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ABSTRACT

Overall recurrence of non-muscle-invasive bladder cancer (NMIBC) can be as high as 80%
within 5 years of initial treatment. High-grade NMIBC has the greatest risk of recurrence and
treatment for these patients includes surgery followed by intravesical therapy with the
immunotherapeutic agent Bacillus Calmette-Guérin (BCG). BCG however, can be particularly
dangerous for immunocompromised patients. Additionally, up to 40% of patients fail BCG therapy
and cystectomy remains the standard treatment in these cases. This project examines whether
vaccinia virus (VACV) can be used to treat preclinical models of NMIBC and in particular, bladder
cancer that is refractory to BCG therapy. Here we have generated a novel oncolytic VACV by
mutating the F4L gene that encodes the viral homolog of the stringently cell-cycle-regulated small
subunit (RRM2) of ribonucleotide reductase. The F4L-deleted VACVs are highly attenuated in
normal tissue and have a tropism that favors cancer cells commonly elevated in RRM2 levels,
resulting in selective replication and tumor cell killing. VACVs efficiently replicate in BCG-
resistant and BCG-susceptible AY-27 cells. F4L-deleted VACVs selectively replicate in both the
orthotopic AY-27 immunocompetent rat model and RT112-luc xenograft models, causing
significant tumor regression or complete tumor ablation with no toxicity, while the commonly used
AJ2R VACYV causes significant toxicity in immunocompromised mice. Furthermore, rats cured of
AY-27 tumors by VACV-treatment develop a protective anti-tumor immunity that is evident by
tumor rejection upon challenge, as well as by ex vivo cytotoxic T-lymphocyte assays. Finally, the
mutant VACVs replicate in both primary human bladder cancer cultures and tumor explants. Our
findings demonstrate the enhanced safety and selectivity of our modified oncolytic VACV, making
the F4L-deleted VACV a promising therapy for patients with BCG-refractory cancers and immune

dysregulation.
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CHAPTER 1 - GENERAL INTRODUCTION



PREFACE
A portion of this chapter has been published in the manuscript: Potts, K.G., Hitt, M.M.,
Moore, R.B. Oncolytic Viruses in the Treatment of Bladder Cancer. Adv Urol. 2012 Jul;
2012(1):404581. Advances in Urology states: “This is an open access article distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and

reproduction in any medium, provided the original work is properly cited.”



1.1 Bladder cancer

In Canada, it is estimated that 8,700 men and women will be diagnosed with and 2,300 will
die of cancer of the urinary bladder in 2016, making it the fourth and twelfth most common cancers
among men and women, respectively. With a recurrence rate of up to 80%, many patients require
lifelong surveillance and multiple treatment strategies [1]. However, if resistance to current
therapies develops, removal of the bladder is often the only remaining option. In Canada, the 5-
year relative survival for bladder cancer varies with stage and grade and can range from upwards
of 98% in patients with low-grade Ta tumors to as low as 16% for stage IV (metastatic) bladder
cancer [2]. The most common cause for bladder cancer is smoking and other toxin exposure (e.g.,
petrochemical industry products), where the carcinogen is removed from the body by the kidney
and stored for long periods of time in the bladder [3]. This results in destabilization of the
urothelium resulting in a field effect which is characterized by cellular and molecular changes that
prompt the development of cancer within a region [4,5]. Urothelial cell carcinoma (UCC) of the
bladder can be divided into two broad categories — non-muscle-invasive bladder cancer (NMIBC)
and muscle-invasive bladder cancer (MIBC) (reviewed in [6]). Upwards of 80% of bladder cancer
are diagnosed as NMIBC and approximately 20% as MIBC. The majority of NMIBC are low grade
whereas MIBC are typically high grade and often metastatic. NMIBCs is treated with surgery and
intravesical therapies. In the case of MIBC, the gold standard is radical cystectomy with

neoadjuvant systemic chemotherapy.

1.1.1 Epidemiology of bladder cancer
More than 90% of cancers in the bladder are UCCs, which were previously termed
transitional cell carcinomas [7]. In bladder cancer, the tumor stage describes how far the tumor has

penetrated into the bladder and whether the cancer has metastasized (Figure 1.1). In contrast,
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Figure 1.1: Bladder cancer grading and staging. Staging of bladder cancer according to the

Tumor—Node—Metastasis (TNM) system. Figure and text adapted from [8] with permission.



grading is a way of categorizing cancer cells based on cell morphology. The grade of a tumor
increases with the loss of cellular differentiation compared to adjacent normal cells. Bladder
tumors are usually described as high grade or low grade however, in some cases they are denoted
grade 1-4. Low grade tumors are well differentiated and look similar to normal cells. Lower grade
cancers are typically slower growing and are less likely to metastasize. High grade tumors are
poorly differentiated, often grow more quickly and have a higher metastatic potential. The
combined stage and grade help a physician determine the appropriate treatment plan for a patient.

