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ORIGINAL ARTICLE

Use of an oncolytic vaccinia virus for the treatment of canine
breast cancer in nude mice: preclinical development of a
therapeutic agent
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Mammary cancers together with cancers of the skin account for about 60% of the total cancers occurring in dogs. The veterinary
options for therapeutic management of canine mammary cancer are limited and prognosis for such patients is poor. In this study, we
analyzed the functionality of the oncolytic vaccinia virus strain GLV-1h68 as a possible therapeutic agent for canine mammary
cancer. Cell culture data demonstrated that GLV-1h68 efficiently infected and destroyed cells of the canine mammary adenoma cell
line ZMTH3. Furthermore, after systemic administration this attenuated vaccinia virus strain primarily replicated in canine tumor
xenografts in nude mice. The efficient tumor colonization process resulted in inhibition of tumor growth and drastic reduction of
tumor size. This is the first report demonstrating that vaccinia virus is an effective tool for the therapy of canine mammary cancers,

which might next be applied to dogs with breast tumors.
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Introduction

Malignant tumors of the mammary glands occur with a
higher incidence than any other form of cancer in female
dogs."? The traditional treatments such as surgery or
radiotherapy are very unlikely to result in drastic changes
in patient status.> Despite surgical intervention, 40-60%
of dogs with mammary cancer will experience tumor-
related death within the first 2 years.4 In addition, the use
of chemotherapeutic drugs in dogs has produced complete
and partial remissions of disease in only some isolated
cases.”® These facts emphasize the need for the develop-
ment of new therapies for cancer in dogs. One of the most
promising new strategies in this field could be the
oncolytic virotherapy.”® The concept that viruses may
be useful in the eradication of cancer has existed since the
early twentieth century.”!® However, during the last 10
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years numerous reports have confirmed that intratumo-
rally or systemically delivered viruses such as Newcastle
disease virus,'""'? reovirus,'*'* lentivirus,'® herpes simplex
virus,'®!7 enterovirus,'® Sindbis virus,'” Semliki Forest
virus,? Seneca Valley virus®' and vaccinia virus**** can
display an antitumor activity in vivo. In comparison,
vaccinia virus has significant advantages as a live viral
vector: (1) large foreign gene-carrying capacity; (2) broad
host cell range; (3) replication exclusively in the cyto-
plasm, with no risk of chromosomal DNA integration
and (4) natural tro4plsm for targeting tumors on systemic
administration.”

Very recently, Zhang et al®> have described the
construction and characterization of a new recombinant
vaccinia virus (LIVP strain), GLV-1h68, and its functions
as a simultaneous diagnostic and therapeutic agent. The
data demonstrated that GLV-1h68 has an improved
safety profile when compared with the wild-type
LIVP strain and is successful in oncolytic virus-mediated
tumor therapy of human breast tumor xenografts in
nude mice.

In the present study, GLV-1h68 was tested as a
potential agent for treating canine mammary adenoma.
Here, we describe that GLV-1h68 virus successfully
infected, replicated and lysed the canine adenoma
ZMTHS3 cell line in cell culture. In addition, we analyzed
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the ability of GLV-1h68 to prevent cancer growth in mice
with tumors derived from ZMTH3 cells.

Materials and methods

Cell culture

African green monkey kidney fibroblasts (CV-1) were
obtained from the American Type Culture Collection
(ATCC). ZMTH3 is an immortalized canine mammary
pleomorphic adenoma cell line.*

Cells were cultured in Dulbecco’s modified Eagle’s
medium  supplemented with  antibiotic  solution
(100Uml™" penicillin G and 100 Uml™" streptomycin)
and 10% fetal bovine serum (Invitrogen GmbH, Karls-
ruhe, Germany) for CV-1 and 20% fetal bovine serum for
ZMTH3 at 37°C under 5% CO..

Virus strain

GLV-1h68 is a genetically stable oncolytic virus strain
designed to locate, enter, colonize and destroy cancer cells
without harming healthy tissues or organs.”> GLV-1h68 is
based on the vaccinia virus LIVP strain, which was used as
a vaccine against smallpox. Zhang es al.** have modified
this virus by inserting three marker genes encoding Renilla
luciferase-green fluorescent protein (RUC-GFP) fusion,
B-galactosidase and B-glucuronidase into the F14.5L, J2R
(encoding thymidine kinase (TK)), and AS6R (encoding
hemagglutinin) loci of the viral genome, respectively.”?

