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for canine cancer therapy

Ivaylo Gentschev,>" Sandeep S. Patil,>" Marion Adelfinger,>" Stephanie Weibel,? Ulrike Geissinger,' Alexa Frentzen,' Nanhai G.
Chen,? Yong A. Yu,'? Qian Zhang,® Gregory Ogilvie** and Aladar A. Szalay'?3>6*

'Genelux Corporation; San Diego Science Center; San Diego, CA USA; 2Department of Biochemistry; University of Wuerzburg; Wuerzburg, Germany; *Department of Radiation
Oncology; Rebecca and John Moores Comprehensive Cancer; University of California; San Diego, La Jolla, CA USA; “Angel Care Cancer Center; California Veterinary Specialists;
Carlsbad, CA USA; *Rudolf Virchow Center for Experimental Biomedicine; University of Wuerzburg; Wuerzburg, Germany; ¢Institute for Molecular Infection Biology;
University of Wuerzburg; Wuerzburg, Germany

These authors contributed equally to this work.

Keywords: cancer, canine cancer therapy, oncolytic virus, oncolysis, canine xenografts

Abbreviations: ATCC, American Type Culture Collection; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine
serum; hpvi, hours post-virus-infection; IACUC, Institutional Animal Care and Use Committee; LIVP, a Lister strain of vaccinia
virus; MDSCs, myeloid-derived suppressor cells; MOI, multiplicity of infection; ORF, open reading frame; OV, oncolytic virus;
pfu, plaque-forming unit; 74, thymidine kinase; VACYV, vaccinia virus;

XTT, 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl] -2 H-tetrazolium-5-carboxanilide inner salt

Virotherapy on the basis of oncolytic vaccinia virus (VACV) strains is one novel approach for canine cancer therapy. In this
study we described for the first time the characterization and the use of new VACV strain LIVP6.1.1 as an oncolytic agent
against canine cancer in a panel of four canine cancer cell lines including: soft tissue sarcoma (STSA-1), melanoma (CHAS),
osteosarcoma (D-17) and prostate carcinoma (DT08/40). Cell culture data demonstrated that LIVP6.1.1 efficiently infected
and destroyed all four tested canine cancer cell lines. In two different xenograft models on the basis of the canine soft
tissue sarcoma STSA-1 and the prostate carcinoma DT08/40 cell lines, a systemic administration of the LIVP6.1.1 virus was
found to be safe and led to anti-tumor and immunological effects resulting in the significant reduction of tumor growth

in comparison to untreated control mice.

In summary, the pre-clinical evaluation has demonstrated the efficacy of LIVP6.1.1 for canine cancer therapy. Further-
more, a clinical trial with canine cancer patients has already been started.

Introduction

Cancer is the most common cause of natural death in dogs and
endemic in both developed and developing countries (http://
www.wearethecure.org/). Incidence of cancer ranges from 1 to
2% in the canine population and currently accounts for about
half of the deaths in dogs older than 10 years."* The major treat-
ment options for canine cancers include surgery, radiation ther-
apy, chemotherapy, hyperthermia and photodynamic therapy.
Despite progress in the diagnosis and treatment of advanced
canine cancer, overall treatment outcome has not substantially
improved in the past. Therefore, the development of new thera-
pies for advanced canine cancer is a high priority. One of the
most promising novel cancer therapies is oncolytic virotherapy.
This method is based on the capacity of oncolytic viruses (OVs)
to preferentially infect and lyse cancer cells without causing
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excessive damage to surrounding normal tissue. Several oncolytic
viruses including various human and canine adenoviruses,®
canine distemper virus® and vaccinia virus strains, namely
GLV-1h68, LIVP1.1.1"? and GLV-1h109" have been successfully
tested for canine cancer therapy in preclinical settings (for review,
see refs. 11 and 12). However, in contrast to human studies, the
clinical trials with oncolytic viruses for canine cancer patients are
just at the beginning.

