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Abstract

Most patients with advanced breast cancer develop osteolytic bone metastases, which have
numerous complications. Because current therapies are not curative, new treatments are needed.
Conditionally replicating adenoviruses (CRAdS) are anticancer agents designed to infect and lyse
tumor cells. However, in spite of their promise as selective cancer therapeutics, replicating
adenoviruses have shown limited efficacy in the clinical setting. We hypothesized that a CRAd
armed with osteoprotegerin (OPG) would eradicate bone metastases of breast cancer both directly,
by oncolysis, and indirectly, by inhibiting osteoclastic bone resorption and thus reducing the tumor
burden. We constructed an armed CRAd (Ad5-A24-sOPG-Fc-RGD) by replacing viral E3B genes
with a fusion of the ligand-binding domains of OPG and the Fc portion of human 1gG1.
Conditional replication was conferred by a 24-base pair deletion within E1A (A24), which
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prevents the binding of E1A to the retinoblastoma tumor suppressor/cell cycle regulator protein
and limits replication in normal cells. Enhanced infection of cells expressing low levels of the
primary Ad5 receptor was conferred by incorporating an RGD peptide sequence into the fiber
knob to mediate binding to ay, integrins. After characterization of the armed CRAd, we
demonstrated that infection of breast cancer cells by Ad-A24-sOPG-Fc-RGD both killed the
infected cells by oncolysis and inhibited the formation of osteoclasts in an in vitro co-culture
model. In a murine model of osteolytic bone metastases of breast cancer, the CRAd armed with
SOPG-Fc reduced tumor burden in the bone and inhibited osteoclast formation more effectively
than an unarmed CRAd.
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Introduction

The majority of patients with advanced breast cancer develop bone metastases, which can be
associated with complications such as severe bone pain, pathological fractures,
leukoerythroblastic anemia, bone deformity, nerve compression and hypercalcemia.l These
debilitating complications lead to a decrease in the quality of life and are a significant cause
of morbidity for patients with late-stage disease. Current treatments for breast cancer bone
metastasis, such as radiotherapy and bisphosphonates, may alleviate symptoms and delay
progression of the disease but are not curative.23 Moreover, these treatments can have
undesirable side effects.23 Therefore, new therapies for breast cancer bone metastases are
needed.

Conditionally replicating adenoviruses (CRAdS) of human serotype 5 are a class of
anticancer agents with great potential.* The selective replication of the viruses in cancer
cells amplifies the initial inoculum and destroys the cells by lysis. The viral progeny are then
released, enabling them to infect neighboring cells, which results in multiple self-
perpetuating rounds of infection, replication, lysis and spread throughout the tumor, all
while sparing normal cells. CRAds have already been used in clinical trials in which their
safety has been demonstrated. However, they have yet to dramatically alter the course of
disease when administered as single agents.®> Thus, the antitumor efficacy of CRAds must be
improved.

One means of augmenting efficacy utilizes the CRAd as a platform for the delivery of a
therapeutic transgene, thereby creating a so-called armed replicating adenovirus in which the
input dose of the transgene is amplified by replication of the virus.® It is rational that the
therapeutic transgene used to arm a CRAd intended for breast cancer bone metastasis should
reflect the unique properties of the bone microenvironment. Breast cancer bone metastases
are predominantly osteolytic in nature; tumor cells interfere with normal bone remodeling
by accelerating bone resorption.’ Breast cancer cells in the bone produce several factors that
can affect bone resorption, with parathyroid hormone-related protein (PTHrP) perhaps the
most important. PTHrP promotes the upregulation of receptor-activator of NF-xB ligand
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(RANKL) on the surface of osteoblasts.® The binding of RANKL to its receptor RANK on
the surface of osteoclast precursors stimulates the development and activation of mature
osteoclasts. The increased bone resorption mediated by osteoclasts then releases growth
factors from the bone matrix that further stimulate tumor cell proliferation and PTHrP
production, establishing a so-called “vicious cycle.”® Osteoprotegerin (OPG) is a soluble
inhibitor of bone resorption that is secreted by osteoblasts and acts as a decoy receptor for
RANKL.10.11 The administration of recombinant OPG has been shown to decrease skeletal
tumor burden both in animal models and clinical trials.1213 We hypothesize that a CRAd
armed with OPG will inhibit the progression of breast cancer bone metastasis by two distinct
actions: both directly, due to lysis of tumor cells by the replicating adenoviruses, and
indirectly, due to the activity of OPG in the bone microenvironment inhibiting osteoclastic
bone resorption and thus reducing the tumor burden.

The armed CRAd used in this study carries a fusion gene consisting of the N-terminal
RANKL-binding domains of OPG fused to the Fc portion of human IgG1. This shortened
form of OPG (sOPG-Fc) therefore lacks the C-terminus which has been shown to promote
survival in some cancer cell types through its ability to bind tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL).14.15 The sOPG-Fc transgene was inserted into the
CRAd backbone in place of the E3B region that encodes three proteins (RIDa, RIDp and
14.7k) which protect infected cells from lysis and consequently are redundant in oncolytic
adenoviruses. The sOPG-Fc transgene was placed under the control of the endogenous E3
promoter, splicing and polyadenylation signals, a strategy that has been shown to yield high
levels of transgene expression, late in the infection cycle of an armed CRAd.16 This
approach retained the gene encoding the E3-11.6k protein, the so-called adenovirus death
protein (ADP), which mediates efficient lysis and release of progeny virus from infected
cells.1’

