvV-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
ULlISMG 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

# P, highly JAM1-positive; L/N, little or none. As determined by Western blot analysis.
° P, highly sialic acid-positive; N, none. As determined by flow cytometric analysis.

¢ P, highly CAR-positive; M, moderate; L/N, little or none.

4 Multiplicity of infection ranged from 10 to 1000 v.p./cell. Luciferase activity was measured at 24 h post-infection.

The o1 protein has been reported to utilize the co-re-
ceptors JAM1 and sialic acid [8,9]. It has been shown that
the 61 knob-like head domain binds to JAM 1 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-c1 or anti-JAM 1 monoclonal antibodies,
a4-fold decrease in sialicacid-independent o1 binding has
been reported [9]. To further explore the role of JAMI in
Ad5-o1 infection, we performed competitive blocking
experiments using an anti-JAM1 antibody. We used the
JAMI1-positive L929 cell line for these studies. Exposure
of 1.929 cells to 100 pg/ml anti-JAM1 antibody resulted
in approximately 30% inhibition of AdS5-cl transgene
expression (Fig. 4D). To further clarify Ad5-c1 tropism,
we performed neuraminidase treatment to remove cell-
surface sialic acid and competitive blocking experiments
using an anti-JAM]1 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-cl was inhibited 29%
by neuraminidase, 42% by an anti-JAMI1 antibody, and
50% by combined treatment with neuraminidase and an
anti-JAM1 antibody (Fig. 4E). Combined treatment with
neuraminidase, an anti-JAMI antibody, and AdS 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 the Ad5-c1 vector utilizes sial-
ic acid and the JAM 1-binding domain of the ol chimeric
fiber (F5S1H) for cell transduction.

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

To demonstrate the contribution of the o1 chimeric
fiber to Ad tropism expansion, we evaluated Ad5-cl

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-cl provided the maxi-
mum increase in gene transfer (45-fold) relative to Ad5-
Lucl in 1929 cells, which express o1 receptors sialic acid
and JAMI, but no detectable CAR (Table 1, Fig. 5A).
In other sialic acid/JAM1-positive and low-CAR cancer
cell lines, Ad5-cl 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-c1 pro-
vided more than 6-fold higher luciferase activity relative
to Ad5Lucl in RD and U118MG cells (Table 1,
Fig. 5A). Thus, we found that the presence of sialic acid
and/or JAMI co-receptors in cell lines contributed to
the Ad5-o1 infection via the usage of the ol chimeric fi-
ber. To further demonstrate the o1 chimeric fiber contri-
bution to Ad5-c1 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-c1 provided a 6.8-fold augmentation
in luciferase activity versus AdSLucl, while infectivity
enhancement of Ad5-cl on sialic acid-negative Lec2
cells was negligible, suggesting that Ad5-c1 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-c1 infectivity
of patient tissue, we analyzed Ad5-c1 transduction of
primary human ovarian carcinoma cells. Importantly,
Ad5-o1 increased gene transfer to three unpassaged pri-
mary ovarian cancer patient samples from 3.9- to 13.5-
fold versus Ad5Lucl (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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Fig. 5. Infectivity profiles of Ad5-cl. (A,B) Representative cell lines.
(A) Mouse fibroblast cells (L929), ovarian cancer cells (ES-2), human
glioma cells (U118MG), and human embryonic rhabdomyosarcoma
cells (RD), and (B) sialic acid-positive CHO and sialic acid-negative
CHO derivative Lec2 cells were infected with Ad5Lucl (gray bar) and
Ad5-c1 (black bar) at 1, 10, 100, and 1000 v.p./cell. Luciferase activity
was measured 24 h post-infection and is expressed as relative light
units (RLU). Each bar represents the mean of three experiments. The
error bars indicate standard deviation. (C) Unpassaged primary
ovarian cancer cells purified from patient ascites were infected with
Ad5Lucl (gray bar) and Ad5-c1 (black bar) at 10 v.p./cell. Luciferase
activity was measured 24 h post-infection and is expressed as RLU/mg
protein. Each bar represents the mean of four experiments. The error
bars indicate standard deviation.

results show that in low-CAR cells, Ad5-cl 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
AdS5 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 (o) protein to the AdS5 capsid. We selected the
spike from reovirus T3D due to its ability to infect
numerous tumor cell types that express either JAMI
or sialic acid [23,24].

