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Abstract
Clinical studies of replicating adenoviruses for the treatment of cancer have demonstrated their safety
but have yielded disappointing results, indicating the need for new strategies to improve their
efficacy. We hypothesized that the efficacy of a replicating adenovirus could be improved by
expression of tissue inhibitor of metalloproteinases-2 (TIMP-2), a 21-kDa unglycosylated secretory
protein. TIMP-2 specifically inhibits the active forms of a number of matrix metalloproteinases
(MMPs) that play a role in the degradation of basement membranes and the extracellular matrix and
are therefore involved in the control of the growth, invasion and metastasis of tumor cells, as well
as angiogenesis. In addition, TIMP-2 can abrogate tumor growth and angiogenesis by a variety of
mechanisms independent of MMP inhibition. In this study, we demonstrate that expression of
TIMP-2 enhanced the antitumor efficacy of a replicating adenovirus in vivo, by reducing both tumor
growth and angiogenesis.
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INTRODUCTION
Oncolytic viruses tailored to replicate selectively within tumor cells are novel anticancer agents
with great therapeutic potential.1 The selective replication of the viruses in cancer cells
amplifies the initial viral inoculum, leading to destruction of the infected cells by virus-
mediated lysis. The viral progeny are thereby released and can spread through the tumor mass
to infect neighboring cancer cells, resulting in self-perpetuating cycles of infection, replication
and oncolysis. Replication-selective viruses therefore overcome a major limitation of
replication-defective vectors for cancer gene therapy, which are unable to infect all, or even
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most, cells within a solid three-dimensional tumor mass. The safety of oncolytic viruses derives
from the restriction of their replication to tumor cells, while sparing normal cells.

While several oncolytic viruses have been identified to date, replication-selective adenoviruses
possess a number of advantages.2 Human serotype 5 adenoviruses are associated with
relatively mild diseases, their biology is relatively well characterized and their genomes can
be manipulated with relative ease. Moreover, adenoviruses can be purified to high titer and are
stable in the bloodstream, two features which afford the prospect of intravenous administration
to treat disseminated cancer cells. Strategies to restrict the replication of adenoviruses to tumor
cells have either involved placing the expression of viral genes, most commonly the E1A gene,
under the control of tumor- or tissue-specific promoters, or have been based on the complete
or partial deletion of viral genes that are required for replication in normal cells, but not in
tumor cells.2 In recognition of their potential, replication-selective adenoviruses have been
rapidly translated into human clinical trials in patients with advanced cancer, where the safety
of these agents has been demonstrated.3 However, clinical studies of replicating adenoviruses
have yielded disappointing results, indicating the need for new strategies to improve their
efficacy.

The growth, invasion and metastasis of tumor cells, as well as angiogenesis, involve the
degradation of basement membranes and the extracellular matrix.4 This process is controlled
by a variety of proteolytic enzymes secreted by both tumor and stromal cells, including matrix
metalloproteinases (MMPs), members of a family of zinc-dependent endopeptidases.5 MMPs
are upregulated in many forms of cancer and their expression is associated with a poor
prognosis.6, 7 The MMPs are synthesized as inactive zymogens and activated by proteinase
cleavage. Their activity is tightly regulated by a group of endogenous inhibitors, including
tissue inhibitors of metalloproteinases (TIMPs). The four mammalian TIMPs identified to date
have many basic similarities, but differ in their structural features, biochemical properties and
expression patterns.8, 9