The sOPG-Fc-armed CRAd was based on a previously described platform, Ad5-A24RGD.18
This Ad5-based virus is rendered conditionally-replicative in cells with dysregulated cell
cycles by means of a 24-base pair deletion in the CR2 region of the viral E1A gene.1® This
mutation renders the E1A protein unable to bind and inactivate the retinoblastoma tumor
suppressor/cell cycle regulator protein, Rb, and therefore precludes efficient viral replication
in cells with an intact G1-S phase checkpoint (i.e., non-neoplastic or “normal” cells). An
arginine-glycine-aspartic acid (RGD) peptide is incorporated into the HI loop of the fiber
knob?0 of the Ad5-A24RGD platform to allow enhanced infectivity via a pathway
independent of the native primary cellular receptor for Ad5, the coxsackievirus and
adenovirus receptor (CAR), which is downregulated in breast cancer cell lines and primary
tumors.21:22 This tropism-modification redirects initial binding of the virus to ayp3 and
ayPs integrins, which are often elevated on cancer cells, with ay/B3 integrin associated with
breast cancer bone metastasis.23

Materials and Methods

Cells

Human A549 lung carcinoma cells, MCF-10A human breast epithelial cells, and the human
breast cancer cell lines MDA-MB-435, MDA-MB-361, MCF-7 and ZR-75 were purchased
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from the American Type Culture Collection (ATCC; Manassas, VA). The 293 human
embryonic kidney cell line was purchased from Microbix (Toronto, ON, Canada). The 911
human embryonic retinoblast cell line was provided by Dr. Alex J. Van Der Eb (Leiden
University, Leiden, Netherlands). A subline of MDA-MB-231 cells with an enhanced
propensity for bone metastasis has been described previously.24 MDA-MB-435 cells stably
expressing luciferase (MDA-MB-435-LUC)2 were provided by Dr. Kurt Zinn (University
of Alabama at Birmingham [UAB], Birmingham, AL). ST2 murine bone marrow stromal
cells were from Riken Cell Bank, Japan. Primary human dermal fibroblasts were provided
by Dr. N. Sanjib Banerjee (UAB). MCF-10A cells were propagated in serum-free complete
mammary epithelial growth medium (Cambrex, Walkersville, MD), supplemented with
cholera toxin (100 ng/ml; Calbiochem, San Diego, CA). ST2 cells were propagated in a-
minimum essential medium (a-MEM). All other cells were cultured in a 50:50 mixture of
Dulbecco’s modified Eagle medium (DMEM) and Ham’s F-12 medium. Media were
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS; Invitrogen,
Carlsbad, CA), L-glutamine (2 mM), penicillin (100 U/ml) and streptomycin (100 pg/ml).
Cells were cultured at 37 °C in a humidified atmosphere, with ST2 cells maintained at 8%
CO5 and all others at 5% CO». Media and supplements were from Mediatech (Herndon,
VA) unless noted.

The wild-type human adenovirus serotype 5, Adwt300, was purchased from ATCC. The
tropism-modified control virus Ad5-RGD, with wild-type E1 and E3 regions and an RGD
peptide in the HI loop of the fiber knob, was generated by transfecting A549 cells with Pac
I-digested pVK503C.20 Ad5-A24 and Ad5-A24RGD are CRAdS with a 24-bp deletion in the
CR2 region of E1A and have been described previously.26 Ad5-A24RGD also has an RGD
peptide in the HI loop of the fiber knob.

The two armed CRAdSs were constructed as follows. Human OPG cDNA was amplified by
RT-PCR from mRNA isolated from MG-63 cells. The sOPG-Fc fusion gene, encoding the
extracellular domain of OPG (amino acids 1-201 [ref 19]) linked to glutamic acid residue
226 of the human IgG1 hinge-Fc region?’ was generated by overlap extension PCR. Amino
acid residue 230 of the Fc region was mutated from cysteine to serine to prevent
dimerization of the Fc domains. The sOPG-Fc gene was subcloned in place of the E3B
region into pZErO-2 E3 6.9, a vector containing a 6.9 kbp fragment of the Ad5 genome
including the E3 region (Dr. Nik Korokhov, VectorLogics, Inc., Birmingham, AL). The
resultant plasmid was linearized with BamH | and cotransformed into E. coli BJ5183
(Stratagene, La Jolla, CA) with Swa I-linearized pVK500CAES3, a plasmid containing the
Ad5 genome deleted for E3 and the fiber gene.2 The resulting plasmid was cotransformed
into E. coli BJ5183 with Pme I-linearized pShuttle-A24, a plasmid containing a A24-
modified E1 region of the Ad5 genome.28 The resultant plasmid, pVVK500C-A24-sOPG-Fc,
was was subjected to a final round of recombination by linearization with Swa I and
cotransformation into E. coli BJ5183 with pNEB.PK.FRGD, a plasmid which contains the
Ad5 fiber gene with RGD in the HI loop.20 This final plasmid, pVK500C-A24-sOPG-Fc-
RGD, was linearized with Pac | and used to transfect A549 cells to generate the tropism-
modified armed CRAd, Ad5-A24-sOPG-Fc-RGD. The armed CRAd with native tropism,
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Ad5-A24-sOPG-Fc, was generated in a similar fashion by the recombination of Swa I-
linearized pVK500C-A24-sOPG-Fc with a shuttle plasmid containing the wild-type Ad5
fiber gene.

The E1-deleted vector Ad-CMV-sOPG-Fc-RGD was generated by subcloning the sOPG-Fc
fusion gene into pAdenoVator-CMV5-IRES-GFP (Qbiogene, MP Biomedicals, Irvine, CA),
under control of the CMV promoter. This plasmid was recombined with pVK503C20 and the
recombinant was linearized with Pac | and used to transfect 911 cells. Ad-CMV-OPG-Fc-
RGD, with full-length OPG fused to human IgG1 Fc, was constructed similarly.

