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GENERAL INTRODUCTION



Canine cancer, such as, mammary grand tumor, melanoma, osteosarcoma,

and histiocytic sarcoma is recently an increasing cause of death in adult dogs. Canine

mammary gland tumor is the most common neoplasm in female dogs. Complete

surgical resection is the best treatment available for canine mammary gland tumor as no

other effective systemic therapy has been established so far. Canine melanoma is among

the most aggressive cancers, exhibiting the ability to readily metastasize to other organs

such as the lung, lymph nodes, and liver. Naturally occurring canine melanoma is

considered a preclinical model of human melanoma (Gillard, M. et al., 2013,

Hernandez, B. ef al., 2018). Osteosarcoma is the common primary bone neoplasm in

dogs and occured frequently in the appendicular skeleton (Dernell, WS. et al., 2007).

Even though amputation is the standard local treatment for canine osteosarcoma, the

suitable treatment against metastatic osteosarcoma has not been developed. Canine

histiocytic sarcoma is known as a rapidly growing, aggressive fatal neoplastic disease

which originates from dendritic cells (Fulmer, AK. and Mauldin, GE., 2007).

Histiocytic sarcoma represents approximately 1% of canine cancers of the

lymphoreticular system (Clifford, CA. et al., 2013). Also, human histiocytic sarcoma



represents such a rare disease and similar characteristics of disease (Dalia, S. et al.,

2014, Hedan, B. et al., 2011). Chemotherapy with lomustine and doxorubicin is a

common treatment in canine histiocytic sarcoma. However, it is often associated with

the acquisition of multi-drug resistances, leading to poor prognosis (Skorupski, KA. et

al., 2007, Rassnick, KM. et al., 2010). Due to the aggressive characteristic of these

tumors and its refractory to conventional therapy, a new effective therapy against cancer

is needed. In the recent study, various new therapeutic approaches have been developed

in human oncology and some of them are used for veterinary medicine.

Now, a lot of candidates as a novel cancer treatment have been investigated in

the world. In particular, it is thought that cancer immunotherapy may be positioned as

the major breakthrough in cancer treatment, following the success of small molecular

inhibitors (Farkona, S. ef al., 2016). Cancer immunotherapy is defined as a treatment for

modulation of immune system to fight cancers, and includes monoclonal antibodies,

immune checkpoint inhibitors, cancer vaccine, and oncolytic viruses. Among them, I

have been working with the oncolytic virotherapy to apply it to veterinary medicine.

Oncolytic virotherapy is one of the latest strategies for cancer therapy.



Generally, oncolytic viruses specifically replicate and kill the tumor cells without

affecting normal cells. Viruses released from infected-tumor cells attack the other tumor

cells again. In addition to direct cytotoxicity, oncolytic viruses also have immune-

stimulatory effects against tumors (Marelli, G. et al., 2018, Filley, AC. and Dey, M.,

2017, Rajani, K. et al., 2016, Mostafa, AA. et al., 2018). Many viruses, adenovirus,

coxsackie virus, herpes simplex virus, measles virus, Newcastle disease virus,

parvovirus, poliovirus, reovirus, retrovirus, vaccinia virus and vesicular stomatitis virus

have been developed for oncolytic virotherapy, and some of them are currently in

human clinical trials (Fukuhara, H. ef al., 2016, Marelli, G. ef al., 2018). Most of the

oncolytic viruses are genetically modified to reduce the pathogenicity, to enhance the

specificity to tumor cells, and to transduce the therapeutic gene. Using genetically

modified oncolytic virus in a clinical setting in small animal medicine has a big hurdle

because of the difficulty in management of the animals treated with the recombinant

virus and the subsequent viral excretion. On the other hand, some viruses including

reovirus and myxoma virus have been discovered to be naturally occurring oncolytic

viruses without a requirement of any gene-modifications (Fukuhara, H. ef al., 2016,



Marelli, G. et al., 2018). In canine cancers, a total of 13 viral species were reported as

the candidates of oncolytic virotherapy (Sanchez, D. et al., 2018). However, there has

been only limited number of reports regarding the available of oncolytic virus against

canine cancers. Our laboratory has focused on oncolytic virotherapy using reovirus,

which is naturally occurring non-recombinant virius, and the previous PhD. student, Dr.

Hwang Chung Chew, first reported the anti-tumor effects of reovirus in canine mast cell

tumor and lymphoma (Hwang, CC. et al., 2013, Hwang, CC. ef al., 2016).

Reovirus is a double-strand RNA virus with low pathogenicity in humans.

Even though all three serotypes of reovirus (type I Lang, type II Jones, and type III

Dearing) has the oncolytic ability, the serotype III Dearing strain has always been used

in human studies (Alloussi, SH. et al., 2011). Reovirus has shown selective infection in

transformed or malignant tumor cells with a preference to replicate in these cells

(Duncan, MR. et al., 1978, Hashiro, G. et al., 1977, Coftey, MC. et al., 1998).

Oncogenic Ras-transformed cells are highly susceptible to reovirus infection, and non-

transformed cells did not allow the translation of viral genes and viral replication. The

major difference between reovirus susceptible and non-susceptible cells lines in the



ability of the cells to phosphorylate PKR (dsRNA-activated protein kinase). In cases of
reovirus infection in susceptible cells, Ras activation will inhibit the phosphorylation of
PKR and allow the expression of viral proteins before the release of viral progeny.
However, it has also been reported that reovirus can exert oncolysis independent of this
pathway in some tumor cells (Twigger, K. ef al., 2012). In addition, reovirus shows the
oncolytic activity against a wide range of human cancers such as brain, gynecologic,
colorectal, breast, prostate, pancreatic, lung, head and neck, bone and soft tissue, skin,
and hematological cancer or sarcoma (Kim, M., 2015). The most significant study
involving REOLYSIN®, which is GMP grade reovirus, was the Phase III study of
intravenous (IV) administration of reovirus in combination with carboplatin and
paclitaxel in patients with metastatic or recurrent head and neck cancers. Even though
this study was conducted on expanded groups consisting of patients with certain disease
conditions, the progression free survival of patients treated with the reovirus
combination therapy had a statistically significant response
(http://www.oncolyticsbiotech.com/news/oncolytics-biotech-inc-announces-positive-

top-line-data-from-reo-018-randomized-study-of-reolysin-in-head-and-neck-cancers/).



Another remarkable finding was presented in the most recent conclusion of the Phase II
metastatic breast cancer study, where results have shown that REOLYSIN® in
combination with paclitaxel had a statistically significant increase in median overall
survival as compared to paclitaxel alone (17.4 vs 10.4 months). More interestingly, the
overall survival in patients with mutated p53 metastatic breast cancer more than
doubled (20.9 months) when given the combination treatment. This remarkable finding
was acknowledged by the U.S. FDA with the Fast Track designation
(http://www.oncolyticsbiotech.com/news/oncolytics-biotech-inc-announces-fda-fast-
track-designation-for-reolysin-in-metastatic-breast-cancer/). In contrast, there is only
limited information about anti-tumor effects of reovirus on canine tumors, as shown in
our laboratory’s previous report about mast cell tumor and lymphoma. Therefore, main
purpose of this thesis is to provide the basic and clinical evidences on the feasibility of
reovirus as an attractive cancer therapy in a wide range of canine cancers.

In Chapter 1, in vitro cytotoxicity of reovirus was examined in canine solid
tumor cell lines (melanoma, mammary gland tumor, and osteosarcoma). I also assessed

reovirus infectivity, production of progeny viruses and the relationship between Ras



activation status and reovirus susceptibility in those cell lines.

In Chapter 2, I examined in vifro and in vivo cytotoxicity of reovirus against

canine histiocytic sarcoma cell lines and peripheral blood monocyte-derived immature

dendritic cells. Moreover, I confirmed the relationship between the oncolytic activity

and innate immune response to reovirus in histiocytic sarcoma and immature dendritic

cells. To my best knowledge, there are very few reports about the effects of oncolytic

virus (morbillivirus and ECHO-7 virus) in canine and human histiocytic sarcoma

(Pfankuche, VM. et al., 2016, Pfankuche, VM. et al., 2017, Alberts, P. et al., 2016).

Therefore, the data on the oncolysis of reovirus in histiocytic sarcoma cells is important

to provide the evidence for rational use of oncolytic viruses in clinical trials.

Reovirus has been used in multiple clinical trials in human cancer patients,

primarily in combination with conventional chemotherapeutic drugs such as paclitaxel,

gemcitabine and carboplatin (Clements, D. et al., 2014), radiation, and small molecule

inhibitors (Pol, J. et al., 2014, Pol, J. et al., 2015, Vacchelli, E. et al., 2013), with the

intent of enhancing the efficacy of oncolytic therapy. However, there still needs to

identify new candidate drugs for use in combination therapy with oncolytic viruses for



treating human cancers. In Chapter 3, | examined the synergistic anti-cancer effects of a

combination of reovirus and various chemotherapeutic drugs (paclitaxel, gemcitabine,

carboplatin and toceranib) in canine mammary gland tumor cell lines. In addition to

that, to develop a new combination approach for oncolytic virotherapy using reovirus, I

screened a large number of small molecule inhibitors in combination with reovirus in

canine melanoma. I successfully identified an inhibitor of the ataxia telangiectasia

mutated protein (ATM). Here, 1 reported the first evidence to my knowledge that the

cytotoxicity of reovirus is potentiated by inhibition of ATM in canine melanoma cell

lines. I also showed that ATM inhibition increases reovirus replication by up-regulating

proteolysis of endosome-localized reovirus particles. Notably, reovirus was able to

induce the phosphorylation of ATM without inducing DNA damage. As in canine

cancers, the combination of reovirus and an ATM inhibitor yielded enhanced

cytotoxicity in several human cancer cell lines. The analysis and result are discussed in

Chapter 4.

In Chapter 5, aligned with the exciting progress in human clinical trials, I

conducted the first reovirus clinical study in dogs with various spontaneously occurring



tumors. Based on information of studies in mouse models and healthy dogs (data not

shown), I reached a prior conclusion that reovirus administration is safe and non-

pathogenic in dogs. Following that, with consent from dog owners, reovirus

administration was carried out in 19 tumor-bearing dogs while referring to information

of human clinical trials. The primary objectives of this study were to determine the

safety profile of reovirus in dogs with tumors, while identifying a recommended dosing

regimen. At the same time, data on the pharmacokinetics of viral shedding, immune

response and efficacy of reovirus against cancers in immunocompetent canine patients,

which are essential for the establishment of a future pivotal study, was also collected.

From all my experiments, we found that reovirus was a promising effective

treatment against canine cancers. My supervisor, Prof. Takuya Mizuno says to me "The

Clinic to Bench, Bench to Clinic are important for us". This phrase inspired me and

motivated to work my PhD study hard. Hopefully with the completion of my PhD, I

strongly believe that oncolytic virotherapy using reovirus has the potential to be one of

the next generation cancer therapeutics in dogs.
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MATERIALS & METHODS
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Reovirus

The Dearing strain of reovirus serotype 3 (Reolysin®; GMP grade reovirus)
was obtained from Oncolytics Biotech Inc. (Calgary, Canada). Infectious subviral
particles (ISVPs) were produced just before use, and were generated according to the
protocol of Alain, T. et al. 2006. Briefly, reovirus (2.835 x10® Plaque-forming unit
(PFU)) was digested with chymotrypsin-HCI (2 pg; Roche Diagnostics K.K., Tokyo,
Japan) for 30 min at 37°C. The digestion was terminated by adding

phenymethylsulphonyl fluoride (5 mM in ethanol) and shifting the reaction to 4 °C.

Cell lines

Canine mammary gland tumor (MGT) cell lines (CIP-p, CIP-m, CTB-p,
CTB-m, CHM-p, CHM-m CNM-m (Nakagawa, T. et al., 2006), CHMp-13a and
CHMp-5b (Murai, K. et al., 2012)), canine osteosarcoma cell lines (Abrams, D17,
Gracie, MacKinley and Moresco (Maeda, J. et al., 2012)), canine malignant melanoma
cell lines (CMeC1, CMeC2, KMeC, LMeC (Inoue, K. ef al., 2004), CMM10, CMM12

(Yoshitake, R. et al., 2017) CMGD2 and CMGDS5 (Bianco, SR. et al., 2003)) and canine

12



histiocytic sarcoma cell lines (CHSA(CHS-5), CHSS(CHS-7), CMHM(CHS-2)

(Azakami, D. et al., 2006) and MHT-2 (Ito, K. ef al., 2013)) were used in this thesis.

Also, human cancer cell lines (A549, T-24, A2058, Colo679, and DLD-1) were used.

All canine MGT and six canine malignant melanoma cell lines (CMeCl, CMeC2,

KMeC, LMeC, CMMI10 and CMMI12) were kindly provided by Dr. Nakagawa

(University of Tokyo, Tokyo, Japan). Two canine malignant melanoma (CMGD2 and

CMGDS5) and all canine ostersarcoma cell lines were kindly provided by Dr. Modiano

(University of Minnesota, St Paul, MN) and Dr. Thamm (Colorado State University,

Fort Collins, CO), respectively. Canine histiocytic sarcoma cell lines were kindly

provided by Dr. Bonkobara (Nippon Veterinary and Life Science University, Tokyo,

Japan). All of the human cancer cell lines (A549, T-24, A2058, Colo679, and DLD-1), a

mouse [.929 fibroblastic cell line (used for the titration of viral progeny) and a human

Burkitt’s lymphoma cell line Raji (used as a positive control in the Ras GST pull-down

assay) were obtained from the Cell Resource Center for Biomedical Research (Institute

of Development, Aging and Cancer, Tohoku University, Sendai, Japan). All cell lines

except CHSA, CHSS, CMHM, MHT-2 and A2058 were grown in the R10 complete

13



medium (RPMI1640 supplemented with 10% fetal bovine serum (FBS), 100 U/ml

penicillin, 100 pg/ml streptomycin and 55 uM 2-mercaptoethanol). Remaining cell lines

(CHSA, CHSS, CMHM, MHT-2 and A2058) were grown in D10 complete medium

(DMEM supplemented with high glucose, 10% FBS, 100 U/ml penicillin, 100 pg/ml

streptomycin, and 55 pM 2-mercaptoethanol). All cell lines were maintained at 37°C in

a humidified 5% CO, incubator.

Reagents

The pan-caspase inhibitor Z-VAD-FMK (Calbiochem, Billerica, MA) was

used in inhibition of apoptosis assay. Poly IC as the positive control of TLLR3 agonist

was purchased from TOCRIS Bioscience (Minneapolis, MN). Paclitaxel, carboplatin

and gemcitabine were obtained from SIGMA-ALDRICH® Corporation (St. Louis,

MO). Toceranib (SU11654) was obtained from Adooq Bioscience (Irvine, CA). The

ATM inhibitors KU55933 and KU60019 were obtained from AdooQ Bioscience.

Drug screening
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To identify the new combination drug, we screened the SCADS inhibitor kit

(The Ministry of Education, Culture, Sports, Science and Technology, Tokyo, Japan),

which includes 285 signaling pathway inhibitors. The canine melanoma cell line

CMeCl1 was plated in 96-well plates containing each inhibitor, with or without reovirus

at an MOI of 100 PFU per cell, and the plates were incubated for 48 hr. After treatment,

cell growth inhibition was evaluated by use of the Cell Counting Kit-8 (CCK-8;

Dojindo, Kumamoto, Japan) according to the manufacturer's instructions.

Cell proliferation assay

In Chapters 1, 2 and 3, cell growth inhibition by reovirus was assessed by

methylthiazole tetrazolium (MTT) assay, according to the previously published method

(Yang, WQ. et al., 2003). Briefly, each cell line was seeded at an optimized number

(1250 cells for CIP-p, CIP-m, CHM-p and CHM-m; 2000 cells for CMeC1, KMeC and

LMeC, 2500 cells for CTB-p; 3000 cells for Abrams, Gracie, Moresco, CMeC2,

CHMp-13a and CHMp-5b; 5000 cells for CTB-p, CNM-m, D17, MacKinley, CMGD2

and CMGD5; 10,000 cells for CHSA, CHSS, CMHM and MHT-2) in 96-well plates

15



and was simultaneously mock-infected or infected with reovirus at MOI of 0.1, 1.0, 10,

100 and 1000 PFUs per cell in triplicates. Cells were cultured for 72 hr before 3-(4,5-di-

methylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) reagent was added into the

culture for 4 hr, and the MTT assay was performed to assess cell proliferation by

measuring the absorbance in the plates.

In Chapter 4, each cell line was seeded at an optimized number in 96-well

plates and mock-infected or infected with reovirus at an MOI of 10 or 100 PFU per cell

in the presence of the ATM inhibitor KU60019 at 1.25, 2.5, 5.0 or 10 uM; assays were

performed in triplicate wells. Cells were cultured for 48 hr before adding the CCK-8

reagent. The cell proliferation rate was calculated by measuring absorbance.

All experiments were repeated at least three times.

Cytotoxicity assay

In Chapter 1 and Chapter 3, each cell line was seeded at an optimized number

(3000 cells for CIP-p, CTB-p, CHM-p, CHMp-13a, CHMp-5b, CHM-m, Abrams,

Gracie, Moresco, CMeC1, CMeC2, KMeC and LMeC; 5000 cells for CIP-m, CTB-m,

16



CNM-m, D17, MacKinley, CMGD2 and CMGDY5) in 96-well plates in triplicates. Then,
cells were and infected with mock or reovirus at MOI of 70 PFUs per cell in triplicates.
At 72 hours post-infection (hpi), live and dead cells were counted with 0.25% trypan
blue.

In Chapter 4, each cell line was treated with reovirus at an MOI of 10 or 100
and KU60019 at 2.5 or 10 uM; assays were performed in triplicate wells. Cells were
cultured for 48 hr before performing the trypan blue exclusion test.

All experiments were repeated at least three times.

Evaluation of apoptosis with flow cytometric analysis

To determine that the reovirus-induced cell death was apoptosis, PE Annexin
V Apoptosis Detection Kit I (BD Biosciences, San Jose, CA) was used in Chapter 2.
Canine histiocytic sarcoma cell lines were treated with reovirus at MOI of 10 for 48 hr.
Harvested cells were washed in cold PBS, and re-suspended at 1 x10° in Binding buffer.
Then, cells were incubated for 15 min at room temperature with PE-Annexin V and 7-

AAD.

17



In Chapter 3, CHMp-13a and CHMp-5b were treated with reovirus at MOI of

70 for 24 and 48 hr. Adherent cells were collected, washed with cold PBS, and 3 x 10°

cells were resuspended in 30 pl of PBS. Next, cells were incubated for 15 min at room

temperature in the dark in cold 1 x binding buffer containing Annexin V-FITC

antibody, according to the manufacturer’s instructions (Miltenyi Biotech, Auburn, CA).

The cells were pelleted and resuspended in cold 1 x binding buffer. Cells were stained

with 1.5 pl of propidium iodide (PI) at 1 pg/ml.

Stained cells were analyzed using BD Accuri C6 Flow Cytometer (BD

Biosciences). Analyses were performed with FlowJo software ver. 10.1 (FlowJo LLC,

Ashland, OR).

Measurement of inhibition of apoptosis

To evaluate that the apoptosis induced by reovirus was dependent on caspase

signaling pathway, the inhibition assay of cell death by irreversible pan-caspase

inhibitor Z-VAD-FMK (Calbiochem) was performed. In Chapter 2 and Chapter 3,

canine histiocytic sarcoma cell lines and canine MGT cell lines were seeded at 10,000

18



cells or 3,000 cells per well, respectively, in a 96-well plate in triplicates. To each well,

Z-VAD-FMK was added at 50 pM for 1 hour before reovirus infection at MOI of 10 or

70. After 72 hours incubation, viable and non-viable cells were counted using 0.25%

trypan blue.