TIMP-2 is a 21-kDa unglycosylated protein that is secreted in a soluble form by endothelial
cells and fibroblasts.10 TIMP-2 binds in a 1:1 stoichiometric ratio to the active forms of a
number of MMPs, including membrane type 1 MMP (MT1-MMP), MMP-2 and MMP-9,
thereby specifically abrogating the MMP activity associated with tumor growth and
angiogenesis.8 In addition to its antitumor activity as an inhibitor of MMPs, TIMP-2 can also
inhibit tumor growth and angiogenesis by a variety of mechanisms independent of MMP-
inhibition.11–13 TIMP-2 is unique among the members of the TIMP family or synthetic MMP
inhibitors in being able to directly inhibit the proliferation of endothelial cells in response to
angiogenic stimuli such as fibroblast growth factor 2 or vascular endothelial growth factor A.
11, 14 Seo et al. have shown that the growth-inhibitory activity of TIMP-2 for human
microvascular endothelial cells is mediated through binding to α3β1 integrin and induction of
protein tyrosine phosphatase activity.11 Oh et al. have recently demonstrated that TIMP-2
inhibits endothelial cell migration through an indirect MMP-inhibitor effect that requires
transcription, synthesis, and cell surface localization of the RECK gene product.13
Furthermore, Feldman et al. have reported that upregulation of mitogen-activated protein
kinase phosphatase 1 in tumors overexpressing TIMP-2 results in dephosphorylation of p38
mitogen-activated protein kinase, leading to inhibition of tumor growth and angiogenesis.12

A number of early studies using TIMP-2 delivered as a recombinant protein or via plasmid-
mediated expression demonstrated the feasibility of employing TIMP-2 for anticancer therapy.
To this end, TIMP-2 was shown to block both tumor growth and local invasion through
extracellular matrices. Subsequent studies demonstrated that delivery of TIMP-2 by
replication-defective adenoviral vectors results in the reduction of tumor growth, angiogenesis
and metastasis.15, 16 Moreover, in addition to having a direct effect on cancer growth,
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adenovirus-mediated delivery has demonstrated the potential of TIMP-2 in protection of
normal organs against metastatic cancer cells.15

Based on this biology, we hypothesized that the efficacy of a replicating adenovirus could be
enhanced by expression of TIMP-2. In this strategy, the replicating adenovirus would kill
cancer cells directly from within by oncolysis, while secretion of TIMP-2 by the infected cells
would complement this therapeutic effect by restricting tumor growth and angiogenesis via
both MMP-dependent and –independent mechanisms.

MATERIALS AND METHODS
Viruses

Adwt300, a wild-type human adenovirus serotype 5, was obtained from the American Type
Culture Collection (Manassas, VA). Ad-TIMP-2, an E1-, E3-deleted replication-deficient Ad5
vector which expresses TIMP-2 under the control of the CMV promoter, has been described
previously.17 AdLacZ is an E1-, E3-deleted replication-deficient Ad5 vector which expresses
β-galactosidase under the control of the CMV promoter. The wild-type adenovirus and the
vectors were propagated in the permissive 293 cell line and purified by two rounds of cesium
chloride density centrifugation. To determine the viral particle concentration, the virus was
diluted in 10 mM Tris (pH 8.0)-1 mM EDTA-0.1% SDS, incubated at 56ºC for 10 min, and
the absorbance at 260 nm was measured. Under these conditions, an absorbance of 1
corresponds to 1.1 x 1012 particles/ml.18

Cell Lines
MDA-MB-231 human breast cancer cells and LNCaP human prostate cancer cells were
acquired from the American Type Culture Collection. SKOV3.ip1 human ovarian cancer cells
were obtained from Janet Price (Baylor University, Houston, TX). 293 cells were purchased
from Microbix (Toronto, Ontario, Canada). MDA-MB-231, SKOV3.ip1 and 293 cells were
maintained in DMEM/Ham’s F-12 medium supplemented with 10 % fetal calf serum (FCS),
penicillin (100 units/ml) and streptomycin (100 μg/ml). LNCaP cells were maintained in RPMI
1640 medium containing 10 % FCS, penicillin (100 units/ml), streptomycin (100 μg/ml),
sodium pyruvate (1 μM) and sodium bicarbonate (1.5 g/l). All cells were propagated at 37ºC
in a humidified 5% CO2 atmosphere.

FCS was purchased from Gibco-BRL, Grand Island, NY and media and supplements were
from Mediatech, Herndon, VA.