Viruses were amplified in the respective mammalian cell lines, purified by two rounds of
cesium chloride density centrifugation and titered.28:29

Quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) for expression of
sOPG-Fc and viral genes

MDA-MB-231 and -435 cells were infected with Ad5-A24-sOPG-Fc, Ad5-A24-sOPG-Fc-
RGD or Adwt300 at a multiplicity of infection (MOI) of 0.1 U per cell. At 4, 8, 12, 24 and
36 h postinfection, total cellular RNA was isolated from cell lysates (RNeasy Mini Kit,
Qiagen, Valencia, CA) and subjected to real-time QRT-PCR (LightCycler 480 system,
Roche Diagnostics, Indianapolis, IN). RNA from cells infected with armed CRAds was
assayed for expression of SOPG-Fc (forward primer: 5-GGAGGTGCATAATGCCAAG-3’;
reverse primer: 5-CTGACCACACGGTACGTGCT-3’; probe: 5/-6FAM-
TACTGCTCCTCCCGCGGCTTTG-TAMRA-3’). Samples from cells infected with
Adwt300 were assayed for expression of E3B genes 14.7k (5'-
CAGAGCAGCGCCTGCTAGA-3; 5-TGGAGCTCTTGATTCATGCG-3; 5-6FAM-
TGCTCGGCCGCTGCCCTG-TAMRA-3") and RIDB (5'-
GCTGGAAACGAATAGATGCCA-3; 5-GTTGCAGTGGAAGCATAGCG-3¥; 5-6FAM-
ACCACCCAACTTTCCCCGCGC-TAMRA-3). All samples were analyzed for E3 gp 19k
(5-CCTAGGTTTACTCACCCTTGCG-3; 5-CAGGCTGGCTCCTTAAAATCC-3/;
5-6FAM-CAGCCCACGGTACCACCCAAAAGG-TAMRA-3'), ADP (5'-
TCTGCTGCCTAAAGCGCAA-3; 5-TTTGGGTGTAGCACAATGATGG-3; 5'-6FAM-
CGCGCCCGACCACCCATCTATAGT-TAMRA-3) and fiber (5'-
TGATGTTTGACGCTACAGCCATA-3; 5-GATTTGTGTTTGGTGCATTAGGTG-3;
5-6FAM-ACCAAATTCAAGCCCATCTCCTGCATTAATG-3'). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; 5-GGTTTACATGTTCCAATATGATTCCA-3/; 5/-
ATGGGATTTCCATTGATGACAAG-3; 5-6FAM-
CGTTCTCAGCCTTGACGGTGCCAT-3") was the control. Results are expressed as copy
number/ng total RNA.

Secretion and activity of sOPG-Fc

Monolayers of MDA-MB-231 cells in 24-well plates were infected with Ad5-A24, Ad5-
A24-RGD, Ad5-A24-sOPG-Fc or Ad5-A24-sOPG-Fc-RGD at an MOI of 0.1 U per cell in
DMEM/F12 with 2% (v/v) FBS. Cells were incubated for 1 h at 37 °C before the infection
mixtures were removed and replaced with serum-free growth medium with supplements. At
various intervals postinfection (24, 36, 48 and 60 h), medium samples were collected and
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stored at —80 °C. After the final time point, samples were thawed and diluted 1:300.
Samples were then assayed for the presence of osteoprotegerin with a Human
Osteoprotegerin ELISA kit (RayBiotech, Inc., Norcross, GA). Additionally, samples of
conditioned medium collected on day 6 from both the murine and human osteoclast
formation experiments were diluted 1:500 and assayed as above.

The ability of sSOPG-Fc to bind RANKL was verified. Forty-eight hours postinfection of
MDA-MB-231 cells at an MOI of 0.1 1U per cell with Ad5-A24-sOPG-Fc or Ad5-A24-
SOPG-Fc-RGD, medium was harvested and 500 pl aliquots were added to two Eppendorf
tubes. One tube of each pair received 1 pg recombinant soluble human RANKL (Research
Diagnostics Inc., Concord, MA). Tubes were incubated overnight at 4 °C before adding 30
ul of a protein G-coated agarose bead slurry (EZview Red Protein G Affinity Gel; Sigma-
Aldrich, St. Louis, MO). Samples were incubated for 2 h at 4 °C with rotation. The beads
were washed twice in PBS, resuspended in Laemmli sample buffer with f-mercaptoethanol
(Sigma) and boiled for 5 min. RANKL was detected by SDS-PAGE followed by
immunoblotting using a goat anti-human RANKL primary antibody (PeproTech, Rocky
Hill, NJ; diluted 1:1000) and rabbit anti-goat alkaline phosphatase-conjugated secondary
antibody (Jackson ImmunoResearch, West Grove, PA; diluted 1:4000). Blots were
developed with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium chloride.

Viral DNA replication

Monolayers of MDA-MB-231, -435 and MCF-10A cells in 24-well plates were infected
with Adwt300, Ad5-A24, Ad5-A24RGD, Ad5-A24-sOPG-Fc or Ad5-A24-sOPG-Fc-RGD at
an MOI of 0.1 U per cell and overlaid with 1 ml medium. Liver samples were obtained
from a human cadaver in accordance with federal and institutional guidelines and slices
measuring 8 mm in diameter and 250 pm in thickness were prepared by a Krumdieck tissue
slicer (Alabama Research and Development, Munford, AL) using techniques described
previously.30 Liver slices were infected with 1 x 108 U of Adwt300 or each of the CRAGS.
At 2 and 4 days postinfection, DNA was extracted from 200 pl samples of medium
(QlAamp DNA Blood Mini Kit, Qiagen) and analyzed by real-time Q-PCR for the Ad5 E4
gene as an indicator of viral replication, using previously described primers and probe.3!
Results are expressed as copy humber/ng total DNA.