In Chapter 4, canine melanoma cell lines (CMeC1 and KMeC) were seeded at

5,000 cells per well in 96-well plates. Z-VAD-FMK (Calbiochem) was added to

triplicate wells at a concentration of 50 uM for 1 hr before the cells were treated with

reovirus (MOI 100) and KU60019 (indicated concentration). After 48 hr, cell

proliferation and cell viability were evaluated by CCK-8 and trypan blue exclusion test,

respectively.

All experiments were repeated at least three times.

In vitro synergy assay

Experiments in Chapter 3 were performed as described in the in vitro cell

proliferation assay using 0.25, 0.5, 1, 2 and 4 times of the IC50 (half maximal inhibitory

concentration) dose as calculated by CompuSyn (ComboSyn, Inc., Paramus, NJ, USA)

19



using a combination of reovirus and paclitaxel, carboplatin, gemcitabine or toceranib.

The synergistic effects of reovirus and the chemotherapeutic agents on cell

proliferation were assessed by calculating the combination-index (CI) values using the

CompuSyn software. Using the Chou and Talalay method, CI provides a quantitative

measure of the degree of interaction between two or more agents (Chou, TC., 2010,

Chou, TC. and Talalay, P., 1984). The CI value offers quantitative definitions that depict

synergism (CI<1), additive effect (CI=1) and antagonism (CI>1).

Reovirus replication

Reovirus replication was examined by western blotting analysis using anti-

reovirus antibody (produced by our laboratory (Hwang, CC. et al., 2013)). In Chapter 2,

canine histiocytic sarcoma cell lines were seeded at 2.5 x10° cells/ well in 6-well plates

and treated with reovirus (MOI 10). After 24 and 48 hours, cells were harvested and

stored at -80°C pending use for western blotting. In Chapter 4, each cell line was seeded

in 6-well plates and treated with reovirus (MOI 10 or 100) and KU60019 (2.5 uM) for

24 and 48 hr. In some experiments examining the reovirus proteins at early stages, wells

20



were rinsed to remove unbound reovirus following adsorption. Briefly, CMeCl was

plated in 6-well plates and cultured before use. On the following day, cells were

exposed to reovirus (MOI 100) for 1 hr at 4°C. Then, cells were washed and cultured in

the presence of KU60019 (2.5 uM) for 6, 12, or 24 hr at 37°C. Cells were harvested at

the indicated time points and stored at -80°C pending use for western blotting. Western

blotting analysis was carried out as described the below section.

Production of viral progeny

Cell culture supernatant of samples from cytotoxicity assay was collected and

kept at -80°C until analysis. Viral progeny was measured by 50% tissue culture dose

(TCIDsp) assay on 1929 cells as previously described (Hwang, CC. et al., 2013). .929

cells were seeded at 10,000 cells per well in 96-well plates. Serial ten-fold dilutions of

the stock virus or the culture supernatant from cytotoxicity assay were prepared before

being added into the wells. After 144 hr of incubation, cytopathogenic effects (CPE) in

the wells were recorded and TCIDsy was calculated. Titration of the viral progeny was

performed on all the supernatants obtained from three independent cytotoxicity assays.
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Reovirus infectivity

Reovirus infectivity of the cell lines was quantified by flow cytometry. Cell

lines used in Chapter 1 were infected with reovirus at MOI of 70 for 24 hr (CMGD?2),

48 hr (CIP-p and CNM-m) or 72 hr (all remaining cell lines). In Chapter 3, CHMp-13a

and CHMp-5b were infected with reovirus at MOI of 70 for 48 hr. Cells were harvested

and resuspended in PBS before being fixed and permeabilized with BD Cytofix/

Cytoperm Kit (BD Bioscience). Intracellular viral proteins were stained with rabbit anti-

reovirus polyclonal antibody (produced by our laboratory). The staining of primary

antibody was followed by incubation with anti-rabbit IgG PE antibody (Santa Cruz

Biotechnology, Santa Cruz, CA). Serum from healthy rabbit (Life technologies, Tokyo,

Japan) was used as the isotype control. The stained cells were analyzed using Cyflow

Space (Partec GmbH, Munster, Germany) or BD Accuri C6 Flow Cytometer (BD

Biosciences,), and the results were analyzed using FlowJo software (FlowJo LLC).

Plasmid construction
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The human ATP6VIGI gene was amplified by PCR using 141-LCL (human

EBV-lymphoblastoid cell line) cDNA as a template and the primers YTM1658 (5'-

GCTTGCCTTGCTCTCAGAAT -3") and YTM1659 (5-

TAAAATGCCACTCCACAGCA -3') as the primers; the resulting product was cloned

into the pBluescript SK (-) vector, yielding a construct designated pBs-hATP6V1G1).

The nucleotide sequence of the insert was confirmed using a Big Dye Terminator v3.1

Cycle Sequencing kit (PerkinElmer, Inc., Waltham, MA). The human ATP6VIGI gene

then was subcloned into the pMxs-IP retroviral vector (kindly provided by Dr. T.

Kitamura (The University of Tokyo)), yielding a plasmid (designated pMx-IP-PA-

hATP6V1G1) encoding a PA epitope-tagged version of the V-ATPase G1 protein.

Genome editing

A small guide RNA (sgRNA) targeting canine ATM, 5'-

TAGTTTCAGGATCCCGAATC -3', was designed through the online CRISPR design

tool (http://crispr.mit.edu/); the resulting sgNRA was synthesized and subcloned into

the lentiCRISPRv2 plasmid which was gift from Dr. Feng Zhang (Sanjana, NE. et al.,
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2014) (obtained from Addgene (Cambridge, MA) as accession #52961). The plasmid

and packaging vectors were transfected to HEK293T to produce the lentivirus

expressing an sgRNA targeting ATM. After transduction with the lentivirus, canine

melanoma cell lines were cultured in the presence of puromycin (Sigma Aldrich Japan

K.K., Tokyo, Japan; 0.6 - 5.0 pg/ml) to select for stably transduced cells. Individual

clones were isolated by the limiting dilution method and further analyzed by western

blotting to confirm that the cells no longer produced ATM protein. The resulting clones

were used for further experiments.

Generation of normal canine immature dendritic cell and reovirus infection

Peripheral blood mononuclear cells (PBMCs) were isolated from three

healthy beagles. PBMCs were cultured for 7 days with 33 ng/ml of canine interleukin-4

(calL-4) and 40 ng/ml of canine granulocyte-macrophage colony-stimulation factor

(GM-CSF) (R&D Systems, Minneapolis, MN) to differentiate into immature dendritic

cells (normal DCs) (Mito, K. et al., 2010). Normal DCs were then used for following

experiments in Chapter 3.
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RNA isolation, cDNA, and real-time PCR

Total RNA was harvested from cells using ISOGEN II (NIPPON GENE,

Tokyo, Japan), and ¢cDNA was synthesized using ReveTra Ace qPCR RT kit

(TOYOBO, Osaka, Japan) according to the manufacture's instructions. Real-time PCR

was performed using QuantiTect SYBR Green PCR kit (Qiagen, Valencia, CA) and

CFX touch real time PCR analysis system (Bio-rad Laboratories, Hercules, CA) as per

the manufacture's protocol. The following primer were used: canine /FN-o (Jassies-van

der Lee, A. et al., 2014) forward 5'-TGGGACAGATGAGGAGACTCTC-3" and reverse

5'-GAAGACCTTCTGGGTCATCACG-3"; canine [FN-f (Shoji, M. et al., 2015)

forward 5'-CCAGTTCCAGAAGGAGGACA-3' and reverse 5'-

TGTCCCAGGTGAAGTTTTCC-3% canine RPLI3A4 forward 5'-

GCCGGAAGGTTGTAGTCGT-3' and reverse 5'-GGAGGAAGGCCAGGTAATTC-3"

and canine HPRT forward 5'-CACTGGGAAAACAATGCAGA-3' and reverse 5'-

ACACTTCGAGGGGTCCTTTT-3". In our study, ribosomal protein RPLI3A and

hypoxanthine phosphoribosyl transferase HPRT were used as reference genes
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(Boerkamp, KM. ef al., 2014). After the PCR, all products were analyzed by the melting

curves to confirm the amplification of other genes. The relative mRNA expression

levels of IFN-o and IFN-f were calculated as ACt from the difference between

2-ACt

expression of the reference gene. All ACt values were converted to (Kambayashi,

S. et al., 2015). Experiment was repeated at least three times.

Cell cycle analysis

Canine melanoma cells were treated with reovirus (MOI 100) and KU60019

(2.5 uM) for 24 and 48 hr. Cells were trypsinized and washed in Phosphate-buffered

saline (PBS) and fixed in 70 % ice cold ethanol at -30 °C for at least 24 hr. The fixed

cells were re-suspended in PBS supplemented with 0.1 mg/ml of RNase (Nacalai

Tesque, Kyoto, Japan) and incubated for 30 min at room temperature. The digested cells

then were incubated with 0.1 mg/ml of propidium iodide (PI; Nacalai Tesque) for 5 min

and analyzed using a BD Accuri C6 Flow Cytometer (BD Biosciences). Data were

analyzed using FlowJo software ver. 10.1 (FlowJo LLC).
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Western blotting

In Chapter 1, to detect the PARP cleavage, cells were seeded at 5.0 x 10° cells
and mock infected or infected with reovirus at MOI of 70 for 48 hr before being
harvested and lysed at 4°C with NP40 lysis buffer [(1% NP40, 10 mM Tris-HCI (pH
7.5), 150 mM NaCl, 1 mM EDTA) supplemented with protease inhibitor cocktails
(Nacalai Tesque), 1 mM Na3;VO,, and 50 mM NaF]. In Chapter 2, to evaluate the
mechanism of cell death, canine histiocytic sarcoma cell lines were seeded at 2.5 x10°
cells in 6-well plate before being infected with mock or reovirus at MOI of 10. After 24
and 48 hours, cells were harvested and lysed with NP40 lysis buffer. In Chapter 3,
CHMp-13a and CHMp-5b were seeded at 2.5 x 10° cells, and mock-infected or infected
with reovirus at MOI 70. In order to evaluate the synergistic effects of the combination
treatments, CHMp-5b cells were seeded at 2.5 x 10° cells, and treated 0.5 times the
calculated IC50 dose of the single or a combination of the cytotoxic agents. In order to
confirm the inhibition of caspase 3 activation, both of the cell lines were seeded at 2.0 x
10° cells in 6-well plates. Z-VAD-FMK was added at 50 uM for 1hr before the cells

were infected at MOI 70. After 48 or 72 hr incubation, cells were harvested and lysed at
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4°C with NP40 lysis buffer. In Chapter 4, cells were plated at 3 x10° cells per well in 6-
well plates and treated with reovirus (MOI 10 or 100) and KU60019 (2.5 uM) for 24
and 48 hr. For short-term incubation, CMeC1 were plated, and on the following day,
cells were treated as shown above (see Reovirus replication). Harvested cells were lysed
at 4°C with NP40 lysis buffer.

These lysates were subjected to SDS-PAGE, and proteins then were
transferred to Hybond PVDF membrane (GE Healthcare Bio-Sciences, Pittsburgh, PA).
The membrane was blocked with Tris buffered saline (TBS) containing with 0.05%
Tween20 (Polyoxyethylene sorbitane monolaureate) and 5% skim milk, followed by
addition of the primary antibodies. Rabbit anti-PARP antibody (NeoMarkers, Fremont,
CA) was used as primary antibody in Chapter 1. Mouse monoclonal anti-TLR3
antibody (40C1285.6) was obtained from Novus Biologicals (Littleton, CO). Mouse
monoclonal anti-RIG-I antibody (D-12), mouse monoclonal anti-TRIF antibody (E-7),
and mouse monoclonal anti-IRF3 antibody (D-3) were obtained from Santa Cruz
Biotechnology. Rabbit polyclonal anti-MAVS antibody was obtained from Proteintech

(Rosemont, IL). Rabbit monoclonal anti-phospho-IRF3 (Ser396) antibody (4D4G),
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rabbit monoclonal anti-cleaved caspase-3 (Aspl175) antibody, rabbit monoclonal anti-

MDA-5 antibody (D74E4), and rabbit monoclonal anti-phospho-TBK1 (Serl72)

antibody (D52C2) were obtained from Cell Signaling Technology (Danvers, MA).

Theses primary antibodies were used in Chapter 2. Rabbit anti-PARP antibody and

rabbit monoclonal anti-cleaved caspase-3 (Asp175) antibody were used in Chapter 3.

The primary antibodies in Chapter 4 are listed in Table IV-1. Horseradish peroxidase

(HRP) -conjugated goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA),

HRP-conjugated goat anti-mouse IgG (Merck Millipore, Darmstadt, Germany) and

rabbit anti-goat IgG HRP (Bethyl Laboratories, Montgomery, TX) were used as the

secondary antibodies. Beta-actin and vinculin, housekeeping proteins, were used as a

loading control, and were detected using mouse anti-beta-actin monoclonal antibody

(Sigma-Aldrich Japan K.K), goat anti-beta-actin antibody (Santa Cruz Biotechnology)

or mouse monoclonal anti-vinculin antibody (eBioscience). The labeled proteins were

detected using the ECL reagent (PerkinElmer). The intensity of the bands was

determined by Imagel software ver. 1.48.
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LysoTracker-Red staining

CMeCl cells were cultured on microcover glasses (Matunami Garasu Kogyo,

Osaka, Japan) in the wells of a 12-well plate. On the following day, cells were exposed

to reovirus (MOI 100) for 1 hr at 4°C. Then, cells were washed and cultured in the

presence of KU60019 (2.5 uM) for 24 hr at 37°C. After treatment, cells were incubated

with LysoTracker-Red DND-99 (Invitrogen, Carlsbad, CA) for 30 min at 37°C,

followed by fixation with 4% paraformaldehyde. The coverslips were mounted onto

glass slides with Molecular Probes Prolong Gold with DAPI (Invitrogen) for staining of

nuclei. Samples were visualized at a 100x magnification using LSM710 confocal

microscope (Carl Zeiss, Oberkochen, Germany). Images were analyzed by using ZEN

software 2012 (Carl Zeiss). The percentage of LysoTracker-Red-positive CMeCl cells

was quantified by flow cytometric analysis as described above.

Measurement of cathepsin B activity

Cathepsin activity was determined with a Cathepsin B Activity Assay Kit

(PromoCell, Heidelberg, Germany), according to the manufacturer's instructions.
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CMeCl1 cells were cultured in 6-well plates. Then, cells were treated with reovirus

(MOI 100) and KU60019 (2.5 uM) for 24 hr. After treatments, cells were lysed with CB

Cell Lysis Bufter, followed by mixing with the CB Reaction Buffer. The cell lysate was

incubated at 37°C for 1 hr with 200 uM CB Substrate Ac-RR-AFC. Cathepsin activity

was measured in an ARVO X4 fluorometer (PerkinElmer). The fluorescence values

were normalized to values obtained for a mock-treated sample after subtraction of

background autofluorescence.

Co-immunoprecipitation of V-ATPase units

A plasmid encoding PA epitope-tagged-human V-ATPasse protein G1 (pMx-

IP-PA-hATP6V1G1) was stably transfected into A549 cells using the retroviral method.

Briefly, PLAT-GP packaging cells, kindly provided by Dr. T. Kitamura (The University

of Tokyo), were transfected with either pMx-IP (empty vector) or pMx-IP-PA-

hATP6V1G1 using the PEI transfection reagent (Polysciences, Inc., Warrington, PA)

according to the manufacturer's instructions. After a 48-hr incubation, the supernatant

containing the retrovirus was collected and added to A549 cells along with 5 pg/ml
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polybrene (Sigma-Aldrich). Puromycin was used for selection and maintenance of A549
cells expressing the transfected V-ATPase-encoding gene. A5S49/ATP6V1G1 cells were
seeded at 3 x10° cells per 10-cm dish. Then, cells were treated with reovirus (MOI 100)
and KU60019 (2.5 uM) for 24 hr. Cells were harvested and lysed as described above.
The PA-tag immunoprecipitation assay was performed as previously described (Fujii, Y.
et al., 2014, Fujii, Y. et al., 2016), with modifications. Each lysate was transferred to a
1.5-ml microcentrifuge tube and incubated with the Sepharose-conjugated anti-PA-tag
antibody (clone NZ-1), which was kindly provided by Dr. Kato (Tohoku University), on
a rotating wheel for 1 hr at 4°C to immunoprecipitate the epitope-tagged ATP6V1G1
protein. The samples were washed five times with lysis buffer. SDS loading buffer with
2-mercaptoethanol was added to the sample, and the mixture then was heated to 100°C
for 5 min. The proteins were separated on a 10-20% SDS-PAGE gel and analyzed by

western blotting as above.

GST pull-down assay for Ras status

Ras activation status of the cell lines was evaluated with the GST pull-down
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assay as previously reported (Hwang, CC. et al., 2013). Briefly, vector that expresses
GST fused with Ras-binding domain (RBD) of Raf-1 was constructed. Then, E. coli
competent cell IM109 was transformed with this vector and GST-RBD was extracted
with lysis buffer. Extracted proteins from the cells were mixed with glutathione-
sepharose 4B beads (GE Healthcare, Tokyo, Japan) for 1 hr before washing with lysis
buffer. Ras activation status of each cell lines was evaluated after GST pull-down.
Western blotting was carried out as previously described using mouse anti-pan-Ras

(Calbiochem) and goat anti-mouse IgG HRP (Zymed Laboratories).

Tumor xenograft mouse experiment

In Chapter 2, Eight to 10-week-old NOD/ShiJic-scid (NOD/SCID) mice were
obtained from Kyudo Co. Ltd. (Saga, Japan) and studies were conducted in a specific
pathogen-free area in accordance with the Yamaguchi University Animal Care and Use
guidelines. CHSSv1 cell line was a subline derived from the tumors established on the
NOD/SCID mouse subcutaneously xenografted with CHSS. CHSSv1 (4.0 x 10° cells in

PBS) were implanted subcutaneously into the right flank of the mice under general
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anesthesia. After inoculation, the size of the mass was measured with caliper every
other day. Tumor weight was estimated from calipers measurements of two
perpendicular dimensions of the tumors in millimeters using the formula: Tumor
Volume (mm’) = 1/2 x Length (mm) x Width’ (mm?). Once the size of the mass reached
200 mm’, one group of mice (n = 8) was treated intratumorally with reovirus at 1.0 x10*
PFUs, and another group of mice (n = 7) was treated intratumorally with PBS. Tumor
growth was assessed until the experimental endpoint (20 days post-injection) was
reached or when tumor volume was excess 1200 mm’. For immunohistochemical
staining, collected tumors were fixed in 10% neutral buffered formalin and embedded in
paraffin. Then, deparafinized samples were treated with Target Retrieval Solution
(Dako, Glostrup, Denmark). Sections were incubated with rabbit anti-reovirus
polyclonal antibody (produced in our laboratory), followed by Histofine Simple Stain
MAX-PO (Nichirei Biosciences, Tokyo, Japan). Slides were subjected to 3-3-
diaminobenzidine tetrachloride (Roche Diagnostics K.K.) staining before
counterstaining with Meyer's hematoxylin.

In Chapter 3, Eight to nine-week-old NOD/ShiJic-scid (NOD/SCID) mice

34



were obtained from Kyudo Co. Ltd. and studies were conducted in a specific pathogen-
free area in accordance with the Yamaguchi University Animal Care and Use
guidelines. CHMp-5b cells (1.0 x 107 in 50 pl PBS) were implanted subcutaneously into
the right flank of the mice under general anesthesia (day 1). 1.0 x 10* PFUs of live
reovirus (experimental group; three male and five female mice) or UV-inactivated
reovirus (control group; two male and five female mice) in 20 ul PBS were injected
intratumorally 14 days after tumor transplantation. Tumour growth was determined by
measuring the tumor volume (described above) with a caliper every other day until
euthanasia at day 21. The method for immunohistochemical staining was same as

Chapter 2.

