
Copper chelation enhances anti-tumor efficacy and systemic
delivery of oncolytic HSV

Ji Young Yoo1, Jason Pradarelli1,2, Amy Haseley1, Jeffrey Wojton1, Azeem Kaka1,5, Anna
Bratasz3,4, Christopher Alvarez-Breckenridge1,6, Jun Yu7, Kimerly Powell3,4, Andrew
Mazar7, Theodoros N Teknos8, E. Antonio Chiocca1, Joseph C. Glorioso9, Matthew Old7,
and Balveen Kaur1

1Dardinger Laboratory for Neuro-oncology and Neurosciences; 1Department of Neurological
Surgery, Northwestern University, 2145 Sheridan Rd. Evanston IL 60208
2Biomedical Science Major, Northwestern University, 2145 Sheridan Rd. Evanston IL 60208
3Small Animal Imaging Shared Resources, Northwestern University, 2145 Sheridan Rd. Evanston
IL 60208
4Department of Biomedical Informatics, Northwestern University, 2145 Sheridan Rd. Evanston IL
60208
5Department of Otolaryngology, Northwestern University, 2145 Sheridan Rd. Evanston IL 60208
6Medical Scientist Training Program, Northwestern University, 2145 Sheridan Rd. Evanston IL
60208
7Chemistry of Life Processes Institute and Robert H. Lurie Comprehensive Cancer Center,
Northwestern University, 2145 Sheridan Rd. Evanston IL 60208
8Department of Otolaryngology Head and Neck Surgery and James Comprehensive Cancer
Center, The Ohio State University Wexner Medical center, Columbus, OH, 43210
9Department of Microbiology and Molecular Genetics, University of Pittsburgh, School of
Medicine, Pittsburgh, Pennsylvania 15219

Abstract
Purpose—Copper in serum supports angiogenesis and inhibits replication of wild type HSV-1.
Copper chelation is currently being investigated as an anti-angiogenic and anti-neoplastic agent in
patients diagnosed with cancer. Herpes simplex virus derived oncolytic viruses (oHSVs) are being
evaluated for safety and efficacy in patients, but several host barriers limit their efficacy. Here, we
tested if copper inhibits oHSV infection and replication and if copper chelation would augment
therapeutic efficacy of oHSV.

Experimental Design—Subcutaneous and intracranial tumor bearing mice were treated with
oHSV ± ATN-224 to evaluate tumor burden and survival. Virus replication and cell killing was
measured in the presence or absence of the copper chelating agent ATN-224 and in the presence or
absence of copper in vitro. Micro-vessel density and changes in perfusion were evaluated by
immuno-histochemistry and DCE-MRI. Serum stability of oHSV was measured in mice fed with
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ATN-224. Tumor bearing mice were injected intravenously with oHSV; tumor burden and amount
of virus in tumor tissue was evaluated.

Results—Combination of systemic ATN-224 and oHSV significantly reduced tumor growth and
prolonged animal survival. Immunohistochemistry and DCE-MRI imaging confirmed that
ATN-224 reduced oHSV-induced blood vessel density and vascular leakage. Copper at
physiologically relevant concentrations inhibited oHSV replication and glioma cell killing and this
effect was rescued by ATN-224. ATN-224 increased serum stability of oHSV and enhanced the
efficacy of systemic delivery.

Conclusion—This study shows that combining ATN-224 with oHSV, significantly increased
serum stability of oHSV and greatly enhanced its replication and antitumor efficacy.

Keywords
Glioblastoma (GBM); Oncolytic Virus (OV); Herpes Simplex Virus-1 (HSV-1); ATN-224;
Copper ions (Copper)

Introduction
Oncolytic virus therapy is emerging as a novel strategy for the treatment of patients with a
diverse range of cancers, including glioma (1). Oncolytic viruses derived from Herpes
Simplex Virus-1 (oHSVs) have been tested in several clinical trials for the treatment of
malignant glioma and have shown low toxicity with encouraging indications of efficacy (2).
However, efficient oncolysis in vivo is impeded by several tumoral and/or host barriers, and
an effort to understand and overcome these barriers remains critically important to improve
therapeutic efficacy (3).

Changes in tumor microenvironment following viral oncolysis result in increased
angiogenesis in residual tumor after viral clearance (4–5). Consistent with this, therapy
which combines oHSV with anti-angiogenic agents has been shown to improve anti-tumor
efficacy significantly (5–11).