Cell viability assay

CV-1 and ZMTH3 cells were seeded onto 24-well plates
(Nunc, Wiesbaden, Germany). After 24h in culture, the
cells were infected with GLV-1h68 using multiplicities of
infection (MOI) of 0.1 and 1. The cells were incubated at
37°C for 1 h, then the infection medium was removed and
subsequently the cells were incubated in fresh growth
medium. The amount of viable cells after infection with
GLV-1h68 was measured using 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma,
Taufkirchen, Germany). At 24, 48, 72 or 96h after
infection of cells, the medium was replaced by 0.5ml
MTT solution at a concentration of 2.5mgml~' MTT
dissolved in RPMI 1640 without phenol red and
incubated for 2h at 37°C in a 5% CO, atmosphere.
After removal of the MTT solution, the color reaction
was stopped by adding 1 N HCI diluted in isopropanol.
The optical density was then measured at a wavelength of
570 nm. Uninfected cells were used as a reference and
were considered as 100% viable.

Fluorescence microscopy

Cells were stained with Hoechst 33342 (1pgml™") to
visualize the nuclei of all cells. The virus-infected cells
were analyzed with a fluorescence microscope (Leica
DMR HC; Leica, Wetzlar, Germany) and images were
captured with an electronic camera (Diagnostic Instru-
ments, Sterling Heights, MI). Digital images were
processed using META-MORPH (Universal Imaging,
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Downingtown, PA) and Photoshop 7.0 (Adobe Systems,
Mountain View, CA).

Measuring apoptosis and necrosis

Apoptosis and necrosis levels were determined using an
annexin V-PE labeling kit (Becton-Dickinson, San Diego,
CA). ZMTH3 cells were grown on 24-well plates (Nunc)
and infected by GLV-1h68 at an MOI of 2. At various
time points, infected and non-infected ZMTH3 cells were
harvested by trypsin-EDTA treatment (PAA Labora-
tories GmbH, Pasching, Austria), washed twice in
phosphate-buffered saline (PBS) and resuspended in
fluorescence-activated cell sorting buffer. For discrimina-
tion between apoptosis and necrosis, ZMTH3 cells were
stained using 5Spl annexin V-PE and 5ul 7-amino-
actinomycin-D (7-AAD) per 100pul cell suspension for
15min at room temperature in the dark. A minimum of
10° cells was then measured using an Epics XL flow
cytometer (Beckman Coulter GmbH, Krefeld, Germany).
Annexin V-positive and 7-AAD-negative cells qualified as
apoptotic cells.

Viral replication

For the viral replication assay, CV-1 and ZMTH3 cells
grown in 24-well plates were infected with GLV-1h68 at
an MOI of 0.1. After 1h of incubation at 37°C with
gentle agitation every 20min, infection medium was
removed and replaced by fresh growth medium. After 1,
12, 24, 48, 72 or 96h, the cells and supernatants were
harvested. Following three freeze-thaw cycles, serial
dilutions of the lysates were titered by standard plaque
assays on CV-1 cells. All samples were measured in
triplicate.

Bioluminescence imaging

For monitoring studies of the distribution of the
GLV-1h68 virus in tumor-bearing mice, animals were
analyzed for the presence of virus-dependent luciferase
activity. For this purpose, mice were injected
intravenously with a mixture of 5Sul of coelenterazine
(Sigma; 0.5 ugul™" diluted ethanol solution) and 95 pl of
luciferase assay buffer (0.5M NaCl, lmm EDTA and
0.1Mm potassium phosphate, pH 7.4). The animals
were then anaesthetized with 4% isoflurane (Forene;
Abbott, Ludwigshafen, Germany) in a knockout box
and were maintained in an anesthesia module
aerated with 1.5% isoflurane/oxygen. The mice were
imaged using the CCD camera-based NightOWL LB
981 Imaging System (Berthold Technologies, Bad
Wildbad, Germany). Photons were collected for 2min
from dorsal views of the animals, and the images were
recorded using Image WinLight 32 software (Berthold
Technologies).

GLV-1h68-mediated therapy of ZMTH3 xenografts

Tumors were generated by implanting ZMTH3
cells (2.5%10° in 100pul PBS) subcutaneously on the
right hind leg of 6- to 8-week-old female nude mice
(NCI/Hsd/Athymic Nude-FoxnI™; Harlan Winkelmann
GmbH, Borchen, Germany). Tumor growth was
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recorded weekly in two dimensions using a digital caliper.
Tumor volume was calculated as ((length x width?)/2). On
day 11 after tumor cell implantation (tumor volume,
~500mm?) or on day 17 (tumor volume, ~ 1000 mm?®)
respectively, a single dose of GLV-1h68 virus (5 x 10°
plaque forming units (p.f.u.) in 100 ul PBS) was injected
either in the tail vein (i.v.) or in the retro-orbital (r.0.)
sinus vein. For r.o. injection, animals were anaesthetized
intraperitoneally using ketamin (75mgkg~'; Pfizer,
Karlsruhe, Germany) and xylazine (20mgkg™'; Bayer,
Leverkusen, Germany). The animals of the control groups
were injected i.v. or r.o. with PBS only.

