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Abstract
Objective—Recent studies have demonstrated efficacy of targeted therapy combined with
radiotherapy in HNSCC. We hypothesized that a combination treatment including a replicating
adenovirus armed with tissue inhibitor metalloproteinase-2 (TIMP-2), radiation, and Cisplatin will
augment treatment response and reduce tumor growth in vivo of HNSCC xenografts.

Design—Both single-agent (TIMP-2 virus, radiation, and Cisplatin) and the combination therapies
were evaluated in vitro and in vivo. The efficacy of both single agent and combination therapies in
vivo was determined by monitoring of tumor growth and immunohistochemistry.

Results—Treatment with replicative Ad-TIMP-2 virus and radiation decreased cell viability in
vitro and resulted in an additional anti-angiogenic response in vivo. Tumor response rates to treatment
with replicative Ad-TIMP-2, radiation, Cisplatin, or combination therapies ranged from limited
inhibition of tumor growth of the single-agent therapy to a statistically significant additive anti-tumor
response with the combination therapies. Replicative Ad-TIMP-2 + radiation + Cisplatin in the SCC1
nude mice demonstrated the greatest response rates in tumor growth and angiogenesis.

Conclusions—Combination Ad-TIMP-2 gene therapy with radiation and the triple treatment
group resulted in an augmented therapeutic response. This is the first report of the potential benefits
of combining radiation and MMP inhibitor treatment.
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INTRODUCTION
With more than 780,000 new cases diagnosed annually worldwide, head and neck squamous
cell carcinoma (HNSCC) is the fifth most common cancer [1]. Advanced HNSCC treatment,
which may include surgery with radiotherapy and/or chemoradiation, demonstrates limited
success and no significant improvement in the 5-year survival [2,3]. Replicative adenovirus
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has shown promise for HNSCC gene therapy, in particular ONYX-015 tumor/tissue-restricted
replicative adenoviruses [4]. The initial viral infection of the target tumor cells can produce
progeny virions that infect adjacent cancer cells, thereby improving in vivo infectivity,
intratumor distribution, and bystander effects mediated by adenovirus. However, tumor/tissue-
restricted replicative adenoviruses exhibited only limited therapeutic efficacy in clinical trials
when used as a monotherapy [5]. To improve the efficacy of tumor/tissue-restricted replicative
adenoviruses, they need to be combined with other therapeutic agents.

The major roles of matrix metalloproteinases (MMPs) are homeostatic regulation of the
extracellular environment and controlling innate immunity [6]. The MMPs are associated with
cancer cell growth and angiogenesis, basement membrane destruction, and evasion of apoptosis
[7,8]. The tissue inhibitors of metalloproteinases (TIMPs) are expressed in multiple cell types
and inhibit the catalytic activation of many pro-MMPs. The TIMPs participate in complex
biologic functions that extend beyond their roles as inhibitors of MMP activity; for example,
they induce changes in cell morphology, stimulate growth of several cell types, promote germ
cell development, and inhibit angiogenesis [9,10].

Although there is a strong biological basis for the development of strategies employing MMP
inhibitors, the clinical response rates of MMP inhibitors as single-agents in cancer therapy
trials have been modest at best [11,12]. One possible explanation for these disappointing results
might be that MMPs are involved at early stages of tumor progression, whereas clinical trials
are generally restricted to advanced-stage disease. Studies in tumor xenograft models have
suggested that the best potential of anti-MMPs might be displayed in treatments that combine
MMP inhibitors with conventional therapeutic strategies [13].

The TIMPs occur naturally within the extracellular matrix. MMP-2 over-expression has been
shown to enhance metastasis of HNSCC, while TIMP-2 has been shown to suppress cancer
metastasis in patients [14]. TIMP-2 reduces the invasion of malignant cells through membranes
in vitro, limits the propagation of tumors in vivo, inhibits angiogenesis in an MMP independent
manner, and inhibits the release of latent growth factors in the extracellular matrix [15–17].

The TIMPs are naturally produced and are both anti-proliferative and anti-angiogenic, but are
cytostatic and not cytotoxic. Other targeted molecular therapies have been found to be more
effective in combination with cytotoxic treatment [18]. Previous work using MMP based
inhibitors for treatment of HNSCC has exclusively focused on the use of single agents.

TIMP-2 acts on a broad panel of MMPs, and so an accumulative benefit could be expected as
they simultaneously target tumor cells, subsequent metastasis, tumor growth, and angiogenesis.
The anti-tumor efficacy TIMPs has been demonstrated in many types of solid tumors in animal
models [19,20]. Anti-angiogenic therapy represents a promising approach to cancer treatment.
The use of anti-angiogenic therapy to combat cancer has several advantages. First, angiogenesis
is a phenomenon seen in all types of cancers. Second, the patient’s risk of resistance to
angiostatic agents seems low, compared with those associated with the use of cytotoxic drugs
alone [21]. Third, the side effects of cytostatic/angiostatic agents are low and therefore these
agents can be used in combination with multiple other therapies. For the therapy to be effective,
it must continue for a prolonged period such that the tumor becomes dormant. As a result, gene
therapy is a strategy worth exploring because, once perfected, it could produce a long-term
effect.