Copper functions as an important co-factor for several angiogenic growth factors, including
VEGF and angiogenin, and is also required for the secretion of several angiogenic factors by
tumor cells (12–13). An elevation of serum copper levels found in many human tumors
correlates with an increased tumor burden and a worsened prognosis (14). Apart from
supporting angiogenesis, copper found in serum has been shown to inhibit wild-type HSV
infection and its topical use is currently being evaluated as an anti-herpetic agent in patients
with herpes skin lesions (15–17).

Tetrathiomolybdate (TM) is a first generation copper chelator that creates a complex with
copper and serum albumin, effectively restricting cellular uptake of copper. Treatment of
cancer cell lines with TM has shown a reduction in the levels of pro-angiogenic and pro-
inflammatory mediators and a significant antitumor efficacy in vivo (18–20). Copper
chelation is currently being investigated as an anti-angiogenic and anti-neoplastic agent in
patients diagnosed with esophageal carcinoma, hormone refractory prostate cancer,
colorectal cancer, and breast cancer (clinical trials.gov identifier: NCT00176800,
NCT00150995, NCT00176774, NCT00195091, respectively) (21). ATN-224 is a bis-
choline salt that is a second generation analog of TM, with superior stability and a faster
onset of action. ATN-224 has completed phase I studies in solid tumors and in
hematological malignancies and is currently under investigation in several phase II trials as
an anti-angiogenic and anti-neoplastic agent in a variety of cancers (NCT00383851 and
NCT00405574, respectively).
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We hypothesized that combination of copper chelation with oHSV would enhance its
antitumor efficacy by both enhancing its serum stability and inhibiting angiogenesis. In this
report, we showed that treatment of mice with ATN-224 can rescue serum mediated
inhibition of viral replication, and enhance antitumor efficacy of oHSV, permitting its
systemic delivery. To our knowledge, this is the first study to demonstrate the utility of
combining ATN-224 and oHSV to allow systemic delivery, and enhance therapeutic
efficacy.

Materials and methods
Cell lines, Reagents and Viruses

Gli36ΔEGFR, U87ΔEGFR, and U251T3 human glioma cells, Vero cells, and X12-V2
primary tumor derived cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco BRL) supplemented with 10% fetal bovine serum (Gibco BRL), 100 units
of penicillin/ml, and 10mg of streptomycin/ml (22). All cell lines were maintained at 37 °C
in a humidified atmosphere at 5% CO2. To verify that ATN-224’s effect on oHSV did not
depend on a specific virus mutation, we have used three different viruses with different viral
backbones in this study. The construction and generation of rHSVQ1, rQnestin34.5, and
hrR3 virus have been previously described, and differences in their structure were
summarized in Supplementary Table S1. (7, 23). All viruses were propagated in Vero cells,
purified, and infectious virus titers (plaque forming unit per ml, pfu/ml) were determined by
plaque forming unit assay on Vero cells (10, 24–25). Tetrathiomolybdate analog, ATN-224,
was kindly provided by Dr. Andrew P. Mazar (Northwestern University, Evanston, IL).
ATN-224, cupric chloride was filter sterilized and made fresh each time prior to use. For in
vitro experiments, ascorbate buffer was used as a reducing agent as described (26).

Cell viability and viral replication assays
For cell viability assay, the indicated cells were infected with oHSV (MOI of 0.1) pre-
incubated with ascorbate buffer ± copper (1 mg/L) ± ATN-224 (32 uM) for 30 min at RT.
48 hr post infection, the cells were fixed with 1% glutaraldehyde, and stained with 0.5%
crystal violet. After washing, the crystals were dissolved in Sorenson’s buffer (0.025 M
sodium citrate, 0.025 mol/l citric acid in 50% ethanol) and plates were then read on a
microplate reader at 590 nm. All assays were performed in triplicate. For replication assay,
the indicated cells were harvested 48 hrs post oHSV infection, and the amount of infectious
virus particles in cells and media was determined by performing a standard plaque forming
unit assay on Vero cells, as previously described (10).

Animal Surgery
All mice experiments were housed and handled in accordance with the Subcommittee on
Research Animal Care of the Ohio State University guidelines and have been approved by
the Institutional Review Board. Female athymic nu/nu mice (Charles River Laboratoties,
Frederick, MD), 4–5-week-old for subcutaneous tumor model and 6–8 week-old for
intracranial tumor model, were used for all studies. For subcutaneous tumor studies, glioma
cells (U251T3, 1.5 × 107) were implanted subcutaneously into the rear flank of female
athymic nude mice. When tumors reached an average size of 100 mm3, mice were
randomized and treated with PBS or ATN-224 (0.7 mg/day dissolved in 100 ul PBS) by
daily gavage (n=10). Thirteen days later PBS or rQnestin34.5 was administered
intratumorally (1 × 105 pfu). Tumor volume was calculated using the following formula:
volume = 0.5LW2 as described (27).