The significances of the results were calculated by two-
way analysis of variance with Bonferroni comparison post-
test using the GraphPad Prism software (San Diego, CA).
The post-test was only performed when analysis of variance
revealed significance. Results are displayed as means + s.d.
P-values of <0.05 were considered significant.

All animal experiments were approved by the govern-
ment of Unterfranken and conducted according to the
German animal protection guidelines.

Histology of the tumors

For histological studies, tumors were excised and snap-
frozen in liquid N,, followed by fixation in 4%
paraformaldehyde/PBS pH 7.4 for 16h at 4°C. Tissue
sectioning was performed as described by Weibel er al.?®
GLV-1h68 was labeled wusing polyclonal rabbit
anti-vaccinia virus (anti-VACYV) antibody (Abcam, Cam-
bridge, UK), which was stained using Cy3-conjugated
donkey anti-rabbit secondary antibodies obtained from
Jackson ImmunoResearch (West Grove, PA). Phalloidin-
tetramethyl rhodamine isothiocyanate (TRITC) (Sigma)
was used to label actin. The fluorescent-labeled prepara-
tions were examined using the Leica MZ 16 FA Sterco-
Fluorescence microscope equipped with Leica DC500
digital camera. Digital images were processed with
Photoshop 7.0 (Adobe Systems) and merged to yield
pseudo-colored images.

Plaque reduction neutralization assay

Neutralizing vaccinia virus antibody titers in canine sera
were tested by a plaque reduction neutralization assay.
Sera from cancer-bearing dogs were heat treated for
30min at 56°C to inactivate complement. Ten-fold serial
dilutions of sera in infection medium (Dulbecco’s
modified Eagle’s medium with 2% fetal bovine serum)
were mixed with 100 p.f.u. of GLV-1h68 in a total volume
of 250 pul and incubated for 2h at 37°C and 5% CO,. As a
control for infectious virus input, 100 p.f.u. of GLV-1h68
was mixed with infection medium and treated equally. A
commercially available rabbit vaccinia virus antibody
(Abcam) was used as a positive control. Following
incubation, confluent CV-1 monolayers (grown on 24-
well plates) were infected in duplicate with each dilution.
After 1h, wells were overlaid with 1.5% carboxymethyl-
cellulose medium. At 48h post-infection, the CV-1 cell
monolayers were stained using 0.13% crystal violet
solution and the number of plaques in each well was
determined.
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Results

Analysis of the oncolytic potential of GLV-1h68 against
canine cancer cells

To test the ability of GLV-1h68 virus to infect and lyse
canine cancer cells, we first performed a cell viability
assay as described in Materials and methods. At 96h
post-GLV-1h68 infection at an MOI of 0.1 and 1, both
ZMTH3 and CV-1 (positive control) cells were eradi-
cated, with only 12 and 15% surviving the treatment,
respectively (Figure 1).

As demonstrated above, the infection of ZMTH3 with
GLV-1h68 led to killing of ZMTH3 cells. To discriminate
between apoptosis and/or necrosis, we used the annexin
V-PE apoptosis detection kit I (BD Biosciences, Pharmin-
gen, San Diego, CA) and stained cells were analyzed by
flow cytometry. At 6, 24 and 72h after infection, we
found that less than 2% of the dying cells (staining
positive for annexin V-PE and/or for 7AAD) were stained
by annexin V-PE only (data not shown). Therefore, virus-
infected ZMTH3 cells were killed by necrosis rather than
apoptosis. Under these experimental conditions, no
evidence for induced cell death through apoptosis was
detected.
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Figure 1 Viability of ZMTH3 and CV-1 cells after GLV-1h68
infection using an MOI of 0.1 and 1, respectively, monitored over 4
days. The amount of viable cells after infection with GLV-1h68 was
measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (Sigma, Taufkirchen, Germany). Values are shown
as percentages of respective controls.



Replication of GLV-1h68 in ZMTH3 cells

In addition to the cell viability data, replication of GLV-
1h68 in CV-1 and ZMTH3 cells was analyzed (Figure 2).
The data demonstrated that GLV-1h68 can efficiently
infect ZMTH3 cells and virus replication is similar to that
observed in CV-1 cells under these conditions. Although
the cell-associated virus titer in ZMTH3 peaked at 48h
p.i. (4.22 x 10° p.f.u. per well), the maximum yield in the
supernatant was observed at 96 h p.i. (4.17 x 10° p.f.u. per
well). At 24 and 48 h after infection, the majority of virus
was cell associated. However, the highest virus titers were
identified in supernatants at 96 h after infection, correlat-
ing with cell death and virus release (Figures 1 and 2).