The use of conditionally replicative adenoviruses (CRAds) for cancer gene therapy has been
explored and despite some encouraging results in clinical trials, their use as single agent therapy
has demonstrated limitations in terms of complete tumor eradication or sustained antitumor
response. The combination of CRAds with chemotherapy agents has been found to enhance
their anti-tumor efficacy [22].
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In this study, we used a combination treatment of replicative adenovirus encoding TIMP-2
cDNA along with radiation and chemotherapy for maximal therapeutic effects in a HNSCC
xenograft model. We postulate that replicative adenovirus will augment the cytolytic effect
and produce increased expression of TIMP-2 protein, thus inhibiting tumor growth and
angiogenesis; while the cytotoxic agents, radiation and Cisplatin, will increase the level of
tumor cell killing. The primary aim of this research was to investigate the therapeutic effects
of Ad-TIMP-2 gene therapy in combination with radiation therapy (XRT) and Cisplatin in a
human HNSCC nude mouse xenograft model. Both single-agent (Ad-TIMP-2, Ad Wt 300,
Ad-TIMP-2 + Ad Wt 300, XRT, Cisplatin) and the combination therapies (Ad-TIMP-2 + Ad
Wt 300 + XRT, Ad-TIMP-2 + Ad Wt 300 + Cisplatin, XRT + Cisplatin, and Ad-TIMP-2 + Ad
Wt 300 + XRT + Cisplatin) were evaluated in vitro and in vivo. The efficacy of both single
agent and combination therapies was determined by tumor growth inhibition, survival, TIMP-2
and MMP-2 protein expression, apoptosis, proliferation, and angiogenesis. This work may lead
to a potential therapy for treatment of HNSCC using this combination therapy approach.

MATERIALS AND METHODS
CELL LINES AND REAGENTS

Human head and neck cell line, SCC1, was obtained from the American Type Culture
Collection (Manassas, VA). SCC1 cells were grown in DMEM supplemented with L-glutamine
and 10% FBS. For xenografts, cells were initially injected into Athymic, nude mice to grow
for future xenografts into mice for in vivo studies. Cisplatin was purchased from Sigma as a
1mg/ml stock solution. For animal studies, Cisplatin was diluted in 0.9% saline immediately
before injection.

ADENOVIRUS
Ad Wt 300, a wild-type human adenovirus serotype 5, was obtained from ATCC. Ad-TIMP-2
was a gift from Dr. J. Douglas (University of Alabama at Birmingham). It has been previously
described [23] and is an E1, E3-deleted replication deficient Adenovirus serotype 5 vector that
expresses human TIMP-2 under the control of the CMV promoter. Both Ad Wt 300 and Ad-
TIMP-2 were propagated in 293 cells and purified using cesium chloride centrifugation. The
viral particle concentration was measured at 260 nm in which absorbance of 1 corresponds to
1.1 × 1012 particles/ml. When a non-replicative Ad armed with a therapeutic protein and wild
type Ad are added simultaneously, a replicative Ad virus is produced which will generate more
of the therapeutic protein than the non-replicative Ad alone [24].

TIMP-2 levels in Ad-TIMP-2 infected SCC1 cells
Monolayers of SCC1 cells, were trypsinized and resuspended in complete culture medium in
a 6-well plate 24 hr prior to treatment. Cells were treated with PBS, Ad-TIMP-2 MOI 1 alone,
or Ad-TIMP-2 + Ad Wt 300 MOI 1. After 48 h, media and cells were collected separately for
Western blot. Protein levels were compared using actin from the cell lysate.

WESTERN BLOTTING
After infection with Ad-TIMP-2 or Ad-TIMP-2 +Ad Wt 300, SCC1 cells were incubated for
48 h and then media was collected for the Western blot. Supernatant (20 µl) was loaded onto
12.5% SDS-page gel electrophoresis and electrotransferred onto a nitrocellulose membrane.
The transferred membranes were blocked in 5% nonfat milk for 1 h at room temperature,
followed by incubation with primary antibody for 1 h at room temperature. After washing three
times with TTBS (0.02 M Tris–HCl buffer, pH 7.5, 0.137 M NaCl, and 0.1% Tween 20), the
membranes were incubated with horseradish peroxidase-conjugated (secondary antibody name
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dilution). Detection by the chemiluminescence reaction was carried out using a
chemiluminescence kit followed by exposure to X-ray film (Fig. 1).

CELL VIABILITY ASSAY
Monolayers of SCC1 cells, were trypsinized and resuspended in complete culture medium.
SCC1 cells were plated in duplicate in 96-well plates. The sequence and timing of each
experiment was identical. Cells were then incubated at 37°C in an atmosphere of 5% CO2 for
24 h prior to treatments. Virus and Cisplatin were diluted in culture medium immediately before
use. Cells were treated with both single-agents and in combination of virus, radiation, and
Cisplatin. Cells treated with combinations were treated with Cisplatin for 1 hr prior to treatment
with radiation. Cells treated with combinations including virus were treated 4 h after radiation
and/or Cisplatin. Cells were washed with PBS with 10 % FBS and fresh medium was added
to cells subsequent to treatment. Cell viability was assessed after 48-h exposure to radiation,
Cisplatin, or virus with Trypan Blue or ATPLite assay. All samples were assayed in
quadruplicate and all experiments were repeated at least once. Cells were treated with 10 MOI
or 100 MOI Ad-TIMP-2 with and without Ad Wt 300. To evaluate combination treatments in
vitro, cells were treated with 4 Gy or 8 Gy radiation, 1 MOI Ad-TIMP-2 + Ad Wt 300, and/or
1 µM Cisplatin. Cells were collected at the indicated time. Experiments were repeated at least
once. Cell viability comparisons were made between each single treatment, no treatment, and
the combination treatments using a one-way ANOVA and Tukey with SAS.