Cytopathic effect

MDA-MB-231, -435, -361, MCF-7, ZR-75, primary fibroblasts and MCF-10A (both
confluent, non-proliferating and subconfluent, proliferating) cells were infected with Ad5-
A24-sOPG-Fc-RGD and each of the replicating control viruses at MOls of 1, 0.1 and 0.01
IU per cell. Eight days postinfection, cells were fixed and stained with crystal violet.

Osteoclast formation

In vitro osteoclast formation assays were performed using murine32 and human precursors.
Macrophages from the bone marrow of 4- to 8-week-old female athymic nude Foxn1™ mice
(Harlan, Indianapolis, IN) were cultured overnight in a-MEM containing 10% FBS and 10
ng/ml recombinant murine macrophage colony stimulating factor (M-CSF; R & D Systems
Inc., Minneapolis, MN). The following day, non-adherent cells were purified on a
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lymphocyte separation medium (density 1.077 g/ml; Mediatech) gradient. Macrophages
were collected from the interface and 2 x 10° macrophages cocultured with 2 x 104 ST2
murine bone marrow stromal cells per well of a 12-well plate, in a-MEM containing 10%
FBS, 1 x 108 M 1,25-dihydroxyvitamin D3 (Biomol Research Laboratories Inc., Plymouth
Meeting, PA) and 1 x 1076 M dexamethasone (Sigma). Cocultures were given 24 h to allow
attachment of cells before porous (0.4 pm pore size) Transwell® inserts 12 mm in diameter
(Corning; Corning, NY) were added to the wells. The inserts carried monolayers of MDA-
MB-231 or -435 cells infected immediately prior to transfer at an MOI of 0.1 IU per cell
with CRAds or Ad-CMV-OPG-Fc-RGD.

Macrophages were prepared from fresh human bone marrow (Lonza, Walkersville, MD).
Cells were purified as described above and cultured overnight in a-MEM with 50 ng/ml
recombinant human M-CSF (R & D Systems, Inc.). The following day, non-adherent
macrophages were harvested, seeded at 5 x 104 cells per well of a 24-well plate, and
cultured in a-MEM containing 10 % FBS, 10 ng/ml human M-CSF and 25 ng/ml
recombinant human RANKL (R & D Systems, Inc.) for 48 h to allow attachment.
Monolayers of MDA-MB-231 or -435 cells, on porous (0.02 um pore size) 10 mm diameter
Anopore® inserts (Nalge Nunc International; Rochester, NY) were infected as described
above and transferred to the 24-well plates.

Cultures were maintained in the respective osteoclastogenic media. Every 3 days, 1 ml of
conditioned medium in each well was replaced with 1 ml of fresh medium. After 9 days, the
inserts carrying cancer cells were stained with crystal violet. Medium from day 9 was
assayed for the osteoclast-specific protein tartrate-resistant acid phosphatase 5b33 (TRAP5b)
using a murine MouseTRAP or human BoneTRAP ELISA kit (Immuno-diagnostic Systems
Inc., Fountain Hills, AZ).

Murine model of osteolytic bone metastasis

Histology

Animal experiments were performed in accordance with federal and institutional guidelines
for animal care. Osteolytic lesions were established in thirty 4- to 5-week-old female
athymic nude Foxn1™ mice (Harlan) by injecting 1 x 105 MDA-MB-435-LUC cells into the
left tibia.3# After 10 days, MDA-MB-435-LUC tumors were visualized by noninvasive
bioluminescence imaging.3®36 Mice with luciferase-expressing tumors were divided
randomly into three groups of 10 animals and given intratibial injections of Ad5-A24-sOPG-
Fc-RGD, Ad5-A24RGD (1 x 10° 1U in 20 pl PBS) or PBS only. Luciferase expression was
monitored by bioluminescent imaging. Mice were sacrificed on the tenth day post-treatment
and the left tibia dissected and preserved in 10% (w/v) neutral buffered formalin (Fisher
Scientific, Pittsburgh, PA).

Tibiae were gently decalcified in EDTA for 14 days and then processed through graded
alcohols and xylenes using a VIP 1000 Tissue Processor (Sakura Finetek, Torrance, CA),
and embedded in paraffin. Longitudinal, frontal sections were cut at 5 microns, at
approximately the meta-diaphyseal level of the tibia. Consecutive sections were stained with
hematoxylin and eosin (H & E) and for TRAP with 1.1 mg/ml fast red TR salt in 0.2 M
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acetate buffer. Another consecutive section was immunostained for Ad5 capsid proteins
using rabbit Ad5 antiserum (Cocalico Biologicals, Inc., Reamstown, PA), biotinylated goat
anti-rabbit secondary antibodies, and streptavidin peroxidase (Biogenex Laboratories, Inc.,
San Ramon, CA) with diaminobenzidine (Lab Vision Corporation, Fremont, CA) as
substrate.

Histomorphometry

Histomorphometry was performed in the UAB Center for Metabolic Bone Disease
Histomorphometry and Molecular Analysis Core Laboratory by individuals blinded to the
identity of the experimental groups. All animals for which the inoculation of tumor cells
within the bone was confirmed by H & E staining were considered for analysis. This
excluded 5 animals from the untreated group, 4 animals from the Ad5-A24RGD group and 3
animals from the Ad5-A24-sOPG-Fc-RGD group. A region of interest (ROI) was selected
that was exactly 0.25 mm distal to the proximal growth plate and extended 4 mm distally
(thereby avoiding the primary spongiosa) through the entire medullary portion of the
metaphysis and diaphysis of the tibia, but excluding the cortical bone. Standard bone
histomorphometry was performed by the methods of Parfitt et al.37 using Bioquant Image
Analysis software (R & M Biometrics, Nashville, TN). A two-dimensional histological
section displayed profiles of three-dimensional structures. Four primary measurements were
made: total tissue area (entire ROI), total tumor area, trabecular bone perimeter, and number
of osteoclasts (taken from the TRAP-stained section). Only bone spicules enveloped or
adjacent to tumor were considered for analysis. Likewise, only osteoclasts that were within
or juxtaposed to the tumor area and were in contact with a visible trabecular bone surface
were considered. The primary measurements were used to calculate the percentage of total
tissue (including all marrow space and trabecular bone within the ROI) encompassed by
tumor and the number of osteoclasts per mm of bone.