In this study, we have analyzed the oncolytic potential of a
new vaccinia virus strain LIVP6.1.1 against different canine
cancer cells in cell culture and analyzed the therapeutic effect
against canine soft tissue sarcoma and prostate carcinoma in
xenograft models. LIVP6.1.1 was isolated from a wild type
stock of Lister strain of vaccinia virus (Lister strain, Institute of
Viral Preparations) and represents a “native” virus (no genetic
manipulations were conducted). The sequence analysis revealed
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represent three independent experiments.

Figure 1. Viability of soft tissue sarcoma STSA-1 (A), melanoma CHAS (B), osteosarcoma D17 (C) and prostate carcinoma DT08/40 (D). cells after
LIVP6.1.1 infection at MOls of 1.0 and 0.1. Viable cells after infections with LIVP6.1.1 virus at MOls of 0.1 and 1.0 were detected using a XTT assay (Cell
Proliferation Kit Il, Roche Diagnostics) (Sigma). Mean values (n = 3) and standard deviations are shown as percentages of respective controls. The data

that the thymidine kinase (#¢) gene of LIVP6.1.1 was broken into
two ORFs and different mutations compared with GLV-1h68 are
present (Chen et al. manuscript in preparation). In addition, we
have selected LIVP6.1.1 for this study, since it was less virulent
compared with other Lister strain isolates (Chen et. al. manuscript
in preparation).

Here, we analyzed the oncolytic effects of LIVP6.1.1 in a panel
of four different canine cancer cell lines and in canine soft tissue
sarcoma and prostate carcinoma xenografts in nude mice.

Results and Discussion

Analysis of the oncolytic potential of LIVP6.1.1 virus against dif-
ferent canine cancer cell lines. The oncolytic effect of LIVP6.1.1
against a panel of four different canine cancer cell lines includ-
ing soft tissue sarcoma STSA-1, melanoma CHAS, osteosarcoma
D17 and prostate carcinoma DT08/40 cells, was examined. For
this purpose, the cells were seeded three days prior to infection in
24-well plates and then were infected with LIVP6.1.1 at multi-
plicities of infection (MOIs) of 1.0 and 0.1. The cell viability was
analyzed at 24, 48 and 72 h post-virus-infection (hpvi) by XTT-
assays (Fig. 1). At MOI of 1.0, the LIVP6.1.1 virus was highly
cytotoxic to three cell lines (STSA-1, D17 and CHAS), resulting
in at last 83% cytotoxicity over 3 d. One day later similar cyto-
toxicity was also observed for LIVP6.1.1-infected DT08/40 cells.
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These results indicated that the LIVP6.1.1 virus infection led
to efficient killing of all four canine cancer cell lines in these
experimental settings.

Efficiency of LIVP6.1.1-replication in STSA-1 and DT08/40
canine cancer cells. The oncolytic potential of OVs is dependent
on their ability to efficiently infect and replicate in cancer cells.
In order to test the efficiency of virus replication, STSA-1 and
DT08/40 cells were infected with either LIVP6.1.1 or GLV-1h68
at an MOI of 0.1. In these experimental setting GLV-1h68
was used as a control. Standard plaque assays were performed
for all samples to determine the viral titers at different time
points during the course of infection (Fig. 2A and B). Efficient
LIVP6.1.1 viral replication (> 100-fold titer increase at 48 or 96
hpvi) was observed in both cell lines. The maximum viral titers
were determined for LIVP6.1.1 (5.34 x 10° pfu/well) and for
GLV-1h68 (2.98 x 10° pfu/well) in STSA-1 at 48 hpvi (Fig. 2A).
Interestingly, the highest virus titers in virus-infected DT08/40
cells were identified for LIVP6.1.1 (8.24 x 10° pfu/well) and for
GLV-1h68 (1.53 x 10° pfu/well) at 96 hpvi (Fig. 2B).

These data demonstrated that the virus replication efficiency
is dependent on the infection time point and tumor types. Under
these experimental conditions, LIVP6.1.1 can replicate more effi-
ciently than GLV-1h68 in both cancer cell lines.