Statistical analysis

The significance of differences between samples were determined by the
Student's t-test or one-way factorial ANOVA test followed by multiple comparison
using Turkey-Kramer test. Differences were considered statistically significant if the p

values were less than 0.05. Multiple comparison tests were performed using JMP
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software ver. 9.0 (SAS Institute Japan, Tokyo, Japan).

Clinical study design

The study was conducted at the Yamaguchi University Animal Medical
Center (YUAMEC) with approval from the Ethics Review Board of the Joint Faculty of
Veterinary Medicine of Yamaguchi University. All dogs were enrolled and treated with
reovirus from May 2013 to February 2017. This study was opened to all dogs fulfilling
the eligibility criteria, which included a signed owner informed-consent, a confirmed
tumor diagnosis, a tumor that allows measurement, and a life expectancy of at least a

month with standard therapy. The study events are shown in Table V-1.

Clinical treatment

Reovirus serotype 3 Dearing produced for the usage as investigational
products in human clinical trials (REOLYSIN®, registered USAN name: pelareorep)
was kindly provided by Oncolytics Biotech Inc. of Calgary, Canada. Each vial

contained 1 mL of 4.5 X 10'° TCIDsy/ mL reovirus and the vials were stored at -80°C.
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The frozen virus was thawed and diluted to pre-calculated concentrations immediately
before use. Reovirus was administered as IT in all accessible and defined tumors while
IV was used in dogs with non-surface and inaccessible tumors. Reovirus was diluted in
normal saline in 1 mL volume for IT administration while in cases where reovirus was
given IV, reovirus was diluted in 50 mL normal saline given over 2 hours in small breed
dogs or in 200 mL normal saline given over 1 hour in large breed dogs. No prophylactic
medication was administered. As reovirus is a live virus, strict precautions such as
wearing disposable gowns, gloves and masks were taken by the investigators and

authorized personnel during virus administration in a sterile and isolated environment.

Virologic studies

Serum, saliva, urine and feces were collected at various time points for the
examination of reovirus particles using specific reverse transcriptase polymerase chain
reaction (RT-PCR). In brief, RNA was extracted using ISOGEN-LS (Nippon Gene,
Toyama, Japan) from 250 pl samples and RT-PCR was performed with One Step

SYBR"™ PrimeScript'™™ PLUS RT-PCR Kit (Takara Bio, Shiga, Japan) using forward
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primer  5'-TGGGACAACTTGAGACAGGA-3' and  reverse  primer  5'-

CTGAAGTCCACCATTTTGAA-3" specific for the S/ gene of reovirus serotype 3

(Decaro, N. et al., 2005). Qualitative detection of viral complementary DNA was

performed by electrophoresis analysis in 2% agarose gel. Infectivity assay was carried

out in RT-PCR positive samples by co-culture in reovirus-sensitive 1.929 cells to

determine the presence of live virus (Yang, WQ. ef al., 2004).

Neutralizing anti-reovirus antibody (NARA) assay

NARA assay (White, CL. et al., 2008) was performed to detect antibody titers

at baseline (pre-treatment) and at selected time points post-treatment. In brief, 4-fold

dilutions of serum were treated with a constant titer of reovirus known to cause 80%

cell death on 1929 cells. The serum-virus mix was incubated for 1 hour to allow

antibodies in the serum to bind and neutralize the virus, before incubation with 1.929

cells for 2 hours. The inoculum was replaced with fresh medium and cell survival was

measured by MTT assay. Naive dog serum was used as control for each NARA assay.

NARA titer was expressed as the last dilution, where any neutralization occurred before
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cell killing was resumed to that seen in the virus-only treated controls.

Evaluation of study dogs

Assessment of AE was performed according to the Veterinary Cooperative

Oncology Group- Common Terminology Criteria for Adverse Events (VCOG-CTCAE)

v1.1 guidelines (2016). AE was monitored throughout the study by using methods such

as reporting by owners, physical examination, hematology and blood biochemistry.

Relevant palliative and/ or supportive treatments were given in response to the AE at

the discretion of the investigators. The target and non-target tumors were measured by

caliper or photography before and after treatment. Non-surface tumors and tumor

metastasis were measured using ultrasound and computed tomography (CT).

Whenever the physical condition of the dogs allowed general or local

anesthesia, tumor biopsy was taken upon owners' consent. Biopsy samples were fixed in

10% neutral buffered formalin and embedded in paraffin before hematoxylin and eosin

(H&E) for histopathological analysis. Deparafinized samples were treated with Target

Retrieval Solution (Dako) before treatment with 3% hydrogen peroxidase and Protein
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Block (Dako). Sections were incubated with rabbit anti-reovirus polyclonal antibody

(1:500 dilution; produced in our laboratory) or rabbit immunoglobulin fraction of serum

from non-immunized rabbit (isotype control; FLEX by Dako), followed by Histofine

Simple Stain MAX-PO (Nichirei Biosciences). Slides were subjected to 3.3-

diaminobenzidine tetrachloride (Roche Diagnostics K.K.) staining before

counterstaining with Meyer’ s hematoxylin. Reovirus-treated tumor samples from

MCT xenograft mouse model were used as positive control (Hwang, CC. et al., 2013).
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Chapter 1

The oncolytics effects of reovirus in canine solid tumor cell lines
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SUMMARY

Oncolytic virotherapy is a new strategy for cancer treatment for humans and dogs.

Reovirus has been proven to be a potent oncolytic virus in human medicine. Our

laboratory has previously reported that canine mast cell tumor and canine lymphoma

were susceptible to reovirus. In this chapter, canine solid tumor cell lines (mammary

gland tumor, osteosarcoma and malignant melanoma) were tested to determine their

susceptibility towards reovirus. I demonstrated that reovirus induces more than 50% cell

death in three canine mammary gland tumor and one canine malignant melanoma cell

line. The reovirus-induced cell death occurred via the activation of caspase 3. Ras

activation has been shown to be one of the important mechanisms of reovirus-

susceptibility in human cancers. However, Ras activation was not related to the

reovirus-susceptibility in canine solid tumor cell lines, which was similar to reports in

canine mast cell tumor and canine lymphoma. The results of this study highly suggest

that canine mammary gland tumor and canine malignant melanoma are also potential

candidates for reovirus therapy in veterinary oncology.
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RESULTS

Inhibition of cell proliferation by reovirus in a dose-dependent manner

Firstly, examination of the susceptibility of canine solid tumors towards

reovirus was conducted by infecting canine MGT, osteosarcoma and malignant

melanoma cell lines with reovirus at various levels of MOI, and the inhibition of cell

proliferation was assessed at 72 hpi using MTT assay (Fig. I-1). The results revealed

that reovirus susceptibility varied among the cell lines.

Reovirus infection at a very high MOI of 1000 induced tremendous cell death

in all the MGT cell lines except CTB-m (Fig. I-1A). At a lower MOI of 10, three of the

MGT cell lines showed more than 50% of inhibition of cell growth, but the other four

cell lines were less susceptible. Generally, canine osteosarcoma cell lines showed a

lower susceptibility towards reovirus as compared to MGT and malignant melanoma

(Fig. I-1B). The most reovirus-susceptible canine osteosarcoma cell lines, Abrams,

MacKinley and Moresco, only showed approximately 50% inhibition of cell growth at

MOI 1000, and all the other cell lines seemed to be minimally susceptible to reovirus at

MOI 10.
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As for canine malignant melanoma, all of the cell lines were highly

susceptible to reovirus at MOI 1000 (Fig. [-1C). CMGD2 showed predominant growth

inhibition at MOI as low as 1. In contrast, LMeC was not susceptible to reovirus at MOI

of lower than 100. CMeC1 and KMeC were more susceptible to reovirus than CMeC2

and CMGDS5. These results suggest that canine osteosarcoma cell lines are relatively

non-susceptible to reovirus infection, but some of the MGT and malignant melanoma

cell lines are highly susceptible to reovirus in a dose-dependent manner.

Reovirus-induced cytotoxicity

MTT assay quantifies the inhibition of cell proliferation through the reduction

of total mitochondrial activity (van Meerloo, J. et al., 2011). In order to examine the

reovirus-induced cell death directly, all the canine solid tumor cell lines were infected

with reovirus at MOI 70, which is the titer of virus used for the cytotoxicity assay in

mast cell tumor cell lines and lymphoma cell lines in our previous report (Hwang, CC.

et al., 2013, Hwang, CC. et al., 2014), before trypan blue exclusion test was carried out

to quantity the proportion of live and dead cells (Fig. I-2). The percentages of reovirus-
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induced cell death assessed by the trypan blue exclusion test were consistent with the

percentage of inhibition of cell proliferation by reovirus. These results indicate that the

inhibition of cell proliferation by reovirus is mainly due to cell death.

Reovirus infectivity and production of reoviral progeny

Reovirus infectivity in the involved cancer cell lines was quantified by flow

cytometric analysis of intracellular viral protein (Fig. 1-3). In CTB-m and Gracie,

reovirus proteins were not detected by flow cytometry, which was consistent with the

low cytotoxicity in the reovirus-infected cell lines. However, reoviral proteins were

detected in the cytoplasm of some of the cell lines, such as Abrams, D17, CMeC2 and

LMeC, even though they showed low cytotoxicity after reovirus infection. Reoviral

proteins were detected in all the other cell lines at various levels. Although there were

some exceptions, the combination of these results shows that the detection of reoviral

proteins correlates with the reovirus-induced cell death.

In order to determine if reovirus-susceptible cell lines can support viral

production, I measured the amount of viral progeny by TCIDs assay. Fig. I-4 represents
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the fold increase of viral titer as compared with input viral titer in the culture

supernatant. Increment of titer in culture supernatant from reovirus-infected CTB-p,

CTB-m, and Gracie cells showed less than 1, which suggested that these cell lines did

not produce any virus. The remaining cell lines produced a certain amount of viral

progeny, which were consistent with the detection of viral proteins and reovirus-

induced cell death. Among the less susceptible canine MGT cell lines, reoviral proteins

were detected in CTB-p (Fig. 1-3), even though it did not support any production of

viral progeny (Fig. I-4). Canine MGT cell line CTB-m and canine osteosarcoma cell

line Gracie had a no increment of reovirus titer, which were consistent with no detection

of reoviral proteins (Fig. I-3). The canine osteosarcoma and malignant melanoma cell

lines (Abrams, D17, CMeC2, and LMeC) were less susceptible to reovirus, but

produced viral progeny after reovirus infection, which was consistent with detection of

viral proteins by flow cytometry in all these cell lines. These results indicate that viral

proteins and the production of viral progeny can be detected not only in cell lines highly

susceptible, but also in some of the cell lines less susceptible to reovirus.
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PARP cleavage as indicator of apoptosis induced by reovirus

Previous reports have shown that reovirus-induced cell death was due to

apoptosis (Clarke, P. et al., 2004, Connolly, JL. ef al., 2000, Hwang, CC. et al., 2013).

Therefore, 1 investigated the cleavage of PARP, which is a hallmark of caspase-

dependent apoptosis, in reovirus-infected canine MGT, osteosarcoma and malignant

melanoma cell lines. The most reovirus-susceptible (CNM-m, MacKinley and CMGD?2)

and the least reovirus-susceptible cell line (CTB-m, Gracie and LMeC) were chosen

from each of the tumor type (Fig. I-5). Prominent cleaved product was detected at 48

hpi in all of the cell lines highly susceptible to reovirus. No cleaved bands were

observed in reovirus-infected CTB-m and Gracie at 48 hpi but surprisingly, cleaved

PARP was detected in LMeC, which is less susceptible to reovirus.

Lack of correlation between Ras activation status and reovirus susceptibility

The baseline GTP-loading status of Ras among the cell lines involved in this

study was determined in order to investigate the involvement of Ras activation as the

molecular determinant for reovirus susceptibility. In canine MGT, CHM-p and CHM-m
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have elevated Ras activities while Ras activation was not detected in the other cell lines

(Fig. I-6A). Among the canine osteosarcoma cell lines, GTP-bound Ras was highly

expressed only in D17 and Gracie (Fig. [-6B). In canine malignant melanoma, CMeCl,

CMeC2 and LMeC have elevated Ras activities, as compared to CMGD2, CMGD5 and

KMeC (Fig. I-6C). The collection of these results indicates that reovirus susceptibility is

not correlated to the baseline status of Ras activation status among the canine solid

tumor cell lines.
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DISCUSSION

Our laboratory has previously reported that canine mast cell tumors are highly

susceptible to reovirus infection (Hwang, CC. ef al., 2013) but reovirus-susceptibility is

less among the canine lymphoma cell lines (Hwang, CC. et al., 2014). In current human

clinical studies using reovirus, solid tumors are the main targets (Vacchelli, E. et al.,

2013). Thus, I focused on a panel of canine tumor cell lines established from solid

tumors and tested their susceptibility towards the effects of reovirus. Due to the limited

availability of cell lines in the veterinary field, solid tumor cell lines established from

MGT, osteosarcoma and malignant melanoma were chosen in this study (Table I-1).

A total of six canine MGT cell lines, two canine osteosarcoma cell lines and

four canine malignant melanoma cell lines were susceptible to reovirus, where more

than 20% of the cells were killed after reovirus infection (Fig. I-2). Among the three

types of canine tumors, the osteosarcoma cell lines were relatively less susceptible to

reovirus infection. On the other hand, the canine MGT and malignant melanoma cell

lines were mostly susceptible to reovirus. Similarly, human breast cancer cell lines and

malignant melanoma cell lines have been shown to be susceptible to reovirus
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(Errington, F. et al., 2008, Norman, KL. et al., 2002) and phase II clinical trials

involving patients with breast cancer and malignant melanoma have been conducted

(Vacchelli, E. et al., 2013). From the results of this study, it is suggested that canine

MGT and malignant melanoma are potential candidates for reovirus treatment, but not

so in osteosarcoma (Table I-1).

Flow cytometric analysis (Fig. 1-3) showed that reovirus proteins were

detected in most of the cell lines except in CTB-m and Gracie, which are less

susceptible to reovirus infection. Generally, the results of the production viral progeny

correlated with the detection of viral proteins among the cell lines, but not in CTB-p,

where viral proteins were detected even though there was no production of viral

progeny. In normal cases, reovirus infection should occur first before virus replication

and cell death. However, in this study, reovirus infection and cell death took place

without virus replication in CTB-p, which is inconsistent with the other results. Our

hypothesis is that CTB-p might have a low efficiency in virus replication and/ or virus

release from cells, leading to the low virus titer detected in the cell culture supernatant.

However, this hypothesis remains to be proven and requires further investigation.
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In order to elucidate the mechanism of cell death induced by reovirus in the

canine solid tumor cell lines, PARP cleavage was examined in the most reovirus-

susceptible and the least reovirus-susceptible cell line from each of the tumor type. My

data showed that cell death in the cell lines most susceptible to reovirus, CNM-m,

MacKinley, and CMGD2, was accompanied with PARP cleavage, indicating that

reovirus induces cell death through a caspase-dependent manner (Fig. I-5), consistent

with previous reports (Hwang, CC. et al., 2013, Marcato, P. ef al., 2007). Among the

three cell lines that were the least susceptible to reovirus, an unexpected result was

discovered, where the cleavage of PARP was detected in LMeC. In order to confirm

that PARP cleavage occurs with caspase 3 activation in LMeC, I examined the cleavage

of caspase 3 with Western blotting. My results confirmed that caspase 3 was cleaved

and therefore, activated after reovirus infection took place in LMeC (data not shown).

Hence, I came to a conclusion that there possibly exists a mechanism where apoptotic

cell death can be prevented in LMeC even with the activation of caspase 3. However,

this phenomenon remains a mystery until further investigation.

Initial studies involving reovirus as an oncolytic virus have proven that
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reovirus-induced cytotoxicity was observed in Ras-transformed cells but not in

untransformed cells (Shmulevitz, M. ef al., 2005, Strong, JE. ef al., 1998). On top of

that, various reports have cited that the activation of Ras signaling pathway plays a key

role in enhancing reovirus disassembly, infectivity, viral replication and production

viral progeny (Alain, T. et al., 2007, Marcato, P. et al., 2007, Shmulevitz, M. et al.,

2010). In this study, the results showed that profound activation of Ras was observed in

CHM-p, CHM-m, D17, Gracie, CMeC1, CMeC2, and LMeC as compared to Raji,

which was used as a control for Ras activation. Among the cell lines with elevated Ras

activities, D17 and Gracie are the least susceptible to reovirus infection. On the other

hand, CIP-p, CIP-m, CTB-p, CNM-m, MacKinley, Moresco, KMeC and CMGD2, that

have low or no expression of Ras activity, are highly susceptible to reovirus. These

discrepancies were also observed in some of the human cancers (Sei, S. et al., 2009,

Thirukkumaran, CM. et al., 2003, Twigger, K. et al., 2012, van Houdt, WI. et al., 2008),

canine mast cell tumor (Hwang, CC. et al., 2013) and canine lymphoma (Hwang, CC. et

al., 2014). Indeed, I cannot completely deny that there exist other mechanisms of

reovirus susceptibility besides the Ras signaling pathway. From my data, elevated Ras
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activity has failed to serve as a predictive marker to define the susceptibility of a tumor

cell line towards reovirus. Further studies need to be performed to elucidate the

alternative mechanism(s) that is involved en route to discovering the molecular

determinant of reovirus susceptibility.

Reovirus serves as an attractive option in cancer therapy. Besides the

influenza-like symptoms, the side effects of using reovirus as a treatment for cancers are

minimal (Rosen, L. ef al., 1963). From the results of this study, it seems like reovirus as

a monotherapy for cancers has limited efficacy. Different approaches using combination

of reovirus with radiation or chemotherapy has been tested human clinical trials

(Vacchelli, E. et al., 2013). Therefore, in order to increase the oncolytic effects of

reovirus in canine MGT, osteosarcoma and malignant melanoma, further investigations

on the synergistic effects of reovirus and chemotherapeutic agents in these canine

cancers are currently being carried out.

In summary, this study suggested that reovirus is a potent oncolytic

virotherapy in canine solid tumors such as MGT and malignant melanoma. However, |

was unable to completely elucidate the mechanism of reovirus-induced cell death in
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these cell lines. I wasalso unable to identify the molecular determinant of reovirus

susceptibility in canine solid tumors in this study.
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Fig. I-1. Cell proliferation of canine solid tumor cell lines infected with reovirus.

Canine mammary gland tumor (MGT) (A), osteosarcoma (B) and malignant melanoma
(C) cell lines in triplicate wells were mock-infected or infected with reovirus at the
indicated MOI. After 72 hours post-infection (hpi), cell proliferation was quantified by

MTT assay. Mean + SD, n=3.
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Fig. I-2. Cell viability of canine solid tumor cell lines infected with reovirus.
Canine MGT (A), osteosarcoma (B) and malignant melanoma (C) cell lines in triplicate
wells were mock-infected or infected with reovirus at MOI 70. After 72 hpi, cell

viability was quantified by trypan blue exclusion test. Mean + SD, n=3, *p < 0.05.
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Fig. I-3. Reovirus infectivity in canine solid tumor cell lines.
Canine MGT (A), osteosarcoma (B) and malignant melanoma (C) cell lines were

infected with reovirus at MOI 70. Reovirus-infected CMGD2 was harvested at 24 hpi.
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CIP-p and CNM-m were harvested at 48 hpi. All remaining cell lines were harvested at
72 hpi. Cells were stained with rabbit polyclonal anti-reovirus antibody and analyzed by
flow cytometry. The shaded regions and regions below the red line in the histograms
indicate staining with isotype control and anti-reovirus antibody, respectively. Results

shown are representatives from a minimal of two repeats.

58



ol
=]

5 a ]
3 3 S
= = =
> > >
° o °
9 o [
2 2 2
k) © ©
[ [} [
7] 7] 7]
[ © ©
[ [ Q
2 2 2
%] o o
1= 1= c
3 3 z
o o o
'S '8 w

Fig. I-4. Production of viral progeny in reovirus-infected canine solid tumor cell lines.