Approximately 80% of patients with bladder cancer have tumors that are non-muscle-
invasive, meaning the tumor is limited to the mucosa of the bladder (stage Ta and carcinoma in
situ (CIS)) or penetrates into the submucosa (stage T1) [9]. These NMIBC have also been termed
superficial bladder cancers, however this description is now less commonly used (reviewed in
[10]). With NMIBC, approximately 70-80% are stage Ta, 20% are T1, and 10% are CIS [11].
Stage Ta tumors are generally low grade, with only about 7% diagnosed as high grade [12]. Stage
Ta tumors have a papillary appearance (with increased surface area) and are limited to the
urothelium, with no infiltration of the deeper lamina propria or underlying muscle. Early, low-
grade lesions carry a 50-70% recurrence rate and a 5-20% risk of progression to muscle-invasive
disease over a 5-year period [13]. Stage T1 tumors show early invasiveness, crossing the basement
membrane into the lamina propria, although not yet invading the deeper muscle layers. There is
significant risk of under-staging patients with these T1 NMIBCs, especially high-grade tumors
[14]. High-grade T1 tumors have a 70% to 80% recurrence rate and a 30-50% chance of
progression to muscle-invasive disease [15,16]. CIS (also known as Tis) is restricted to the
urothelial layer, but its anaplastic morphology indicates that it is likely a precursor to the

development of invasive high-grade bladder cancer. 90% of cases of CIS are found in association



with papillary or nodular bladder tumors [17]. Between 40% and 85% of patients with CIS will
develop muscle invasion if left untreated [18,19]. About 25% of patients with high-grade UCC
have muscle-invasive cancer at initial diagnosis, half of whom will go on to have distant metastasis
within 2 years, and 60% of whom will not survive 5 years, despite aggressive treatment [20,21].
1.1.2 Risk Factors

Cigarette smoking is the most significant risk factor for developing bladder cancer.
Freedman et al. have reported that smoking contributes to upwards of 50% of bladder cancer in
both men and women [22]. It can take 20-30 years for bladder cancer to develop in smokers and
rates of bladder cancer are highly linked with smoking rates from around the world [23]. Another
significant contributor to bladder cancer, that often receives much less attention, is air pollution
[24,25], particularly that generated from combustions engines and coal-fired power plants. Studies
have found both engine exhaust [26] and polycyclic aromatic hydrocarbons [27] generated from
burning coal to be carcinogenic and associated with increased risk of developing bladder cancer.
Occupational exposure to other cancer-causing compounds is highly connected with an increased
risk of developing bladder cancer. The most noteworthy compounds that increase the risk of
bladder cancer are aromatic amines (e.g. 2-naphthylamine, 4-aminobiphenyl and benzidine) and
4,4'-methylenebis(2-chloroaniline) [28,29]. These compounds are found at high levels in the dye,
rubber, and plastic industries [30]. Some limited data have also shown that there may be a genetic
predisposition for the development of bladder cancer. One example is related to the development
of bladder cancer from exposure to aromatic amines. These aromatic amines are metabolized and
intermediate products can be carcinogenic. N-acetyl transferase 1 and 2 (NAT1 and NAT2) are

critical enzymes in the metabolism of these compounds. Numerous studies have found



polymorphisms of the NAT2 enzyme that produce a ‘slow acetylator’ phenotype are associated
with a strong increase in bladder cancer incidence [31,32].
1.1.3 Genetics of bladder cancer

1.1.3.1 NMIBC. Deletion of all or part of chromosome 9 is found in up to 50% of NMIBCs
[33,34]. This deletion almost always includes the cyclin-dependent kinase inhibitor 2A
(CDKN2A) locus which encodes pl6 and pl4“*. These two proteins both act as tumor
suppressors through negative regulation of the cell cycle (reviewed in [35]). p16 prevents cell cycle
progression from G1 to S phase by inhibiting cyclin-dependent kinases such as cyclin-dependent
kinase 4 (CDK4) and CDK6 [36]. This prevents the phosphorylation of retinoblastoma protein
(Rb) and thus halts the cell cycle. p14*®" is an alternate reading frame protein product of the
CDKN2A locus [37,38]. p14**" inhibits mouse double minute 2 homolog (MDM2), blocking
MDM2-induced degradation of p53 and enhancing p53-signalling and ultimately cell cycle arrest.
Deletion of p14*** removes this inhibition of MDM2 resulting in cell cycle progression and
resistance to cell death.