Oncolytic effect of a single systemic application of

LIVP6.1.1 on STSA-1 and DT08/40 cell xenografts. In this
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study the therapeutic effect of LIVP6.1.1 on the progression of
soft tissue sarcoma STSA-1 subcutaneous xenografts was evalu-
ated in vivo by measuring tumor volumes at various time points.
Tumors were generated by implanting 1 x 10 STSA-1 canine
soft tissue sarcoma cells subcutaneously into the right hind
leg of 6- to 8-week-old female nude mice (NCI/Hsd/Athymic
Nude-FoxnI™). Five weeks post implantation, all mice devel-
oped tumors with volumes of 600 to 1000 mm?®. We have chosen
mice with larger tumors for virus injection since this late stage
of the tumor development is more representative and interesting
for the clinical praxis. Animals were separated into two groups
(n = 6 per group) and were injected either with a single dose of
LIPVG.1.1 (5 x 10° pfu) or PBS intravenously into the lateral tail
vein. As shown in Figure 3A, the virus treatment led to a sig-
nificant decrease in STSA-1 tumor growth in all virus-treated
mice compared with PBS control mice. Due to excessive tumor
burden (> 3000 mm?), all animals in the control PBS group were
euthanized after 14 dpi.

The therapeutic effect of LIVP6.1.1 was also evaluated on
the progression of the slow growing canine prostate carcinoma
DT08/40 tumors in nude mice by measuring the tumor volume
at various time points. Data demonstrated again that a single
injection with LIVP6.1.1 vaccinia virus led to significant inhibi-
tion of the tumor growth (*p < 0.05) of all virus-treated mice
compared with the control PBS animals on 35, 42 and 49 dpvi
(Fig. 3B).

Finally, the toxicity of the LIVP6.1.1 virus was determined
by monitoring the relative weight change of mice over time
(Fig. 3C and D). All LIVP6.1.1 treated mice showed relatively
stable mean weight over the course of studies. There were no
signs of virus-mediated toxicity.

In summary, therapy with the vaccinia strain LIVP6.1.1 dem-
onstrated anti-tumor activity in canine soft tissue sarcoma and
canine prostate xenograft models. Therefore we propose that vac-
cinia virus strain LIVP6.1.1 may be useful for the treatment of
these cancer types in dogs.

Biodistribution and persistence of LIVP6.1.1 in STSA-1
tumor-bearing nude mice. At late time points after virus treat-
ment, we analyzed the virus distribution and persistence in
LIVDP6.1.1-treated STSA-1 xenografted mice. Table 1 summa-
rizes the virus distribution data at 35 dpvi. In all virus-treated
mice the highest viral titers were identified in primary tumors.
In addition, low copies of LIVP6.1.1 virus particles were also
detected in liver, lung, spleen and kidney of the treated animals
(Table 1). The later presence of LIVP6.1.1 in these organs could
be due to leakiness of blood vessels in solid tumors, circulating
virus-infected tumor cells or cell particles may end up in healthy
tissues such as the lung, liver, spleen and kidney. However,
LIVP6.1.1 seems to be tumor-selective, as we found about 10*
to 10°-fold more virus particles in solid tumors compared with
healthy tissues of the treated animals.

The virus biodistribution in the primary STSA-1 tumors
was also analyzed by immunohistochemical staining at 35 dpvi
(Fig. 4). The data revealed that the tumors in all treated mice
were completely infected with vaccinia virus, which led to oncol-
ysis and destruction of tumor tissues.
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Figure 2. Replication capacity of the vaccinia virus strains LIVP6.1.1 and
GLV-1h68 in different canine cancer cells. For the viral replication assay,
STSA-1 (A) and DT08/40 (B) cells grown in 24-well plates were infected
with either LIVP6.1.1 or GLV-1h68 at an MOI of 0.1. Cells and superna-
tants were collected for the determination of virus titers at various
time points. Viral titers were determined as pfu per mlin triplicates by
standard plaque assay in CV-1 cell monolayers. Averages plus standard
deviation are plotted. The data represent three independent experi-
ments.