Quantification of Adenoviral DNA Replication
Monolayers of MDA-MB-231, SKOV3.ip1 or LNCaP cells in 6-well plates were coinfected
with Adwt300 at a multiplicity of infection (MOI) of 1 viral particle per cell and Ad-TIMP-2
at MOIs of 0, 0.1, 1 or 10 viral particles per cell. Ten days post-infection, attached and detached
cells were harvested and DNA extracted using the DNeasy Tissue Kit (Qiagen, Valencia, CA).
The DNA was subjected to quantitative real-time PCR using primers and a probe specific for
the adenoviral E1A region (forward primer: 5’-AACCAGTTGCCGTGAGAGTTG-3’;
reverse primer: 5’-CTCGTTAAGCAAGTCCTCGATACA-3’; probe: 5’-
CACAGCCTGGCGACGCCCA-3’). Human beta-actin DNA was also amplified to allow
normalization of the data (forward primer: 5’-TAAGTAGGCGCACAGTAGGTCTGA-3’;
reverse primer: 5’-AAAGTGCAAAGAACACGGCTAAG-3’; probe: 5’-
CAGACTCCCCATCCCAAGACCCCA-3’).
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Adenovirus Yield Assay
Monolayers of MDA-MB-231, SKOV3.ip1 or LNCaP cells in 6-well plates were coinfected
with Adwt300 at an MOI of 1 viral particle per cell and Ad-TIMP-2 at MOIs of 0, 0.1, 1 and
10 viral particles per cell. Ten days post-infection, the cells and media were harvested and the
number of infectious particles determined by titering on 293 cells.19 Forty hours post-infection,
293 cells were fixed with methanol and infected cells were identified in an immunoassay using
polyclonal rabbit anti-Ad5 antiserum (Cocalico, Reamstown, PA) as the primary antibody with
a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA). DAB (Sigma, St Louis, MO) was employed
as the chromogenic substrate and brown cells were counted using a light microscope.

CPE Assay
Monolayers of MDA-MB-231, SKOV3.ip1 or LNCaP cells in 24-well plates were coinfected
with Adwt300 at an MOI of 1 viral particle per cell and Ad-TIMP-2 at MOIs of 0, 0.1, 1 and
10 viral particles per cell. Ten days post-infection, the cells were fixed and stained with crystal
violet.

In Vitro Cytotoxicity Assay
Monolayers of MDA-MB-231, SKOV3.ip1 or LNCaP cells in 96-well plates were coinfected
with Adwt300 at an MOI of 1 viral particle per cell and Ad-TIMP-2 at MOIs of 0, 0.1, 1, 10
and 100 viral particles per cell. Ten days post-infection, a commercial cell proliferation assay
(Promega, Madison, WI) was used to measure cell survival according to the manufacturer’s
instructions.

Animal Experiments
Animal experiments were performed in accordance with federal and institutional guidelines
for animal care. MDA-MB-231 tumor xenografts were established by subcutaneous injection
of 4 x 106 cells into the flank of 8–10 week-old female NCr athymic nude mice (nu/nu; Taconic,
Germantown, NY). On reaching 80–100mm3, the tumor nodules were injected with 50 μl PBS
or with a single dose of the following virus treatments in 50 μl PBS: 106 particles of Adwt300
plus 106 particles of Ad-TIMP-2; 106 particles of Ad-TIMP-2 alone; 106 particles of Adwt300
plus 106 particles of AdLacZ, as a control (8 mice per group). Bidimensional tumor
measurements were taken twice a week with calipers and the tumor volume was calculated
using the simplified formula for a rotational ellipsoid: 0.5 x length x width2 (ref. 20). Animals
were followed for 28 days, until the tumor burden in some of the groups became excessive,
whereupon the mice were sacrificed and tumors excised.

Immunohistochemistry
Tumors excised from the treated mice were snap frozen in liquid nitrogen and cut into 50 μm
sections. The sections were fixed with acetone and endogenous peroxidase activity was
quenched by incubation in 0.3% (v/v) H2O2 in methanol for 30 min. Blood vessels were then
visualized via a three-step staining procedure using a rat anti-mouse CD31 monoclonal
antibody (BD Biosciences, San Jose, CA), followed by a biotin-conjugated goat anti-rat Ig-
specific polyclonal antibody (BD Biosciences) and then an avidin: biotinylated HRP complex
(Vectastain ABC kit; Vector Laboratories, Burlingame, CA). DAB was employed as the
chromogenic substrate. The number of brown-stained blood vessels was counted in three
microscopic fields with magnification x10 in tumor sections from three mice per group.
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Statistical Analysis
Differences between groups were analyzed using the Student-Fisher t-test. P < 0.05 was
considered statistically significant.