The main technical feasibility for this new vector is
the structural similarity between Ad fiber and the reovi-
rus ol 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 ol
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 ol
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 JAMI1 [9].

In designing a o1 chimeric fiber, we considered the Ad5
tail portion to be indispensable for incorporation of a o1
chimeric fiber into the AdS penton base. We therefore de-
signed our o1 chimeric fiber to contain the Ad5 tail and
reovirus 61. The entire ol 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 o1 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 1/
JAM1 interaction(s). Indeed, it is unlikely that the 6-His
tag interferes significantly with the c1/JAMI interaction
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since the contribution of JAMI1 to the tropism of our
mosaic virus was sufficient to result in a 42% decrease in
luciferase activity in the presence of an anti-JAMI1 anti-
body (Fig. 5E). Further, we expect that the sialic acid-
binding domain localized to the o1 tail domain would
remain unaffected by the C-terminal tag [8,27].

We confirmed the trimerization of the F5S1 ol chi-
meric fiber and constructed an Ad5 genome encoding
a tandem fiber cassette, resulting in an Ad5 vector
expressing both the AdS fiber and a ol 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-cl
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-ol 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, JAMI, 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 o1 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-c1 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-cl
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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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 in diverse cancer cells, without causing any harmful 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 that mda-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 with mda-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

© 2006 WILEY-LISS, INC.

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 (Barneset al., 1997; Robertson et al.,
1998; Alvarez et al., 2000; Casado et al., 2001) and
human clinical trials (Alvarez and Curiel, 1997; Collinet
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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-T7/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/IT 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 of PEG-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.
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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.ipl (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.ipl, 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% COy at 37°C.
Infections of all cells utilized respective infection medium
which contained 2% FBS. Cells were irradiated with 2 Gy of IR
using a 37Cs y-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-7/1L.-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 x 10%/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 37°C. 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 with Ad.CMV.Luc and Ad.PEG.Luc at a moi
of 100 pfu/cell in 200 pl 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 x 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 37°C 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 x 105) were
resuspended in 1x 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 50 pug 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 pug 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 ot-32P[dCTP]-labeled, full-length
human mda-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 ¢-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.ipl, 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.
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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
reporter genewasunder the control ofthe PEG-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 the PEG-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., 2005Db).
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 control PEG-
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-T7 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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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

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
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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-1o proteins were
evaluated by Western blot analysis.

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-T7 decreased cell viability in all the ovarian
cancer cells, the effect, although significant, was
marginal, except for SKOV3 cells, which displayed a
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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

EMDAD ET AL.

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 by mda-7/
IL-24 in ovarian cancer cells.

Combination of y-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
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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
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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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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 uM SB203580. Cell viability was assessed by MTT assay at 4 d
post-infection. Results are the average from at least three experiments
+SD.

glioblastoma multiforme (Kawabe et al., 2002; Su et al.,
2003; Yacoub et al., 2003a,b,c). These studies prompted
us to test the effect of y-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 SKOVS3 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 of mda-7/IL-24 and IR might be a useful
and efficacious approach for treating ovarian cancer
patients.
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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-T7 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.

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
of mda-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
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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-T7 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->?P[dCTP]-labeled, full-length human mda-7/IL-
24 ¢DNA 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.

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 in mda-7/1L-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 y-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 y-radiation treatment helps over-
come the translational block delimiting MDA-7/11.-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
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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
aplasmid 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 that mda-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-T 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-7/1L-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,
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especially to those cells that were most resistant
(SKOV3.ipl, 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-x1, 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
mAD 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.

ACKNOWLEDGMENTS

The present studies were supported in part by NIH
grants R01 CA083821, R01 CA097318, R01 CA098712,
P01 CA104177, UAB ovarian SPORE career develop-
ment award NIH/NCIP50 CA83591, and Gynecology
Foundation pilot Award; Army DOD Idea Development
Award W81XWH-05-1-0035; the Samuel Waxman
Cancer Research Foundation; and the Chernow Endow-
ment. PBF is a Michael and Stella Chernow Urological
Cancer Research Scientist and a SWCRF Investigator.