Statistical analysis

Data from in vitro osteoclast formation assays were analyzed using a Student’s-Fisher t test.
Histomorphometry data were subjected to Wilcoxon two-sample analysis. Data points that
were outside of two standard deviations from the mean were considered outliers and were
therefore removed from further statistical analysis. Differences were considered significant
when P < 0.05.

Results

Construction and characterization of tropism-modified, sSOPG-Fc-armed CRAd

The genomes of the tropism-modified, SOPG-Fc-armed CRAd and the control viruses are
shown schematically in Fig. 1. The tropism-modified, armed CRAd, Ad5-A24-sOPG-Fc-
RGD, was constructed by replacing the E3B region of the Ad5 genome with an sOPG-Fc
fusion gene, while retaining the native gene expression control elements. This CRAd was
based on the previously described Ad5-A24RGD platform and thus has a 24-base pair
deletion in the CR2 region of the viral E1A gene and an RGD peptide inserted into the HI
loop of the fiber knob. An armed CRAd with native tropism, Ad5-A24-sOPG-Fc, was
constructed as a control. Unarmed CRAdSs with native and modified tropism, designated
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Ad5-A24 and Ad5-A24RGD, respectively, had been generated previously.1® Ad5-RGD is a
tropism-modified control virus, with wild-type E1 and E3 regions.

Quantitative RT-PCR confirmed that expression of sSOPG-Fc from the E3B region of Ad5-
A24-sOPG-Fc-RGD and Ad5-A24-sOPG-Fc resembled expression of the native E3B genes
14.7k and RIDB from wild-type Ad5 (Adwt300) in both timing and amount (results shown
Fig. 2A for 14.7k). Expression of SOPG-Fc by the armed CRAdSs did not inhibit expression
of the viral ADP gene (Fig. 2B), the E3 gp19k gene or the fiber gene, which is immediately
downstream of the transgene (not shown).

MDA-MB-231 cells infected with the armed CRAdSs secreted SOPG-Fc, which was
detectable in the medium from 24 hours postinfection (Fig. 2C). Moreover, cells infected
with the tropism-modified armed CRAd yielded higher amounts of SOPG-Fc than the
isogenic CRAd with wild-type fibers. The ability of SOPG-Fc expressed by infected cells to
bind its cognate ligand, RANKL, was verified. Forty-eight hours postinfection of MDA-
MB-231 cells with Ad5-A24-sOPG-Fc or Ad5-A24-sOPG-Fc-RGD, medium was harvested
and incubated in the presence or absence of recombinant soluble human RANKL. Protein G-
coated agarose beads, which recognize the Fc domain of SOPG-Fc and RANKL:sOPG-Fc
complexes but fail to bind free RANKL, were then employed in a pull-down assay. Proteins
were then released from the protein G beads, and SDS-PAGE followed by immunoblotting
was performed to detect RANKL (Fig. 2D). This assay confirmed that the SOPG-Fc secreted
by cells infected with the armed CRAdSs was able to bind its native ligand, RANKL. In all
cases, similar results were obtained when MDA-MB-435 cells were infected (hot shown).

Expression of sOPG-Fc does not enhance the oncolytic potency of a CRAd

MDA-MB-231 and -435 breast cancer cells were infected with tropism-modified and -
unmodified versions of the armed CRAdSs and the unarmed CRAdS, or with a wild-type
adenovirus, Adwt300. DNA was isolated from conditioned medium two and four days
postinfection and subjected to Q-PCR using primers specific for the Ad5 E4 gene, as an
indicator of viral replication. The SOPG-Fc-armed CRAdSs with either tropism-modified or
wild-type fibers replicated at levels similar to their respective unarmed control platforms in
both MDA-MB-231 (Fig. 3A) and -435 (Fig. 3B) cells. In addition, both Ad5-A24-sOPG-
Fc-RGD and Ad5-A24RGD exhibited superior replication to their respective controls with
wild-type fibers, Ad5-A24-sOPG-Fc or Ad5-A24, reflecting the enhanced infectivity of the
tropism-modified CRAdSs in these CAR-deficient breast cancer cell lines.

These observations were confirmed in a qualitative determination of oncolytic potency in
which a panel of breast cancer cell lines (MDA-MB-231, MDA-MB-435, MDA-MB-361,
MCF-7 and ZR-75) was infected. Eight days postinfection, the cytopathic effect was
monitored by staining viable cells with crystal violet (Fig. 3C). In total, this set of
experiments demonstrated that the oncolytic potency of the CRAds was not enhanced by the
expression of SOPG-Fc.

Expression of sOPG-Fc does not alter the selectivity of A24-mutant CRAds

We wished to verify that expression of SOPG-Fc by the armed CRAdSs did not affect the
selectivity of viral replication conferred by the 24-base pair deletion in the E1A gene.

Cancer Gene Ther. Author manuscript; available in PMC 2013 November 27.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cody etal.