Supernatant of reovirus-infected (MOI 70) canine MGT (A), osteosarcoma (B) and
malignant melanoma (C) cell lines was harvested at 72 hpi, and virus titer were
determined by TCIDs, assay. The fold increase of reovirus represents the mean values
calculated from the titer of progeny virus divided by the titer of input virus from three

independent experiments.
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Fig. I-5. Poly (ADP-Ribose) Polymerase (PARP) cleavage in selected canine solid
tumor cell lines after reovirus infection.

Whole cell lysates were prepared from mock-infected or reovirus-infected (MOI 70)
CNM-m, CTB-m, MacKinley, Gracie, CMGD2 and LMeC at 48 hpi. Proteins were
separated with SDS-PAGE before the cleavage of PARP was determined using Western
blotting with anti-PARP antibody. Beta-actin was used as protein loading controls.

Results shown are representatives from a minimal of two repeats.
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Fig. I-6. Ras activation status in canine solid tumor cell lines.

Ras-GTP from cell lysates of canine solid tumor cell lines was affinity-precipitated with
GST-RBD protein. The affinity-precipitated Ras-GTP was subjected to SDS-PAGE,
followed by Western blotting with anti-Ras antibody. Results shown are representatives

from two repeats.
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Table I-1. Summary of the effects of reovirus in canine tumor cell lines

tumor type Cell line Reovirus susceptibility® Viral protein detection” Viral progeny production® Ras activation
MGT CIPp ++ ++ +++ -
CIPm + ++ +++ ~
CTBp + ++ - -
CTBm - - = _
CHMp + ++ . +
CHMm ++ ++ +++ +
CNMm ++ ++ +++ =
oS Abrams — ++ +++ +
D17 - + 4 +
Gracie - - o +
Mackinley + ++ i+ _
Moresco + + +++ -
MM CMeC1 + ++ Tt T+
CMeC2 - ++ I P
KMeC + ++ +H+ =
LMeC = + ++ ++
CMGD2 ++ ++ ++ _
CMGD5 + ++ + _

? Reovirus susceptibility: = No significant difference between cell viability of mock and reovirus—infected cells; —
<20% cell death; + 20-50% cell death; ++ >50% cell death.

® Viral protein detection: — No virus detection, + partly positive staining to viral protein; ++ positive staining to viral
protein.

¢ Viral progeny production: — No increment as compared to input virus titer, + <5x increment of virus titer; ++ 5-10x
increment of virus titer; +++ >10x increment of virus titer.
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Chapter 2

The oncolytic effects of reovirus in canine histiocytic sarcoma cell lines
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SUMMARY

Histiocytic sarcoma is rare and an aggressive fatal neoplastic disease with a poor

prognosis in human. Dogs occur the spontaneously histiocytic sarcoma, which shows

similar characteristic of disease in human. Therefore, the research of canine histiocytic

sarcoma may be available as a translational model of human. In the current study,

oncolytic reovirus has demonstrated preclinical and early clinical activity in human and

canine cancers. However, anti-tumor effects of reovirus against histiocytic sarcoma are

unknown. Here, I show that reovirus has oncolytic activity in canine histiocytic sarcoma

cell lines in vitro and in vivo in Chapter 2. I found in vitro assay that reovirus can

replicate and induce caspase-dependent apoptosis in canine histiocytic sarcoma. A

single intra-tumor injection of reovirus suppresses the growth of subcutaneous tumor

completely in NOD/SCID mice. Additionally, I demonstrate that cells highly expressed

innate immune responses by reovirus infection were resistant to reovirus-induced cell

death. In conclusion, oncolytic reovirus appears to be effective treatment options of

histiocytic sarcoma, and warrants further investigation in early clinical trials.
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RESULTS

Reovirus suppresses the cell proliferation in canine histiocytic sarcoma cell lines

without correlation to Ras activation status

Firstly, susceptibility of canine histiocytic sarcoma cell lines to reovirus was

examined by MTT assay. After 72 hours post-infection of reovirus (MOI 0.1, 1, and

10), the cell growth of all cell lines was suppressed in a dose-dependent manner (Fig. II-

1A). CHSA, CHSS and CMHM showed more than 70% of inhibition of cell growth at

MOI 10. In contrast, MHT-2 showed approximately 30% of inhibition at same titer,

suggesting MHT-2 had a low sensitivity compared to other cell lines. And, the degree of

cell viability was consistent with that of cell growth inhibition (Fig. I1-2C).

The baseline GTP-loading status of Ras was determined to investigate the

involvement of Ras activation as the molecular determinant for reovirus susceptibility in

canine histiocytic sarcoma cell lines. Using Raji as the comparison for Ras activation

(Igase, M. et al., 2015 (Chapter 1), Hwang, CC. et al., 2013, Hwang, CC. et al., 2016,

Igase, M. et al., 2016 (Chapter 3)), all cell lines had Ras activation to some extent (Fig.

[I-1B), and of the four cell lines, MHT-2 expressed the highest GTP-bound Ras levels.
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Comparing the susceptibility of each cell line to reovirus with their activated Ras status,

this experiment clarified that there was not correlated.

Reovirus induced caspase-dependent apoptosis in canine histiocytic sarcoma cell

lines

Our previous reports showed that caspase-dependent apoptosis was one of the

mechanisms of reovirus-induced cell death in canine cancer cell lines (Igase, M. et al.,

2015 (Chapter 1), Hwang, CC. et al., 2013, Hwang, CC. et al., 2016, Igase, M. et al.,

2016 (Chapter 3)). Therefore, PE-Annexin V/ 7-AAD assay was carried out to confirm

that the reovirus-induced cell death was apoptosis in canine histiocytic sarcoma cell

lines (Fig. II-2A). After 48 hours post-infection of reovirus, all cell lines except MHT-2

showed that the percentages of early apoptotic cells (A+/7-AAD-) significantly

increased as compared to mock infection. Moreover, in reovirus-infected CHSS, late

apoptotic cells (A+/7-AAD+) were predominantly observed, and this indicated that cell

death of CHSS started earlier than that of other cell lines.

Next, to evaluate the caspase activation, western blot analysis was performed
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using anti-cleaved caspase-3 antibody, which was indicator of apoptosis. As shown in

Fig. I1-2B, cleaved caspase-3 was shown in all cell lines at 48 hours. In addition, to

confirm that the cell death was occurred via caspase signaling pathway, each cell line

was pre-treated with pan-caspase inhibitor, Z-VAD-FMK, before infection with

reovirus (MOI 10). Trypan blue test showed that the reovirus-induced cytotoxicity was

reversed by Z-VAD-FMK in all cell lines. In CMHM and MHT-2, cell death was

almost completely inhibited, however, in CHSA and CHSS, approximately 50% of the

cell death was inhibited (Fig. [I-2C). These data revealed that reovirus infection induced

apoptosis via caspase signaling pathway in canine histiocytic sarcoma cell lines, which

were consistent with other canine tumor cell lines shown in our previous reports (Igase,

M. et al., 2015 (Chapter 1), Hwang, CC. ef al., 2013, Hwang, CC. et al., 2016, Igase,

M. et al., 2016 (Chapter 3)).

Expression of viral structural proteins and production of progeny were caused by

reovirus infection

To confirm the infectivity and replication of reovirus, reoviral structural
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proteins were examined in canine histiocytic sarcoma cell lines after infection by

western blotting. After 24 and 48 hours post-infection of reovirus (MOI 10), the

synthesis of reoviral proteins was detected in all cell lines (Fig. II-3A).

The viral progeny was measured by TCIDs assay to prove production of reovirus (as

shown in Chapter 1). The viral progeny titer was dramatically increased in CHSA,

CHSS and CMHM, but not in MHT-2 (Fig. II-3B). From these results, reovirus could

replicate in all cell lines, but release of progeny was not observed in MHT-2. These data

suggested that the released viruses might be attributed to the cytotoxicity induced by

reovirus infection.

Low susceptibility of reovirus in canine immature dendritic cells

To assess the cytotoxicity of reovirus to normal cells, immature dendritic cells

differentiated from PBMC were infected by reovirus (MOI 10), and cytotoxicity assay

was performed after 72 hours post-infection. As a result, cell death by reovirus was not

observed in immature dendritic cells derived from normal healthy dogs (Fig. [1-4).
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The gene expression of type I interferon was enhanced by reovirus infection

Previous works showed that mammalian reovirus was sensed by both Toll

like receptor 3 (TLR3) and the RIG-I like receptor (RLR) pathway and activated host

innate immune response such as type I interferon (Stanifer, ML. et al., 2016, Holm, GH.

et al., 2007). It is widely accepted that innate immune response protects normal cells

from virus replication (Akira, S. ef al., 2006). In contrast to normal cells, dysfunction of

innate immunity occurs during the evolution of cancers (Linge, C. et al., 1995, Matin,

SF. et al., 2001, Sun, WH. et al., 1998). However, the precise mechanism between the

production of interferon and the susceptibility of reovirus remains unknown. At first, to

monitor the immune response in canine histiocytic sarcoma cell lines and normal DCs

after reovirus infection, real-time PCR analysis was performed. Two kinds of reference

genes, RPL13A and HPRT, were used, however only RPLI3A4, whose expression was

more stable among the samples, was used for normalization of each gene. After 24

hours post-infection, the expression of /FFN-o and IFN-f mRNAs in all cell lines except

CMHM was significantly up-regulated by reovirus (Fig. 1I-5A, 5B). In particular, the

immune response to reovirus in MHT-2 and normal DCs seemed to be stronger than
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other cell lines. In contrast, the expression level of those genes after reovirus infection

was very low in CMHM, which possibly have the dysfunction of innate immune

response. This result showed that the expression levels of type I interferon were higher

in reovirus-resistant cells than in reovirus-susceptible cells.

The molecular mechanism of the innate immune response in canine histiocytic

sarcoma cell lines

Many genes are known to be involved in innate immune response in double-

strand RNA virus-infected cells (Akira, S. et al., 2006). When RNA virus incorporates

into cells, viral RNA is initially recognized by TLR3 or RIG-I. Mitochondrial antiviral-

signaling protein (MAVS) and TRIF work in the virus-infected cells as an innate

immune adapter protein. And, phosphorylation of MAVS and TRIF induces the IRF3

activation, which has a role in transcription of interferons (Liu, S. et al., 2015). To

assess the molecular differences between reovirus-susceptible and reovirus-resistant

cells, we first examined the expression of these genes. The expression of these proteins

was observed in all histiocytic sarcoma cell lines, but RIG-I was expressed only in
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CHSA (Fig. II-7A). In normal DCs, all these proteins except MAVS were expressed

(Fig. II-7B). As same as CHSA, RIG-I was expressed in normal DCs (Fig. 11-7B).

Although RIG-I was not expressed on three canine histiocytic sarcoma cell lines

(CHSS, CMHM, and MHT-2) in the uninfected culture condition, poly IC, analogs of

dsRNA, treatment induced the expression of RIG-I in both of CHSS and MHT-2, but

not CMHM (Fig. II-7C). In addition, IRF3 activation was induced by poly IC treatment

in all cell lines except CMHM (Fig. 1I-7C). This result indicated that CMHM had defect

in innate immune system, probably due to the lack of RIG-I expression.

Melanoma differentiation associated gene 5 (MDAY) is the sensor of viral

RNA in cytoplasm as similar to RIG-I (Kang, DC. et al., 2002). TBK1 and IKKa/f are

downstream signaling mediators of innate immune response (Akira, S. et al., 2006). In

order to determine whether reovirus induced the interferon response in canine

histiocytic sarcoma cells, I monitored IRF3 phosphorylation, RIG-I up-regulation and

other innate immune signaling molecules (MDAS, TBK1, IKKa/B) expression over the

time course by western blotting. Western blotting analysis showed that reovirus induced

the phosphorylation of IRF3 in CHSS and MHT-2 until 24 hours post-infection, but
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RIG-I was up-regulated in all cell lines except CMHM (Fig. 11-6). In addition, the
expression of MDAS was induced by reovirus infection in all cell lines. I also found that
reovirus infection phosphorylated TBK1 in all cell lines, but not IKKa/B. However,
among histiocytic sarcoma cell lines, MHT-2 demonstrated that reovirus infection
strongly triggered the response of innate immunity as compared to other cell lines,
supporting the results of Fig. II-5A and B.

From these results, canine histiocytic sarcoma cells may impair the activity of

innate immune responses during the tumorigenic transformation.

Reovirus injection regressed the tumor growth in CHSSv1 xenograft mouse models

In order to show the effect of reovirus using in vivo anti-tumor potential of
reovirus, CHSSv1 (derived from CHSS) subcutaneous xenograft model was established
in severe immunodeficiency (NOD/SCID) mice and treated intratumorally with a single
injection of reovirus. All mice were treated with reovirus or PBS after the size of mass
reached 200 mm®. Tumor growth was suppressed completely after single injection of

reovirus in all treated mice, as compared to PBS-treated mice (Fig. II-5A). However,
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black tail syndrome, which reported as a possible side effect (Hwang, CC. et al., 2013,

Loken, SD. et al., 2004), was observed in four out of eight reovirus-injected NOD/SCID

mice. The result of IHC staining for reoviral proteins showed the infection of reovirus

in the reovirus-injected tumor (Fig. I[I-5B). These results indicated that reovirus infected

the canine histiocytic sarcoma cells and suppressed the growth of mass in vivo.
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DISCUSSION

The development of oncolytic reovirus as a cancer therapy has been currently

expanded in human and dogs (Hwang, CC. et al., 2018 (Chapter 5), Clements, D. et al.,

2014). However, reovirus therapy against rare tumors such as histiocytic sarcoma and

angiosarcoma has not been investigated in human medicine, as well as veterinary

medicine. In the present study, I examined the effects of oncolytic reovirus in four

canine histiocytic sarcoma cell lines in vifro and in vivo. In addition, I evaluated the

innate immune response induced by reovirus infection in canine histiocytic sarcoma cell

lines as compared to normal DCs.

As a result of in vitro study, I found that three out of four cell lines were

strongly susceptible to reovirus without correlation to Ras activation status. In the PE-

Annexin V/7-AAD assay, all cell lines except MHT-2 showed the increase of apoptotic

fraction after 48 hours post-infection of reovirus, as shown in Fig. II-2A. However, in

all cell lines including MHT-2, caspase-3 was activated. In addition to caspase-3

activation, I found that the reovirus-induced cytotoxicity was reversed by Z-VAD-FMK

in all cell lines. Although the reason why PE-Annexin V/ 7-AAD assay did not detect
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the apoptosis in MHT-2 remains unknown, this may reflect the low sensitivity of

Annexin V because the degree of reovirus-induced cell death was low at the time point

of analysis in MHT-2. In consideration of these results, I observed that reovirus induced

the caspase-dependent apoptosis in canine histiocytic sarcoma cell lines, consistent with

our previous reports (Igase, M. et al., 2015 (Chapter 1), Hwang, CC. et al., 2013,

Hwang, CC. et al., 2016, Igase, M. et al., 2016 (Chapter 3)).

MHT-2 showed the lowest amount of progeny virus, which is consistent with

lowest susceptibility of reovirus. Other three cell lines showed the high increment of

progeny virus, but its degree differed by each cell line. Although few progeny of

reovirus was observed in MHT-2, the synthesis of reovirus structure proteins was

observed at 24 and 48 hours after infection. I obtained the similar result in Chapter 1

using one of canine mammary gland tumor cell lines, CTB-p. I have proposed a

hypothesis that CTB-p might have a low efficiency in virus release from cells, which

leads to the lower production of progeny virus detected in the culture supernatant. The

present case of MHT-2 was similar to our previous result. From these results, it is

implied that production of reovirus is correlated to reovirus susceptibility in canine
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histiocytic sarcoma cell lines. Still, further studies will be necessary to prove those

correlations.

Histiocytic sarcoma is originated from a histiocytic lineage including

dendritic cells in dogs as well as human (Moore, PF., 2014, Emile, JF. et al., 2016). The

cell death was not observed in the immature DCs differentiated from PBMC of normal

healthy beagles in this study. This result was consistent with the previous studies, in

which reovirus families including mammalian reovirus and rotavirus can infect and

stimulate human immature dendritic cells, but not induce cell death (Errington, F. et al.,

2008, Narvaez, C. et al., 2005, Ilett, EJ. et al., 2011). In addition, canine immature

dendritic cells strongly induced type I interferon by reovirus infection without showing

any cytotoxicity, which is also consistent with previous reports that reovirus-infected

immature dendritic cells are activated the production of proinflammatory cytokines type

I interferon, TNF-alpha, and IL-6, because reovirus does not inhibit the DC maturation

and function. However, in contrast to dendritic cells, the innate immune response was

weaker in all canine histiocytic sarcoma cell lines except for MHT-2. From western

blotting results of Fig. II-7 and Fig. 1I-6, we revealed that canine histiocytic sarcoma
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cell lines were not capable of activating innate immunity by reovirus even though TLR3

agonist poly IC could induce the phosphorylation of IRF3 in all lines excepting CMHM.

Therefore, canine histiocytic sarcoma may lack the mechanism of innate immunity

against reovirus, or reovirus proteins themselves may suppress the activation of innate

immune response. However, these possibilities remain to be proven and requires further

investigation.

Consistent with in vitro study, the in vivo study demonstrated that reovirus

injection suppressed the tumor growth completely in the canine xenograft mouse model

using CHSSv1. This data proposes that oncolytic reovirus has potential to become one

of the therapeutic options for canine histiocytic sarcoma.