For intracranial tumor studies, anesthetized nude mice were fixed in a stereotactic apparatus,
and a burr hole was drilled 2 mm lateral to the bregma. U87ΔEGFR cells (1 × 105) were
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then implanted at a depth of 3 mm. 3 days post tumor implantation, mice were randomized
to be fed with PBS or ATN-224 (0.7 mg/day dissolved in 100 µl PBS) by daily gavage. Ten
days following tumor cell implantation, the mice were anesthetized again and injected
intratumorally with PBS or 5 × 104 pfu of rQnestin34.5 at the same location. Animals were
observed daily and were euthanized at the indicated time points when they become
moribund, lethargic, anorexic, dehydrated, or distressed.

For ex vivo serum rescue assays, female nude mice were fed with PBS/ATN-224 by daily
gavage for ten days. Blood was collected from sub-mandibular vein and serum was
harvested as described (28). 20 µl of serum diluted with 20 µl of Hank's buffered salt
solution (HBSS) was incubated with rQnestin34.5 (2 × 103 pfu) for 1 hr at 37 °C and the
amount of virus particles was measured by a standard plaque assay. For in vivo serum
rescue assay, mice were fed with PBS/ATN-224 for seven days and then hrR3 (2 × 107 pfu)
was administered by tail vein injection. 20 minutes post virus injection serum was harvested
and the number of infectious virus particles present was determined.

PCR analysis
To measure viral gene copy in vivo, tumor bearing mice were sacrificed and total DNA from
the tumors was purified (Master PureTM Complete DNA & RNA Purification Kit, Epicentre
Biotechnologies), as manufacturer’s instruction. Viral gene copy present in the tumors was
measured by determining the total number of copies of the HSV specific ICP4 gene using
quantitative real-time PCR (qPCR) analysis. ICP4 primers used were: sense, 5’-
CGACACGGATCCACGACCC-3’and anti-sense, 5’-
ATCCCCCTCCCGCGCTTCGTCCG-3’. Total oHSV gene copy was determined by
generating a linear regression curve using a plasmid containing the ICP4 of HSV-1 viral
gene (Dr. Deborah Parris at The Ohio State University). To measure changes in angiogenic
gene expression, subcutaneous glioma (U251T3) bearing mice were sacrificed and RNA
was purified from the ipsilateral hemisphere using RNeasy lipid tissue (Qiagen, Cat. 75842).
Changes in mouse and human angiogenic gene expression was measured using
commercially available primers (murine VEGF, Cat# MP218181, human VEGF, Cat#
HP202779, murine IL-8, Cat# MP206804, human IL-8, Cat# HP200599, Origene,
Rockville, MD).

Antibodies
The following antibodies were used for immunohistochemistry: rat anti-mouse CD31
(Pharmingen, San Jose, CA), polyclonal rabbit anti-herpes simplex virus type 1 (DAKO,
Cambridge, UK), Peroxidase-conjugated donkey anti-rabbbit (Jackson ImmunoResearch
Laboratories, West Grove, PA) and biotin-conjugated goat anti-rat IgG (BD Biosciences
Pharmingen, San Diego, CA).

DCE-MRI imaging
Mice bearing intracranial tumors treated with rQnestin34.5 ± ATN-224 (n=4) were imaged 3
days after oHSV treatment using T2-weighted RARE imaging sequence (TR=2500 ms,
TE=12 ms, Rare Factor=8, navgs=4). The imaging was performed using a Bruker Biospin
94/30 magnet (Bruker Biospin, Karlsruhe Germany) as previously described (10). The mean
C(t), IAUC, and CIAUC curves were evaluated and compared for the rQnestin34.5, and
rQnestin34.5+ATN-224-treated mice at day 13 from tumor implantation. The rate constant,
Ktrans, and the extravascular extracellular space, ve, were determined by nonlinear curve
fitting the Gd concentration, C(t), over a 20 minute time period post Gd injection. Color-
coded maps for Ktrans and ve were created to visualize the spatial distribution of Gd in the
tumor. Histograms of Ktrans and ve for the entire tumors were calculated and median values
were compared between the treatment groups.
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Statistical Analysis
Student's t-test was used to analyze changes in cell killing, viral replication, microvessel
density, and gene copy changes. Two-tailed P-values are displayed. A P value <0.05 was
considered statistically significant. All error bars displayed are shown as standard
deviations, and all graphs were generated using Microsoft Excel. To analyze mice survival
data, Kaplan–Meier curves were compared using the log rank test and Breslow (Generalized
Wilcoxon) tests. All statistical analyses were performed with the use of SPSS statistical
software (version 14.0; SPSS, Chicago, IL).