COLLAGEN DEGRADATION ASSAY
The collagen degradation assay was performed as previously described [25]. A monolayer of
SCC1 cells was infected with Ad-TIMP-2 alone, Ad-TIMP-2 + Ad Wt 300, or uninfected.
After 48 h, conditioned media was removed from each set of infected cells and filtered with a
100,000 MW filter to remove virus. Collagen-coated wells, containing 0.65 mL per well of
300 µg/mL type I collagen (Becton Dickinson, Bedford, MA), were incubated at 37°C for 2 h
and allowed to dry in a laminar flow hood for 24–48 h. SCC-1 cells were placed in the center
of each well and allowed to adhere over 2 h at 37°C. Cultures were incubated for 4 days in
conditioned media. Wells were washed and stained with Coomassie blue (0.2%), and the extent
of collagenolysis in the center of the well where the cells were seeded was determined by
imaging (Coolpix 4500, Nikon USA, Melville, NY). To determine the effect of inhibitors on
collagen degradation, the presence of the inhibitors was maintained [26].

APOPTOSIS
SCC1 cells were plated in 6-well plates and incubated overnight at 37oC. Cells were treated
with radiation (4 or 8 Gy). The cells were also treated with Ad-TIMP-2 + Ad Wt 300 (10 MOI)
4 h post-radiation. Apoptotic cells were quantified using the Annexin V-FITC Apoptosis
detection kit according to the manufacturer’s instructions (Bio Vision). Approximately 5 ×
105 cells were resuspended in 100 µl of manufacturer-supplied 1 × binding buffer, and mixed
with 5 µl of Annexin V-FITC and 5 µl of PI. After 15 min incubation in the dark at room
temperature, the cells were analyzed using FACS (Table 1). The percentage of apoptosis was
compared between groups using a Student’s T-test with SAS software.

IMMUNOHISTOCHEMISTRY AND WESTERN BLOT OF TUMORS
Three month-old female nude mice were inoculated with 2 mm2 established SCC1 tissue
subcutaneously in the flank. Treatment started once the tumors were 4–6 mm in diameter. Mice
were randomly divided into groups of 4 mice to receive different treatments: (1) Ad-TIMP-2
+ Ad Wt 300 + XRT + Cisplatin; (2)Ad-TIMP-2 + Ad Wt 300 + XRT; (3) Ad-TIMP-2 + Ad
Wt 300 + Cisplatin; (4) Ad-TIMP-2 + Ad Wt 300; (5) XRT + Cisplatin; (6) Cisplatin; (7) Ad-
TIMP-2 + Ad Wt 300 + Cisplatin; (8) control. Animals injected with virus received 1 × 108

McNally et al. Page 4

Cancer Gene Ther. Author manuscript; available in PMC 2009 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



particles in 30 µl of Ad-TIMP-2 and Ad Wt 300 with a microsyringe for three separate needle
passes. Lead shielded animals received 8 Gy of 60Co radiation to the exposed tumor, divided
into 2 Gy fractions on days 14, 19, 23, and 26. Animals received 4 intraperitoneal doses of
Cisplatin (3 mg/kg) 1 h before each fraction of radiation. Animals were terminated 2 and 10
days after the end of treatment and tumors were harvested for immunohistochemistry analysis.

IMMUNOHISTOCHEMISTRY AND ANGIOGENESIS OF TUMORS
Tumor xenografts from treated animals were harvested and fixed into paraffin blocks. The
primary polyclonal antibody AB 1055 (Chemicon International, Temecula, CA) is specific for
hexon protein of adenovirus (Fig. 4). Angiogenesis was determined using a Factor VIII
antibody (Sigma) (Fig. 5). Formalin-fixed, paraffin-embedded tumors were cut into 4 µm
sections and put onto slides. After slides were deparaffinized and rehydrated, antigen retrieval
was preformed in a pressure cooker for 20 min in pH 8 EDTA buffer. After H2O2 quench and
3% horse serum blocking, slides were incubated with the primary antibody at 1:1000 dilution
for 20 min followed by Signet HRP label for 20 min and Biobenex DAB for 7 min. Slides were
counterstained with hematoxylin H&E safranin staining was performed on all of the xenografts
for morphology. Blood vessels were counted in treated tumor xenografts based on 3 images
per treatment and a standard grid for quantification (Fig. 6). Angiogenesis was compared
between groups using ANOVA with SAS software.