RESULTS
In this proof-of-concept study, we employed a two-component model system to investigate the
hypothesis that the efficacy of a replicating adenovirus could be enhanced by arming it with
TIMP-2. In this regard, coinfection of cells with a wild-type adenovirus and a replication-
defective E1-deleted adenoviral vector expressing TIMP-2 allows replication of the vector as
a result of trans-complementation by the E1 proteins expressed by the wild-type virus.

Expression of TIMP-2 Does Not Inhibit the Oncolytic Potency of a Replicating Adenovirus in
Vitro.

Monolayers of MDA-MB-231 human breast cancer cells, SKOV3.ip1 human ovarian cancer
cells and LNCaP human prostate cancer cells (which express MMP-2 and MMP-9 (refs 21–
24) were coinfected with a replicating human serotype 5 adenovirus, Adwt300, at a multiplicity
of infection (MOI) of 1 viral particle per cell, and a previously described replication-defective
Ad5 vector expressing TIMP-2, Ad-TIMP-2 (ref 17), at MOIs of 0.1, 1 and 10 viral particles
per cell. As a control, the cells were infected with Adwt300 alone. Ten days post-infection, the
cells were harvested and DNA was extracted and subjected to quantitative real-time PCR
analysis to determine the number of copies of the adenoviral E1 region, which is indicative of
the synthesis of viral DNA by the replicating adenovirus. As shown in Fig. 1, the number of
copies of the E1 gene produced by Adwt300 was not significantly affected by coinfection with
Ad-TIMP-2 at MOIs of 0.1, 1 or 10 viral particles per cell (P < 0.04 for all cell lines and MOIs
tested).

We next sought to confirm that expression of TIMP-2 did not interfere with the ability of the
replicating adenovirus to produce infectious progeny. To this end, monolayers of MDA-
MB-231, SKOV3.ip1 and LNCaP cells were coinfected with a replicating adenovirus,
Adwt300, at an MOI of 1 viral particle per cell, and Ad-TIMP-2 at MOIs of 0.1, 1 and 10 viral
particles per cell. As a control, cells were infected with Adwt300 alone. Ten days post-infection,
the cells and media were harvested and the number of infectious particles was determined by
titering on 293 cells.19 As shown in Fig. 2, the number of viral progeny was not significantly
affected by coinfection of Adwt300 with Ad-TIMP-2 at MOIs of 0.1 or 10 viral particles per
cell (P ≤ 0.05 for all cell lines and MOIs of 0.1 and 10; P = 0.06, 0.08 and 0.07 for MDA-
MB-231, SKOV3.ip1 and LNCaP cells, respectively, at an MOI of 1).

We then examined whether expression of TIMP-2 would impair the oncolytic potency of the
replicating adenovirus. Monolayers of MDA-MB-231, SKOV3.ip1 and LNCaP cells were
coinfected with a replicating adenovirus, Adwt300, at an MOI of 1 viral particle per cell, and
Ad-TIMP-2 at MOIs of 0.1, 1 and 10 viral particles per cell. As a control, cells were infected
with Adwt300 alone. Ten days post-infection, the cytopathic effect was monitored by staining
proteins in the viable cells with crystal violet. As shown in Fig. 3A, expression of TIMP-2 did
not inhibit oncolysis of the cancer cells by the replicating adenovirus. This finding was
confirmed by a quantitative assay in which viable MDA-MB-231 cells were counted (Fig. 3B;
P ≤ 0.05 for all MOIs tested).). Hence, the expression of TIMP-2 did not inhibit the oncolytic
potency of the replicating adenovirus in vitro.
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A Replicating Adenovirus Expresses a Greater Level of TIMP-2 Than a Replication-Defective
Adenoviral Vector