In conclusion, my results suggested that canine histiocytic sarcoma cell lines

were very susceptible to oncolytic reovirus in vitro and in vivo. Although the robust

correlation between the innate immune response and reovirus cytotoxicity remains

unknown, cells highly expressed type I interferon by reovirus infection were resistant to

reovirus-induced cell death. Histiocytic sarcoma is rare, aggressive and high mortality

in human (Dalia, S. ef al., 2014, Pileri, SA. et al., 2002). Therefore, my study using
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canine histiocytic sarcoma might be translated to human clinical trials for oncolytic

virotherapy. In addition, in the future, I hope that expression profiling for innate

immune molecules can be used to determine the suitability of oncolytic reovirus for

cancer therapy in dogs with histiocytic sarcoma.
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Fig. II-1. Canine histiocytic sarcoma cell lines are susceptible to reovirus, but not
correlated to Ras status

(A) Four canine histiocytic sarcoma cell lines (CHSA, CHSS, CMHM, and MHT-2) in
triplicates were mock or infected with reovirus at the indicated MOI. After 72 hours
post-infection, cell proliferation was quantified by MTT assay. Data are expressed as
the Mean + SD from at least three independent experiments. (B) Ras-GTP from cell
lysates of canine histiocytic sarcoma cell lines and Raji was affinity-precipitated with
GST-RBD protein. The affinity-precipitated Ras-GTP was subjected to SDS-PAGE,
followed by western blotting with anti-Ras antibody. Results shown are one

representative result from two repeats.
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Fig. II-2. Reovirus induces caspase-dependent apoptotic cell death

(A) Reovirus-infected (MOI 10) cell lines were harvested at 48 hours post-infection and
stained with PE-Annexin V/ 7-AAD assay before flow cytometry analysis. From the
analyzed results, the cell population of apoptotic and necrotic cells was evaluated. Data
are expressed as the Mean + SD from at least three independent experiments. Student's t
test. *p < 0.05, ** p < 0.01. (B) Cleaved caspase-3 expression levels in each cell line
treated with reovirus (MOI 10) for 24 or 48 hours are shown. Actin was used as a
protein loading control. (C) Each cell line in triplicates was pre-incubated with DMSO
or 50 m M of Z-VAD-FMK for 1 hour and followed by treating with reovirus at MOI of
10 for 72 hours. Cell viability was assessed by trypan blue exclusion test. Data are
expressed as the Mean + SD from at least three independent experiments. Student's t

test. *p <0.05, ** p <0.01.
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Fig. I1-3. Reovirus replication and production of progeny virus in reovirus-infected cells
(A) Reovirus structural proteins were detected using anti-reovirus polyclonal antibody.
Cell lysates were collected from each cell line treated with reovirus (MOI 10) at
indicated times. Actin was used as a protein loading control. (B) Supernatant of
reovirus-infected each cell line was harvested at 72 hours post-infection, and virus titer
were determined using TCIDs, assay. The fold increase of reovirus represents the mean
values calculated from the titer of progeny virus divided by that of input virus form

three independent expereiments.
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Fig. II-4. Canine immature dendritic cells are not susceptible to reovirus
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Normal DCs differentiated from PBMCs of three healthy beagles in triplicates were

treated with reovirus (MOI 10) for 72 hours. Cell viability was assessed by trypan blue

exclusion test. Data are expressed as the Mean + SD from at least three independent

experiments. Student's t test.
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Fig. II-5. Reovirus infection triggers to express type I interferon genes

Histiocytic sarcoma cell lines and normal DCs were treated with reovirus (MOI 10) for
24 hours. The expression levels of /FN-a (A) and /FN-f (B) were determined by real-
time PCR. The data were normalized to RPLI3A gene. ND means that gene

amplification cannot be detected by real-time PCR.
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Fig. 1I-6. Expression of signaling proteins of innate immune responses in reovirus-

infected canine histiocytic sarcoma cell lines

Cell lysates were collected from each cell line treated with reovirus (MOI 10) at

indicated times. To monitor the activation of innate immune response, the expression of

RIG-I, phospho-IRF3, IRF3, MDAS5, phospho-TBKI1, and phospho-IKKa/ was

assessed by western blotting. Actin was used as a protein loading control.
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Fig. II-7. Reovirus suppresses the tumor growth in canine histiocytic sarcoma xenograft
mouse model

CHSSv1 (4.0 x 10° cells) was implanted subcutaneously at the right flank of each
mouse. When the tumor volume reached 200 mm®, the mass was treated with a single
intra-tumor injection of 1.0 x 10® PFUs of reovirus (open triangles) or PBS (open
circles). (A) Tumor size was measured with a caliper. Data represents the tumor volume
of each mouse. (B) IHC staining results using anti-reovirus antibody from the samples
of representative mice in control and reovirus-treated group at the end point of this

experiment are shown.
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Fig. II-7. Expression of signaling proteins of innate immune responses in canine
histiocytic sarcoma cell lines and immature dendritic cells

(A, B) Protein lysates in each sample were harvested at normal culture conditions. The
expression of TLR3, RIG-I, MAVS, TRIF, and IRF3 was analyzed by western blotting.
(C) Canine histiocytic sarcoma cell lines were treated with poly IC (10 pg/ml) for 2
hours. The expression of RIG-I, phospho-IRF3 and IRF3 was assessed by western

blotting. Actin was used as a loading control.
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Chapter 3

Oncolytic reovirus synergizes with chemotherapeutic agents to promote

cell death in canine mammary gland tumor
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SUMMARY

The oncolytic effects of reovirus in various cancers have been proven by the

encouraging results of many clinical trials in human medicine. At the same time,

oncolytic virotherapy using reovirus for canine cancers is being developed in our

laboratory. The first part of this study demonstrated the efficacy of reovirus in canine

mammary gland tumor (MGT) in vitro and in vivo. Reovirus alone exerted significant

cell death via caspase-dependent apoptosis in canine MGT cell lines. Single injection of

reovirus impeded canine MGT tumor growth in xenografted mice, but was insufficient

to induce complete tumor regression. The second part of this study highlighted the anti-

tumor effects of reovirus in combination with paclitaxel, carboplatin, gemcitabine or

toceranib. Enhanced synergistic activity was observed in the MGT cell line treated

concomitantly with reovirus and the chemotherapeutic agents, except toceranib. In

addition, combination of reovirus with paclitaxel or gemcitabine at halt dosage of IC50

enhanced cytotoxicity via caspase 3 activation. My data suggested that the combination

of reovirus and low dose chemotherapeutic agents provides an attractive option in

canine cancer therapy.
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RESULTS

Reovirus is highly infective and induces cell-death in canine MGT cell lines

Chpater 1 in this thesis focused on various canine MGT cell lines as potential

candidates for reovirus therapy. In this study, two canine MGT cell lines, CHMp-13a

and CHMp-5b, were chosen due to the published biological behavior of these cell lines

in xenotransplanted mice (Murai, K. et al., 2012). Firstly, examination of the

susceptibility of the cell lines towards reovirus was carried out. CHMp-13a and CHMp-

5b showed more than 50% of inhibition of cell proliferation by reovirus at MOI of 100

and inhibition was affected in a dose-dependent manner (Fig. III-1A). In addition to

MTT assay, trypan blue exclusion test revealed that reovirus induced cell death in both

of the cell lines (Fig. III-1B). Viral progeny was measured by TCIDs, assay to

determine reovirus replication (Fig. III-1C). Both of the cell lines had increment of viral

progeny titer, which was consistent with the detection of viral proteins using flow

cytometric analysis (Fig. I[[I-1D). These results indicated that CHMp-13a and CHMp-5b

are highly susceptible to reovirus as observed in the parental CHMp cells (as shown in

Chapter 1).
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The baseline GTP-loading status of Ras was determined in both of the cell

lines in order to investigate the involvement of Ras activation as the molecular

determinant for reovirus susceptibility. Ras activity of the cell lines was higher than

Raji (Fig. III-1E). Raji was used as a control because Raji is moderately susceptible

towards reovirus-induced cell death and has a certain level of Ras activation as shown

in previous study (Alain, T. et al., 2006).

Reovirus induces caspase-dependent apoptosis in canine MGT cell lines

Previous reports have indicated that caspase-dependent apoptosis is one of the

mechanisms of reovirus-induced cell death in susceptible cell lines (Hwang, CC. et al.,

2013, Hwang, CC. et al., 2016). Therefore, Annexin V/ PI assay was carried out to

assess the amount of apoptotic cells in reovirus-infected culture. In both of the cell

lines, the percentage of early apoptotic cells (A+/P-) increased over time after reovirus

infection as compared to mock-infected cells (Fig. III-2A). At the same time, the

percentage of necrotic cells (A-/P+) also increased in CHMp-13a after reovirus

infection.
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In order to prove that apoptosis of reovirus-infected cells occurred via caspase

3 activation, western blot analysis was performed using anti-caspase 3 and anti-PARP

antibodies. As shown in Fig. III-2B and III-2C, cleavage of caspase 3 and PARP was

shown in both of the cell lines at 48 hpi. Furthermore, both of the cell lines were pre-

treated with Z-VAD-FMK before reovirus infection and cell viability was determined

by trypan blue dye exclusion at 72 hpi. Cytotoxicity of reovirus infection was

completely inhibited by Z-VAD-FMK in the cell lines (Fig. [11-2D). In order to confirm

that caspase 3 activation was inhibited by Z-VAD-FMK, the cleavage of caspase 3 was

also examined via western blotting (Fig. III-2E). The level of cleaved caspase 3

decreased in the Z-VAD-FMK-treated CHMp-13a but an unexpected increment was

observed in the Z-VAD-FMK-treated CHMp-5b. These results indicated that reovirus-

induced cell death in CHMp-13a and CHMp-5b cell lines is predominantly via

apoptosis related to a caspase inhibitor-sensitive pathway.

Reovirus inhibits growth of canine MGT engrafted in NOD/SCID mice

In order to assess the oncolytic potential of reovirus in vivo, subcutaneous
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xenograft models were created using NOD/SCID mice. In a previously published study,

tumour growth of CHMp-13a stopped a week after inoculation, indicating the difficulty

of creating the subcutaneous CHMp-13a mouse models as compared to the

subcutaneous CHMp-5b tumors that increased in size over time (Murai, K. ef al., 2012).

Therefore, the CHMp-5b subcutaneous xenograft models were chosen and treated with

a single intratumoral injection of reovirus. All mice were treated with reovirus or UV-

inactivated reovirus 14 days post-transplantation of CHMp-5b. Tumor growth was

significantly limited by reovirus 21 days post-transplantation of CHMp-5b when

compared to the UV-inactivated reovirus-treated group (Fig. III-3A). H&E-stained

histopathological samples from the CHMp-5b xenograft models showed extensive

necrotic lesions within the reovirus-treated tumors, in contrast to the untreated tumors

and UV-inactivated reovirus-treated tumors (Fig. III-3B). Immunohistochemical

staining using the anti-reovirus antibody demonstrated the presence of reovirus proteins

in the reovirus-treated tumors (Fig. III-3B). These results confirmed that reovirus

infected the tumor cells and suppressed the growth of tumors in vivo.
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Reovirus cytotoxicity is enhanced in CHMp-5b with the combination of

chemotherapeutic agents

Reovirus treatment regressed tumor growth in NOD/SCID mice engrafted

with CHMp-5b cells, but the effects were weaker than expected. Therefore, I

hypothesized that the synergistic effects of other anti-cancer agents can enhance the

effects of reovirus therapy. This led me to examine the effects of reovirus in

combination with chemotherapeutic agents, mainly paclitaxel, carboplatin, gemcitabine

and toceranib, in CHMp-5b. Firstly, drug-induced cytotoxicity in CHMp-5b was

assessed as a single agent, and the IC50 of each of the chemotherapeutic agents in

CHMp-5b was determined (Table III-1). Similarly, the IC50 was determined for

reovirus. In order to evaluate the synergistic effects of reovirus and the

chemotherapeutic agents, CHMp-5b was treated with reovirus, chemotherapeutic agents

or a combination of reovirus and the chemotherapeutic agents, at doses representing 4,

2, 1, 0.5 and 0.25 times of the calculated IC50 in a constant ratio, according to

previously reported methods (Chou, TC., 2010, Chou, TC. and Talalay, P., 1984). The

combination of reovirus and chemotherapeutic agents enhanced the tumour cell killing
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effects, as compared to each of the agent alone, except toceranib (Fig. I1I-4). Based on

this data, I analyzed the combination index (CI) using the isobologram analysis to

determine whether the enhanced cell death was synergistic. CI provides a quantitative

measurement of the degree of interaction between two or more cytotoxic agents. The

combination of reovirus and paclitaxel, carboplatin or gemcitabine demonstrated

synergistic cytotoxic effects against CHMp-5b at the indicated concentrations (Table

IT1-1). In contrast, the combination with toceranib was shown to be less synergistic at

those concentrations.

The combination of reovirus and chemotherapeutic agents activates the caspase-

pathway

In order to assess the relationship between the synergistic cytotoxicity effects

of reovirus-chemotherapeutic agents and the caspase pathway, the expression of cleaved

caspase 3 was analyzed by western blotting. Similar to reovirus, paclitaxel and

gemcitabine alone induced cleavage of caspase 3 in CHMp-5b while carboplatin did

not. On the other hand, a combination of reovirus and paclitaxel or gemcitabine induced
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significant levels of cleaved caspase 3 when compared to reovirus alone (Fig. III-5).

The combination of reovirus and carboplatin showed a slight increment of cleaved

caspase 3 but the combination was not statistically significant against reovirus alone.

These data suggested that, depending on the type of chemotherapeutic agents, the

synergistic effects seen in CHMp-5b with the combination of reovirus are mediated by

apoptosis.
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DISCUSSION

As CHMp-13a and CHMp-5b are clones derived from CHMp (Murai, K. et

al., 2012), the susceptibility of these two cell lines towards reovirus was similar to their

parental cell line (as shown in Chapter 1). Despite the common origin, CHMp-13a and

CHMp-5b express different tumor-related proteins and exhibit distinctive cellular

morphology and growth pattern. CHMp-5b expresses the mesenchymal genes, and is

concomitantly more malignant and tumorigenic in vifro and in vivo than the epithelial

CHMp-13a (Murai, K. ef al., 2012). In my study, both cell lines showed reovirus

susceptibility to a similar degree, where more than 40% of the cells were killed by

reovirus infection (Fig. I1I-1B).

Annexin V/ PI staining and the cleavage of caspase 3 and PARP confirmed

that reovirus-induced cytotoxicity was due to caspase-dependent apoptosis. Moreover,

treatment with a pan-caspase inhibitor, Z-VAD-FMK, inhibited the reovirus-induced

cytotoxicity (Fig. III-2D), which was also consistent with reports in canine mast cell

tumors and lymphoma cell lines (Hwang, CC. et al., 2013, Hwang, CC. et al., 2016). As

expected, caspase 3 activation induced by reovirus decreased in CHMp-13a treated with
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Z-VAD-FMK (Fig. III-2E). However, contrasting result was obtained in CHMp-5b.

Although I do not have any evidence-based explanation, I speculate that this

phenomenon in CHMp-5b might involve other caspases. Since Z-VAD-FMK is a pan-

caspase inhibitor, it can also inhibit other caspases besides caspase 3, such as caspase 8§

and caspase 7. In CHMp-13a, reovirus-induced apoptosis is completely dependent on

caspase 3, but reovirus-induced apoptosis in CHMp-5b might involve another caspase

like caspase 7, which can compensate the loss of caspase 3 in certain cells.

Even though further studies are necessary to elucidate the complete

mechanism of reovirus-induced cell death in CHMp-5b, I strongly believe that reovirus-

induced cell death occurs via caspase-dependent pathways. Fig. III-2A showed that

necrosis is also involved in reovirus-induced cell death in CHMp-13a. It remains

unclear how necrosis contributes to this phenomenon. Besides apoptosis, reports of

some human cancers have also shown that reovirus induces cell death through necrosis,

necroptosis or autophagy (lkeda, Y. er al., 2004, Berger, AK. et al., 2013,

Thirukkumaran, CM. et al., 2013). It is a possibility that the mechanism of reovirus-

induced cell death in CHMp-13a is partly associated with those pathways.
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In addition to the in vitro study, I also confirmed the susceptibility of reovirus

in subcutaneous xenograft mouse models using CHMp-5b (Fig. III-3A). Although

tumor growth was impeded, complete tumor regression was not observed in mice

treated with single injection of reovirus. In clinical cases, multiple injections of reovirus

are warranted to exert prominent tumor lytic effects due to the additional antibody

neutralizing effects as a result of treatment (Hirasawa, K. et al., 2003, Yang, WQ. et al.,

2004). Data from this study suggests that reovirus as monotherapy for canine solid

tumor has a limited efficacy, unlike the previous study in which single injection of

reovirus completely regressed MCT in xenotransplanted mice (Hwang, CC. et al.,

2013).

Recently, new approaches using a combination of reovirus and

chemotherapeutic agents have been tested in various human cancer cell lines of

different origins, and also in a number of clinical trials (Maitra, R. et al., 2014,

Heinemann, L. et al., 2011, Galanis, E. ef al., 2012, Comins, C. et al., 2010, Twigger, K.

et al., 2008, Sei, S. et al., 2009). In order to assess the enhancement of reovirus-induced

cytotoxicity in CHMp-5b, I chose chemotherapeutic agents such as paclitaxel,
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carboplatin and gemcitabine, which are commonly used for tumor treatment, and

toceranib, which is the first FDA-approved receptor tyrosine kinase inhibitor for the

treatment of cancer in dogs (London, CA. et al., 2009). These agents exert cytotoxic

effects through different mechanisms of action. Paclitaxel works as a taxane,

carboplatin is a pseudo-alkylating agent, and gemcitabine is an anti-metabolite agent,

while toceranib is a molecular-targeted drug inhibiting multiple tyrosine kinase.

Combination analysis using the Chou-Talalay's method (Chou, TC., 2010) showed

significant levels of synergistic effects between reovirus and the chemotherapeutic

agents tested, except toceranib. These results indicate that paclitaxel, carboplatin, and

gemcitabine are suitable candidates for combination therapy with reovirus in canine

MGT (Table I1I-1). Even though the CI value of toceranib and reovirus was <1, it is the

highest among the chemotherapeutic agents, indicating that toceranib showed the least

synergistic effects with reovirus.

The canine Cmax levels of paclitaxel, carboplatin, gemcitabine and toceranib

are 3.95 pg/ml (4.6 uM), 14.1 pg/ml (38 uM), 10.7 pg/ml (36 uM) and 109 ng/ml (0.27

uM), respectively. The IC50 of toceranib in the in vitro studies is higher than the canine
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Cmax levels. When the canine Cmax levels are compared to the IC50, toceranib is the

only agent in this study with IC50 that was higher than the canine Cmax level. Even

though the relationship of IC50 and canine Cmax levels for paclitaxel, gemcitabine and

carboplatin was not assessed in this study, the combination of reovirus and

chemotherapeutic agents that demonstrated synergistic effects had IC50 that are either

lower or equivalent to the Cmax levels. These results suggest that synergistic anti-tumor

activities can also be achieved in tumor-bearing dogs when reovirus and the three

chemotherapeutic agents are used in combination at the IC50 value.

Interestingly, the combination treatment of reovirus and paclitaxel or

gemcitabine in CHMp-5b led to an increased activation of caspase 3 as compared to

reovirus treatment alone (Fig. III-5). Some reports showed that the combination

treatment of reovirus and chemotherapeutic agents (paclitaxel, gemcitabine and

vinblastine) enhances cell death via the caspase pathway (Roulstone, V. ef al., 2013, Sei,

S. et al., 2009). On the other hand, the combination of reovirus and alkylating agent

(cisplatin)-induced cell death is not caspase-dependent (Pandha, HS. et al., 2009, Sei, S.

et al., 2009). Similarly, in this study, the combination of reovirus and carboplatin did
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not induce any obvious enhancement of caspase activation even though CI for reovirus

and carboplatin indicated a synergistic relationship. This suggests that the synergistic

cell killing of reovirus and carboplatin might involve other mechanisms but concrete

evidence is yet to be found.

In this study, I used immunocompromised mouse models engrafted with

canine MGT cell line to examine the direct cytotoxic effect of reovirus to canine MGT.

In order to apply these results as actual canine cancer treatment, I need to consider the

involvement of host immune system and assess these effects in immunocompetent

mouse models in future studies. Reovirus infection may be hindered by existing

neutralizing antibody in immunocompetent hosts. However, this can be overcome as

reovirus has an avoidance mechanism against those antibodies by hitchhiking into

PBMCs and dendritic cells, as suggested by results from human clinical trials (Adair,

RA. et al., 2012).

In addition to the synergistic effects shown in this study and previous studies

(Qiao, J. et al., 2008, Roulstone, V. et al., 2015), simultaneous usage of

chemotherapeutic agents with reovirus may induce immunosuppressive effects on the
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host immune response, which can possibly limit the production of anti-reovirus

neutralizing antibodies. Furthermore, reovirus stimulates both the innate and adaptive

immunity as an indirect mean against the targeted tumor (Errington, F. et al., 2008,

Errington, F. et al., 2008, Prestwich, RI. et al., 2009). Even though I did not examine

the efficacy of the combination of reovirus and chemotherapeutic agent in vivo,

previous reports (Errington, F. ef al., 2008, Errington, F. et al., 2008, Prestwich, RJ. et

al., 2009) suggest that more profound effects can be expected from the combination

therapy in immunocompetent models.

The process of optimizing the effectual dose of a chemotherapeutic agent can

be exhausting for both veterinarians and pet owners. Moreover, this is often carried out

while risking the quality of life of a beloved pet with the possibility of over-dosing.

Based on the results of this study, the efficacy of reovirus as a monotherapy is limited in

canine solid tumor. On the other hand, synergistic data obtained from this study showed

that the combination of reovirus and a chemotherapeutic agent at a lower dosage

enhanced the anti-tumor effects in canine MGT. This provides a particularly attractive

alternative since the adverse events from chemotherapy can be reduced or even
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completely eliminated. With continuous effort, this novel therapeutic approach for

canine MGT is expected to be one of the forerunners of anti-cancer therapy in the

veterinary field.
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Fig. I1I-1. Evaluation of reovirus susceptibility in canine mammary gland tumor (MGT)
cell lines.