Journal of Cellular Physiology DOI 10.1002/jcp

305
LITERATURE CITED

Alvarez RD, Curiel DT. 1997. A phase I study of recombinant adenovirus vector-
mediated delivery of an anti-erbB-2 single-chain (sFv) antibody gene for
previously treated ovarian and extraovarian cancer patients. Hum Gene Ther
8:229-242.

Alvarez RD, Gomez-Navarro J, Wang M, Barnes MN, Strong TV, Arani RB,
Arafat W, Hughes JV, Siegal GP, Curiel DT. 2000. Adenoviral-mediated suicide
gene therapy for ovarian cancer. Mol Ther 2:524-530.

Barnes MN, Deshane JS, Rosenfeld M, Siegal GP, Curiel DT, Alvarez RD.
1997. Gene therapy and ovarian cancer: A review. Obstet Gynecol 89:145—
155.

Casado E, Gomez-Navarro J, Yamamoto M, Adachi Y, Coolidge CJ, Arafat WO,
Barker SD, Wang MH, Mahasreshti PJ, Hemminki A, Gonzalez-Baron M,
Barnes MN, Pustilnik TB, Siegal GP, Alvarez RD, Curiel DT. 2001. Strategies
to accomplish targeted expression of transgenes in ovarian cancer for molecular
therapeutic applications. Clin Cancer Res 7:2496-2504.

Christian J, Thomas H. 2001. Ovarian cancer chemotherapy. Cancer Treat Rev
27:99-109.

Collinet P, Lanvin D, Vereecque R, Quesnel B, Querleu D. 2000. (Gene therapy
and ovarian cancer: Update of clinical trials). J Gynecol Obstet Biol Reprod
(Paris) 29:532—537.

Cunningham CC, Chada S, Merritt JA, Tong A, Senzer N, Zhang Y, Mhashilkar
A, Parker K, Vukelja S, Richards D, Hood J, Coffee K, Nemunaitis J. 2005.
Clinical and local biological effects of an intratumoral injection of mda-7 (IL24;
INGN 241) in patients with advanced carcinoma: A phase I study. Mol Ther 11:
149-159.

Fisher PB. 2005. Is mda-7/IL-24 a “magic bullet” for cancer? Cancer Res
65:10128—10138.

Fisher PB, Gopalkrishnan RV, Chada S, Ramesh R, Grimm EA, Rosenfeld MR,
Curiel DT, Dent P. 2003. mda-7/IL-24, a novel cancer selective apoptosis
inducing cytokine gene: From the laboratory into the clinic. Cancer Biol Ther 2:
S23-837.

Gomez-Navarro J, Siegal GP, Alvarez RD, Curiel DT. 1998. Gene therapy:
Ovarian carcinoma as the paradigm. Am J Clin Pathol 109:444-467.

Gopalan B, Litvak A, Sharma S, Mhashilkar AM, Chada S, Ramesh R. 2005.
Activation of the Fas-FasL signaling pathway by MDA-7/IL-24 kills human
ovarian cancer cells. Cancer Res 65:3017—-3024.

Gupta P, Su ZZ, Lebedeva IV, Sarkar D, Sauane M, Emdad L, Bachelor MA,
Grant S, Curiel DT, Dent P, Fisher PB. 2006. mda-7/IL-24: Multifunctional
cancer-specific apoptosis-inducing cytokine. Pharmacol Ther 2006 Feb 3,
[Epub ahead of print].

Jemal A, Tiwari RC, Murray T, Ghafoor A, Samuels A, Ward E, Feuer EJ, Thun
M. 2004. Cancer statistics, 2004. CA Cancer J Clin 54:8—-29.

Kawabe S, Nishikawa T, Munshi A, Roth JA, Chada S, Meyn RE. 2002.
Adenovirus-mediated mda-7 gene expression radiosensitizes non-small cell
lung cancer cells via TP53-independent mechanisms. Mol Ther 6:637—644.