We hypothesized that the level of expression of TIMP-2 that could be achieved by coinfection
of the replicating adenovirus and Ad-TIMP-2 would be significantly greater than could be
achieved by the replication-defective adenoviral vector alone. To investigate this, monolayers
of MDA-MB-231, SKOV3.ip1 and LNCaP cells were coinfected with a replicating adenovirus,
Adwt300, at an MOI of 1 viral particle per cell, and Ad-TIMP-2 at MOIs of 1 and 10 viral
particles per cell. As a control, cells were infected with Ad-TIMP-2 alone at MOIs of 1 and 10
viral particles per cell. Expression and secretion of TIMP-2 were assayed by harvesting the
culture medium at 3, 6, 9 and 12 days post-infection and subjecting it to immunoblot analysis
using an anti-TIMP-2 monoclonal antibody. As shown in Fig. 4A, at each MOI tested, higher
levels of TIMP-2 were secreted by cells coinfected with Ad-TIMP-2 and the replicating
adenovirus, than cells infected with the replication-defective Ad-TIMP-2 alone. This
observation was confirmed by an enzyme-linked immunosorbent assay in which the levels of
TIMP-2 in the culture medium of infected MDA-MB-231 cells were quantified at various time-
points post-infection (Fig. 4B).

Expression of TIMP-2 Enhances Antitumor Efficacy of a Replicating Adenovirus in Vivo
We next wished to determine whether expression of TIMP-2 would enhance the antitumor
efficacy of the replicating adenovirus in vivo. Female athymic nude mice bearing subcutaneous
MDA-MB-231 xenografts on the flank were given a single intratumoral injection of one of the
following treatments in 50 μl PBS: 106 particles of Adwt300 plus 106 particles of Ad-TIMP-2;
106 particles of Ad-TIMP-2 alone; 106 particles of Adwt300 plus 106 particles of AdLacZ, a
control replication-defective adenoviral vector expressing β-galactosidase; or PBS alone (8
mice per group). Bidimensional tumor measurements were taken twice a week with calipers,
and the tumor volume was calculated using the simplified formula for a rotational ellipsoid:
0.5 x length x width2 (ref. 20). Tumor growth kinetics are shown in Fig. 5. Twenty-eight days
post-injection of the virus, tumors treated with the replicating adenovirus plus Ad-TIMP-2
were significantly smaller than tumors injected with the replicating adenovirus plus the
irrelevant vector, AdLacZ (P = 0.04), with Ad-TIMP-2 alone (P = 0.03), or with PBS (P =
0.006). Hence, expression of TIMP-2 by a replicating adenovirus enhanced the inhibition of
tumor growth in vivo.

In addition to playing a role in tumor growth, MMP-dependent matrix proteolysis is also
involved in the process of angiogenesis. To analyze angiogenesis, tumor sections from these
mice were subjected to immunohistochemical staining using a primary antibody against mouse
CD31 (also known as PECAM-1, platelet endothelial cell adhesion molecule) to visualize
endothelial cells. As shown in Figs. 6A and B, significantly fewer blood vessels were observed
in sections of tumors treated with the replicating adenovirus plus Ad-TIMP-2 compared to
tumors injected with the replicating adenovirus plus the irrelevant vector, AdLacZ, with Ad-
TIMP-2 alone, or with PBS (P < 0.01 for all groups tested). Hence, expression of TIMP-2 by
a replicating adenovirus reduced angiogenesis in vivo.

DISCUSSION
In recognition of their potential, replication-selective adenoviruses have been rapidly translated
into human clinical trials in patients with advanced cancer, where the safety of these agents
has been demonstrated.3 However, clinical studies of replicating adenoviruses have yielded
disappointing results, indicating the need for new strategies to improve their efficacy. In one
approach to improve the efficacy of replication-selective adenoviruses, they have been
engineered to deliver therapeutic transgenes.25 In most cases, such “armed” oncolytic
adenoviruses have been designed to carry therapeutic genes, such as the suicide genes cytosine
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deaminase and herpes simplex virus thymidine kinase,26–28 that will augment the virus-
mediated eradication of the infected tumor cells. However, rather than arm a replicating
adenovirus with a protein which would merely act by killing the infected cancer cells, we
hypothesized that it would be rational to arm the replicating adenovirus with a secreted protein
with a distinct mechanism of action within the microenvironment of the cancer cells.