(A) Two canine MGT cell lines in triplicate wells were mock-infected or infected with
reovirus at the indicated MOI. After 72 hr post-infection (hpi), cell proliferation was

quantified by MTT assay. Mean = SD of three independent experiments is shown. (B)
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Cell lines in triplicate wells were mock-infected or infected with reovirus at MOI 70.
After 72 hpi, cell viability was quantified by trypan blue exclusion test. Mean + SD of
three independent experiments is shown. * indicates p < 0.05. (C) Supernatant of
reovirus-infected (MOI 70) cell lines was harvested at 72 hpi, and virus titer were
determined by TCIDs, assay. Input indicates the initial virus titer used in the infection
of cells. Mean + SD of three independent experiments is shown. * indicates p < 0.05.
(D) Cell lines were infected with reovirus at MOI 70. Reovirus-infected cell lines were
harvested at 48 hpi. Cells were permeabilized, followed by staining with rabbit anti-
reovirus polyclonal antibody and analyzed by flow cytometry. The shaded regions and
regions below the black line in the histograms indicate staining with isotype control and
anti-reovirus antibody, respectively. Results shown are representatives of two repeats.
(E) Ras-GTP from cell lysates of Raji and canine MGT cell lines was affinity-
precipitated with GST-RBD protein. The affinity-precipitated Ras-GTP was subjected
to SDS-PAGE, followed by western blotting with anti-Ras antibody. Actin was used as
control for protein loading. Results shown are representatives of three repeats.
Quantification of GTP-Ras by densitometry is shown below images. Mean + SD of

three independent experiments is shown. * indicates p < 0.05.
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Fig. III-2. Reovirus induced cell death in canine MGT cell lines via the caspase-

dependent apoptosis pathway.

(A) Reovirus-infected (MOI 70) cell lines were harvested at 24 or 48 hpi and stained

with Annexin V/ PI assay before flow cytometric analysis. The population of living (A-

/P-), necrotic (A-/P+), early apoptotic (A+/P-) and late apoptotic/ necrotic (A+/P+) cells

was summarized. Dot plots shown are representatives for CHMp-5b at 48 hpi. Mean +

SD of three independent experiments is shown. * indicates p < 0.05. (B, C) Cell lysates

of reovirus-infected (MOI 70) cell lines at 48 hpi were prepared before proteins were

separated using SDS-PAGE. Caspase 3 activation (B) and Poly (ADP-ribose)

polymerase (PARP) cleavage (C) were detected using anti-caspase 3 antibody and anti-
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PARP antibody, respectively. Actin was used as protein loading control. Bar graphs
shown are densitometric quantifications of the relative expression level of each protein
relative to actin. Mean =+ SD of three independent experiments is shown. * indicates p <
0.05. (D) Cell lines in triplicate wells were pre-treated with DMSO or 50 uM of Z-
VAD-FMK (Z-VAD) for 1 hr at 37°C incubator before being infected with reovirus at
MOI 70. Cell viability was quantified by trypan blue exclusion test at 72 hpi. Mean +
SD of three independent experiments is shown. * indicates p < 0.05. (E) Cell lines were
pre-treated with DMSO or 50 uM of Z-VAD-FMK (Z-VAD) for 1hr at 37°C incubator
before infection with reovirus at MOI 70. At 72 hpi, lysates of harvested cells were
prepared before proteins were separated using SDS-PAGE. Caspase activation was
detected using anti-caspase 3 antibody. Actin was used as protein loading control. Bar
graphs shown are densitometric quantifications of the relative expression levels of
cleaved caspase 3 relative to actin. Mean + SD of three independent experiments is

shown. * indicates p < 0.05.
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Fig. III-3. Reovirus suppressed tumor growth in canine MGT xenograft mouse models.
CHMp-5b (1.0 x 107 cells) was implanted subcutaneously at the right flank of mice
(Day 1). After 14 days, the tumors were treated with single intratumoral injection of 1.0
x 10* PFUs of reovirus or UV-inactivated reovirus (control). Tumor size was measured
with a caliper (A). Data represents the mean + SD of each treatment group.

* indicates p < 0.05. UV-inactivated reovirus did not show any infectivity to 1.929 cells.
(B) H&E and immunohistochemical (IHC) results from representative mice with no

treatment, UV-inactivated reovirus or reovirus 21 days post-transplantation are shown.

Antibody used for IHC is targeted at the reoviral p and o proteins.
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Fig. [1I-4. Evaluation of synergistic effects of reovirus and chemotherapeutic agents in
CHMp-5b.

CHMp-5b cells were treated with reovirus alone (open circles), chemotherapeutic agent
alone (open squares) or a combination of the two (closed circles) at the indicated
concentrations for 72 hr. Cell proliferation was quantified by MTT assay. Mean + SD of
three independent experiments is shown. Statistical differences of % survival between
single treatments (chemotherapeutic agent or reovirus) and combination treatment were

evaluated using Dunnett’s method. * indicates p < 0.05.
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Fig. III-5. The combination of reovirus and chemotherapeutic agents enhanced cell
death via caspase-dependent apoptosis.

Whole cell lysates were prepared from CHMp-5b treated with the chemotherapeutic
agents at half of IC50 for 48 hr. Proteins were separated with SDS-PAGE before the
cleavages of caspase 3 was assessed using Western blotting with anti-caspase 3
antibody. Actin was used as protein loading controls. Results shown are representatives
of three repeats. Bar graphs shown are densitometric quantifications of the relative
expression levels of cleaved caspase 3 of chemotherapeutic agents with or without
reovirus relative to cleaved caspase 3 of reovirus alone. Mean + SD of three
independent experiments is shown. Statistical analysis was performed using t test
between reovirus alone and chemotherapeutic agents with or without reovirus.

*indicates p < 0.05.
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Table III-1.

Synergistic interaction of reovirus and chemotherapeutic agents on CHMp-5b

mean of CI values + SD*

IC50 + SD ED50 ED75 EDO95
Reovirus MOI 24 +5.7
Paclitaxel 0.6 = 0.04 (uM) 0.54 £ 0.04 0.58 £ 0.04 0.66 +0.03
Carboplatin 34+ 7.9 (uM) 0.48 £ 0.04 0.52+0.04 0.57+£0.03
Gemcitabine 0.39+0.03 (uM) 0.51+0.05 0.54 £0.05 0.60 £ 0.05
Toceranib 7.6+ 1.9 (uUM) 0.81 +0.06 0.83 +0.08 0.86 +0.10

* Data is calculated from 3 independent experiments at the ED (effective dose) indicated.

CI - combination index
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Chapter 4

Combination Therapy with Reovirus and ATM inhibitor Enhances

Cell Death and Virus Replication in Canine Melanoma and Human Cancer
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SUMMARY

Oncolytic virotherapy using reovirus is a promising new anti-cancer treatment with

potential for use in humans and dogs. Because reovirus monotherapy shows limited

efficacy in human and canine cancer patients, the clinical development of a combination

therapy is necessary. To identify candidate components of such a combination, I

screened a 285-compound drug library for those that enhanced reovirus cytotoxicity in a

canine melanoma cell line. Here, I show that exposure to an inhibitor of the ataxia

telangiectasia mutated protein (ATM) enhances the oncolytic potential of reovirus in

canine melanoma cell lines and in human cancer cell lines. Specifically, the ATM

inhibitor potentiated reovirus replication in cancer cells by accelerating proteolysis of

the reovirus particle coat via acidification of endosomes, resulting in an increased

proportion of caspase-dependent apoptosis and cell cycle arrest at G2/M compared to

those observed with reovirus alone. Therefore, my study suggests that the combination

of reovirus and the ATM inhibitor may be an attractive option in cancer therapy.
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RESULTS

The combination of an ATM inhibitor and reovirus enhances anti-tumor effects in

cell lines

To identify drugs that enhance reovirus-induced anti-tumor effects, I screened

a 285-compound signaling pathway inhibitor library for activity in the CMeC1 canine

melanoma cell line (Fig. IV-S1). This screen revealed that the ATM inhibitor KU55933

showed no effect on cell proliferation by itself, but potentiated the cytotoxicity of

reovirus when used in combination with reovirus. Moreover, the combination of

KU55933 and reovirus yielded dose-dependent suppression of CMeC1 cell growth (Fig.

IV-S2). For subsequent experiments, a higher specificity inhibitor of the ATM,

KU60019 (Golding, SE. et al., 2009) was used in place of KU55933.

To confirm if KU60019 enhances reovirus-induced anti-tumor effects in other

types of canine melanoma cell lines, I also examined in vitro cell survival using another

5 canine melanoma cell lines (Fig. IV-1). KU60019 combined with reovirus

(multiplicity of infection (MOI) 100) significantly suppressed cell proliferation in

CMeCl1, KMeC, CMM12, LMeC, and CMMI10 cell lines, as shown with KU55933.

114



These results indicated that the combination of KU60019 and reovirus yielded

significant cell growth inhibition compared to compound or virus alone in 5 of 6 tested

canine melanoma cell lines excepting CMGD?2. In addition to cell proliferation, cell

viability was examined in 4 of these cell lines (CMeC1, KMeC, LMeC, and CMGD?2)

by means of a trypan blue exclusion test (Fig. [V-2A). Compared to reovirus alone, the

combination of KU60019 and reovirus strongly potentiated cell death in 3 of the 4

canine melanoma cell lines, excepting CMGD2. These results suggested that KU60019

has therapeutic potential for synergistic use in combination with reovirus for treatment

of canine melanoma cells.

To translate these results from animals to humans, 1 evaluated the

combination effects of KU60019 and reovirus in several human cancer cell lines (non-

small-cell lung cancer A549, bladder cancer T-24, cutaneous melanomas A2058 and

Colo679, and colorectal adenocarcinoma DLD-1). Consistent with the above results in

canine melanoma cells, KU60019 enhanced reovirus-induced anti-tumor effects to

greater in a dose-dependent manner in all of the tested human cancer cell lines

excepting Colo679 (Fig. IV-S3). These data provided evidence that combination
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treatment with reovirus and ATM inhibitor potentiated anti-tumor activity in human

cancers as well as in canine melanomas.

To confirm the specificity of the ATM inhibitor, the ATM-encoding gene was

knocked out in several canine melanoma cell lines (CMeC1, KMeC, CMM10, and

CMM12) using a CRISPR/Cas9-based system (Fig. [V-S4A). At 48 hr after infection

with reovirus, ATM knock-out cells showed greater inhibition of cell growth than did

the respective ATM" (wild type) cells (Fig. IV-S4B). These results confirmed that

inhibition of ATM sensitizes canine melanoma cell lines to reovirus-induced

cytotoxicity.

KU60019 enhances reovirus-induced apoptosis and cell cycle arrest

Next, I assessed the potential mechanism by which the combination of

KU60019 and reovirus induces anti-tumor effects. As expected, the percentage of sub-

G1 cells increased from 24 hr to 48 hr in CMeC1 cells subjected to the combination

treatment compared to the percentage in cells treated with reovirus alone (Fig. [V-2B).

At the earlier time point (24 hr), cleaved caspase-3 accumulated to higher levels in
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CMeCl cells subjected to the combination treatment than in the same cell line treated

with reovirus alone (Fig. IV-2C). Notably, pre-treatment of CMeC1 and KMeC with 50

uM Z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-[ O-methyl]-fluoromethylketone,

an irreversible caspase inhibitor), before exposure to the combination of reovirus and

KU60019, resulted in the complete inhibition of reovirus-induced cell death, as assessed

by the trypan blue exclusion test (Fig. [IV-2D). However, in a cell proliferation assay,

the combination treatment was not sufficient to completely abrogate cell growth in

either of these cell lines (Fig. IV-2E). Therefore, I inferred that the combination of

reovirus and KU60019 also affects cell cycle progression in canine melanoma cells.

Consistent with previous studies showing that reovirus infection results in cell

cycle arrest at G2/ M in several cancer cell lines (Clarke, P. et al., 2005, Poggioli, GJ. et

al., 2001, Maitra, R. et al., 2014, Twigger, K. et al., 2008, Sei, S. ef al., 2009), 1

observed that treatment with reovirus alone induced cell cycle arrest at G2/M in

CMeCl1. Moreover, treatment of CMeC1l with the combination of KU60019 and

reovirus resulted in strong cell cycle arrest at G2/ M and a reduction of the G1 interval

(Fig. IV-3A). In a previous report, the viral nonstructural protein sigma 1s regulated the
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activity of CDK1 (the G2/M cyclin-dependent kinase; cdc2), which was required for

cell cycle arrest at G2/ M (Poggioli, GJ. et al., 2001). I sought to extend that analysis by

using immunoblotting to test treated cells for their levels of CDK1 and p21 (the cyclin-

dependent kinase inhibitor) (Fig. [V-3B). After 24 hr, cells treated with the combination

of KU60019 and reovirus accumulated significantly lower levels of CDKI1 than cells

treated with either reagent alone. In contrast, the 24-hr levels of p21 did not differ

significantly among cells treated with the combination or with KU60019 or reovirus

alone. Together, these results indicated that the treatment of canine melanoma cells with

the combination of KU60019 and reovirus induces both caspase-dependent apoptosis

and cell cycle arrest at G2/M.

KUG60019 increases reovirus replication and progeny virus number

Next, I assessed the correlation between reovirus replication and anti-tumor

effect in canine melanoma cell lines. Western blotting detected reovirus proteins in

reovirus-infected CMeC1 and KMeC cells, and further revealed that combination

treatment (i.e., reovirus infection in the presence of KU60019) yielded increased levels

118



of these proteins at each time point (Fig. IV-4A). This analysis was extended by

quantifying the progeny virus in the supernatant using the TCIDs, assay. In 3 of 4 tested

canine melanoma cell lines (CMeC1, KMeC, and CMGD2, but not in LMeC), the

combination treatment yielded apparent increases in the number of progeny viruses

compared to treatment with reovirus alone (Fig. IV-4B). To prove that viral replication

is involved in the cell death effect of the combination of reovirus and KU60019, I used

western blotting to assess the accumulation of reovirus structural proteins and cleavage

of caspase-3 in CMeCl subjected to the combination treatment in the presence of

ribavirin, an anti-viral reagent (Rankin, JT. ef al., 1989). Notably, ribavirin treatment

completely suppressed both reovirus replication and caspase-3 cleavage (Fig. IV-4C).

Furthermore, to extend the observation above to human cancer cell lines, western

blotting revealed that the reovirus structural proteins and cleaved caspase-3

accumulated to higher levels in T-24 cells subjected to the combination treatment than

in those treated with either reagent alone (Fig. IV-S5A and IV-S5B).

The combination of KU60019 and reovirus enhances reovirus disassembly, but not
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virus entry

To investigate the biological roles and functions of ATM in the reovirus

replication cycle, each step of the replication cycle was analyzed during the treatment

with reovirus and ATM inhibitor. The upregulation of JAM-A, the reovirus receptor,

might be associated with sensitivity to virus-induced cell death (Stift, A. et al., 2016,

Kelly, KR. et al., 2015). Addressing the potential effect of the ATM inhibitor on

expression of the reovirus receptor in canine cells was complicated by the lack of

availability of an antibody with specificity for the canine-specific JAM-A protein.

Instead, I employed another experimental approach (See Methods). As shown in Fig.

[V-4D, pre-incubation of cells with KU60019 enhanced reovirus replication at 12 and

24 hr compared to cells exposed to reovirus alone. This result suggested that ATM

inhibition had no effect on the expression of the virus receptor. Next, I sought to test

whether the effect of ATM inhibition was mediated via the proteolytic step of reovirus

replication. For this purpose, I examined the enhancement of viral replication using

protease-stripped reovirus virions (infectious subviral particles, ISVPs), which are

capable of infecting cells lacking virus receptors and cells that have lost their ability to
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un-coat incoming virions (Alain, T. et al., 2006, Alain, T. et al., 2007, Marcato, P. et al.,

2007). Subsequent western blotting (Fig. IV-4E) demonstrated that KU60019 showed

no effect on reovirus replication after addition of ISVPs at early time points (at 6 hr and

12 hr), indicating that KU60019 influences an event before viral disassembly. However,

at 24 hr, reovirus protein levels were elevated in CMeCl cells treated with the

combination of KU60019 and ISVPs; at 48 hr, the combination treatment yielded

significant potentiation of cell growth inhibition compared to either component alone

(Fig. IV-S6), in parallel to the results of Fig. IV-1. I infer that this delayed effect (at 24

hr and after) reflects the production of and infection by intact virus after one replication

cycle (approximately 18 hr (Hiller, BE. et al., 2015)), given that the production of intact

virus was potentiated by the combination treatment. These results suggested that the

enhancement of reovirus replication in ATM inhibitor-treated cells represents an effect

on some step in the interval from virus attachment to proteolysis.

Endosomal acidification and proteolytic activity by the combination of KU60019 and

reovirus

121



Disassembly of the reovirus particle in the endosome is required for the

replication cycle following internalization of the virus and depends on acidification of

the endosome (Mainou, BA. and Dermody, TS., 2012, Sturzenbecker, LJ. et al., 1987).

To analyze the effect of the ATM inhibitor on the pH of the endosome, we used

LysoTracker-Red, a dye which exhibits increased fluorescence at the low pH typical of

endosomes and lysosomes (Fig. [V-5A and IV-5B). Although the fluorescence intensity

of LysoTracker-Red was not significantly altered compared to mock-treated cells

following treatment with either reovirus or KU60019 alone, fluorescence was

significantly increased with the combination treatment (Fig. IV-5B). Confocal

microscopy confirmed this result, showing that the number of LysoTracker-positive

dots was elevated in cells treated with combination of reovirus and KU60019 (Fig. I'V-

5B). These data suggested that the combination treatment potentiated the acidification

of endosomes/lysosomes.

The endosomal acidification modulates the activity of some proteases such as

cathepsins (Sturzenbecker, LJ. ef al., 1987, Blum, JS. ef al., 1991, Authier, F. et al.,

1996). Therefore, we evaluated the cathepsin B activity in CMeCl1 cells treated as in the
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above experiments. Cells exposed to reovirus alone exhibited nominal decreases in

cathepsin B activity, although the effect fell short of significance (p = 0.06 compared to

mock-treated cells; Fig. [V-5C). However, combination treatment restored the level of

cathepsin B activity to a value similar to that seen with mock treatment. These results

implied that the effect of KU60019 treatment is mediated by enhanced proteolysis of the

lysosomal-enclosed reovirus particle. Thus, I hypothesized that combination treatment

potentiates reovirus replication by yielding decreased pH in endosomes and lysosomes,

leading to increased cathepsin activation.

Reovirus infection induces the phosphorylation of ATM but not influences on V-

ATPase complex

Infection by some viruses has been shown to induce phosphorylation of ATM,

resulting in the induction of DNA damage (Passaro, C. et al., 2013, Sinclair, A. et al.,

2006, Hau, PM. et al., 2015); however, the mechanism linking ATM activity to

replication of mammalian reovirus remains unclear. At an early stage of infection (12

hr), reovirus induced phosphorylation of ATM in cell line CMeCl, but this modification

123



was abrogated by KU60019 (Fig. IV-6). A similar pattern was observed in A549 (Fig.

IV-S7). Next, I examined whether reovirus induced DNA damage in cancer cells by

determining the phosphorylation state of p53 and YH2A.X, proteins that are known to be

regulated by ATM and are known to detect DNA damage (Kozlov, SV. et al., 2011).

Notably, reovirus did not induce phosphorylation of these proteins (Fig. IV-S8, [V-S9A,

and IV-S9B). This observation suggested that reovirus infection leads to increases in the

phosphorylation of ATM in cancer cells without associated DNA damage, leading to the

enhancement of reovirus replication.