Leath CAIIIL, Kataram M, Bhagavatula P, Gopalkrishnan RV, Dent P, Fisher PB,
Pereboev A, Carey D, Lebedeva IV, Haisma HJ, Alvarez RD, Curiel DT,
Mahasreshti PJ. 2004. Infectivity enhanced adenoviral-mediated mda-7/IL-24
gene therapy for ovarian carcinoma. Gynecol Oncol 94:352—362.

Lebedeva IV, Sauane M, Gopalkrishnan RV, Sarkar D, Su ZZ, Gupta P,
Nemunaitis J, Cunningham C, Yacoub A, Dent P, Fisher PB. 2005a. mda-7/
1L-24: Exploiting cancer’s Achilles’ heel. Mol Ther 11:4-18.

Lebedeva IV, Su ZZ, Sarkar D, Gopalkrishnan RV, Waxman S, Yacoub A, Dent P,
Fisher PB. 2005b. Induction of reactive oxygen species renders mutant and
wild-type K-ras pancreatic carcinoma cells susceptible to Ad.mda-7-induced
apoptosis. Oncogene 24:585—596.

Lebedeva IV, Sarkar D, Su ZZ, Gopalkrishnan RV, Athar M, Randolph A, Valerie
K, Dent P, Fisher PB. 2006. Molecular target-based therapy of pancreatic
cancer. Cancer Res 66:2403-2413.

McKenzie T, Liu Y, Fanale M, Swisher SG, Chada S, Hunt KK. 2004.
Combination therapy of Ad-mda7 and trastuzumab increases cell death in
Her-2/neu-overexpressing breast cancer cells. Surgery 136:437—442.

Oida Y, Gopalan B, Miyahara R, Inoue S, Branch CD, Mhashilkar AM, Lin E,
Bekele BN, Roth JA, Chada S, Ramesh R. 2005. Sulindac enhances adenoviral
vector expressing mda-7/IL-24-mediated apoptosis in human lung cancer. Mol
Cancer Ther 4:291-304.

Pataer A, Vorburger SA, Barber GN, Chada S, Mhashilkar AM, Zou-Yang H,
Stewart AL, Balachandran S, Roth JA, Hunt KK, Swisher SG. 2002.
Adenoviral transfer of the melanoma differentiation-associated gene 7
(mda7) induces apoptosis of lung cancer cells via up-regulation of the double-
stranded RNA-dependent protein kinase (PKR). Cancer Res 62:2239-2243.

Robertson MW III, Barnes MN, Rancourt C, Wang M, Grim J, Alvarez RD, Siegal
GP, Curiel DT. 1998. Gene therapy for ovarian carcinoma. Semin Oncol 25:
397-406.

Saeki T, Mhashilkar A, Swanson X, Zou-Yang XH, Sieger K, Kawabe S, Branch
CD, Zumstein L, Meyn RE, Roth JA, Chada S, Ramesh R. 2002. Inhibition of
human lung cancer growth following adenovirus-mediated mda-7 gene
expression in vivo. Oncogene 21:4558—4566.

Sarkar D, Su ZZ, Lebedeva IV, Sauane M, Gopalkrishnan RV, Valerie K, Dent P,
Fisher PB. 2002. mda-7 (IL-24) mediates selective apoptosis in human
melanoma cells by inducing the coordinated overexpression of the GADD
family of genes by means of p38 MAPK. Proc Natl Acad Sci USA 99:10054—
10059.

Sarkar D, Su ZZ, Vozhilla N, Park ES, Gupta P, Fisher PB. 2005a. Dual cancer-
specific targeting strategy cures primary and distant breast carcinomas in
nude mice. Proc Natl Acad Sci USA 102:14034—-14039.

Sarkar D, Su ZZ, Vozhilla N, Park ES, Randolph A, Valerie K, Fisher PB. 2005b.
Targeted virus replication plus immunotherapy eradicates primary and distant
pancreatic tumors in nude mice. Cancer Res 65:9056—9063.