Increased presence of immune cells in tumors of STSA-1
xenografted mice after LIVP6.1.1 treatment. To investigate the
immunological aspect of oncolytic therapy, we have analyzed
the effect of virus infection on host immune cells in tumors of
STSAIl-tumor-bearing mice. Our flow cytometry data demon-
strated a significant increase of Gr-1""CD11b* (MDSCs, granu-
locytes), Gr-1™CDI11b* (MDSCs, monocytes), F4/80*CD45*
(macrophages) and MHCII*CD45* cells in the LIVP6.1.1
infected tumors compared with PBS-treated tumors (Table 2).
In addition, we used the Gr-1"$"CD11b* cells as markers for
monitoring viral infection on a systemic level. For this purpose,
a parallel flow cytometric analysis of Gr-1"¢"CD11b" cells in the
peripheral blood was performed. There was no significant dif-
ference in the number of Gr-1"¢"CD11b" cells in the peripheral
blood between virus and PBS-treated STSA-1 xenografted mice
(Table 2). These data suggest that the changes in granulocytic
MDSCs were not systemic, but rather due to a change in recruit-
ment and/or persistence within virus treated tumors.

On the basis of these data, we assume that the strong anti-
tumor effect of LIVP6.1.1 in STSA-1 tumor bearing mice could
be atleast in part dependent on the increased number of these host
immune cells in the tumor bed. Moreover, we and others have
reported that virotherapy induces massive tumoral infiltration of
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where * and ** indicate p < 0.05 and 0.01 respectively.

Figure 3. Effects of systemic LIVP6.1.1 virus injection on tumor growth (A and B) and the body weights (C and D) of STSA-1 or DT08/40 xenografted
mice. Two groups each of (A and C) STSA-1 tumor-bearing nude mice (n = 6) and (B and D) DT08/40 tumor bearing mice (n = 6) were either treated

with a single dose of 5 x 10° pfu LIVP6.1.1 or with PBS (mock control) intravenously (iv). The statistical significance was confirmed by Student’s t-test

Table 1. Biodistribution of LIVP6.1.1 in virus-treated STSA-1 xenografted
mice at 35 d post virus injection (dpvi)

PFU/ per gram (g) of
organ or tumor tissue

STSA-1 xenografted mice treated with
5 x 10° pfu LIVP6.1.1

Mouse No 301 302 304
Tumor 2.75E + 07 3.58E + 07 3.76E + 07
Lung 1.14E + 02 4.40E + 02 1.42E + 02
Liver 4.0E + 01 5.33E + 01 1.0E + 02
Spleen 7.0E + 01 3.33E+ 01 1.25E + 02
Kidney 2.50E + 02 1.46E + 02 1.06E + 03

The virus titers were determined by standard plaque assays on CV-1
cells using aliquots of the homogenized organs and were displayed as
mean pfu/per gram of organ or tissue. For each organ, two aliquots of
0.1 ml were measured in triplicates. nd, not detected (detection LIMIT >
10 pfu/organ).

MDSCs resembling neutrophils and macrophages, which may be
part of virotherapy-mediated antitumor mechanism "%

Taken together, therapy with the vaccinia strain LIVP6.1.1
demonstrated outstanding anti-tumor activity in several canine
cancer cell lines and in two xenograft models. Our findings sug-
gest that virotherapy-mediated anti-tumor mechanism in STSA-1

xenografts could be a combination of the direct viral oncolysis of

www.landesbioscience.com

Bioengineered

tumor cells and the virus-dependent infiltration of tumor-associ-
ated host immune cells.

In conclusion, we propose that the LIVP6.1.1 vaccinia virus
strain may be useful for the treatment of canine cancer patients.
First clinical trial with this virus has already started.

Materials and Methods

Ethics statement. All animal experiments were performed
in accordance with protocols approved by the Institutional
Animal Care and Use Committee (IACUC) of Explora Biolabs
(protocol number: EB11-025) and/or the government of
Unterfranken, Germany (permit number: 55.2-2531.01-17/08
and 55.2-2531.01-24/12).

Cell culture. African green monkey kidney fibroblasts
(CV-1) were obtained from the American Type Culture
Collection (ATCC). STSA-1 cells were derived from a canine
patient with a low grade II soft tissue sarcoma.” DT08/40 was
diagnosed as canine prostate carcinoma.'® The canine melanoma
CHAS cell line was provided by Dr Ogilvie (Angel Care Cancer
Center, Carlsbad, USA), and canine osteosarcoma D17 was
obtained from ATCC.