IN VIVO EFFICACY OF AD-TIMP-2 AND CHEMORADIATION
Three month-old female nude mice were inoculated using a trocar needle with 2 mm2

established SCC1 tissue subcutaneously in the flank. Treatment started once the tumors were
5–8 mm in diameter. Mice were randomly divided into groups of 7 mice to receive different
treatments: (1) Ad-TIMP-2 + Ad Wt 300 + XRT + Cisplatin; (2) Ad-TIMP-2 + Ad Wt 300 +
XRT; (3) Ad-TIMP-2 + Ad Wt 300; (4) XRT; (5) XRT + Cisplatin; (6) Cisplatin; (7) Ad-
TIMP-2 + Ad Wt 300 + Cisplatin; (8) Ad Wt 300; and (9) control. Animals injected with virus
received 1 × 108 particles in 50 µl of Ad-TIMP-2 and Ad Wt 300 with a microsyringe for three
separate needle passes. Animals receiving Ad-TIMP-2 + Ad Wt 300 virus were injected
intratumoral on days 16 and 23 after tumor implantation with 1 × 108 particles in 30 µl of Ad-
TIMP-2 and Ad Wt 300. Group 8 animals received Ad Wt 300 alone in the same manner as
animals receiving virus. Lead shielded animals received 8 Gy of 60Co radiation to the exposed
tumor, divided into 4 fractions on days 14, 19, 23, and 26. Animals received 4 intraperitoneal
doses of Cisplatin (3 mg/kg) 1 h before each fraction of radiation. Tumors were measured
biweekly for 2 months. Potential treatment toxicity was monitored using mouse weight. Tumor
size (surface area equal to product of two largest diameters) and regression rates were
determined in each treatment group (Fig. 7).

RESULTS
ANALYSIS OF TIMP-2 EXPRESSION

To investigate the level of TIMP-2 expression after adenoviral transduction of tumor cells,
supernatants and cell lysates were collected from SCC1 cells infected with Ad-TIMP-2 + Ad
Wt 300 or Ad-TIMP-2 alone. TIMP-2 levels were determined by Western blot (Fig. 1). The
SCC1 cells were infected with a minimal quantity of non-replicative Ad-TIMP-2 or non-
replicative Ad-TIMP-2 + Ad Wt 300 to determine if the combination would result in an
increased production of TIMP-2 protein. The non-replicative Ad-TIMP-2 supernatant and cell
lysate did not show higher levels of TIMP-2 than the PBS control as expected with 1 MOI of
non-replicative Ad-TIMP-2. Significantly greater levels of TIMP-2 protein were expressed
with the Ad-TIMP-2 + Ad Wt 300 (replicative Ad-TIMP-2) combination as compared to
replication deficient Ad-TIMP-2 alone or uninfected controls.
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CELL VIABILITY
The effects of Ad-TIMP-2 (with and without Ad Wt 300), radiation, Cisplatin, and various
combinations were evaluated through cell viability on SCC1 cells. No significant differences
were observed in cell viability with Ad-TIMP-2 alone at 10 and 100 MOI in comparison to
untreated cells. Upon addition of Ad Wt 300 + Ad-TIMP-2 cell viability was reduced by 35%
after 48 h at (Fig. 2A). Treatment with the Ad-TIMP-2, radiation (8 Gy), or Cisplatin alone
resulted in a moderate reduction in cell viability (23–30%) after 48 h. Combination treatments
with replicative Ad-TIMP-2, Cisplatin and radiation, 8 Gy, resulted in the greatest cell viability
decrease at 48 h (67%) (Fig. 2B). Treatment with Ad-TIMP-2, Ad-TIMP-2 + Ad Wt 300,
Cisplatin, or combination of Cisplatin + Ad-TIMP-2 + Ad Wt 300 resulted in a significant
reduction in cell viability when compared to no treatment. Radiation alone had a significant
cell killing effect (p=0.011). The combination of radiation with Cisplatin increased the cell
killing when compared to radiation alone (p=0.025). The triple combination of radiation,
Cisplatin, and either Ad-TIMP-2 or Ad-TIMP-2 + Ad Wt 300 produced the greatest amount
of cell kill compared to no treatment (p=0.001).

COLLAGEN DEGRADATION ASSAY
In order to determine if Ad-TIMP-2 infected cells produced a functional TIMP-2 protein,
SCC-1 cells were infected with replication defective Ad-TIMP-2 virus or uninfected.
Conditioned medium was filtered and added to collagen coated plates with new SCC-1 cells.
Collagenolysis was observed in untreated cells when compared to cells treated with Ad-
TIMP-2 conditioned medium (Fig. 3). These results indicated the anti-MMP activity of TIMP-2
produced by the replication defective Ad-TIMP-2 vector.

EFFECT OF AD-TIMP-2 WITH CHEMORADIATION ON CELLULAR APOPTOSIS
To determine the mechanism by which decreased cell viability occurs with combination
therapy, SCC1 cells were infected with Ad-TIMP-2 + Ad Wt 300, Ad-TIMP-2 alone, or Ad
Wt 300 alone. Cells were treated with 0 Gy, 4 Gy, and 8 Gy prior to treatment with virus. The
cells were fixed and subjected to Annexin-V FITC and propidium iodide (Table 1). No
apoptotic cells were seen in the fluorescein-negative control. SCC1 cells treated with radiation
at 4 Gy and 8 Gy demonstrated only occasional apoptotic cells, which was not significantly
different when compared with untreated control cells (p>0.05).