GLV-1h68-mediated expression of GFP in ZMTH3 cells
We also analyzed the replication of GLV-1h68 in ZMTH?3
cells by fluorescence microscopy (Figure 3). The virus-
dependent GFP expression was assessed daily over a
period of 4 days. In these experiments, ZMTH3 exhibited
the strongest GFP expression at 72 and 96 h, whereas the
CV-1 cells expressed GFP optimally at 48 and 72h. In
addition, using Hoechst 33342 staining, a nearly complete
DNA degradation of infected CV-1 and ZMTH3 cells was
observed at 72 and 96 h post-infection, respectively. These
effects appeared to require GLV-1h68, as non-infected
cells did not degrade or express GFP (data not shown).

Systemic administration of GLV-Th68 causes the
regression of solid canine breast tumors in nude mice
To test the therapeutic capacity of GLV-1h68 against an
induced canine breast cancer, five groups of 5-6 nude
mice at the age of 8 weeks were implanted with ZMTH3
cells. At 10 days post-implantation, all nude mice
developed tumors with sizes between 400 and 500 mm®.
At day 11, 5 tumor-bearing mice (group 1 and 4; n=15), or
at day 17, 18 mice (groups 2, 3 and 5; n=6) were injected
either in the tail vein (i.v.; groups 1 and 2) or in the r.o.

1.00E+07
omws ] A e
1.00E+05

? 1.00E+04

g: . —— CV1 cells

% 1.00E+03 . /.3, _ —&— CV1 supernatant

1.00E+02 --&-- ZMTH3 cells

1.00E+01 --©-- ZMTH3 supernatant

1.00E+00 - T T T d
0 24 48 72 96

hours post-infection

Figure 2 Comparison of the replication capacity of GLV-1h68 virus
in CV-1 and ZMTHS3 cells after infection with GLV-1h68 virus using
an MOI of 0.1. Cells and supernatants were collected for the
determination of virus titer at various time points. Viral titers were
determined as p.f.u. per well in duplicate by plaque assay in CV-1
cell monolayers.
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sinus vein (r.0.; group 3) with 5 x 10° p.f.u. of GLV-1h68.
The mice of the control groups 4 (i.v.) and 5 (r.0.) were
injected with PBS only. All animals were monitored by
weekly tumor size measurements and some animals were
observed by fluorescence and/or luminescence imaging.
First, we examined the efficacy of GLV-1h68 to target
tumors in vivo. For this purpose, at day 7 post-injection,
two mice of each group were observed under the low-light
Imager (NightOWL LB 981; Berthold Technologies) to
detect luciferase-catalyzed light emission in the presence
of intravenously injected coelenterazine (Sigma). The
luciferase expression is dependent on the vaccinia virus
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24h
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GFP Hoechst merge

12h

24h

48h
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Figure 3 Expression of green fluorescent protein (GFP) in infected
cells was detected by direct fluorescence. Staining of cellular DNA
with Hoechst 33342, and colocalization of GFP with cellular DNA are
shown in the merged imaged. The numbers of intact cells were
visualized by Hoechst 33342 staining. All the pictures of the set were
taken at the same magnification.
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Figure 4 Luminescence and fluorescence imaging of ZMTH3
tumor-bearing mice. (a) Luminescence images were taken 7 days
after virus injection. Two mice of group nos. 2 (I) and 3 (ll) are
shown. (b) Fluorescence images of live mice were taken 21 days
after virus injection. One representative mouse of group nos. 2 (l)
and 3 (ll) is shown.

replication in vivo. As demonstrated in Figure 4a,
luminescence was detected in all animals tested. The
imaging data indicated a massive viral replication within
the tumors.

In addition, at day 21 after injection GFP signals could
be observed within regressing tumor tissue when GLV-
1h68-injected mice (Figure 4b) were observed under
fluorescence microscope (Leica MZ 16 FA).

The tumor measurement data showed that the GLV-
1h68 infection caused a highly efficient inhibition of
tumor growth and a significant decrease in the size of
canine breast tumor xenografts in nude mice (Figure 5).
Examination over time revealed that, after virus injection,
the tumor growth was arrested within 3 weeks (groups
1-3) when compared with the uninfected control groups 4
and 5. In all cases, the virus treatment led to a significant
tumor regression. Furthermore, 35 days after virus
injection a complete tumor regression, reduced to the
starting tumor volume of about 1000 mm?, was observed
in animals of group 2 (Figure 5). However, the tumor
regression after the r.o. virus application (group 3) was
not as fast when compared with that of groups 1 and 2.

To compare the viral distribution after i.v. or r.o.
application, at day 35 after injection, four animals from
groups 2 and 3 were analyzed either for viral distribution
by standard plaque assay using CV-1 cells or by
immunohistochemical staining of the tumors. The plaque
assays revealed the presence of only few virus particles in
lung and spleen of i.v injected mice (Table 1). In contrast,
the organs of r.o. injected mice were free of virus particles.
However, the highest virus titers were identified in tumor
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tissues of all mice (Table 1). These findings were in
agreement with our luminescence imaging data demon-
strating that GLV-1h68 locate and multiply almost
exclusively in tumor tissue (Figure 4a).