Results
Impact of ATN-224 treatment on oHSV therapeutic efficacy in subcutaneous and
intracranial glioma

We have previously shown that treatment with anti-angiogenic agents increases virus
propagation in tumors (7). Here we examined the therapeutic efficacy of combining
ATN-224 with oHSV in two different human glioma xenograft models. Mice bearing
subcutaneous U251T3 tumors (100 mm3 in volume) were randomized and systemically
administered ATN-224 (0.7mg/day) or PBS via daily gavage (n=10), and were then treated
intra-tumorally with either oHSV (rQnestin34.5) or PBS. PBS treated mice showed rapid
tumor growth, while mice treated with rQnestin34.5 or ATN-224 alone showed a significant
reduction of tumor growth (Fig. 1A). When mice were treated with both ATN-224 and
rQnestin34.5, there was an even greater reduction in tumor growth with seven out of ten
mice showing a complete response compared to only 1 out of ten mice when treated with
either agent alone. On day 25, the mean tumor volumes in mice treated with ATN-224
alone, rQnestin34.5 alone, and ATN-224 plus rQnestin34.5 were 250.1 ± 106.7, 153.9 ± 50,
and 21.5 ± 15.3, respectively. These data correlate to 49.7, 69, and 95.7% tumor growth
inhibition as compared to PBS control (Fig. 1A).

The enhanced anti-tumor efficacy of oHSV combined with ATN-224 was also observed in
mice bearing intracranial glioma (Fig. 1B). Mice bearing orthotropic U87ΔEGFR human
glioma were treated with ATN-224 or PBS for seven days prior to being treated with a
single dose of rQnestin34.5 (5×104 pfu) or PBS by direct intra-tumoral injection. The
survival of mice in each group (n=8/group) was analyzed by Kaplan-Meier curves. These
results showed a significant improvement in median survival of mice treated with ATN-224
plus rQnestin34.5 over that of single agent alone (median survivals: 19, 25 and 40 days for
mice treated with ATN-224, rQnestin34.5, and ATN-224 + rQnestin34.5 respectively).

Combination of ATN-224 and oHSV decreases blood vessel formation and vascular hyper-
permeability in tumors

To evaluate the impact of ATN-224 on glioma angiogenesis, we evaluated tumor
microvessel density in subcutaneous and intracranial tumors. Fig. 2A shows
photomicrographs of U251T3 subcutaneous tumor sections immunostained for CD31 to
highlight endothelial cells. Quantification of CD31 staining showed a statistically significant
reduction in microvessel density in tumors treated with ATN-224 (Fig. 2B). More
importantly, a significant inhibition in vessel density was also observed in tumors derived
from mice treated with both ATN-224 and rQnestin34.5 compared to mice treated with
rQnestin34.5 alone. ATN-224 has been previously shown to reduce the expression of
angiogenic cytokines (29). To evaluate if ATN-224 reduced the expression of tumoral and
host angiogenic cytokines in glioma bearing mice, we measured changes in both mouse and
human angiogenic factors, VEGF and IL-8. Fig. 2C shows a significant down regulation of
both tumoral and host VEGF and IL-8 factors when mice are treated with ATN-224 in
addition to rQnestin34.5, as compared to mice treated with rQnestin34.5 alone.
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To evaluate the physiological consequence of ATN-224 on perfusion in oHSV-treated brain
tumors, we performed dynamic contrast enhanced magnetic resonance imaging (DCE-MRI)
of intracranial glioma-bearing mice. Fig. 3A shows representative images of coronal brain
sections of mice treated with rQnestin34.5 or ATN-224 plus rQnestin34.5. The top panel
shows contrast enhancement of tumor-bearing mice imaged 3 days after the oHSV treatment
and immediately following administration of gadolinium diethylene-triamine penta-acetic
acid (Gd-DTPA). Contrast enhancement at the site of oHSV injection was evident in all of
the oHSV-treated mice. The middle and bottom panels are parametric images showing
changes in Ktrans (blood-to-tissue transfer constant or vessel leakiness) and ve (volume of
contrast in the extravascular and extracellular space per unit volume of tissue) between PBS-
and ATN-224-fed animals treated with rQnestin34.5 respectively. Quantification of the
parameters revealed a significant reduction in both Ktrans (60.4%, P=0.0399) and ve (56.3%,
P=0.0316) in ATN-224 plus rQnestin34.5-treated animals compared to rQnestin34.5 alone-
treated animals (Fig. 3A–B). Interestingly in mice that were not treated with rQnestin34.5,
ATN-224 did not alter Ktrans or ve (Supplementary Fig. S1). The reduction in vascular
perfusion and leakiness indicated by MRI analysis was further investigated histologically.
Fig. 3C are representative H&E- and CD31-stained images of tumor bearing brain sections,
showing increased necrosis (asterix) and reduced vessel formation in mice treated with
ATN-224 in addition to rQnestin34.5 compared to mice treated with rQnestin34.5 alone.
Quantification of CD31 staining revealed the reduced vessel formation to be statistically
significant (Fig. 3D).