Next, to reveal the mechanism of acidification of endosome, I conducted a co-

immunoprecipitation assay of V-ATPase proton pump units. The V-ATPase, a

biological rotary motor that mediates endosomal/lysosomal acidification, is a protein

complex composed of two domains: a peripheral V1 domain, consisting of 8 subunits

(A, B, C, D, E, F, G, and H); and a membrane-bound VO domain, consisting of 5

subunits (a, b, ¢, d, and e)(Marshansky, V. ef al., 2014). Assembly and/or disassembly

of the V1 and VO domains plays a crucial role in maintaining the vacuolar organelle's

pH. A previous study showed that phosphorylated ATM interacts with the E-G
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dimerization of the V-ATPase proton pump, leading in turn to an increase in the

endosomal pH (Kang, HT. ef al., 2017). In the present work, I was unable to detect

interactions among V-ATPase subunits in A549/ATP6V1Gl treated with reovirus and

KU60019 (Fig. IV-S10). However, this shortcoming may have reflected the low

sensitivity of the co-immunoprecipitation assay. Further studies will be needed to

elucidate the mechanism(s) linking reovirus-induced ATM phosphorylation and

endosomal acidification.
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DISCUSSION

In this study, I screened a drug library to identify new drugs that enhance

reovirus cytotoxicity. As a result, I identified an ATM inhibitor. Previous reports

demonstrated that many kinds of anti-cancer drugs have synergistic anti-tumor effects

on cancer cells when combined with reovirus (Rajani, K. ef al., 2016, Sei, S. et al.,

2009, Roulstone, V. et al., 2013, Heinemann, L. et al., 2011, Hamano, S. ef al., 2014,

Kelly, KR. et al., 2012). However, the present work represents the first report to my

knowledge that an ATM inhibitor can be used as a combination drug with reovirus

treatment. Based on my observations, the combinatorial effects of reovirus and the

ATM inhibitor resulted in reovirus-related apoptosis and cell cycle arrest at G2/M in

most canine melanoma cell lines as well as in human cancer cell lines, with the

exception of CMGD?2 (a canine melanoma line) and Colo679 (a human melanoma line).

The specificity of the ATM inhibitor in our study was supported by a cell survival assay

that treated A7M knock-out canine melanoma cell lines with reovirus. Although

reovirus treatment yielded higher cytotoxicity when combined with KU60019 than with

the ATM knock-out, all knock-out cell lines exhibited higher susceptibility to reovirus
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compared to the isogenic wild-type (ATM") cell lines. I hypothesize that KU60019

inhibits not only ATM but also other kinases (members of the phosphatidylinositol 3-

kinase (PI3K)-related kinase (PIKK) family)) (Golding, SE. et al., 2009), in a dose-

dependent manner, leading to high-efficiency virus replication and cytotoxicity.

I further examined the effect of the combination treatment on the ATM

phosphorylation that is associated with reovirus replication in cancer cells. These

experiments were inspired by observations of the effects of human herpes simplex

virus-1 (HSV-1), hepatitis C virus and human immunodeficiency virus-1 infection in

other cell lines (Li, H. ef al., 2008, Alekseev, O. et al., 2014, Machida, K. et al., 2006,

Ryan, EL. et al., 2016). For those viruses, ATM activation supports viral replication,

such that the inhibition of ATM negatively regulates replication. In contrast, it was

unknown whether ATM activation is associated with mammalian reovirus replication. |

am aware of only one relevant report, which demonstrated that two ATM-deficient cell

lines (L3 lymphoblastoid cells and Granta mantle cell lymphoma cells) were more

susceptible to reovirus than were other cell lines (Kim, M. ef al., 2010). However, the

relationship between reovirus replication, oncolysis, and ATM deficiency was not
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proven in that study. In the present work, I identified a putative mechanism for the

potentiation of reoviral replication by the inhibition of ATM. To confirm the biological

roles and functions of ATM in the reovirus replication cycle, each step of the replication

cycle was analyzed. I found that inhibition of ATM enhanced the endosomal proteolysis

of the reovirus particle via endosomal acidification and re-activation of protease.

Previous work has shown that endosomal acidification and protease activity are

essential for reovirus replication (Alain, T. ef al., 2007, Sturzenbecker, LJ. ef al., 1987,

Ebert, DH. ef al., 2002). Therefore, upregulation of the proteolysis step was expected to

enhance the efficiency of reovirus-mediated cell killing. However, in the present study,

I was unable to demonstrate a mechanism whereby ATM inhibition leads to

acidification of the endosome.

Compared to KU55933 (the library-identified compound), KU60019 has

greater specificity and is considered a much improved ATM kinase inhibitor. However,

neither KU55933 or KU60019 are suitable for in vivo studies, given the low aqueous

solubility and low bioavailability of these compounds (Biddlestone-Thorpe, L. et al.,

2013, Pike, KG. et al., 2018, Vecchio, D. et al., 2015). The ATM inhibitor AZD0156
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was recently reported (Pike, KG. er al., 2018) and shown to exhibit superior

pharmacokinetics with the potential for oral dosing; this compound is the subject of an

ongoing phase I clinical trial being performed by AstraZeneca. I hope to evaluate the

combination of reovirus and AZD0156 in xenograft mice harboring canine melanoma

cell lines.

Taken together, my results suggested that the ATM inhibitor KU60019

enhances reovirus-induced anti-tumor effects in canine and human cancers. This

synergy may provide a route to resolving the limited efficacy of reovirus treatment of

cancers. Although the mechanism linking ATM activity and endosomal acidification

remains unknown, I confirmed that treatment with the ATM inhibitor up-regulated viral

proteolysis, resulting in increased viral replication. Given that the incidence of adverse

events may be increased in combination treatment, in vivo experiments (e.g., mouse

xenograft studies) will be needed to test this combination therapy. Nonetheless, these

findings support further investigation of this combination therapy for the treatment of

canine and human cancer patients.
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Fig. IV-1. ATM inhibitor KU60019 enhances reovirus-induced cell growth inhibition in
canine melanoma cell lines

To evaluate cell proliferation, canine melanoma cell lines (CMeCl, KMeC, LMeC,
CMMI10, CMM12, and CMGD2) were treated with reovirus (MOI 100 for all cell lines
except CMGD2 at MOI 10) and KU60019 (indicated concentration) for 48 hr before
adding CCK-8 reagent. Data are expressed as the mean = SD from at least three
independent experiments. p values were calculated for the comparison between reovirus
alone and reovirus combined with KU60019. To focus on the additional effects

provided by KU60019, significance was tested only where no significant difference was
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observed between mock control and KU60019 alone. Turkey-Kramer test, *p < 0.05,

*xp < 0.01.
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Fig. IV-2. The combination of KU60019 and reovirus induces apoptotic cell death

(A) CMeCl1, KMeC, and LMeC were treated with reovirus (MOI 100) and KU60019
(2.5 and 10 pM), and CMGD2 was treated with reovirus (MOI 10) and KU60019 (2.5
and 10 uM). After a 48-hr incubation, cell viability was quantified by the trypan blue
exclusion test. Data are expressed as the mean + SD from at least three independent
experiments. p values were calculated for the comparison to reovirus alone. Turkey-
Kramer test, *p < 0.05, **p < 0.01. (B) The sub-G1 population was analyzed in CMeCl1
treated with reovirus (MOI 100) and KU60019 (2.5 uM) for 24 and 48 hr. The cell
numbers and stages were quantified using flow cytometry. Data are expressed as the

mean + SD derived from three independent experiments. Student's t-test, *p < 0.05, **p
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< 0.01. (C) Cleaved caspase-3 levels in CMeCl treated with reovirus (MOI 100) and
KU60019 (2.5 uM) for the indicated time are shown in the upper panel. The relative
level of cleaved caspase-3 normalized to actin was quantified from three independent
experiments. Data are expressed as the mean + SD. Turkey-Kramer test, *p < 0.05, **p
< 0.01. (D, E) The effects of co-treatment for 48 hr with Z-VAD-FMK (50 uM) along
with the combination of reovirus (MOI 100) and KU60019 (2.5 uM or indicated various
concentrations) were quantified using the trypan blue exclusion test (D) or the CCK-8
cell viability assay (E). Data are expressed as the mean + SD from at least three
independent experiments. p values were calculated for the comparison to the vehicle

sample. Student's t-test, *p < 0.05, **p <0.01.
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Fig. IV-3. The combination of KU60019 and reovirus induces cell cycle arrest at G2/M
in canine melanoma cells

(A) CMeCl1 was treated with reovirus (MOI 100) and KU60019 (2.5 uM). After a 48-hr
incubation, the cell cycle of CMeCl1 cells was assessed with propidium iodide (PI)
staining. The mean + SD were derived from three independent experiments. p values
were calculated for the comparison between "Reo" and "KU+Reo". Student's t-test, *p <
0.05, **p < 0.01. In addition, p values were calculated for the comparison between
"Mock" and "Reo". Student's t-test, p < 0.01. (B) cdc2 and p21 protein expression

levels in CMeCl treated as described in (A) are shown in the upper panel. The relative
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level of each protein normalized to actin was quantified from three independent
experiments. Mean + SD are shown. Turkey-Kramer test, *p < 0.05, **p < 0.01. The

membrane in Fig. [V-2C was reprobed and used for this panel.
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Fig. IV-4. Reovirus replication is enhanced by KU60019 treatment

(A) Reovirus struc

tural proteins were detected using anti-reovirus polyclonal antibody.

Cell lysates were collected from CMeCl and KMeC cells treated as indicated. Actin

was used as a protein loading control. (B) Supernatants of reovirus (MOI 100 for

CMeCl1, KMeC, and LMeC, or MOI 10 for CMGD?2) -infected cell lines treated with

KU60019 (2.5 uM) were harvested after a 48-hr incubation, and virus titers were

determined by the

TCIDs, assay. The fold increase of reovirus titer represents values

calculated from the titer of progeny virus divided by the titer of input virus. (C) Effects

of ribavirin (200 pM) in CMeCl1 treated with combination of reovirus (MOI 100) and

KU60019 (2.5 uM) for 24 hr were assessed by western blotting using anti-reovirus
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antibody and anti-cleaved caspase-3 antibody. Actin was used as a protein loading
control. (D, E) CMeCl cells were treated with the combination of KU60019 (2.5 uM)
and reovirus virions (MOI 100) or ISVPs (MOI 10), and reovirus structural proteins
were detected by western blotting using anti-reovirus polyclonal antibody. Actin was

used as a protein loading control.
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Fig. IV-5. The combination of reovirus and KU60019 promotes the proteolysis of
reovirus via endosomal acidification and activation of cathepsin B

(A, B) The acidification of endosomes/lysosomes was determined by LysoTracker-Red
staining. CMeCl1 cells were treated with reovirus (MOI 100) and KU60019 (2.5 uM) for

24 hr before staining. (A) Histogram overlay of LysoTracker-Red staining of each
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sample is shown for representative data from one of four independent experiments.
Relative median fluorescence intensity (MFI) values relative to mock treatment are
indicated. Mean + SD are shown from four independent experiments. Turkey-Kramer
test, *p < 0.05, **p < 0.01. (B) Representative images of samples from each treatment
groups are visualized using confocal microscopy at a 100x magnification. Nuclei were
stained with DAPI. Scale bar: 10 um. (C) The enzyme activity of cathepsin B in
CMeCl1 cells treated as described above was measured and normalized to the value
obtained with mock treatment. Mean + SD are shown from five independent

experiments. Turkey-Kramer test, *p < 0.05.
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Fig. IV-6. Reovirus infection induces the phosphorylation of ATM in cancer cells

Phospho-ATM and total ATM expression levels were assessed by western blotting of
lysates from CMeCl1 cells treated with reovirus (MOI 100) and KU60019 (2.5 uM) for
the indicated times. Vinculin was used as a protein loading control. The graph shows the
relative level of each protein (normalized to vinculin) quantified from four independent
experiments. The fold change of phospho-ATM divided by total ATM was normalized

to the value of Mock at 0 hr. Mean + SD are shown. Turkey-Kramer test, *p < 0.05.
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Fig. IV-S1. Drug screening in a reovirus-infected canine melanoma cell line

To identify drugs that potentiate reovirus cytotoxicity, we screened SCADS inhibitor
kits (Kits 1, 2, and 3) comprising a total of 285 compounds. CMeC1 cells were treated
with 10 pM of each inhibitor alone (x-axis), or each inhibitor and reovirus (MOI 100)
(y-axis) for 48 hr, followed by the addition of the CCK-8 reagent. Both axes indicated
the % of cell proliferation as compared with the untreated cells. The diamond-dots, the
triangle, and the circle, represented each compound, DMSO, and KU55933-treated
samples, respectively. KU55933 alone showed no effect on cell proliferation by itself

(x-axis), but combination with reovirus yielded more cytotoxicity (y-axis).

141



s
g 80 -
s |
a 907 =O=KU55933
8 401 :
S ==K(J55933 + Reovirus
& 20 ‘
0 +— : :
0 5 10 20
KU55933 (uM)

Fig. IV-S2. ATM inhibitor KU55933 enhances reovirus-induced cell growth inhibition
in the CMeC1 canine melanoma cell line

To evaluate cell proliferation, a canine melanoma cell line (CMeC1) was treated with
reovirus (MOI 100) and KU55933 (indicated concentration) for 48 hr before adding the
CCK-8 reagent. Data are expressed as the mean + SD of three independent experiments.
p values were calculated for the comparison between reovirus alone and reovirus
combined with KU55933. To focus on the additional effects provided by KU55933,
significance was tested only where no significant difference was observed between

mock control and KU55933 alone. Turkey-Kramer test, *p < 0.05.
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Fig. IV-S3. ATM inhibitor KU60019 enhances reovirus-induced cell growth inhibition
in human cancer cell lines

To evaluate cell proliferation, five human cancer cell lines (A549, T-24, A2058,
Colo679, and DLD-1) were treated with reovirus (MOI 10) and KU60019 (indicated
concentration) for 48 hr before adding the CCK-8 reagent. Data are expressed as the
mean + SD from at least three independent experiments. p values were calculated for
the comparison between reovirus alone and reovirus combined with KU60019. To focus

on the additional effects provided by KU60019, significance was tested only where no
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significant difference was observed between mock control and KU60019 alone. Turkey-

Kramer test, *p < 0.05, **p <0.01.
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Fig. IV-S4. Reovirus susceptibility is enhanced by A7M knock-out
(A) The accumulation of ATM in the indicated melanoma cell lines was examined by

western blotting. Vinculin was used as a protein loading control. (B) To evaluate cell
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proliferation, ATM knock-out canine melanoma cell lines (CMeC1, KMeC, CMM10,
and CMM12) were treated with reovirus (MOI 100) for 48 hr before adding the CCK-8

reagent to determine cell viability. Mean + SD are shown. Student's t-test, *p < 0.05,

*xp < 0.01.
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Fig. IV-S5. Protein expression in a human cancer cell line treated with the combination
of KU60019 and reovirus

(A, B) The cell lysates were collected from T-24 cells treated with KU60019 (2.5 uM)
and reovirus (MOI 10) for the indicated times. The levels of reovirus structural proteins,
cdc2/CDK1, and cleaved caspase-3 were determined by western blotting. Actin was

used as a protein loading control.
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Fig. IV-S6. The combination of KU60019 and ISVPs enhances cell growth inhibition in
a canine melanoma cell line

ISVPs were generated using chymotrypsin (see Methods). To evaluate cell proliferation,
cells of the canine melanoma cell line CMeC1 were treated with ISVPs (MOI 10) and
KU60019 (indicated concentration) for 48 hr before adding the CCK-8 reagent. Data are
expressed as the mean £ SD from three independent experiments. p values were
calculated for the comparison between ISVPs alone and ISVPs combined with
KU60019. To focus on the additional effects provided by KU60019, significance was
tested only where no significant difference was observed between mock control and

KU60019 alone. Turkey-Kramer test, *p < 0.05, **p < 0.01.
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Fig. IV-S7. Reovirus infection induces phosphorylation of ATM in a human cancer cell
line

The levels of phospho-ATM, total ATM, and reovirus structural proteins were
determined by western blotting of lysates from A549 cells treated for the indicated times
with reovirus (MOI 10) and KU60019 (2.5 pM). Vinculin was used as a protein loading

control.
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Fig. IV-S8. Reovirus does not induce the DNA damage response in a canine melanoma
cell line

The levels of phopho-p53 and total p53 were determined by western blotting of lysates
from CMeCl1 cells treated for the indicated times with reovirus (MOI 100) and
KU60019 (2.5 puM). MDCK (Madin-Darby canine kidney epithelial cells) treated with
doxorubicin (Dox; MP BIOMEDICALS, LLC, Santa Ana, CA; 0.5 uM) for 12 hr was
used as a positive control for DNA damage response. Actin was used as a protein

loading control.
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Fig. IV-S9. Reovirus does not induce the DNA damage response in human cancer cell
lines

(A) As a positive control for YH2A. X accumulation, we used cell lysates from A549
cells treated with 10 or 80 uM etoposide (Wako, Tokyo, Japan) for 12 hr. The levels of
vyH2A.X and phospho-ATM were determined by western blotting. Vinculin was used as
a protein loading control. (B) To evaluate the DNA damage response induced by
reovirus, A549 and T-24 cells were treated with reovirus at MOI 10 for 24 hr. The levels
of YH2A.X and reovirus structural proteins were determined by western blotting. Actin

was used as a protein loading control.
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Fig. IV-S10. Co-immunoprecipitation assay with the PA-tagged protein in a human
cancer cell line

The interactions of individual V-ATPase subunits were assessed by co-
immunoprecipitation with the PA-tagged protein. Cell lysates were collected from
A549/ATP6V1GI treated with reovirus (MOI 10) and KU60019 (2.5 uM) for 24 hr.
A549/Empty (empty vector) was used as a negative control for co-immunoprecipitation

of PA-tagged protein. Actin was used as a protein loading control.
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Table IV-1. Antibodies used for Western blotting

No Antibody Product no. Source
1 Rabbit monoclonal anti- #9661 Cell Signaling Technology,
cleaved caspase-3(Aspl75) Danvers, MA
2 Rabbit polyclonal anti-cdc2 #77055 Cell Signaling Technology
3 Rabbit polyclonal anti-p21 sc-397 Santa Cruz Biotechnology,
Dallas, TX
4 Rabbit polyclonal anti-reovirus | - Produced by our
laboratory
5 Mouse monoclonal anti-ATM | sc-377293 Santa Cruz Biotechnology
6 Mouse monoclonal anti- NB100-306 Novus Biologicals,
phospho-ATM(Ser1981) Littleton, CO
7 Mouse monoclonal anti-p53 ADI-KAM- Enzo Life Science,
CC002 Farmingdale, NY
8 Rabbit monoclonal anti- #9284 Cell Signaling Technology
phospho-p53(Serl5)
9 Mouse monoclonal anti- 14-9777-80 eBioscience, San Diego,
Vinculin CA
10 Mouse monoclonal anti-V- sc-393322 Santa Cruz Biotechnology
ATPase D1
11 Mouse monoclonal anti- GTX633544 GeneTex, Irvine, CA
ATP6VI1A
12 Rabbit polyclonal anti-ATP6E | GTX114056 GeneTex
13 Mouse monoclonal anti-beta- A2228 Sigma-Aldrich, St. Louis,
actin MO
14 Rabbit monoclonal anti- #9718 Cell Signaling Technology
phospho-Histone
H2AX(Ser139)
15 Rat monoclonal anti-PA-tag - Dr. Yukinari Kato, Tohoku
(Biotin conjugated) University, Sendai, Japan
16 Rat IgG2a isotype control - Dr. Yukinari Kato
17 Goat anti-mouse [gG-HRP STARI117P Bio-rad Laboratories,
Hercules, CA
18 Donkey anti-rabbit IlgG-HRP 711-035-152 Jackson ImmunoResearch
Laboratories, West Grove,
PA
19 Streptavidin-HRP ab7403 Abcam, Cambridge, UK
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Chapter 5

Oncolytic reovirus therapy: Pilot study in dogs with

spontaneously occurring tumors
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SUMMARY

Oncolytic virotherapy is a novel treatment involving replication-competent virus in the
elimination of cancer. I have previously reported the oncolytic effects of reovirus in
various canine cancer cell lines. This study aims to evaluate the safety profile of
reovirus and determine a recommended dosing regimen in canine cancer. Nineteen dogs
with various tumors, mostly of advanced stages, were treated with reovirus, ranging
from 1.0 x 10*to 5.0 x 10° TCIDs given as intratumor injection (IT) or intravenous
infusion (IV) daily for up to five consecutive days in one or multiple treatment cycles.
Adverse events (AEs) were graded according to the Veterinary Cooperative Oncology
Group- Common Terminology Criteria for Adverse Events (VCOG-CTCAE) vl.1.
Viral shedding, neutralizing anti-reovirus antibody (NARA) production and
immunohistochemical (IHC) detection of reovirus protein in the tumors were also
assessed. AE was not observed in most dogs and events were limited to Grade I or II
fever, vomiting, diarrhea and inflammation of the injected tumor. No infectious virus
was shed and all dogs had elevated NARA levels post-treatment. Although IHC results
were only available in six dogs, four were detected positive for reovirus protein. In
conclusion, reovirus is well-tolerated and can be given safely to tumor-bearing dogs

according to the dosing regimen used in this study without significant concerns of viral
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shedding. Reovirus is also potentially effective in various types of canine tumors.
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RESULTS
Characteristics of study dogs

Information of the study dogs, including tumor grading, tumor staging and
treatment history, is shown in Table V-2. A total of 19 dogs with a range of naturally
occurring tumors were enrolled in this study. MCT, lymphoma, oral melanoma and soft
tissue sarcoma represented the most common tumors in this study. Tumor metastasis
was present in eight dogs and more than half of the dogs were in advanced tumor stages
with associated systemic signs. All dogs, except Dogs 2, 4 and 11, had been previously

treated with some form of cancer therapy prior to study enrollment.