Sauane M, Gopalkrishnan RV, Choo HT, Gupta P, Lebedeva IV, Yacoub A, Dent
P, Fisher PB. 2004. Mechanistic aspects of mda-7/IL-24 cancer cell selectivity
analysed via a bacterial fusion protein. Oncogene 23:7679—7690.

Su ZZ, Shi Y, Fisher PB. 1997. Subtraction hybridization identifies a
transformation progression-associated gene PEG-3 with sequence homology
to a growth arrest and DNA damage-inducible gene. Proc Natl Acad Sci USA
94:9125-9130.



306

Su ZZ, Goldstein NI, Jiang H, Wang MN, Duigou GdJ, Young CS, Fisher PB. 1999.
PEG-3, a nontransforming cancer progression gene, is a positive regulator of
cancer aggressiveness and angiogenesis. Proc Natl Acad Sci USA 96:15115—
15120.

Su ZZ, Shi Y, Fisher PB. 2000. Cooperation between AP1 and PEAS sites within
the progression elevated gene-3 (PEG-3) promoter regulate basal and
differential expression of PEG-3 during progression of the oncogenic phenotype
in transformed rat embryo cells. Oncogene 19:3411-3421.

Su ZZ, Lebedeva IV, Gopalkrishnan RV, Goldstein NI, Stein CA, Reed JC, Dent P,
Fisher PB. 2001la. A combinatorial approach for selectively inducing pro-
grammed cell death in human pancreatic cancer cells. Proc Natl Acad Sci USA
98:10332—-10337.

Su ZZ, ShiY, Friedman R, Qiao L, McKinstry R, Hinman D, Dent P, Fisher PB.
2001b. PEAS sites within the progression elevated gene-3 (PEG-3) promoter
and mitogen-activated protein kinase contribute to differential PEG-3 expres-
sion in Ha-ras and v-rafoncogene transformed rat embryo cells. Nucleic Acids
Res 29:1661-1671.

Su ZZ, Lebedeva IV, Sarkar D, Gopalkrishnan RV, Sauane M, Sigmon C, Yacoub
A, Valerie K, Dent P, Fisher PB. 2003. Melanoma differentiation associated
gene-7, mda-7/IL-24, selectively induces growth suppression, apoptosis and
radiosensitization in malignant gliomas in a p53-independent manner.
Oncogene 22:1164—1180.

Su ZZ, Emdad L, Sauane M, Lebedeva IV, Sarkar D, Gupta P, James CD,
Randolph A, Valerie K, Walter MR, Dent P, Fisher PB. 2005a. Unique aspects
of mda-7/IL-24 antitumor bystander activity: Establishing a role for secretion
of MDA-7/IL-24 protein by normal cells. Oncogene 24:7552—7566.

Su ZZ, Sarkar D, Emdad L, Duigou GdJ, Young CS, Ware J, Randolph A, Valerie
K, Fisher PB. 2005b. Targeting gene expression selectively in cancer cells by
using the progression-elevated gene-3 promoter. Proc Natl Acad Sci USA 102:
1059-1064.

Su ZZ, Lebedeva IV, Sarkar D, Emdad L, Gupta P, Kitada S, Dent P, Reed JC,
Fisher PB. 2006. Ionizing radiation enhances therapeutic activity of mda-7/1L-

Journal of Cellular Physiology DOI 10.1002/jcp

EMDAD ET AL.

24: Overcoming radiation- and mda-7/IL-24-resistance in prostate cancer cells
overexpressing the antiapoptotic proteins becl-xL or bcl-2. Oncogene 25:2339—
2348.

Tanyi JL, Lapushin R, Eder A, Auersperg N, Tabassam FH, Roth JA, Gu J, Fang
B, Mills GB, Wolf J. 2002. Identification of tissue- and cancer-selective
promoters for the introduction of genes into human ovarian cancer cells.
Gynecol Oncol 85:451-458.

Tong AW, Nemunaitis J, Su D, Zhang Y, Cunningham C, Senzer N, Netto G, Rich
D, Mhashilkar A, Parker K, Coffee K, Ramesh R, Ekmekcioglu S, Grimm EA,
van Wart Hood J, Merritt J, Chada S. 2005. Intratumoral injection of INGN
241, a nonreplicating adenovector expressing the melanoma-differentiation
associated gene-7 (mda-7/IL24): Biologic outcome in advanced cancer patients.
Mol Ther 11:160—172.