ATN-224 increases oHSV propagation in tumors
Interestingly, even though ATN-224 was found to be antiangiogenic in intracranial
U87ΔEGFR tumors, ATN-224 treatment alone did not increase survival of these mice (Fig.
1B). To evaluate if increased efficacy was also due to increased oHSV propagation in vivo,
we compared viral distribution of rQnestin34.5 in mice fed with PBS to mice fed with
ATN-224. Fig. 4A shows representative microphotographs of HSV-1 immuno-stained brain
sections of U87ΔEGFR intracranial tumor bearing mice. While tumors from mice treated
with rQnestin34.5 showed some staining for virus in tumors, the entire tumor section was
highly positive for HSV-1 staining in tumors when mice were fed ATN-224 (Fig. 4A).
Similarly, HSV-1 staining of U251T3 subcutaneous tumors showed enhanced virus
propagation when mice were fed ATN-224 compared to mice fed PBS (Fig. 4B). No
staining was observed in tumors injected with PBS instead of oHSV (Supplementary Fig.
S2). Consistent with increased HSV-1 staining, we found that the total viral yield in tumors
of animals treated with ATN-224 plus rQnestin34.5 was about 3.31-fold higher than in mice
treated with rQnestin34.5 alone (P=0.018) (Fig. 4C).

ATN-224 rescues copper-mediated inhibition of oHSV replication and cytotoxicity in vitro
and in vivo

Apart from increasing angiogenesis, copper (Copper) has been shown to inhibit wild-type
HSV-1 replication in cultured cells in vitro (16). Thus, we tested if ATN-224’s ability to
chelate copper directly increases oHSV propagation. We first tested the effect of Copper on
the ability of oHSV to replicate in vitro. Stable glioma cell lines, U251T3 and
GLI36ΔEGFR, and a patient-derived glioma cell, X12-V2, were infected with rQnestin34.5
or rHSVQ1 at an MOI of 0.1 ± Copper. Uninfected cells were used as negative control. As
both viruses encode for GFP, fluorescent microscopy was utilized to visualize oHSV-
infected cells. A significant reduction in GFP positive cells was apparent when cells were
infected in the presence of copper (Fig. 5A, and Supplementary Fig. S3A).

Along with reduced infection, both rQnestin 34.5 and rHSVQ1 demonstrated significantly
reduced glioma cell killing when the viruses were pre-incubated with copper (Fig. 5B, and
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Supplementary Fig. S3B). Next, we investigated the ability of ATN-224 to rescue copper-
mediated inhibition of oHSV by fluorescent microscopy and by measuring viral replication
and cytolysis (Fig. 5 C–E). Fluorescent microscopy of GFP positive cells showed that
ATN-224 treatment could rescue Copper-mediated inhibition of glioma cell infection (Fig.
5C). More significantly, ATN-224 treatment completely reversed the Copper-mediated
inhibition of oHSV replication and oncolysis (Fig. 5D–E). ATN-224 treatment in the
absence of Copper has no significant effect on the proliferation of glioma cells in vitro or the
ability of rQnestin34.5 to kill glioma cells (Supplementary Fig. S4).