To this end, we propose to enhance the efficacy of a replicating adenovirus by arming it with
TIMP-2. TIMP-2 possesses a number of attractive features that favor its use in this therapeutic
strategy. It is a relatively small (21 kDa) unglycosylated protein that is naturally secreted in a
soluble form.8 It has been recognized for some time that TIMP-2 binds in a 1:1 stoichiometric
ratio to the active forms of a number of MMPs, including MT1-MMP, MMP-2 and MMP-9,
thereby specifically inhibiting the MMP activity associated with tumor growth and
angiogenesis.29 Indeed, in recent studies MT-MMPs have been shown to be the key mediators
of angiogenesis30, 31 providing the rationale for the overexpression of TIMP-2 to directly
block tumor cell growth locally. A distinct advantage of TIMP-2 over other TIMPs is that it
has recently been shown to inhibit tumor growth and angiogenesis by a variety of novel
mechanisms independent of MMP-inhibition.11–13 TIMP-2 is unique among the members of
the TIMP family or synthetic MMP inhibitors in being able to directly inhibit the proliferation
of endothelial cells in response to angiogenic stimuli such as fibroblast growth factor 2 or
vascular endothelial growth factor A.11, 14 Seo et al. have shown that the growth-inhibitory
activity of TIMP-2 for human microvascular endothelial cells is mediated through binding to
3ß1 integrin and induction of protein tyrosine phosphatase activity.11 Oh et al. have recently
demonstrated that TIMP-2 inhibits endothelial cell migration through an indirect MMP-
inhibitor effect that requires transcription, synthesis, and cell surface localization of the
RECK gene product.13 Furthermore, Feldman et al. have reported that upregulation of
mitogen-activated protein kinase phosphatase 1 in tumors overexpressing TIMP-2 results in
dephosphorylation of p38 mitogen-activated protein kinase, leading to inhibition of tumor
growth and angiogenesis.12 Thus, there is a clear rationale for a therapeutic strategy exploiting
the localized overexpression of TIMP-2 in the tumor microenvironment.

We hypothesized that the replicating adenovirus would kill cancer cells directly from within
by oncolysis, while secretion of TIMP-2 by the infected cells would complement this
therapeutic effect by restricting tumor growth and angiogenesis via both MMP-dependent and
-independent mechanisms. In the proof-of-concept study described in this manuscript, we
employed a two-component model system to investigate this hypothesis. In this regard,
coinfection of cells with a wild-type adenovirus and a replication-defective E1-deleted
adenoviral vector expressing TIMP-2 allows replication of the vector as a result of trans-
complementation by the E1 proteins expressed by the wild-type virus.

For such a dual-action, armed replicating adenovirus to be of utility, it is important that the
expression of TIMP-2 should not impair its oncolytic potency. Accordingly, we demonstrated
that the oncolytic potency of a replicating adenovirus in MMP-2- and MMP-9-positive MDA-
MB-231 human breast cancer cells was not inhibited by expression of TIMP-2. Moreover, we
showed that a greater level of TIMP-2 was expressed by a replicating adenovirus than by a
replication-defective adenoviral vector. Having performed in vitro studies to establish these
two key indicators of efficacy, we evaluated the expression of TIMP-2 by a replicating
adenovirus in the treatment of solid tumors in vivo. Expression of TIMP-2 by the replicating
adenovirus was shown both to enhance the inhibition of tumor growth and to reduce
angiogenesis in vivo. We have therefore shown that the therapeutic efficacy of a replicating
adenovirus can be enhanced expression of TIMP-2.