Wolf JK, Jenkins AD . 2002. Gene therapy for ovarian cancer (review). Int J Oncol
21:461-468.

Yacoub A, Mitchell C, Brannon J, Rosenberg E, Qiao L, McKinstry R, Linehan
WM, Su ZS, Sarkar D, Lebedeva IV, Valerie K, Gopalkrishnan RV,
Grant S, Fisher PB, Dent P. 2003a. MDA-7 (interleukin-24) inhibits the
proliferation of renal carcinoma cells and interacts with free radicals to
promote cell death and loss of reproductive capacity. Mol Cancer Ther 2:623—
632.

Yacoub A, Mitchell C, Lebedeva IV, Sarkar D, Su ZZ, McKinstry R,
Gopalkrishnan RV, Grant S, Fisher PB, Dent P. 2003b. mda-7 (IL-24) inhibits
growth and enhances radiosensitivity of glioma cells in vitro via JNK signaling.
Cancer Biol Ther 2:347-353.

Yacoub A, Mitchell C, Lister A, Lebedeva IV, Sarkar D, Su ZZ, Sigmon C,
McKinstry R, Ramakrishnan V, Qiao L, Broaddus WC, Gopalkrishnan RV,
Grant S, Fisher PB, Dent P. 2003c. Melanoma differentiation-associated 7
(interleukin 24) inhibits growth and enhances radiosensitivity of glioma cells
in vitro and in vivo. Clin Cancer Res 9:3272-3281.

Zeimet AG, Marth C. 2003. Why did p53 gene therapy fail in ovarian cancer?
Lancet Oncol 4:415-422.



Covalently Linked Au Nanoparticles to a
Viral Vector: Potential for Combined

NANO
LETTERS

2006
Vol. 6, No. 4
587—-591

Photothermal and Gene Cancer Therapy

Maaike Everts, T Vaibhav Saini, ™+ Jennifer L. Leddon, T Robbert J. Kok, §

Mariam Stoff-Khalili, * Meredith A. Preuss, T C. Leigh Millican,

I Guy Perkins,

Joshua M. Brown, “ Hitesh Bagaria, # David E. Nikles, # Duane T. Johnson, *

Vladimir P. Zharov, * and David T. Curiel* -t

Division of Human Gene Therapy, Departments of Medicine, Surgery, Pathology and
the Gene Therapy Center, High-Resolution Imaging Facility, and Department of
Physiology and Biophysics, Urrsity of Alabama at Birmingham, Birmingham,
Alabama 35294, Department of Pharmacokinetics and Drug:egfi University

Center for Pharmacy, Groningen Umrsity Institute for Drug Exploration (GUIDE),
9713 AV Groningen, The Netherlands, National Center for Microscopy and Imaging
Research, Center for Research on Biological Structure School of Medicineerdity

of California, San Diego, California 92093, Center for Materials for Information
Technology (MINT), Uniersity of Alabama, Tuscaloosa, Alabama 35487, and Philips
Classic Laser Laboratories, Unérsity of Arkansas for Medical Sciences,

Little Rock, Arkansas 72205

Received January 11, 2005; Revised Manuscript Received February 11, 2006

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 susceptibility of tumors to heat makes hyperthermia a feasible
parameters of tumor versus normal cells. The increasedtreatment optiod. A variety of heat sources have been
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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. Selectivity of heat induction is based on
enhanced permeability of the tumor vasculature and subse-
guent retention of the intravenously administered nanopar-
ticles, which can be heated using deep penetrating near-
infrared (NIR) laser light. However, enhanced permeability
and retention pathophysiology do not occur in all tumors,
mandating alternative methods of targeted nanopatrticle 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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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

f
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residues present in the adenoviral capsid, resulting in an amide bond 1 9 17 25 1 9 17 2
between the gold particle and the adenovirus. There are over 10 000 g 1*5 2{1 ,_fé : 1‘5 2‘4 ;a

lysines in the proteins that make up the capsid, although not all of +control +control
these will be accessible for chemical reaction.