IMMUNOHISTOCHEMISTRY OF AD HEXON AND ANGIOGENESIS IN VIVO
Tumor xenografts were treated with i.t. injected Ad-TIMP-2 + Ad Wt 300 or untreated. After
2 weeks, tumors were removed for immunohistochemistry staining of Ad hexon protein. Hexon
protein was detectable in all samples injected with virus of (Fig. 4 A and B) and undetectable
in all control samples (Fig. 4C). The distribution of the positive cells within the tumor samples
was diffuse; but many tumors showed focal areas of positive staining. However, the amount
of infected tumor cells differed significantly among the xenografts.

To investigate the effect replicative Ad-TIMP-2 gene therapy and in combination treatments
on tumor growth, was injected into preestablished human SCC1 squamous cell carcinoma
tumors grown in athymic mice. A second injection was performed 7 days after the first
injection, and tumor growth was monitored for 14 days after the beginning of the treatment.
To assess the effect of replicative Ad-TIMP-2 with chemoradiation on tumor angiogenesis, we
performed immunohistochemistry staining with Factor VIII (Fig. 5). As shown in Fig. 5, there
was a sustained and significant arrest of blood vessel growth in tumors treated with Ad-TIMP-2,
XRT, and Cisplatin compared with no treatment, Ad-TIMP-2 alone, XRT alone, and XRT +
Cisplatin, at day 22 after the initiation of treatment. Similar results were observed in tumors at
day 30.
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Anti-angiogenic effects included a reduction of blood vessel size or number (P=0.028) when
tumors were treated with replicative Ad-TIMP-2, but the most significant reduction in blood
vessels occurred in the triple treated group when compared to untreated control (P=0.002) (Fig.
6). Although combination treatments of replicative Ad-TIMP-2 + XRT, replicative Ad-TIMP-2
+ Cisplatin, and replicative Ad-TIMP-2 alone resulted in moderate anti-angiogenic response
when compared to no treatment , combination treatment with replicative Ad-TIMP-2 + XRT
+ Cisplatin (P=0.002) resulted in superlative anti-angiogenic effects. No significant
antiangiogenic effects were observed with XRT, Cisplatin, or XRT + Cisplatin, without
replicative Ad-TIMP-2 (P>0.05) (Fig. 6). The co-administration of replicative Ad-TIMP-2,
XRT, and Cisplatin resulted in a synergistic effect on angiogenesis (Fig. 5 and Fig. 6). Not
only were there significantly fewer blood vessels in the triple treatment group, the existing
blood vessels were smaller. This observation correlated well with the growth inhibition in
vivo (Fig. 7). Indeed, the combination treatment with radiation + Ad-TIMP-2 led to marked
inhibition of intratumor and peritumor neovascularization. These results indicate that
replicative Ad-TIMP-2 gene therapy with chemoradiation effectively inhibited angiogenesis
and tumor growth in vivo.

EFFECT OF VIRUS, RADIATION, AND CISPLATIN TREATMENT ON TUMOR GROWTH
Administration of Ad-TIMP-2 + Ad Wt 300, radiation, and Cisplatin markedly improved the
mean growth delay of SCC1 tumors (Fig. 7). The triple treatment group (Ad-TIMP-2 + Ad Wt
300 + XRT + Cisplatin) had the highest growth delay followed by the virus + ionizing radiation
group which fared better than the ionizing radiation alone, Cisplatin alone, virus alone, and
control groups. Tumor volume doubling time, the single treatment groups (Ad Wt 300 alone,
Ad-TIMP-2 + Ad Wt 300 alone, radiation alone, and Cisplatin alone) showed little initial
difference compared with the control group (20, 23, 20, 20, and 16 days, respectively). In
contrast, combining Ad-TIMP-2 with ionizing radiation significantly increased the anti-tumor
effect of ionizing radiation and the combination of Ad-TIMP-2, radiation, and Cisplatin
increased the anti-tumor effect even more (29 days). The control group had tumor doubling by
day 16 (median) compared to day 29 for the virus, radiation, and Cisplatin group. Tumor
doubling in the Ad-TIMP-2 + Ad Wt 300, radiation, and Cisplatin treated group was
significantly different than the control group (P=0.001) and the radiation group. Treatment
with any single agent alone or radiation + Cisplatin produced limited tumor growth inhibition
compared to the control group. The results also remained significant over time when combined
treatment (Ad-TIMP-2 + Ad Wt 300 + XRT + Cisplatin) was compared with ionizing radiation
alone at day 70 (P=0.01).

DISCUSSION
Conventional radiation therapy and chemotherapy are cytotoxic, but affect normal cells as well
as cancer cells. Since a therapeutic dose must be reduced to limit host toxicity, cancer cells
often survive and eventually become resistant. To address this problem, targeted therapies have
been successfully combined with cytotoxic treatment improving response without increased
toxicity [27]. Following this reasoning, we tested the hypothesis that the combination of a
TIMP-2 overexpressing Ad vector with conventional therapies would augment the efficacy of
the treatment in vivo. The combination of intratumoral injection of Ad-TIMP-2 + Ad Wt 300,
Cisplatin, and radiation therapy is more effective in suppressing the growth of subcutaneous
SCC1 xenografts in nude mice than injection of virus alone, Cisplatin alone, or radiation
treatment alone (Fig. 7). A significant increase in anti-tumor and anti-angiogenic effect was
achieved by combining the three modalities (Fig. 5 and Fig. 7).