Cells were cultured in DMEM supplemented with antibiotic-
solution (100 U/ml penicillin G, 100 units/ml streptomycin)
and 10% fetal bovine serum (FBS; Invitrogen GmbH) for CV- 1
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and 20% FBS for D17 and DT08/40 at 37°C
under 5% CO,.

STSA-1 cells were cultivated in minimum
essential medium (MEM) with Earle’s salts
supplemented with 2 mM glutamine, 50 U/mL
penicillin G, 50 pg/mL streptomycin, 1 mM
sodium pyruvate, 0.1 mM nonessential amino
acids (MEM-C) and 10% FBS.

CHAS cells were cultured in DMEM/F-12
50/50 media (Cellgro) supplemented with
antibiotic-solution, HuMEC  supplement
(Gibco) and 10% FBS (Cellgro), at 37°C
under 5% CO,.

Virus strains. Vaccinia virus strain
LIVPG6.1.1 was derived from LIVP (Lister
Institute of Viral
Moscow, Russia). The sequence analysis of
LIVP6.1.1 revealed the presence of different mutations in sev-
eral genes (Chen et al., manuscript in preparation). In addition,
LIVP6.1.1 demonstrated different plaque morphology in com-
parison to GLV-1h68 in CV-1 cells. GLV-1h68 is an oncolytic
virus strain designed to colonize and destroy cancer cells with-

Vaccinia

Nucleus

strain, Preparations,

out harming healthy tissues or organs."”

Cell viability assay. 1 x 10* cells per well were seeded in
96-well plates (Nunc). After 24 h in culture, cells were infected
with vaccinia virus strains using multiplicities of infection
(MOI) of 0.1 and 1.0. 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 was measured using
2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2 H-tetrazolium-
5-carboxanilide inner salt (XTT) assay (Cell Proliferation Kit
II, Roche Diagnostics), according to the manufacturer’s proto-
col at 24, 48, or 72 h after virus infection. Quantification of cell
viability was performed in an ELISA plate reader (Tecan Sunrise,
Tecan Trading AG) at 490 nm with a reference wavelength of
690 nm. The relative number of viable cells was expressed as
percent cell viability. Uninfected cells were used as reference and
were considered as 100% viable.

Viral replication. For the viral replication assay, different
canine cancer cells were infected with LIVP6.1.1 or GLV-1h68
atan MOI of 0.1. After one hour of incubation at 37°C with gen-
tle agitation every 20 min, the infection medium was removed
and replaced by a fresh growth medium. After 1, 12, 24, 48, 72
and 96 h, the cells and supernatants were harvested. Following
three freeze-thaw cycles, serial dilutions of the supernatants and
lysates were titered by standard plaque assays on CV-1 cells. All
samples were measured in triplicate.

Vaccinia virus-mediated therapy of STSA-1 and DT08/40
xenografts. Tumors were generated by implanting either 1 x
10° canine soft tissue sarcoma STSA-1 cells or 5 x 10° canine
prostate DT08/40 cells subcutaneously into the right hind leg
of 6- to 8-week-old female nude mice [Hsd:Athymic Nude-
FoxnI™; Harlan]. Tumor growth was monitored weekly in two
dimensions using a digital caliper. Tumor volume was calcu-
lated as [(length x width?)/2]. When tumor volume reached
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Figure 4. Immunohistochemical staining of infected and uninfected STSA-1 xenograft
tumors at 35 dpvi. Tumor-bearing mice were either mock treated (PBS) or infected with
LIVP6.1.1. Tumor sections were labeled with anti-vaccinia virus antibodies (red) and nuclei
were stained with Hoechst (blue). Scale bars, 2.5 mm.

approximately 600-1000 mm?® (STSA-1) and 200-400 mm?
(DT08/40), groups of mice (n = 6) were injected either with
5 x 10 pfu of LIVP6.1.1 virus or PBS (control) into the tail vein
intravenously (i.v.). The significance of the results was calculated
by Student’s t-test. Results are displayed as means + standard
deviation (SD). P values of < 0.05 were considered significant.