Figure 2. Slotblot analysis demonstrating the presence of aden-
to establish the feasibility of covalently coupling gold ovirus and gold in fractions collected after virus CsCI purification.

. . . Gold nanoparticles were first reacted with adenoviral vectors in a
nanOpartICIeS to adenowra.l Ve.CtorS' as a _m_eans to aChIe_VG:LOOO:l ratio. The reaction mixture was then purified using
the desired targeted localization. We anticipated that this centrifugation over a CsCl gradient, a standard method of viral
linkage could be achieved without compromising key ad- vector purification. After the bottom of the centrifugation tube was
enoviral infectivity properties that constitute the functional punctured, 28 fractions were collected and analyzed for the presence
basis of its tumor-targeting capabilities. This combination Orf adenovirus ?S'r‘lg staining folr the hexo_rll Caps'ﬁ protein (A) and

; ; e : the presence of gold nanoparticles using silver enhancement staining
of a targeted viral vector W'th, an amplifying nanoparticle (B). The original reaction mixture prior to purification was used
payload thus seeks to exploit favorable aspects of eachag g positive controHcontrol).

component to realize an optimized anticancer effect. This
type of combinatorial system represents a novel paradigmprocedure, indicating an increased density of the viral
for the design of tumor-targeted nanoparticles. particles upon gold labeling (Table 1, Figure 3). To exclude
Association of Gold Particles with Adenoviral Vectors. aspecific, noncovalent interaction of gold nanoparticles with
The sulfo-NHS-ester on the gold nanoparticles employed hasthe viral vectors, a synthesis procedure employing gold
reactivity toward primary amines that are abundantly presentnanoparticles labeled with a nickel-nitrilotriacetic acid
on the adenoviral capsid lysine residues (Figure 1). (Ni—NTA) instead of a sulfo-NHS reactive group was
For the initial characterization of the feasibility of coupling performed. In this reaction, the shift in vector band localiza-
gold nanoparticles to adenoviral vectors, a ratio of 1000:1 tion could not be observed (Table 1, Figure 3), confirming
gold:adenovirus (particle:particle) was employed in the the covalent nature of interaction of the sulfo-NHS particles
synthesis procedure. After the reaction, the mixture was with the virions. It should be noted, however, that the surface
purified using CsCl gradient centrifugatieia standard charge of sulfo-NHS labeled particles is neutral, whereas the
method for adenoviral vector purification. Fractions collected surface charge of NiNTA labeled particles is negative.
from the bottom of the centrifugation tube were analyzed Since adenoviruses have a net negative charge on their capsid
for the presence of virus using an anti-hexon antibody (Figure surface as welt, nonspecific electrostatic absorption of
2A) and for the presence of gold using silver staining (Figure Ni—NTA labeled particles to the virions could be less than
2B). Although staining for the presence of virus appears to electrostatic absorption of sulfo-NHS particles. Nonetheless,
be more sensitive than detection of gold, a comparison of the absence of NiNTA labeled particles in CsCl purified
the staining patterns of both slot blots demonstrated co- virions indicates that association of nanoparticles with virions
localization of virus with gold, indicating co-migration of in the gradient is not based on the weight of the particles.
both components through the CsCI gradient. These results Electron Microscopy of Gold-Labeled Adenoviral Vec-
suggested a covalent association between the gold nanotors. Electron microscopy was used to visualize gold
particles and the adenoviral vectors. nanoparticles reacted to the surface of adenoviral vectors that
During centrifugation of gold-labeled viral particles in a were purified by CsClI centrifugation as above. Vectors were
CsClI gradient, a shift in the height of the viral band in the deposited onto carbon-coated copper grids; no staining was
centrifuge tube was observed, which was dependent on theused in order to avoid occlusion of the 1.4 nm nanoparticles
amount of gold nanoparticles employed in the synthesis on the surface of the virions. Gold nanoparticles could not