To examine the physiological relevance of these results, we investigated the effect of
ATN-224 on oHSV replication in ex vivo and in vivo models. Serum from mice fed
ATN-224 or PBS was incubated with rQnestin34.5 for 30 minutes and the ability of the
virus to form plaques on vero cells was measured by a standard plaque assay. Fig. 6A, and
Supplementary Fig. S5 shows an increase in GFP positive infected cells treated with virus
incubated with serum obtained from ATN-224 treated mice compared to control mice.
Consistent with this, quantification of oHSV showed a significant increase in survived
infectious virus particles in samples treated with serum obtained from ATN-224 fed mice
compared to control mice (Fig. 6B). To examine if the serum stability of oHSV was
increased in vivo, mice fed with ATN-224 or PBS were injected with a single dose of oHSV
(hrR3; 2 × 107) via tail vein. Twenty minutes post viral injection, mouse serum was
harvested to evaluate the amount of infectious virus particles. Fig. 6C shows a significant
increase in the number of virus particles present in serum from ATN-224 treated mice
compared to that from PBS-treated control mice (P<0.01). Collectively these results
suggested that ATN-224 treatment increased the serum stability of oHSV in vivo.

ATN-224 treatment increases systemic delivery of oHSV
Next we tested if treatment with ATN-224 could be utilized to improve systemic delivery of
oHSV to tumors. U251T3 subcutaneous tumor-bearing mice were treated with PBS or
ATN-224 and oHSV (hrR3 at 1×107 pfu) was injected intravenously via tail vein on day 7
post-commencement of ATN-224 or PBS treatment. Three days post oHSV treatment,
tumors were harvested and total DNA was analyzed for viral gene copy. Fig. 6D shows a
2.21 fold increase in the number of oHSV particles detected in the tumor tissues from mice
treated with ATN-224 compared to mice treated with PBS. Immunostained sections derived
from these tumors for HSV-1 shows increased oHSV propagation when mice were fed
ATN-224 compared to PBS (Fig. 6E).

As ATN-224 treatment increased virus stability in blood and increased virus presence in
tumor tissue after systemic delivery, we assessed the effect of ATN-224 on the antitumor
efficacy of intravenous oHSV administration. Mice bearing subcutaneous U251T3 tumors
(150 mm3) were fed ATN-224 or PBS and then injected intravenously with oHSV
(rQnestin34.5 at 1 × 107), and tumor growth was monitored. Fig. 6F shows an enhancement
of the antitumor efficacy of oHSV in mice fed with ATN-224. Importantly, five out of eight
mice treated with ATN-224 and rQnestin34.5 in combination achieved complete regression.
These results suggest that ATN-224 can improve the efficacy of oHSV and also enhance its
systemic delivery.

Discussion
Oncolytic virus (OV) therapy, including oncolytic herpes simplex virus (oHSV), is a
promising biological approach for the treatment of malignant tumors, and OVs are currently
under evaluation for their safety and efficacy in human patients (1, 30). While recent Phase
I/II trials have shown acceptable safety profiles in patients, several barriers within the host
limit OV efficacy (3, 31). Thus, efforts to develop innovative strategies to enhance the
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therapeutic efficacy of these agents are in high demand. Here we tested the effect of
ATN-224, an anti-angiogenic and novel copper chelator, on oHSV therapy. Our results
demonstrate that combining ATN-224 with oHSV for the treatment of glioma remarkably
enhances its antitumor efficacy compared to oHSV treatment alone due to both the
inhibition of angiogenesis and the direct rescue of copper-mediated inhibition of oHSV.

Copper has been shown to increase endothelial cell proliferation in vitro and increase
angiogenesis in vivo (12, 32). The angiogenic effects of copper have been attributed to an
increased stabilization of HIF1α and an increased production and secretion of several
angiogenic factors including FGF, IL-8, and VEGF (32–35). Additionally, increased levels
of copper have been found accumulated within the malignant tissues of metastatic
carcinoma and malignant glioma (36). Based on these results, copper depletion has been
tested as an antiangiogenic strategy in preclinical animals and patients. Specifically, it has
been shown that animals fed with a copper depleted diet have a significant reduction in
serum copper levels, decreased copper staining of tumor cell nuclei, reduction in
microvascular density, reduction in tumor volume, and reduction in endothelial cell
turnover. Since reduction of brain tumor copper was observed even in CDPT rabbits, we
believe it may not be necessary for ATN-224 to cross the BBB to reduce brain tumor copper
levels. Interestingly, however, despite reduced tumor burden and angiogenesis, these
animals also showed an increase in vascular permeability (breakdown of the blood-brain
barrier) as well as peri-tumoral brain edema and thus showed no significant improvement in
survival (37). Consistent with these results, reduction in serum copper levels achieved by
diet did not correlate with increased survival in patients diagnosed with glioblastoma
multiforme (38).