Page 10

Human liver slices and MCF-10A normal human breast epithelial cells were infected with
tropism-modified and -unmodified versions of the armed CRAd and the unarmed CRAd, or
with a wild-type adenovirus, Adwt300. The conditioned culture medium was harvested at 2
and 4 days post-infection. DNA was extracted and subjected to PCR using primers specific
for the E4 region of the adenoviral genome, as a measure of viral DNA replication. The
wild-type adenovirus, Adwt300, replicated efficiently in the human liver slices (Fig. 4A), in
accordance with previous studies.38 The unarmed CRAds, Ad5-A24 and Ad5-A24-RGD,
exhibited reduced replication in human liver slices with respect to Adwt300. The armed
CRAdSs, Ad5-A24-sOPG-Fc and Ad5-A24-sOPG-Fc-RGD, retained the selectivity of the
CRAd platform. Similar results were obtained in MCF-10A normal breast epithelial cell
cells (Fig. 4B).

A qualitative assay demonstrated that non-neoplastic cells, fibroblasts and confluent, non-
proliferating and subconfluent, proliferating MCF-10A cells, were more resistant than breast
cancer cell lines to replication of A24-mutant CRAdSs and the unarmed control viruses (Fig.
4C). As previously reported, replication of the A24 mutant CRAds was greater in
proliferating normal cells than in matched, non-proliferating normal cells.3°

These studies therefore confirmed that expression of SOPG-Fc did not alter the selectivity of
replication of the A24-mutant CRAdS.

CRAds armed with sOPG-Fc inhibit osteoclast formation in vitro

Our hypothesis is that the CRAd armed with SOPG-Fc will eradicate bone metastases of
breast cancer both directly, by oncolysis, and indirectly, by inhibiting osteoclastic bone
resorption and thus reducing the tumor burden. We next sought to demonstrate in vitro that
the SOPG-Fc-armed CRAd could inhibit osteoclast formation while simultaneously
replicating in and lysing breast cancer cells. To this end, we employed two in vitro model
systems, murine and human. MDA-MB-231 or -435 breast cancer cells growing on
permeable cell-culture inserts were first infected with the tropism-modified armed or
unarmed CRAdSs, Ad5-A24-sOPG-Fc-RGD and Ad5-A24RGD respectively, which
possessed increased oncolytic potency relative to the isogenic viruses with native tropism. A
tropism-modified, E1-deleted replication-deficient vector expressing OPG-Fc (murine
experiment) or sSOPG-Fc (human experiment) from the CMV promoter was used as a
control. The inserts were then placed in wells containing osteoclast precursors. The murine
model system consisted of cocultures of murine bone marrow macrophages and ST2 murine
bone marrow stromal cells. The osteoclast precursors in the human model system were
human bone marrow macrophages plus recombinant soluble RANKL. Cultures were
maintained in osteoclastogenic medium. Under these conditions, osteoclasts are expected to
form within 7 to 10 days. Expression of sSOPG-Fc was measured in medium samples from
day 6. After 9 days, osteoclast formation was assayed by an ELISA for the osteoclast-
specific marker protein TRAP5b33 in the medium.

In the model systems, the breast cancer cells were lysed by the unarmed and sOPG-armed
CRAds, whereas the replication-defective vectors expressing OPG failed to lyse the breast
cancer cells (MDA-MB-435 cells shown in Fig 5A). The level of TRAP5b in the medium
was significantly reduced in both the murine (Fig. 5B) and human (Fig. 5C) coculture
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systems overlaid with MDA-MB-435 breast cancer cells infected by the armed CRAdSs
compared with the unarmed CRAd platform, indicating a reduction in the number of
osteoclasts (P < 0.05 for all pair-wise comparisons within an experiment, by Student’s-
Fisher t test). This reduction in osteoclast formation correlated with the expression of SOPG-
Fc by the armed CRAdSs (shown for murine system in Fig. 5D). Similar results were
obtained when MDA-MB-231 cells were infected. Hence, the SOPG-Fc-armed CRAdSs could
inhibit osteoclast formation while simultaneously lysing breast cancer cells.

Tropism-modified CRAd armed with sOPG-Fc inhibits breast cancer bone metastasis in

Vivo

We next sought to determine whether the tropism-modified, armed CRAd, Ad5-A24-sOPG-
Fc-RGD, would more effectively inhibit the growth of osteolytic breast cancer bone
metastases in vivo than its unarmed control, Ad5-A24RGD.

Osteolytic tumors were established in female athymic mice by injecting MDA-MB-435-
LUC cells into the left tibia. After 10 days, xenografts were confirmed by bioluminescent
imaging and mice injected intratibially with Ad5-A24RGD, Ad5-A24-sOPG-Fc-RGD or
PBS only.

Representative bioluminescence images of mice from each group at day 4 and 9 post-
treatment are shown in Fig. 6A. Examination of luciferase images gave some indication that
tumors treated with Ad5-A24-sOPG-Fc-RGD grew more slowly than did those treated with
Ad5-A24RGD. Overall, signal intensities increased over time, indicating that tumors
continued to grow in all treatment groups.

At the completion of the experiment, mice were sacrificed, and tissue sections of the tibiae
prepared. Consecutive sections were stained for tumor with H & E or for osteoclasts by
TRAP. An additional section was stained for Ad5 capsid proteins, confirming viral
replication in the tumors. Representative sections from mice of each group are shown in Fig.
6B, which correspond to mice shown in Fig. 6A. Mice from each group exhibited extensive
bone destruction, with tumor frequently invading the cortex and surrounding muscle. Within
each treatment group, a range of tumor sizes was observed histologically.

Histomorphometric determination of tumor area as a percentage of total tissue (Fig. 7A)
showed that mice treated with Ad5-A24-sOPG-Fc-RGD had significantly less tumor burden
in the bone than the untreated group (27.5 £ 16.3 vs. 57.1 £ 30.4, mean + SD; P = 0.038) or
the Ad5-A24RGD-treated group (53.2 + 25.8, P = 0.038). These represent 51% (relative to
untreated) and 48% (relative to Ad5-A24RGD treatment) decreases in tumor burden for the
group treated with Ad5-A24-sOPG-Fc-RGD. Mice treated with Ad5-A24RGD exhibited a
slight reduction in tumor burden relative to the untreated group, but this difference was not
significant (P = 0.341).