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

distance from bottom distance from bottom total distance

virus—gold combination to lower band to upper band (cm) 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
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Figure 5. Infectivity of gold-labeled adenoviral vectors is retained

at lower particle-to-vector ratios. Gold nanoparticles were reacted
with AACMVLuc at ratios of 100:1, 1000:1, 3000:1, and 5000:1.
After reaction, HelLa cells were infected with 100 vp/cell and
luciferase expression was determined after 24 h. Bars represent
mean= standard deviation. Asterisks indicgie< 0.05.

be readily infected with adenoviral vectGr&ddCMVLuc
i _ ) infectivity at a multiplicity of infection (MOI) of 25 was
Figure 3. Photograph of gold-labeled adenoviral vectorsin a CsCl .\ attected by the synthesis procedure itself. This was
gradient. 1x 102 viral particles were reacted with either no gold - L
nanoparticles (left), 10 000 NINTA gold particles per viral particle demonstrated by the comparable levels of .Iu0|ferase activity
(middle) or 10 000 sulfo-NHS gold particles per viral particle. The Of sham-labeled versus fresh, unmodified AdCMVLuc
gold nanoparticles not reacted to the virus in the middle and right (Figure 5). Further, a gold:adenovirus ratio of 100:1 (particle:
tube remain in the upper portion of the gradient (brown color above particle) also did not affect infectivity. However, higher gold:
arrow A). The white band in the area indicated by arrow A Consists 5 4enqvirus ratios did significantly decrease infectivity com-
of remaining unlabeled virions, the light brown band indicated by .
arrow B indicates gold-labeled virions and can only be observed p_a"_ed to unlabeled AdCMVLUf: (Figure 5). Results were
in the right centrifuge tube. similar for both lower (5) and higher (125) MOls (data not
shown). This suggested a threshold of the number of gold
nanopatrticles 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
Figure 4. Electron microscopy identifies gold nanoparticles in poor tumor cell transduction. To overcome this hurdle,
associated with adenoviral vectors. Vectors were either ”nlabeledapproaches have been established whereby the adenoviral

(A), sulfo-NHS gold nanoparticles labeled (B), or-NNTA gold tor is physicall t ted 1o alt ¢ t th
nanoparticles labeled (C). Adenoviral vectors were examined using vector is physically retargeted {o ailternate receptors on the

electron microscopy using a JEOL JEM 1200FX operated at 80 tumor cell surface. One example is retargeting of adenoviral
kV. Original magnification 100009, scale bar 100 nm. vectors to the tumor-associated antigen carcino embryonic
antigen (CEA), which is overexpressed on several neoplasias

be observed in virus preparations that were either unlabeledsuch as colon carcinoma. To establish whether gold-labeled
(Figure 4A) or labeled with NiNTA gold nanoparticles  adenoviral vectors could still be retargeted to CEA,
(Figure 4C). One does see some “texture”, but this arisesAdCMVLuc was preincubated with the fusion protein
from the little bit of underfocus used to better see the virions sCAR-MFE, which on one side binds to the adenoviral capsid
and is not to be confused with gold particles. In contrast, and on the other side binds to CEA. Gene transfer in ME38
gold nanoparticles could clearly be observed in the virus CEA-2 cells, a CEA overexpressing cell line, was markedly
preparation labeled with sulfo-NHS gold nanoparticles increased upon preincubation of fresh, unmodified
(Figure 4B, small black dots on the edges of the virions, see ADCMVLuc with the SCAR-MFE fusion protein (Figure 6,
magnified insert). The gold particles in Figure 4B have rather fresh AdCMVLuc, white versus black bar). Similar to results
sharp boundaries and similar sizes, as opposed to the textur@btained in HelLa cells, a gold:adenovirus ratio of 100:1
in Figure 4C. This further strengthened the observation of a (particle:particle) did not affect retargeting to and infectivity
covalent interaction between the two components. in CEA expressing cells. A gold:adenovirus ratio of 1000:1

Gold-Labeled Adenoviral Vectors Retain Infectivity in significantly but moderately affected retargeting and infectiv-
HeLa Cells. Modification of capsid proteins such as the here- ity, whereas ratios of 3000:1 and higher resulted in infectivity
described chemical modification with gold nanoparticles may levels lower than untargeted, unmodified AdCMVLu