ATN-224, bis (2-hydroxyethyl) trimethylammonium, is a second generation analog of
ammonium terathiomolybdate (TM) that is FDA approved for Wilson’s disease. Apart from
copper chelation, ATN-224 has been shown to have copper independent antiangiogenic
effects (39–40), to directly inhibit tumor cell invasion, and to induce cancer cell anoikis
(19). Based on promising preclinical data, it is currently being investigated as an anticancer
agent in several clinical trials (NCT00383851, NCT00405574) (41). Here we show that
ATN-224 treatment in combination with oHSV significantly improves antitumor efficacy of
oHSV. Consistent with previous studies on animals fed with a copper depleted diet, we
found ATN-224 treatment of tumor bearing mice reduced tumoral angiogenesis and slowed
down tumor growth of animals bearing subcutaneous tumors.

As noted above, while copper depletion has been shown to reduce vessel density, it has also
been shown to increase vascular edema in tumor bearing animals (37). To investigate this
issue in our model, we used DCE-MRI to assess changes in Ktrans and ve in mice treated
with ATN-224 compared to mice treated with PBS in the absence of oHSV treatment. We
found no change in either dimension indicating that in our model ATN-224 treatment did
not increase tumoral vascular leakage (data not shown). Interestingly, in the context of
oHSV-treated tumors, ATN-224 treatment reduced both Ktrans and ve, suggesting a reduced
vascular leakage in oHSV-treated tumors. It will be interesting to investigate how
ATN-224’s copper-independent anti-angiogenic and anti-tumorigenic effects may account
for these differences.