We analyzed the effect and the presence of GLV-1h68
in regressing tumors by immunohistochemical staining
(Figure 6). The data revealed that in all cases the tumors
were completely infected with the vaccinia virus, which
led to oncolysis and destruction of tumor tissue.
Additionally, the speed of tumor regression seemed to
be affected by the route of injection. Surprisingly,
however, we did not find any difference in the tumor
colonization of GLV-1h68 using the two different
injection routes (Figure 6).

Taken together, these experiments have demonstrated
an optimal efficacy of oncolytic virotherapy by GLV-
1h68 in this tumor model.

The absence of vaccinia virus-neutralizing antibodies in
sera of cancer-bearing dogs

To prepare for future virus applications directly to tumor-
bearing dogs, we tested for the presence of vaccinia virus-
neutralizing antibodies in canine sera, using plaque
reduction neutralization assays. The experiments were
carried out with 10 canine sera collected from dogs
bearing tumors in different organs (data not shown). In
summary, no specific neutralizing activity against GLV-
1h68 was detected in any of the sera. In contrast, the
rabbit anti-vaccinia virus (anti-VACV) antibody (Abcam)
used as a positive control showed a significant neutraliz-
ing activity (data not shown). These data demonstrated
the absence of specific GLV-1h68-neutralizing antibodies
from all tested sera derived from dogs.

Discussion

The increase in the incidence of cancer in dogs is
associated with longer life expectancy resulting from
advances in pet nutrition and overall advances in
veterinary care. The number of dogs with cancer in the
USA alone is estimated to be over 1 million per year. The
available cancer treatment options for dogs include
surgical removal of the tumors, radiation therapy,
hyperthermia, photodynamic-, immuno- and chemo-
therapy and are often suboptimal.’’ Therefore, the
development of new therapies and diagnostics for cancer
in dogs is essential. One of the most promising novel
cancer therapies for humans is oncolytic virotherapy.”
This method is based on the use of viruses, which
accumulate in tumor tissues and cause antitumor activity
by oncolysis. As there are significant similarities between
human and canine cancers—such as breast and prostate
cancer—it may be possible to utilize this therapy, for
example, for the treatment of mammary cancers in dogs.

In this article, we assessed the suitability of a novel
recombinant vaccinia virus, GLV-1h68, to infect, repli-
cate in and lyse canine adenoma cells. GLV-1h68 was
engineered by inserting expression cassettes encoding a
RUC-GFP fusion protein, B-galactosidase and B-glucur-
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Figure 5 Effect of the intravenous virus injection on the tumor growth in nude mice. Here, 6- to 8-week-old female nude mice were
subcutaneously inoculated with 2.5 x 108 ZMTH3 cells on the right hind leg. Tumor-bearing mice were injected with a single dose of GLV-1h68
virus (5 x 10° p.f.u. in 100 pl phosphate-buffered saline (PBS)) either in the tail vein (i.v. group nos. 1 and 2) or in the retro-orbital sinus vein (r.o.
group no. 3) either 11 (group no. 1) or 17 days (groups nos. 2 and 3) post-injection. The animals of the control group nos. 4 (i.v.) and 5 (r.0.) were
injected with 100 ul PBS at day 11 or 17, respectively. Tumor volume was monitored weekly and the animals were euthanized when tumors
reached a volume of 3500-4000 mm? (marked by X at later time points). Two-way analysis of variance (ANOVA) with Bonferroni post-test was
used to compare the two corresponding data points at day 21 or 28 of the two groups. P<0.05 was considered as statistically significant

*P<0.05; **P<0.01; **P<0.001.

Table 1 Distribution of GLV-1h68 in tissues of ZMTH3 tumor-
bearing nude mice

Tissue/organ Group 2 (i.v.) Group 3 (r.o.)
Lung 1.37 x 10+ 1.06 x 102 ND

Spleen 24+12 ND

Tumor 6.18 x 10°+2.16 x 10° 5.33x10°+1.8x10°

Abbreviation: ND, not detected (detection limit <10 p.f.u. per
organ).