All tumor-bearing bones showed a decreased amount of trabecular bone and associated
osteoclasts in comparison with sections of normal bone (not shown), indicating substantial
bone loss. Mice treated with either virus showed a further reduction in osteoclasts per mm
bone in comparison to untreated mice (Fig. 7B). Furthermore, treatment with Ad5-A24-

Cancer Gene Ther. Author manuscript; available in PMC 2013 November 27.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cody etal.

Page 12

SOPG-Fc-RGD reduced osteoclast formation as compared to the untreated group (0.28 +
0.47 vs. 6.89 + 3.98, P = 0.025) to a greater extent than did treatment with Ad5-A24RGD
(4.56 £ 6.60, P = 0.049). A reduction in osteoclasts per mm bone was also seen in mice
treated with Ad5-A24-sOPG-Fc-RGD in comparison to mice treated with Ad5-A24RGD
(0.28 + 0.47 for the armed CRAd vs. 4.56 + 6.60 for the unarmed CRAd), although this
effect was not significant (P = 0.07).

Thus, treatment of breast cancer bone metastases with an SOPG-Fc-armed CRAd reduced
tumor burden in the bone more effectively than did an unarmed CRAd. Moreover, the armed
CRAd reduced osteoclast formation on tumor-associated bone.

Discussion

A number of studies in animal models have shown that arming a CRAd with a rationally
chosen therapeutic transgene can improve its antitumor efficacy over that of an unarmed
CRAd.#0 In terms of Paget’s hypothesis,*! the CRAd armed with SOPG-Fc employed in this
study was designed to target both the “seed”, the metastatic breast cancer cell, and the
“soil”, the bone microenvironment. We hypothesized that Ad5-A24-sOPG-Fc-RGD, a
CRAd armed with sOPG-Fc, would inhibit breast cancer bone metastasis both directly, by
lysing tumor cells, and indirectly, due to SOPG-Fc in the bone microenvironment inhibiting
bone resorption. Using murine and human models of osteoclastogenesis in vitro, we showed
that Ad5-A24-sOPG-Fc-RGD inhibits the formation of osteoclasts while lysing tumor cells.
Our in vivo results showed that expression of SOPG-Fc by a CRAd enhances its ability to
control bone metastases, by reducing tumor burden in the bone and inhibiting osteoclast
formation. These findings supported our hypothesis that a CRAd armed with SOPG-Fc
would have enhanced efficacy against bone metastases, due to both direct and indirect
action. This conclusion is further supported by the in vitro study which indicated that the
armed CRAd had slightly reduced oncolytic potency relative to the unarmed control: the
enhanced efficacy due to inhibition of osteoclast formation could only be observed in the
treatment of bone metastases in vivo.

We sought to treat established bone metastases with an SOPG-Fc-armed CRAd. Because
these tumors had already progressed from micrometastases at the time of treatment, this
more closely reflects the clinical situation than other studies involving OPG and bone
metastasis. In most studies, recombinant OPG has been administered in a preventative
protocol, with treatment initiated either before or on the same day as the injection of the
tumor cells. In these situations, OPG is highly effective at reducing tumor burden, and has
been shown to prevent establishment of bone metastases in some cases.1242-45 Models
employing OPG as a treatment for established bone metastases have also been described,
and while OPG has been shown to reduce skeletal tumor burden in this setting, complete
elimination of bone metastases from treatment with OPG alone has not been reported.*4-47
This reflects the difficulty of treating such well-established tumors and is not surprising,
given that the ability of OPG to reduce tumor burden in the bone is the product of its
antiresorptive activity rather than direct cytotoxicity.6 We suggest that the delivery of
SOPG-Fc by a CRAd has the potential to augment the therapeutic efficacy due to the directly
oncolytic effect of viral replication.
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In the murine model employed here, cells were injected directly into the tibiae of nude mice
and allowed to grow for 10 days before treatment was administered. While there is some
controversy over the origins of the MDA-MB-435 cell line,*8:49 these cells establish
osteolytic lesions in vivo, making them suitable for this study.3? Although this model
replicates only the final step of the metastatic cascade, the growth of the tumor at a
secondary site, it offers advantages that made it an appropriate means of validating our
hypothesis. Intracardiac injection of tumor cells, an alternative approach that is also used in
studies of bone metastasis, establishes metastases that are widely distributed throughout the
body.25:50 Metastases in major organs could lead to the death of the animals before
completion of the experiment or otherwise interfere with a study focused on bone
metastases. In contrast, the intratibial injection model allowed us to focus our study on
tumors in the appropriate tissue and to establish bone metastases at the same location in each
animal. The intratibial model has limitations, though. The tibia represents a very small target
for injection, making the procedure technically challenging. As we observed, improper
injection of cells can establish tumors in the adjacent muscle, rendering these samples
unsuitable for further analysis. Even when the initial injection is in the correct location,
tumor cells frequently destroy the cortical bone and invade the surrounding muscle, which
was observed by us as well as others employing this model.#>51-53 The escape of the tumor
from the skeletal compartment has important ramifications for studies of bone metastasis,
since treatments intended to reduce tumor burden by inhibiting bone resorption would not be
expected to be effective outside the bone. Hence, treatment at an earlier time point should be
considered in future studies.

We observed a wide variation in tumor size within each treatment group, despite our efforts
to establish consistently sized tumors in all animals. This variability may reflect the
differential growth rates of individual tumors in vivo, as well as the differential response of
these tumors to treatment. Also contributing to this variability is the fact that relatively small
differences in absolute size are made more pronounced by the small size of intratibial
tumors. Other investigators have also reported variable tumor sizes in intratibial models of
bone metastasis, which prevented some of the trends observed from reaching statistical
significance.* While variation in tumor sizes may, for biological reasons, be unavoidable,
the use of more mice per treatment group would allow for the selection of tumors of
comparable size for treatment, and would also increase the statistical power of the study.