TIMP-2 plays a central role in many physiological processes by limiting MMP activity and
through other non-MMP inhibitory functions.8 As such it will be important to limit TIMP-2
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transgene expression locally within the tumor. Now that we have proof-of-concept for usage
of TIMP-2 in the oncolytic virus setting, we can develop a single-agent armed replicating
adenovirus using both transcriptional and transductional targeting approaches to limit
transgene expression to the tumor without compromising efficacy.
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Fig. 1.
Expression of TIMP-2 does not inhibit adenoviral DNA replication. Monolayers of MDA-
MB-231 (A), SKOV3.ip1 (B) and LNCaP (C) cells were coinfected with Adwt300 at an MOI
of 1 viral particle per cell and Ad-TIMP-2 at MOIs of 0, 0.1, 1 or 10 viral particles per cell.
Ten days post-infection, cells were harvested and DNA extracted and subjected to quantitative
real-time PCR to detect the adenoviral E1A region. Human beta-actin DNA was also amplified
to allow normalization of the data. Representative results are shown.
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Fig. 2.
Expression of TIMP-2 does not interfere with the ability of the replicating adenovirus to
produce infectious progeny. Monolayers of MDA-MB-231 (A), SKOV3.ip1 (B) and LNCaP
(C) cells were coinfected with Adwt300 at an MOI of 1 viral particle per cell and Ad-TIMP-2
at MOIs of 0, 0.1, 1 or 10 viral particles per cell. Ten days post-infection, the cells and media
were harvested and the number of infectious particles was determined by titering on 293 cells.
Representative results are shown.
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Fig. 3.
Expression of TIMP-2 does not inhibit the oncolytic potency of the replicating adenovirus.
Monolayers of MDA-MB-231, SKOV3.ip1 and LNCaP cells were coinfected with Adwt300,
at an MOI of 1 viral particle per cell, and Ad-TIMP-2 at MOIs of 0, 0.1, 1 and 10 viral particles
per cell. (A) Ten days post-infection, the cytopathic effect was monitored by staining proteins
in the viable cells with crystal violet. (B) Ten days post-infection, a cell proliferation assay
was performed to count viable cells. Representative results with MDA-MB-231 cells are
shown.
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Fig. 4.
A replicating adenovirus expresses a greater level of TIMP-2 than a replication-defective
adenoviral vector. Monolayers of MDA-MB-231, SKOV3.ip1 and LNCaP cells in 6-well
plates were coinfected with Adwt300 at an MOI of 1 viral particle per cell and Ad-TIMP-2 at
MOIs of 1 and 10 viral particles per cell. As a control, cells were infected with Ad-TIMP-2
alone at MOIs of 1 and 10 viral particles per cell. (A) Expression and secretion of TIMP-2
were assayed by harvesting the culture medium at 3, 6, 9 and 12 days post-infection and
subjecting it to immunoblot analysis using an anti-TIMP-2 monoclonal antibody. (B) The
levels of TIMP-2 in the culture medium of MDA-MB-231 cells at various time-points post-
infection were quantified in an ELISA (Fig. 4b). Hence, a greater level of TIMP-2 was
expressed by a replicating adenovirus than by a replication-defective adenoviral vector.
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Fig. 5.
Growth kinetics of subcutaneous MDA-MB-231 tumors in athymic nude mice. Tumor nodules
were injected with 50 μl PBS or with a single dose of the following virus treatments in 50 μl
PBS: 106 particles of Adwt300 alone; 106 particles of Adwt300 plus 106 particles of Ad-
TIMP-2; 106 particles of Ad-TIMP-2 alone; 106 particles of Adwt300 plus 106 particles of
AdLacZ. Data points represent the mean ± SE of the tumor size in each group at the indicated
time points (n = 8).
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Fig. 6.
Immunohistochemical staining of blood vessels in MDA-MB-231 tumors. Tumors were
excised from athymic nude mice 28 days after treatment. Tumor sections were subjected to
immunohistochemistry using a rat anti-mouse CD31 monoclonal antibody as the primary
antibody, followed by a biotin-conjugated goat anti-rat Ig-specific polyclonal antibody and
then an avidin: biotinylated HRP complex with an HRP-conjugated goat anti-rabbit secondary
antibody. DAB was employed as the chromogenic substrate. (A) Number of blood vessels per
microcopic field. Data represent the mean ± SE of number of blood vessels in tumor sections
from three mice per group. (B) Representative tumor sections in which the endothelia of blood
vessels are stained brown.
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