Tumor-bearing mice were injected either in the tail vein (i.v.;
group 2) or in the retro-orbital sinus vein (r.o.; group 3) with
5x 10° p.f.u. of GLV-1h68. All mice were killed 35 days after
virus injection. The data were determined by standard plaque
assays on CV-1 cells using aliquots of the homogenized organs
and were displayed as mean p.f.u. per organ or tissue (n=2).
For each organ, two aliquots of 0.1ml were measured in
triplicate.

onidase into the genome of the LIVP strain and is highly
attenuated when compared with the wild-type strain.>
Very recently, it was shown that GLV-1h68 is able to
specifically infect some human and mouse cancer
cells.??>?® In addition, 2 weeks after intravenous admin-
istration in mice, most of the GLV-1h68 virus was
isolated from tumors but almost no virus was detected
in other organs, in contrast to the wild-type LIVP and
wild-type WR strains.*> Therefore, GLV-1h68 coloniza-
tion results in reduced toxicity, allowing extended survival
of tumor-bearing nude mice. Moreover, Zhang et al.??
demonstrated that a single GLV-1h68 injection causes

regression and complete elimination of human breast
tumor xenografts in nude mice.

In the current study, we tested the sensitivity of the
canine cancer cell line ZMTH3 to a GLV-1h68 infection.
We demonstrated for the first time that GLV-1h68 can
effectively infect, replicate in and lyse the canine adenoma
ZMTH3 cells in cell culture. This cell line exhibited a
nearly complete lysis by GLV-1h68 vaccinia virus at 96 h
p.i. Interestingly, the canine cells supported efficient
GLV-1h68 replication at least as well as the best vaccinia
virus producer cell line CV-1, but resulted in somewhat
delayed destruction of ZMTH3 in comparison to CV-1
cells. These findings also confirmed the data of Lin e al.*®
demonstrating that an efficient viral replication of GLV-
1h68 is essential for cytotoxicity of the virus in cell
cultures.

Vaccinia virus can kill cells either by apoptosis or by
necrosis.”’ The pathway choice seems to be dependent on
the MOI as well as the host cell type. Our data indicate
that at an MOI of 2, GLV-1h68 induces necrosis in
ZMTH3 cells at 72 h p.i. There are only a few reports that
demonstrate that vaccinia virus infection can cause
necrosis.’® However, the mechanism of tumor cell
elimination through GLV-1h68 might differ in animals.

Our animal studies demonstrated that tumor-bearing
nude mice can overcome infection by GLV-1h68 and the
virus preferentially replicates in tumor tissues. In addi-
tion, in all cases using the canine tumors, the virus
treatment led to a significant tumor regression at day 21
post-virus injection. Moreover, on day 35 after injection
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all canine breast tumors tested showed vaccinia virus
patches over the tumor surface, which were also
associated by massive destruction of the tumor tissue.

In our experiments, we have used two different routes
for injection of the GLV-1h68 virus into nude mice. The
data demonstrated that the i.v. tail vein injection led to a
faster and more efficient tumor regression when com-
pared with the virus application through the r.o. sinus
vein. On the other hand, the r.o. injected mice lost less
weight and appeared healthier in comparison to i.v.
injected mice (data not shown). A possible explanation for
this could be that there was a more efficient virus clearing
from infected organs after r.o. in contrast to i.v. injection.
Alternatively, the i.v injection may have led to a better
tumor targeting and faster replication of the virus, as mice
are heat treated to allow dilation of the veins, whereas
body temperature decreases when mice are anesthetized
for r.o. injection. The difference in body temperature may
have consequences on viral distribution and therefore
tumor colonization as was demonstrated earlier.®!

However, the tumor regression seems to be relatively
independent of tumor size (Figure 5) and number of

actin

transmission

replication-competent virus particles reaching the tumor
after injection (Table 1). This observation supports the
hypothesis that tumor regression after viral colonization
is at least in part mediated through host defense
mechanisms, most likely by the innate immune system,
as tumor regression occurred in nude mice deficient in T-
cell and B-cell function. Therefore, we have analyzed the
localization of macrophages in vaccinia virus-infected
tumors (data not shown). Surprisingly, despite significant
differences in the size of regressing tumors after r.o. or i.v.
injection we could not show relevant differences in
macrophage distribution (data not shown). One possible
explanation could be a strong induction of innate immune
responses by both the tumor cells and by the virus
particles.’> In these experimental settings, it was not
possible to distinguish between components of the innate
immune system directly involved in the tumor cell
destruction or in the elimination of vaccinia virus
particles.

In summary, our study provides the first evidence that
the oncolytic virus GLV-1h68 resulted in the elimination
of canine adenoma cells both in cell culture and in tumor-

anti-VACV overlay

--

Figure 6 Immunohistochemical staining of canine ZMTH3 tumors. Mice bearing ZMTH3 tumors were injected either with phosphate-buffered
saline (PBS) (a) or with 5 x 108 p.f.u. of GLV-1h68 (b—d). At day 25 (a) or 35 (b—d) after injection, whole tumor cross sections (100 um) of control
tumor with a size of ~3000mm? (a) as well as a tumor after i.v. injection ~1600mm? (b) a tumor after i.v. injection ~600mm?® (c) and a tumor
after r.o. injection ~2500mm? (d) were labeled with Phalloidin-TRITC (red) and anti-VACV antibody (green). Necrotic tissue destruction in
infected ZMTH3 tumors was indicated by asterisks. Scale bars represent 5mm.
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bearing animals. In addition, all canine sera tested in this
study did not contain neutralizing antibodies against
vaccinia virus (data not shown). Taken together, these
findings suggest that GLV-1h68 vaccinia virus strain has
the potential to become a successful therapeutic vector for
dog patients with mammary cancer.