The recognition that MMPs moderate the process of tumor growth and metastasis and the
subsequent development of a large number of agents able to inhibit the MMP activity has led
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to the evaluation of several synthetic MMP inhibitors in early clinical trials and randomized
clinical trials for which the first results are now available. The initial enthusiasm on the possible
use of MMP inhibitors in the treatment of cancer has clearly been dampened because of a
failure to show efficacy. However, it is now known that cytostatic agents may work better in
combination with conventional cytotoxic treatment. To that end, we accessed the potential of
TIMP-2 in combination with radiation and Cisplatin treatment in HNSCC xenografts.

Adenovirus has been employed for human gene therapy applications in which their safety
profile has been established to deliver both cytotoxic and cytostatic agents for the treatment of
cancer including advanced HNSCC [2]. One advantage of gene therapy using TIMPs is that
constitutative expression of a naturally occurring compound can be introduced to a local area
to prevent further tumor growth and metastasis. Additionally, as TIMP-2 is not cytotoxic to
the cell, viral replication may occur in the infected cells to produce more TIMP-2 without
resulting in viral attenuation. Recently, adenovirus has been armed with anti-angiogenic genes
and when used in combination with chemotherapy has resulted in increased tumor response
[28].

It has been reported that a replication-deficient therapeutic adenovirus can coamplify with
replicative adenoviruses [24]. The resulting selective production of large numbers of
therapeutic adenovirus particles in situ within a tumor mass could transduce neighboring tumor
cells to increase overall transduction efficiency, and result in an increase in the amount of the
therapeutic protein [24]. Indeed, we found increased TIMP-2 production with the co-
administration of Ad-TIMP-2 + Ad Wt 300 at low MOI when compared to replication-deficient
Ad-TIMP-2 alone in cells (Fig. 1). Non-replicative Ad TIMP-2 alone did not result in increased
TIMP-2 levels when compared to uninfected cells at low MOI as expected (Fig 1). Since SCC1
cells in vitro treated with non-replicative Ad-TIMP-2 alone did not result in decreased cell
viability and replicative Ad-TIMP-2 resulted in a 35% decrease (Fig. 2A), the cytotoxicity was
attributed to the lytic cycle of the virus alone instead of the TIMP-2 protein since TIMP-2 is
cytostatic and not cytotoxic [15]. TIMP-2 has anti-tumor activity, such as inhibiting MMPs
and angiogenesis, within the in vivo microenvironment which may not be apparent in vitro
[20,29]. The growth of SCC1 cells in vitro was inhibited by high dose radiation, 8 Gy, but not
by a lower dose of radiation, 4 Gy after 24 h (data not shown). Combination of 8 Gy radiation
and replicative virus resulted in an additive decrease in SCC1 cell viability of 67% after 48 h.
The combination of Cisplatin, 8 Gy, and replicative Ad-TIMP-2 produced a decrease in cell
viability equal to 67% at 48 h. Although SCC1 cells did not appear to undergo significant levels
of apoptosis after treatment with radiation and virus, a high number of cells stained with
propidium iodide indicating cell death (Table 1).

Although the replicative Ad-TIMP-2 did not affect tumor cell viability in vitro when compared
to Ad Wt 300 alone (Fig. 2A), it was efficacious against tumor growth in vivo (Fig. 7). The
limited effect of TIMP-2 in vitro is not surprising as similar results have been reported
previously [20]. TIMP-2 is an inhibitor of FGF-stimulated endothelial cell and capillary
endothelial cell proliferation, as well as a MMP inhibitor [29]. The anti-angiogenic approach
targets the tumor endothelium instead of the tumor, which can amplify the tumor killing effect.
As anti-angiogenic gene therapy is a cytostatic approach, its efficiency depends largely on a
sustained secretion of transgene products at a high level by virally-infected cells. The use of
replicative Ad-TIMP-2 alone or in combination treatment resulted in a significant
antiangiogenic response (Fig. 6), and multimodality treatment with replicative Ad-TIMP-2,
XRT, and Cisplatin resulted in a synergistic anti-angiogenic and anti-tumor response (Fig. 5
and Fig. 7).

To confirm successful administration of virus into the tumors, immunohistochemistry for
hexon protein was preformed. Adenovirus hexon staining revealed needle tracts (Fig. 4A) and
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additional distant foci of positive cells (Fig. 4B) 2 days subsequent to the final injection of Ad-
TIMP-2 + Ad Wt 300 thus confirming that the virus could spread throughout the xenograft
tumor.