Copper has also been shown to be a potent inhibitor of several enveloped and non-enveloped
DNA and RNA viruses (42), possibly due to the inhibition of viral DNA replication and
copper mediated DNA damage (17, 26). Based on these observations, topical formulations
containing copper are currently being evaluated as antiviral agents in patients with herpetic
skin lesions (15). Here we show for the first time that serum mediated inhibition of oHSV,
can be reduced by copper chelating agent ATN-224 resulting in improved oHSV’s serum
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stability and therapeutic efficacy. Clinically, oHSV has been given by direct intra-tumoral
injections. These findings may facilitate its systemic delivery and provide a significant
framework for clinical translation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Herpes simplex virus-1 derived oncolytic viruses (oHSV) represent a promising
biological therapy that is currently being evaluated in cancer patients for safety and
efficacy. A better understanding of the barriers faced by oHSVs can lead to the design of
rational drug combinations which synergize with oncolytic viral therapy to improve
patient outcome. Serum copper can support tumoral angiogenesis and can also inhibit
wild type HSV-1 infection. ATN-224 is a second generation copper chelator that is
currently being evaluated as an anti-neoplastic agent in patients. Here we show for the
first time that ATN-224 enhances therapeutic efficacy of oHSV by increasing its serum
stability and also permitting systemic delivery. Physiological concentration of copper
directly inhibited oHSV replication and copper chelation by ATN-224 rescued the
inhibitory effect of copper in vitro, ex vivo and in vivo. Our observation is a novel
finding with global implications for enhancing the clinical efficacy of oHSV when
delivered systemically in patients.
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Figure 1. Impact of ATN-224 on anti-tumor efficacy of oHSV in vivo
A) Tumor growth in subcutaneous (U251T3) tumor bearing mice treated with oHSV and
ATN-224 or PBS (daily gavage). Thirteen days post initiation of gavage, mice were treated
with rQnestin34.5 (1×105 pfu) or PBS by intra-tumoral injection (n=10). Data shown are the
mean tumor volumes ± SEM, at the indicated time points. *: P < 0.05 versus rQnestin34.5
alone. B) Kaplan-Meier survival curve of mice with intracranial tumors (U87ΔEGFR)
treated with PBS or ATN-224 (daily gavage), and treated with PBS or rQnestin34.5. *: P <
0.05 compared to mice treated with only rQnestin34.5. The arrows indicate the time of
treatment with oHSV and the start of ATN-224 treatment.
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Figure 2. Antiangiogenic effect of ATN-224 on untreated and oHSV treated tumors
A) Representative (objective: 40×) photomicrographs of tumor sections stained with anti-
CD31 antibody highlighting immunopositive endothelial cells (arrow heads). B)
Quantification of mean microvessel density of tumors shown in A. *: P < 0.05 compared to
PBS or rQnestin34.5 treated tumors. C) Impact of ATN-224 on tumoral and host cell
derived VEGF and IL-8. Real time PCR analysis for changes in gene expression of
angiogenic genes in tumor bearing hemispheres of mice three days after oHSV treatment.
Data presented are fold changes in gene expression ± SD relative to GAPDH. *: P < 0.05
compared to PBS or rQnestin34.5 treated tumors.
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Figure 3. Changes in vascular perfusion in oHSV treated mice ± ATN-224
A) Contrast enhanced and color coded parametric images of coronal sections of mice three
days after treatment with rQnestin34.5 ± ATN-224. Top panel shows Gd enhanced image
(taken immediately after Gd injection) of one representative mouse/group imaged three days
post treatment with rQnestin34.5. Middle panel shows color coded parametric images of
Ktrans in mice treated with rQnestin34.5 or rQNestin34.5 + ATN-224. Bottom panel shows
color coded parametric images of ve in mice treated with rQnestin34.5 or rQnestin34.5 +
ATN-224. A shift towards red indicates a higher value. B) Quantification of changes in
Ktrans and ve in oHSV treated tumors. Data shown are mean ± SD of four different mice. C)
Representative photomicrographs of tumor sections stained with Hematoxylin and Eosin
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(H&E) and anti-CD31 antibody highlighting endothelial cells. D) Quantification of mean
microvessel density of tumors shown in C. *: P < 0.05 compared to rQnestin34.5 treated
tumors.
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Figure 4. Impact of ATN-224 on oHSV propagation in vivo
A–B): Representative photomicrographs of tumor sections stained with anti-HSV-1 antibody
highlighting virus propagation in mice bearing U87ΔEGFR intracranial tumors (A) and
U251T3 subcutaneous tumors (B). C) Subcutaneous tumors treated with rQnestin34.5 from
mice fed PBS or ATN-224 (as described in methods) were harvested three days after oHSV
treatment and the total number of infectious virus was measured by a standard plaque assay
(n=6). Data shown are mean pfu/ml ± SE.
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Figure 5. Inhibition of oHSV efficacy by Copper and its rescue with ATN-224
Glioma cells were infected with rQnestin34.5 (MOI=0.1) and incubated with buffer ±
Copper (1 mg/L). A) Fluorescence microscopic images of GFP positive Gli36ΔEGFR
glioma cells. B) Percent cell survival of U251T3, X12-V2, and Gli36ΔEGFR was measured
48 hrs post infection with rQnestin34.5 incubated with or without copper by standard crystal
violet assay. *: P < 0.05 compared to rQnestin34.5. C–E): ATN-224 rescues copper-
mediated inhibition of oHSV infection, replication and glioma cell killing. C) Fluorescent
microscopy images of GFP positive Gli36ΔEGFR glioma cells infected with rQnestin34.5
incubated with Copper ± ATN-224. D) Viral titers were measured in cells infected with
rQnestin34.5 pre-incubated with or without Copper ± ATN-224, 48 hrs post infection. *: P <
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0.05 compared to rQnestin34.5 + Copper. E) Survival of cells infected with rQnestin34.5
pre-incubated with or without Copper ± ATN-224, 48 hrs post infection. *: P < 0.05
compared to rQnestin34.5 + Copper.
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Figure 6. Increased oHSV viability (stability) in ATN-224 treated mice serum
A–B) Ex vivo serum rescue assay. Serum from mice fed PBS or ATN-224 was collected and
incubated with rQnestin34.5 for 1 hour at 37 °C (n=4/group). A) Fluorescent microscopy
images of GFP positive cells infected with rQnestin34.5 incubated with serum from animals
fed PBS or ATN-224. B) Quantification of infectious viral plaque forming units after
incubation with serum from mice fed PBS or ATN-224. Data shown are the mean viral titers
obtained ± SD (n=4/group). *: P < 0.05 compared to PBS. C) Tumor bearing mice fed PBS
or ATN-224 by daily gavage, were administered oHSV (hrR3) via tail vein injection. Total
virus in serum was measured by a standard plaque assay. Data shown are the mean pfu/ml in
serum of mice ± SD (n=6/group). *:P < 0.05 compared to PBS. D) ATN-224 treatment
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increased systemic delivery of oHSV. Mice with subcutaneous U251T3 tumors were fed
PBS or ATN-224 by daily gavage. hrR3 was administered i.v. and tumors were analyzed for
viral gene copy. Data shown are mean HSV-1 gene copy/mg of tumor DNA ± SE. *: P <
0.05 compared to PBS. E) Representative photomicrographs of tumor sections stained with
anti-HSV-1 antibody highlighting virus propagation in vivo. F) Antitumor efficacy of oHSV
is increased in mice bearing subcutaneous U251T3 tumors fed ATN-224 compared to PBS.
*: P < 0.05 compared to oHSV.
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