Acknowledgements

This study was supported by grants from Genelux
Corporation (R&D facility in San Diego). We thank
Professor Dr Hans-Joachim Selbitz for helpful discus-
sions, Ms J Langbein for excellent technical support, Ms
Z Sokolovic and Ms Dana Haddad for critical reading of
the paper and Mr M Heisig for help with graphics. 1
Gentschev, J Stritzker, Q Zhang, YA Yu, N Chen and
AA Szalay have financial interests in Genelux Corpora-
tion. The costs of publication of this article were defrayed
in part by the payment of page charges. This article must
therefore be marked advertisement in accordance with 18
USC Section 1734 solely to indicate this fact. The authors
declare competing financial interests.

References

1 Mottolese M, Morelli L, Agrimi U, Benevolo M, Sciarretta
F, Antonucci G et al. Spontaneous canine mammary tumors.
A model for monoclonal antibody diagnosis and treatment
of human breast cancer. Lab Invest 1994; 71: 182—187.

2 Hellmen E. Complex mammary tumours in the female dog: a
review. J Dairy Res 2005; 72: 90-97.

3 Novosad CA. Principles of treatment for mammary gland
tumors. Clin Tech Small Anim Pract 2003; 18: 107-109.

4 Chang SC, Chang CC, Chang TJ, Wong ML. Prognostic
factors associated with survival two years after surgery in
dogs with malignant mammary tumors: 79 cases (1998—
2002). J Am Vet Med Assoc 2005; 227: 1625-1629.

5 Simon D, Schoenrock D, Baumgartner W, Nolte 1. Post-
operative adjuvant treatment of invasive malignant mam-
mary gland tumors in dogs with doxorubicin and docetaxel.
J Vet Intern Med 2006; 20: 1184-1190.

6 Sorenmo K. Canine mammary gland tumors. Vet Clin North
Am Small Anim Pract 2003; 33: 573-596.

7 Vaha-Koskela MJ, Heikkila JE, Hinkkanen AE. Oncolytic
viruses in cancer therapy. Cancer Lett 2007; 254: 178-216.

8 Crompton AM, Kirn DH. From ONYX-015 to armed
vaccinia viruses: the education and evolution of oncolytic
virus development. Curr Cancer Drug Targets 2007; 7:
133-139.

9 Southam CM, Moore AE. Clinical studies of viruses as
antineoplastic agents with particular reference to Egypt 101
virus. Cancer 1952; 5: 1025-1034.

10 Sinkovics J, Horvath J. New developments in the virus
therapy of cancer: a historical review. Intervirology 1993; 36:
193-214.

11 Phuangsab A, Lorence RM, Reichard KW, Peeples ME,
Walter RJ. Newcastle disease virus therapy of human tumor
xenografts: antitumor effects of local or systemic adminis-
tration. Cancer Lett 2001; 172: 27-36.

12 Pecora AL, Rizvi N, Cohen GI, Meropol NJ, Sterman D,
Marshall JL et al. Phase I trial of intravenous administration

Therapeutic agent against canine breast cancer
| Gentschev et al

20

21

22

23

24

25

26

27

28

29

of PV701, an oncolytic virus, in patients with advanced solid
cancers. J Clin Oncol 2002; 20: 2251-2266.

Norman KL, Coffey MC, Hirasawa K, Demetrick DJ,
Nishikawa SG, DiFrancesco LM et al. Reovirus oncolysis of
human breast cancer. Hum Gene Ther 2002; 13: 641-652.
Hirasawa K, Nishikawa SG, Norman KL, Coffey MC,
Thompson BG, Yoon CS et al. Systemic reovirus therapy of
metastatic cancer in immune-competent mice. Cancer Res
2003; 63: 348-353.

De Palma M, Venneri MA, Naldini L. /n vivo targeting of
tumor endothelial cells by systemic delivery of lentiviral
vectors. Hum Gene Ther 2003; 14: 1193-1206.

Fu X, Zhang X. Potent systemic antitumor activity from an
oncolytic herpes simplex virus of syncytial phenotype.
Cancer Res 2002; 62: 2306-2312.

Nakamori M, Fu X, Pettaway CA, Zhang X. Potent
antitumor activity after systemic delivery of a doubly
fusogenic oncolytic herpes simplex virus against metastatic
prostate cancer. Prostate 2004; 60: 53—60.