The use of a replicative adenoviral vector produces increased expression of a transgene over
time resulting in a more sustained therapeutic effect and reduces the initial dose of vector
required and potential toxicity. The inhibitory effect on tumor growth was associated with a
markedly decreased vascularization within the tumors (Fig. 5). The anti-angiogenic approach
targets the tumor endothelium instead of the tumor, which can amplify the tumor killing effect.
Treatment with replicative Ad-TIMP-2 alone resulted in smaller blood vessels within tumor
xenografts when compared to untreated control tumors (Fig. 5C and Fig. 5H). Additionally,
combination treatment with either XRT or Cisplatin and replicative Ad-TIMP-2, or replicative
Ad-TIMP-2 alone, resulted in similar anti-tumor responses and an overall reduction in
abundance of blood vessels when compared to untreated control tumors (Fig. 5B, 5C, 5G, and
Fig. 7). The triple combination treatment in vivo resulted in significantly fewer and smaller
blood vessels (Fig. 5A). The anti-angiogenic effect of TIMP-2 in combination treatments may
prove to be as important as the MMP inhibition effect. TIMP-2, by inhibiting MMP activity,
may be a good choice for cancer therapy since it simultaneously targets invasive tumor cells
and tumor angiogenesis [20].

Although the TIMP-2 did not affect tumor cell viability in vitro (Fig. 2A), it could be efficacious
against tumor growth in vivo (Fig. 7). We found that multimodality treatment of in vivo HNSCC
with Ad-TIMP-2 gene therapy and chemoradiation therapy resulted in significant anti-tumor
effect and improved survival of mice (Fig. 7). In mouse xenografts, we found that
chemotherapy combined with armed adenovirus, radiation combined with armed adenovirus,
and chemoradiation therapy combined with armed adenovirus resulted in a significantly greater
response over single-agent therapies.

Interestingly, the combination of Ad-TIMP-2 + XRT + Cisplatin inhibited tumor growth and
angiogenesis as well as resulted in less mortality. This clearly indicates that the efficacy and
potency of this gene therapy in a mouse xenograft tumor model were greatly improved by the
association of TIMP-2 with chemoradiation. The tumor regression achieved by the combined
treatment was most likely attributable to the complementary actions of TIMP-2 and XRT/
Cisplatin, as TIMP-2 mainly inhibits both endothelial and cancer cell migration and radiation
and Cisplatin are cytotoxic. To our knowledge, this is the first time that the beneficial action
gene therapy, radiation, and chemotherapy in combination has been shown in vivo in head and
neck squamous cell carcinoma.

In conclusion, the combination of TIMP-2-overexpressing Ad virus, chemotherapy, and
radiation as anti-cancer therapy and demonstrated significant anti-tumor activity and
antiangiogenesis allowed for a much lower effective dose of the three agents than would have
been necessary had we used a single modality. TIMP-2 gene therapy enhanced the therapeutic
effects of viral therapy in HNSCC as both an MMP inhibitor and an anti-angiogenic agent,
which was further enhanced by chemoradiation therapy. This, translated onto a clinical setting,
should mean much less side effects and morbidity in the patient.
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Figure 1. Western blot analysis of TIMP-2 expression
SCC-1 cells were infected with Ad-TIMP-2 MOI 1 or Ad-TIMP-2 + Ad Wt 300 MOI 1. After
48 h, media and cells were collected separately for Western blot. Protein levels were compared
using actin from the cell lysate. Lane 1 PBS, Lane 2 Ad-TIMP-2 MOI 1, Lane 3 Ad-TIMP-2
+ Ad Wt 300 MOI 1.
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Figure 2. Inhibition of proliferation by Ad-TIMP-2, radiation, or Cisplatin
(A) SCC1 cells were plated in duplicate in 96-well plates. Cells were treated with virus (Ad-
TIMP-2 or Ad-TIMP-2 + Ad Wt 300) at 10 or 100 MOI. Cell viability was decreased by 35–
45% at 48 h after infection with Ad-TIMP-2 and Ad Wt 300 compared to untreated control
cells. (B) SCC1 cells were plated in duplicate in 96-well plates. Cells were treated with Ad-
TIMP-2, Ad-TIMP-2 + Ad Wt 300, Cisplatin, or radiation alone or in combination. Treatment
with the Ad-TIMP-2, radiation (8 Gy), or Cisplatin alone resulted in 23–30% reduction in cell
viability after 48 h. Combination treatment with replicative Ad-TIMP-2, Cisplatin and radiation
produced a 67% decrease in cell viability at 48 h. The combination of radiation with Cisplatin
increased the cell killing when compared to radiation alone (p=0.025). The triple combination
of radiation, cisplatin, and either Ad-TIMP-2 or Ad-TIMP-2 + Ad Wt 300 was the most
significant (p=0.001).
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Figure 3. Inhibition of collagen degradation with TIMP-2
SCC1 cells were plated in 6-well plates and incubated overnight at 37°C. To produce
conditioned media, cells were (A) untreated or (B) treated for 24 h with Ad-TIMP-2 virus.
After 48 h, conditioned media was removed from each set of cells and filtered with a 100,000
MW filter to remove infective virus. Untreated conditioned media (A) and Ad-TIMP-2
conditioned media (B) were added to new SCC-1 cells on collagen-coated wells for 4 days.
Wells were washed and stained with Coomassie blue (0.2%), and the extent of collagenolysis
in the center of the well was determined.
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Figure 4. Immunohistochemistry staining for hexon protein in SCC-1 xenografts
Tumors were excised from nude mice after 2 injections with Ad-TIMP-2 + Ad Wt 300. Cells
containing the adenoviral hexon protein are stained brown (A and B), whereas no staining was
observed in uninfected control tumor (C). High concentrations of virus were seen at injection
points (A). Positive focal areas were seen dispersed throughout the tissue (B). Magnification
400X