Mice were also monitored for change in body weight and
signs of toxicity.

Histology and microscopy. For histological studies, tumors
were excised and snap-frozen in liquid nitrogen, followed by
fixation in 4% paraformaldehyde/PBS at pH 7.4 for 16 h at 4°C.
After dehydration in 10% and 30% sucrose (Carl Roth) speci-
mens were embedded in Tissue-Tek® O.C.T. (Sakura Finetek
Europe B.V.). Tissue samples were sectioned (10 pwm thickness)
with the cryostat 2800 Frigocut (Leica Microsystems GmbH).
Labeling of tissue sections was performed as described in detail
elsewhere.'™” LIVP6.1.1 was labeled using polyclonal rabbit
anti vaccinia virus (anti-VACV) antibody (Abcam), which was
stained using Cy3-conjugated donkey anti rabbit secondary
antibodies obtained from Jackson ImmunoResearch. Hoechst
33342 was used to label nuclei in tissue sections.

The fluorescence-labeled preparations were examined using
the Leica TCS SP2 AOBS confocal laser microscope equipped
with argon, helium-neon and UV laser and the LCS 2.16 soft-
ware (1024 x 1024 pixel RGB-color images). Digital images
were processed with Photoshop 7.0 (Adobe Systems).

Flow cytometric (FACS) analysis. For low cytometric anal-
ysis, three mice from each group were sacrificed by CO, inhala-
tion and tumors were removed. The preparation of single cell
suspensions derived from LIVP6.1.1- or PBS-treated tumors was
performed as described by Gentschev et al’?

To block non-specific staining, single cells were preincu-
bated with 0.5 pg of anti-mouse CD16/32 antibody (clone 93,
Biolegend) per one million cells for 20 min on ice. After that,
the cells were incubated at 4°C for 15 min in PBS with 2% FBS
in the presence of appropriate dilutions of labeled monoclonal
antibodies: anti-mouse MHCII-PE (Clone M5 114.15.2, eBio-
science), anti-CD11b-PerCPCy5.5 (Clone M1/70, eBioscience),
anti-F4/80-APC (Clone BMS8, eBioscience), anti-Gr-1-APC
(Ly-6G, Clone RB6-8Cs5, The Anti-Gr-1

eBioscience).
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Table 2. Presence of immune cells in tumors and peripheral blood of STSA-1 xenografted mice 7 d after LIVP6.1.1 or PBS-treatments

Immune cells in (%) PBS/ tumor LIVP6.1.1/ tumor
MHCII*CD45* 0.66% = 0.23% 2.67% + 0.35%
F4/80*CD45* 0.77% =+ 0.47% 4.61% = 0.25%
CD11b*Gr-1 0.2% + 0.08% 3% + 0.69%
CD11b*Gr-1high 0.27% =+ 0.08% 2.48% = 0.70%

P-value PBS vs LIVP6.1.1 tumor PBS/ blood LIVP6.1.1/ blood
** (p = 0.002) nt nt
** (p =0.001) nt nt
*(p=0.018) nt nt
*(p =0.03) 27.39% * 7.67% 25.49% + 3.96%

MHCII*CD45* (mainly B cells, macrophages and dendritic cells), F4/80*CD45*; (macrophages), Gr-1"9"CD11b* (Myeloid-derived suppressor cells, MDSCs,
granulocytes) and Gr-1"CD11b* (MDSCs, monocytes). Experiments were done twice with at least 3 mice per group. The data are presented as mean
values + SD. The statistical significance was analyzed using two-tailed unpaired Student’s t-test (**p < 0.01, *p < 0.05). nt, not tested.

mAb (RB6-8C5) has long been used to stain MDSCs and
allows the distinction of at least two subsets of granulocytes
(Gr-1""CD11b*) and monocytic cells (Gr-1™CD11b*).%

Stained cells were subsequently analyzed, using Accuri C6
Cytometer and FACS analysis software CFlow Version 1.0.227.4
(Accuri Cytometers, Inc.).
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