Shafren DR, Au GG, Nguyen T, Newcombe NG, Haley ES,
Beagley L er al. Systemic therapy of malignant human
melanoma tumors by a common cold-producing enterovirus,
coxsackievirus a2l. Clin Cancer Res 2004; 10: 53—60.

Tseng JC, Levin B, Hurtado A, Yee H, Perez de Castro I,
Jimenez M et al. Systemic tumor targeting and killing by
Sindbis viral vectors. Nat Biotechnol 2004; 22: 70-77.
Vaha-Koskela MJ, Kallio JP, Jansson LC, Heikkila JE,
Zakhartchenko VA, Kallajoki MA et al. Oncolytic capacity
of attenuated replicative semliki forest virus in human
melanoma xenografts in severe combined immunodeficient
mice. Cancer Res 2006; 66: 7185-7194.

Reddy PS, Burroughs KD, Hales LM, Ganesh S, Jones BH,
Idamakanti N et al. Seneca Valley virus, a systemically
deliverable oncolytic picornavirus, and the treatment
of neuroendocrine cancers. J Natl Cancer Inst 2007; 99:
1623-1633.

Zhang Q, Yu YA, Wang E, Chen N, Danner RL, Munson
PJ et al. Eradication of solid human breast tumors in nude
mice with an intravenously injected light-emitting oncolytic
vaccinia virus. Cancer Res 2007; 67: 10038-10046.
Chalikonda S, Kivlen MH, O’Malley ME, Eric Dong XD,
McCart JA, Gorry MC et al. Oncolytic virotherapy for
ovarian carcinomatosis using a replication-selective vaccinia
virus armed with a yeast cytosine deaminase gene. Cancer
Gene Ther 2008; 15: 115-125.

Shen Y, Nemunaitis J. Fighting cancer with vaccinia
virus: teaching new tricks to an old dog. Mol Ther 2005;
11: 180-195.

Murua Escobar H, Meyer B, Richter A, Becker K,
Flohr AM, Bullerdiek J er al. Molecular characterization
of the canine HMGBI1. Cytogenet Genome Res 2003; 101:
33-38.

Weibel S, Stritzker J, Eck M, Goebel W, Szalay AA.
Colonization of experimental murine breast tumours by
Escherichia coli K-12 significantly alters the tumour micro-
environment. Cell Microbiol 2008; 10: 1235-1248.

Paoloni M, Khanna C. Translation of new cancer treatments
from pet dogs to humans. Nat Rev Cancer 2008; 8:
147-156.

Lin SF, Yu Z, Riedl C, Woo Y, Zhang Q, Yu YA et al.
Treatment of anaplastic thyroid carcinoma in vitro with a
mutant vaccinia virus. Surgery 2007; 142: 976-983.

Guo ZS, Naik A, O’'Malley ME, Popovic P, Demarco R, Hu
Y et al. The enhanced tumor selectivity of an oncolytic
vaccinia lacking the host range and antiapoptosis genes
SPI-1 and SPI-2. Cancer Res 2005; 65: 9991-9998.

Cancer Gene Therapy

327



@ Therapeutic agent against canine breast cancer
| Gentschev et al

328
30 Greiner S, Humrich JY, Thuman P, Sauter B, Schuler G, 31 Chang E, Chalikonda S, Friedl J, Xu H, Phan GQ,
Jenne L. The highly attenuated vaccinia virus strain Marincola FM et al. Targeting vaccinia to solid tumors with
modified virus Ankara induces apoptosis in melanoma local hyperthermia. Hum Gene Ther 2005; 16: 435-444.
cells and allows bystander dendritic cells to generate a 32 Stanford MM, Breitbach CJ, Bell JC, McFadden G. Innate
potent anti-tumoral immunity. Clin Exp Immunol 2006; 146: immunity, tumor microenvironment and oncolytic virus
344-353. therapy: friends or foes? Curr Opin Mol Ther 2008; 10: 32-37.

Cancer Gene Therapy



	Use of an oncolytic vaccinia virus for the treatment of canine breast cancer in nude mice: preclinical development of a therapeutic agent
	Introduction
	Materials and methods
	Cell culture
	Virus strain
	Cell viability assay
	Fluorescence microscopy
	Measuring apoptosis and necrosis
	Viral replication
	Bioluminescence imaging
	GLV-1h68-mediated therapy of ZMTH3 xenografts
	Histology of the tumors
	Plaque reduction neutralization assay

	Results
	Analysis of the oncolytic potential of GLV-1h68 against canine cancer cells
	Replication of GLV-1h68 in ZMTH3 cells
	GLV-1h68-mediated expression of GFP in ZMTH3 cells
	Systemic administration of GLV-1h68 causes the regression of solid canine breast tumors in nude mice
	The absence of vaccinia virus-neutralizing antibodies in sera of cancer-bearing dogs

	Discussion
	Acknowledgements
	References