In this proof-of-principle study, the CRAds were administered by direct injection into the
tibiae harboring osteolytic bone metastases. Such an approach would clearly be less practical
in a human clinical situation and highlights the need for adenoviruses capable of selective
infection of cancer cells after systemic administration. We and others are currently
developing such targeted adenoviruses, either by complexing the virus with adapter proteins
with specificity for both the vector and a cellular receptor, or by direct modifications to the
capsid proteins.>* The discovery that binding of the Ad5 hexon capsid protein to coagulation
factor X mediates hepatic transduction will permit the rational engineering of CRAds with
reduced liver sequestration.55:56
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Figure 1.
Schematic of viral genomes.
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Figure 2.
Characterization of armed CRAdSs. A, B, MDA-MB-231 cells were infected with Ad5-A24-

SOPG-Fc, Ad5-A24-sOPG-Fc-RGD or Adwt300. At the indicated times, cellular RNA was
subjected to QRT-PCR to detect expression of: A, the sOPG-Fc gene (cells infected with
Ad5-A24-sOPG-Fc or Ad5-A24-sOPG-Fc-RGD) or the 14.7k gene (cells infected with
Adwt300); and B, the ADP gene. The copy number was normalized to total cellular RNA. C,
Secretion of SOPG-Fc. MDA-MB-231 cells were infected with Ad5-A24, Ad5-A24RGD,
Ad5-A24-sOPG-Fc or Ad5-A24-sOPG-Fc-RGD. At the indicated times, medium was
harvested, diluted 1:300 and expression of SOPG-Fc was detected in an ELISA. D, sOPG-Fc
binds RANKL. Medium from MDA-MB-231 cells 48 h postinfection was incubated in the
presence (+) or absence (=) of SRANKL and pulled down with protein G-agarose. Proteins
were released and subjected to immunoblot using anti-RANKL primary antibody. C:
SRANKL.
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Figure 3.
Oncolytic potency of armed CRAds. MDA-MB-231 (A) and MDA-MB-435 (B) cells were

infected. DNA was extracted from medium 2 and 4 days postinfection and subjected to Q-
PCR to detect the E4 gene. Results are means + SD of duplicate determinations.
Representative results of 3 separate experiments are shown. C, a panel of breast cancer cell
lines was infected at the indicated MOls. Eight days postinfection, cells were stained with
crystal violet. Representative results of 3 separate experiments are shown.
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Figure4.

Selectivity of the armed CRAdSs. Viral replication. Human liver slices (A) and MCF-10A
normal breast epithelial cells (B) were infected with the indicated viruses. The conditioned
culture medium was harvested at 2 and 4 days postinfection. DNA was extracted and
subjected to Q-PCR to detect the E4 gene as a measure of viral DNA replication. Results are
the means + SD of duplicate determinations. Representative results of 3 separate
experiments are shown. C, a panel of non-neoplastic cells was infected at the indicated
MOls. Eight days postinfection, viable cells were fixed and stained with crystal violet.
Representative results of 3 separate experiments are shown.
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Figureb5.
CRAd armed with sOPG-Fc lyses cancer cells and inhibits osteoclast formation in vitro.

MDA-MB-435 cells were infected with Ad5-A24-sOPG-Fc-RGD, Ad5-A24RGD or
replication-defective vectors and grown for 9 days on inserts overlaying cocultures of
murine osteoclast precursors and ST2 bone marrow stromal cells or human osteoclast
precursors and RANKL. A, Cancer cells on the inserts were fixed and stained with crystal
violet. The osteoclast marker protein TRAP5b was assayed by ELISA in the murine (B) or
human (C) systems. Results are means + SD of duplicate determinations. Representative
results of 2 separate experiments are shown. Significant differences for sOPG-Fc-armed
CRAd vs. uninfected (*) and unarmed CRAd (1) are indicated; P < 0.05, determined by
Student’s-Fisher t test. D, expression of SOPG-Fc in the medium of the murine system was
quantified in an ELISA.
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Figure6.
Intratibial tumors of MDA-MB-435-LUC cells in nude mice were treated with Ad5-A24-

SOPG-Fc-RGD, Ad5-A24RGD or PBS. A, bioluminescent imaging on days 4 and 9. B,
histology of consecutive sections, shown at 12.5X and 200X. H & E: hematoxylin and eosin;
TRAP: detection of TRAP osteoclast marker protein with 1.1 mg/ml fast red TR salt in 0.2
M acetate buffer; IHC; immunohistochemistry for Ad5 capsid proteins using rabbit Ad5
antiserum, biotinylated goat anti-rabbit secondary antibodies, and streptavidin peroxidase.
Tissue samples were harvested 10 days after treatment.

Cancer Gene Ther. Author manuscript; available in PMC 2013 November 27.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cody etal.

100 -
80
60
40 -
20 -

Tumor % of Total Tissue
o

Figure?7.

PBS

Ad5-A24- Ad5-A24-
RGD sOPG-Fc-
RGD

Osteoclasts Per mm Bone

12 -
10 -
8 -
6 -
44
24
0

Page 24

k
T 1
1
PBS Ad5-A24- Ad5-A24-
RGD sOPG-Fc-
RGD

Histomorphometric analysis of stained tissue sections to measure tumor burden (A) and
osteoclast formation (B). Shown are group means + SD, n = 4 (PBS), 5 (Ad-A24RGD) and 6
(Ad-A24-sOPG-Fc-RGD), *Significant difference, P < 0.05, by Wilcoxon two-sample
analysis. Tissue samples were harvested 10 days after treatment.
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