Treatment course

The dosing regimen and route of administration are shown in Table V-2.
Reovirus was given directly into the tumor in ten dogs while the other nine were given
IV. Twelve dogs were given more than one cycle of reovirus, where up to 18 treatments
were given in two dogs. The highest reovirus titer was 2.5 x 10' TCIDs, per cycle,
which comprised of five injections of 5.0 x 10° TCIDsy. The median number of cycles
administered was two (range one to eight). No dose reduction due to AEs was

implemented in this study.
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Adverse events (AEs)

No AE of Grade 3 and above was observed in this study (Table V-3). The

most common AEs were Grade 1 and 2 fever and diarrhea. Vomiting, bleeding and pain

of the treated tumor were observed infrequently. These AEs were observed within a few

days after administration of reovirus but resolved within a couple of days with

supportive medical treatment. No hematological-based AE was seen.

Virology and virokinetics

Viral RNA fragments can be detected via RT-PCR in at least one of the

samples, except for Dogs 4, 8, 16, 18 and 19 (Table V-4). Inactive virus fragments can

be found most commonly in the serum, far exceeding virus fragments detected in the

saliva, urine and feces. Only 2 serum samples (collected during Cycle 1, Day 3 and Day

5 from Dog 5) tested positive for live virus.

Detection of neutralizing anti-reovirus antibodies (NARA)

As compared to the other dogs, Dogs 9, 10 and 18 had high NARA titer pre-

treatment. Despite that, all dogs experienced an increase of NARA titer during the study

(Fig. V-1A). Dog 2 represents dogs with a low NARA titer fold increase at 1,024 (Fig.
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V-1B), while NARA titer fold increase as high as 65,536 can be observed (Dog 5; Fig.

V-1C).

Treatment response

Although response evaluation was not the primary objective of this study, I

noted that five dogs had size reduction of the target lesion as the best outcome while six

dogs experienced some notable form of alleviation of clinical symptoms related to the

disease such as improved urination, reduced tumor pain, increased mobility or recovery

of lost appetite. Tumor biopsies were also obtained from six dogs for

immunohistochemical (IHC) staining and four samples were positively stained for

reovirus.

Case examples are shown in Figures V-2 (MCT; Dog 2) and V-3 (oral

melanoma; Dog 18). Both these cases were treated with IT administration of reovirus.

In Figure V-2, a single injection of reovirus in Cycle 1 induced an inflammation that

lasted for a few days. Treatment was repeated once a day for three consecutive days in

Cycle 2, which did not induce an inflammatory response that was observed in Cycle 1.

The course of treatment in a case with oral melanoma (Dog 18) is shown in Figure V-

3A. The dog was given six cycles of reovirus once a day for three consecutive days in
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each cycle. As the tumor was located at the caudal of the soft palate, measurement using

a caliper was not possible. Nonetheless, photographic recordings were able to capture

the anti-tumor effects (Fig. V-3B). The positive results of IHC staining provided further

evidence that the tumor size reduction was due to reovirus replication (Fig. V-3C). With

reovirus treatment, the dog became able to swallow its food again due to relief of the

blockage in the oral cavity. Unfortunately, extensive tumor invasion into the nasal

turbinate was discovered at Day 53 post-treatment (Fig. V-3D), suggesting that reovirus

directly induced its effects only at the injection site but did not exert adequate anti-

tumor effects at the inaccessible side of the tumor.

Based on these preliminary results, I came to a conclusion that reovirus has

the potential to be effective as a treatment for many spontaneous tumors in dogs.
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DISCUSSION

Oncolytic viruses, especially reovirus, have been receiving an increased
interest in recent years due to their remarkable potential to treat various human cancers.
Reovirus is ubiquitous in geographical distribution and has the capacity to infect nearly
every known mammalian species, including humans and dogs (Rosen, L., 1962).
Natural reovirus infection often goes unnoticed due to its asymptomatic nature (Fukumi,
H. et al., 1969, Hwang, CC. et al., 2014). This unmodified virus works through three
major mechanisms namely direct tumor lysis (Etoh, T. ef al., 2003, Norman, KL. et al.,
2002, Thirukkumaran, CM. et al., 2010), the innate immunity involving natural killer
cells (Adair, RA. ef al., 2012, Hall, K. et al., 2012, Zhao, X. et al., 2015), and the
adaptive immunity via tumor-associated antigens (TAA) educated T cells (White, CL. et
al., 2008, Gujar, SA. et al., 2010, Prestwich, RJ. et al., 2008). Based on this multimodal
anti-tumor mode of action, I am confident of the potential of reovirus as a potent
oncolytic virus in canine cancers. This study reports the results of a pilot study of
reovirus given to canine patients with various tumors. Three major findings were
confirmed in this study: reovirus is safe and well-tolerated, doses up to 5.0 x 10° TCIDs
can be given either IT or IV, and reovirus is potentially effective in various types of

canine tumors.
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Based on information derived from mouse models and humans (Gollamudi,
R. et al., 2010), I postulated that the starting reovirus dose would be safe at 1.0 x 108
TCIDsp. This dose was given as a single injection to the first two dogs, and since no
serious AE was observed, the dose and dosing frequency were increased. The highest
dose used in this study was 5.0 x 10° TCIDsy, which was still notably lower than
reovirus doses used in human. I did not pursue higher reovirus doses even though in
human clinical trials, the maximum tolerated dose (MTD) has not been reached even at
reovirus doses as high as 1.0 x 10'° TCIDs, was given IT (Forsyth, P. et al., 2008,
Harrington, K. et al., 2010, Morris, DG. et al., 2013) and 3.0 x 10" TCIDs, was given
IV (Gollamudi, R. ef al., 2010, Vidal, L. et al., 2008)

The IT and IV routes of administration each presents unique pros and cons in
terms of ease of administration, virus dispersion and anti-tumor effects. IT allows
immediate and direct exposure of the target tumor to a high dose of reovirus. By
comparison, diluted reovirus given IV will be indirectly presented to the target tumor
via cell carriage (Ilett, EJ. et al., 2011, Jennings, VA. et al., 2014). Nonetheless, reovirus
given IT is limited to target tumors that are accessible and have a defined structure.

Almost half of the dogs (9 out of 19) did not show any AE, despite most of

the dogs were considered to be in severe tumor stages. The observed AEs in dogs were
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similar to those in humans, which were limited to low grade events resembling

symptoms of a mild flu-like syndrome typical of a natural reovirus infection. Elevation

of the NARA titer was observed in all dogs after reovirus treatment (Fig. V-1A)

regardless of route of administration, which is consistent with the phenomenon

observed in humans (Morris, DG. et al., 2013). The production of neutralizing

antibodies and absence of significant AEs, even in dogs with severe disease, suggests

that the antiviral defense mechanisms of the body are sufficiently protective against

uncontrolled virus replication. The only concern is that neutralizing antibody might be

the impeding factor for systemic delivery of reovirus (White, CL. ef al., 2008), which

should be further explored in studies using combination therapies such as gemcitabine

(Lolkema, MP. et al., 2011), paclitaxel and carboplatin (Karapanagiotou, EM. et al.,

2012) that have been reported to attenuate the NARA response and enhances clinical

efficacy.

Besides taking into consideration AEs, viral shedding detection also plays an

essential part in the risk analysis for this novel therapy. The first six dogs (Dogs 1, 2, 3,

4, 5 and 6) were hospitalized for a week after reovirus administration and bodily fluid

samples were collected daily to monitor for viral shedding. Although inactive reovirus

fragments can be detected in some of the saliva, feces and urine samples using RT-PCR,
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the virus was not infectious. Therefore, decision was made to reduce the frequency of
sample collection in subsequently enrolled dogs. Human studies detected a lower
frequency of positive viral fragment detection in bodily fluids (Forsyth, P. et al., 2008,
Morris, DG. et al., 2013) as compared to this study. The discrepancy might reflect a
more extensive RT-PCR cycles (45 cycles) used in this study, leading to a higher
sensitivity in viral fragment detection. Nonetheless, RT-PCR can only detect the
presence of viral RNA fragments, which include non-infectious viral particles. The
infectivity assay remains the only accurate method to assess the presence of live virus.
In this study, none of the bodily fluids was tested positive for reovirus in the infectivity
assay.

As this study was not designed to evaluate the anti-tumor activity of reovirus,
dogs enrolled had heterogenous tumor types with variable tumor grading, and were not
uniform in disease staging. Even so, size reduction of the target lesion were observed as
the best outcome in some of the dogs after reovirus treatment, and owners were
extremely satisfied with the minimal AEs and improvement of quality of life.

In conclusion, this study has provided evidence that reovirus serotype 3
Dearing (REOLYSIN®), up to a dose of 5.0 x 10° TCIDs, given by IT or IV, was safe

and well-tolerated in tumor-bearing dogs. The recommended dose to be used in a
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pivotal study will be between 1.0 x 10° TCIDsp and 5.0 x 10° TCIDs, daily for at least
three consecutive days every two weeks. Treatment can be continued as long as it is
tolerated and there is no evidence of disease progression. The best route of
administration will depend on tumor type, location and extent of tumor metastasis.
Reovirus treatment on an outpatient basis is considered suitable since there is no
significant concern related to excretion of infectious virus. Evaluation of treatment
response was highly suggestive that reovirus is effective in various canine tumor types.
The results of this pilot study warrant further clinical trials to confirm these expectations

in dogs.
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Fig. V-1. Detection of neutralizing anti-reovirus antibodies (NARA).

(A) Pre-treatment (grey bars) and peak post-treatment (dark bars) NARA titer. Adequate
serum samples were not collected from Dogs 8, 15 and 17 for analysis (*). (B) Dogs 2
and (C) Dog 5 are representatives of NARA profiles with low and high fold increase,
respectively. MTT assay was performed with absorbance read at 550 nm and cell
survival expressed as a percentage of a control population of untreated 1.929 cells. The
control curve represents data using canine polyclonal antibody from naive dog. The

value of n = 3 replicates and error bars represent the standard deviation.
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Fig. V-2. Anti-tumor response in a dog with canine mast cell tumor.

(A) Measurement of the longest diameter (LD) of the mast cell tumor (MCT) treated
with intratumor injection (IT) of 1 x 10® TCIDs reovirus in Dog 2. Red arrows indicate
days of reovirus administration. (B) Pictures of the target tumor pre-treatment, Day 15,

Day 22 and Day 46 post-treatment.
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Fig. V-3. Anti-tumor response in a dog with canine oral melanoma.

(A) Dosing regimen of Dog 18 with oral melanoma treated with intratumor injection
(IT) of 1 x 10° and 2 x 10° TCIDs, reovirus. Red arrows indicate days of reovirus
administration. (B) Pictures of the target tumor pre-treatment, Day 23, Day 37 and Day
53 post-treatment. Immunohistochemical (IHC) staining of tumor biopsy taken at Day
25 post-treatment using (C) rabbit anti-reovirus antibody or (D) serum from non-
immunized rabbit (isotype control). (E) CT scan performed at Day 53 indicating

extensive tumor invasion into the nasal turbinate.
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Table V-1. Study events

Treatment cycle*

Before Final visit**
Event lIment
enrolimen First injection  Subsequent
injection(s)
Demographics, medical history v
Physical examination v v v v
CBC/ serum biochemistry v v v
Urinalysis v v v/
Confirmatory diagnosis, including v
grading and staging
Measurement of target/ non-target v v v v
lesion(s)
Photographic recording of target/ non- v v v v
target lesion(s)
Inclusion/ exclusion v
Owner consent v
Reovirus administration v v
Adverse event reporting v v v
Serum, saliva, feces and urine sample v v v

collection™**

* Treatment cycle consisted of a single injection, once a day injection for 3 or 5 consecutive days. For treatment cycle
that consisted only of a single injection, events under first injection were performed. For treatment cycle that
consisted of once a day injection for 3 or 5 consecutive days, events under first and subsequent injection(s) were
performed. Treatment cycles were carried out continuously until refusal by owner or deterioration of the dog's

condition.

** Events under final visit were carried out if the dog's condition allowed.
**%* Serum, saliva, feces and urine samples were collected daily for the first week after reovirus administration in
Dogs 1, 2, 3, 4, 5 and 6 as they were hospitalized for a week post-treatment.
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Table V-3. Adverse events (AEs)

Total,
Event Grade 1 Grade 2 Grade 3/ 4/5 n=19 (%)
Fever 5 2 0 7 (36.8)
Diarrhea 3 3 0 6 (31.6)
Vomiting 1 1 0 2 (10.5)
Bleeding of injected tumor 2 2 0 4(21.1)
Pain of injected tumor 1 1 0 2 (10.5)
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Table V-4. Viral dissemination

Dog | RT-PCR serum RT-PCR saliva | RT-PCR urine RT-PCR feces
Pos D1, D3, Pos D9, D13,
1 Pos D1 Neg
D7,D9,DI11°? D14*
Pos C1D4, Pos C1D6,
2 Pos C2D4 Pos C1DS5, C1D7
C1D5, C1D6 * CID7?
3 Pos C1D2, C1D3, C1D4 Neg Pos C1D2 Neg
4 Neg Neg Neg Neg
Pos C1D2, C1D3 ", C1D4, Pos C1D1, C1D2,
5 CID5 ", C1D6, C3D7, Neg C1D3, C1DS5, C4D10, | Neg
CI9D18, CID21 C8D15, C9D18
Pos C1D1, C1D2, C1D3,
Pos C1D16,
6 C1D4, C1D5, C2D1, C2D2, Neg Neg
C2D4
C2D3, C2D4, C2D27
7 Pos D4 Neg - Neg
8 Neg Neg Neg Neg
9 Pos D3, D5 Pos D7 Neg Neg
10 Pos C1D7 Neg Neg Neg
11 Pos D3, D5, D7 Neg - Neg
12 | Pos C1D7, C2D9 - - -
13 Pos D7 - - -
14 Pos D3, D5 - - -
15 Pos D2 - - -
16 | Neg - - -
17 | Pos D2, D7 - - -
18 | Neg - - -
19 Neg - - -

Infectivity test was performed for samples that are positive in RT-PCR. All infectivity test results were negative
unless stated otherwise.

? Infectivity test not done

® Positive for infectivity test
Abbreviations: Pos Positive, Neg Negative, - Not Available.
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CONCLUSION
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Recently, oncolytic viruses are gaining ground as a novel approach for cancer
treatment in dogs (Sanchez, D. ef al., 2018). Researchers have reported in vitro and in
vivo studies using oncolytic viruses, which leads to growing interests in performing
clinical trials. Our laboratory published the first report that reovirus can be an effective
therapy in canine cancers. Of that, previous Ph. D. student, Dr. Hwang Chung Chew,
investigated the anti-tumor effects of reovirus in canine mast cell tumor and lymphoma.
Therefore, I focused on canine solid tumor such as melanoma, mammary gland tumor,
osteosarcoma, and histiocytic sarcoma.

In Chapters 1 and 2, reovirus was shown to exhibit superior oncolytic
activities in melanoma, mammary gland tumor and histiocytic sarcoma cell lines. We
also found in vitro assay that reovirus induced cell death through caspase-3-dependent
apoptosis and production of progeny viruses in susceptible cell lines. Among them,
histiocytic sarcoma xenografted mice were treated with reovirus and showed complete
suppression of tumor growth as compared to PBS-treated xenografted mice. These
results suggest that a wide range of canine cancers is a potential candidate for oncolytic
virotherapy using reovirus.

In human clinical trials, reovirus is usually used in combination therapy with
chemotherapeutic drugs (Clements, D. et al., 2014). Chapter 3 shows that combination
with reovirus and paclitaxel, gemcitabine, or carboplatin demonstrated synergistic anti-
tumor effects against a canine mammary gland tumor cell line. Interestingly, we found
that the combination treatments led to an increased activation of caspase-3 compared to
reovirus alone. In addition, by screening many small molecule inhibitors in combination
with reovirus, I identified the new role of ATM inhibitor KU60019 in Chapter 4.

KU60019 enhanced the oncolytic potentials of reovirus in canine melanoma and human
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cancer cell lines. I also elucidated this mechanism, and showed that ATM inhibition
increased the virus replication through the upregulation of the endosomal proteolysis
steps. To our best knowledge, this is a first report of combination treatment with
reovirus and ATM inhibitor in human and canine cancer. Unfortunately, I could not
carry out in vivo experiments in both Chapters. Even though further studies will be
needed, these synergic effects may provide a route to resolve the limited efficacy of sole
reovirus treatment against cancers.

The final chapter, Chapter 5 is the most important chapter in my PhD thesis
and our laboratory works. Chapter 1 to 4 elucidated the oncolytic activity of reovirus at
the bench. However, the most important question was whether this new therapy was
safe and effective in clinical cancer patients. Therefore, I conducted the first reovirus
clinical study in 19 dogs with various spontaneously occurring tumors, aligned with the
progress of human clinical trials. The primary objectives of this chapter were to
establish the safety profile of reovirus in treated dogs and to determine the
recommended dosing regimen. As a result, adverse events were not observed in most of
dogs and events were limited to Grade I and II. I showed that the recommended dose to
be used in a next clinical study will be between 1.0 x 10° TCIDsg and 5.0 x 10° TCIDsq
daily for at least three consecutive days every two weeks. Although response evaluation
is not the primary objective of this study, I noted that five dogs had the size reduction of
the target lesions as the best outcome while six dogs experienced some notable form of
alleviation of clinical symptoms related to the disease such as improved urination,
reduced tumor pain, increased mobility or recovery of anorexia. This final chapter
warranted further large clinical trials to approve for clinical usage in canine cancers.

In my studies, I only focused on the direct cytotoxicity of reovirus against
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cancer cells. However, reovirus also has the anti-tumor activity via innate and adaptive
immune responses and renders it an attractive component of immunotherapy (Gong, J.
et al., 2016). Pre-clinical and clinical data showed that injection of oncolytic viruses can
inducd the infiltration of effector T cells, which is indicated that oncolytic virotherapy
has a potential of changing the local tumor microenvironment from an immunologically
cold to a hot tumor (LaRocca, CJ. and Warner SG, 2018). Therefore, as a next step,
further investigation of immune profile in reovirus therapy will be required to reveal the
robust mechanism of reovirus indirect cytotoxicity. I hope that oncolytic reovirus as a

standard cancer therapy in dogs will be established near future.
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