McNally et al. Page 15

Cancer Gene Ther. Author manuscript; available in PMC 2009 July 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Immunohistochemistry staining for Factor VIII in SCC-1 xenografts
Nude mice were inoculated with SCC-1 tumor tissue s.c. in the flank. Treatment started once
the tumors were 6–8 mm in diameter. Mice were randomly divided into groups of 5 mice to
receive different treatments: (A) Ad-TIMP-2/Ad Wt 300 + XRT + Cisplatin; (B) Ad-TIMP-2/
Ad Wt 300 + XRT; (C) Ad-TIMP-2/Ad Wt 300; (D) XRT; (E) XRT + Cisplatin; (F) Cisplatin;
(G) Ad-TIMP-2/Ad Wt 300 + Cisplatin; and (H) control. Animals injected with virus received
1 × 108 particles in 50 µl of Ad-TIMP-2 and Ad Wt 300 with a microsyringe for three separate
needle passes. Animals receiving virus were injected intratumorally on day 2 and 8 after tumor
implantation. Animals in the radiation group received 8 Gy of 60Co radiation to the tumor mass
divided into 4 fractions on days 0, 4, 8 and 12. Animals received 4 intraperitoneal doses of
Cisplatin (3 mg/kg) 1 h before each fraction of radiation. The Cisplatin regimen was previously
established separately. Angiogenesis was determined using a Factor VIII antibody. Blood
vessels are stained brown. The triple treatment group (Ad-TIMP-2 + Ad Wt 300 + XRT +
Cisplatin) had the fewest blood vessels. Each group which was treated with replicative Ad-
TIMP-2 alone or in combination resulted in an anti-angiogenic effect in comparison to radiation
alone, Cisplatin alone, radiation + Cisplatin, or untreated control. Magnification 400X.
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Figure 6. Quantification of angiogenesis in SCC-1 xenografts
Tumors were excised from nude mice at 2 and 10 days post-treatment. Treatment of tumors
was as follows: (A) Ad-TIMP- 2 + Ad Wt 300 + XRT + Cisplatin; (B) Ad-TIMP-2 + Ad Wt
300 + XRT; (C) Ad-TIMP-2 + Ad Wt 300; (D) XRT; (E) XRT + Cisplatin; (F) Cisplatin;
(G) Ad-TIMP-2 + Ad Wt 300 + Cisplatin; (H) untreated. Angiogenesis was determined using
a Factor VIII antibody. Blood vessels were counted in 3 images per treatment using a standard
grid for quantification. **indicates statistical significance P=0.002. The triple treatment group
(Ad-TIMP-2 + Ad Wt 300 + XRT + Cisplatin) had the fewest blood vessels. Each tumor was
treated with replicative Ad-TIMP-2 alone or in combination resulted in an anti-angiogenic
effect in comparison to radiation alone, Cisplatin alone, radiation + Cisplatin, or no treatment.
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Figure 7. Therapy with Ad-TIMP-2, radiation, and Cisplatin of SCC-1 tumor xenografts
Nude mice were inoculated with SCC-1 tumor tissue s.c. in the flank. Treatment started once
the tumors were 6–8 mm in diameter. Mice were randomly divided into groups of 7 mice to
receive different treatments: (1) Ad-TIMP-2 + Ad Wt 300 + XRT + Cisplatin; (2) Ad-TIMP-2
+ Ad Wt 300 + XRT; (3) Ad-TIMP-2 + Ad Wt 300; (4) XRT; (5) XRT + Cisplatin; (6) Cisplatin;
(7) Ad-TIMP-2 + Ad Wt 300 + Cisplatin; (8) Ad Wt 300; and (9) untreated control. Animals
injected with virus received 1 × 108 particles in 50 µl of Ad-TIMP-2 and Ad Wt 300 with a
microsyringe for three separate needle passes. Animals receiving virus were injected
intratumorally on days 2 and 8 after tumor implantation. Animals in the radiation group
received 8 Gy of 60Co radiation to the tumor mass divided into four 2 Gy fractions on days 0,
4, 8, and 12. Animals received 4 i.p. doses of Cisplatin (3 mg/kg) 1 h before each fraction of
radiation. The triple treatment group (Ad-TIMP-2 + Ad Wt 300 + XRT + Cisplatin) had the
highest growth delay followed by the two viruses + XRT group which fared better than XRT
alone, Cisplatin alone, virus alone, and untreated control groups. The triple treatment group
was significantly different than the control group (P=0.001). Error bars were included on
alternate data points.
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Table 1
SCC1 cells were plated in 6-well plates and incubated overnight at 37°C. Cells were treated with radiation (4 or 8 Gy).
The cells were also treated with Ad-TIMP-2 + Ad Wt 300 (10 MOI) 4 h post-radiation. Apoptosis was measured at 24
or 48 h post-radiation.

Treatment

Radiation PBS Ad-TIMP-2 + Ad Wt 300 MOI 10

4 Gy (24 h) 0.3a 1.2

4 Gy (48 h) 0.4 1.8

8 Gy (24 h) 0.5 1.8

8 Gy (48 h) 0.8 3.0

a
Percentage of Annexin-V FITC stained cells
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