Activating mutations in fibroblast growth factor receptor 3 (FGFR3) are found in upwards
of 80% of low grade Ta tumors [39,40]. FGFR3 mutation frequency decreases in NMIBC as the
grade increase, with only 5-20% of MIBC harboring the mutation [41]. FGFR3 leads to activation
of Ras and mitogen-activated protein kinase (MAPK) pathways resulting in cell proliferation and
survival. FGFR3 and Ras activating mutations seem to be mutually exclusive genetic events [42],
with Ras mutations found in only ~15% (HRas and KRas combined) of NMIBC. Interestingly,
FGFR3 activating mutations are associated with favorable outcomes and with a lower chance of

progression to muscle-invasive disease [40]. FGFR3 mutation are strongly linked with low grade



tumors and therefore has been proposed as a marker in urine analysis to reduce overtreatment since
it is only the high-grade Ta and T1 tumors that are at an increased risk of progression [43].
1.1.3.2 MIBC. While NMIBC have few chromosomal rearrangements and are generally
genomically stable, MIBC typically have many genomic alterations. Nearly all MIBC have some
form of cell cycle checkpoint dysregulation which comes from loss-of-function mutations in the
tumor suppressor genes encoding p53 and Rb [44]. One study based in Poland found that as tumor
grade increased, so did the frequency of mutation of p53 (from 3.3% in low grade to 39% in high
grade) [45]. Additionally, amplification of MDM2 frequently occurs and when combined with p53
mutation, p53 function is compromised in upwards of 76% of MIBCs [44]. Mutations found in Rb
are almost always inactivating. Dysregulation of cell cycle checkpoints can also occur by
inactivation of the CDKN2A locus (pl16 and p14**"™ much like in NMIBC. Interestingly, Rb
mutations and loss of the CDKN2A locus were found to be mutually exclusive events [44].
Deletion of phosphatase and tensin homolog (PTEN) is also associated with stage and grade of
bladder cancer and can be found in over a third of MIBC [46,47]. Mutations in FGFR3 are also

seen in MIBC but at a much lower frequency (10-20% in T2 or greater) than in NMIBC [48].

1.1.4 Presentation and diagnosis

Most bladder cancer patients present initially in the clinic with hematuria, i.e., blood in the
urine. Macroscopic hematuria, meaning blood is visible in the urine, has been shown to be highly
predictive for bladder cancer, especially in older patients [49]. Microscopic hematuria, where
blood is not visible in the urine by eye, is most often detected as part of a routine urine analysis.
However, there are many possible reasons for microscopic hematuria and further diagnostic tests
are required to determine if the patient has bladder cancer [50]. The diagnosis of bladder cancer in

atients that present with macroscopic hematuria is 20%, whereas it is only 2% in patients with
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microscopic hematuria [51]. Non-specific urinary tract issues such as pain while voiding urine,
frequency of urination, or abdominal pain, may warrant further testing [52]. In patients suspected
of bladder cancer, further diagnosis is done through cystoscopy. Any suspicious findings require
further evaluation and histology is performed following surgery (see below). Cytology, where a
sample of urine is examined to see if it has any cancerous cells, is often performed alongside
cystoscopy to improve cancer detection. Cytology can be particularly useful for patients with high-
grade disease such as CIS, which can be difficult to diagnose through cystoscopy alone [53]. More
recently, new imaging techniques such as blue light cystoscopy and narrow band imaging have
improved tumor detection and some studies have shown the superior diagnosis to result in
increased recurrence-free survival [54]. In cases where upper urinary tract tumors are suspected,
patients will undergo an ultrasound or computed tomography (CT) scan or magnetic resonance
imaging (MRI). Proper diagnosis and evaluation of the tumor histology is critical for deciding an
appropriate management strategy for each patient.

1.2 Management of bladder cancer

1.2.1 TURBT

Standard first line therapy for NMIBC is transurethral resection of bladder tumor
(TURBT). A schematic for management of bladder cancer is shown in figure 1.2. TURBT is an
endoscopic surgical procedure to completely resect any tumor tissue or suspicious areas from the
bladder. Resection of the tumor should include muscularis propria to allow for appropriate
histological evaluation (staging) of the disease. There is a 50% chance that the first TURBT
incompletely removes the tumor, necessitating a second surgery [55,56]. A restaging TURBT
should be performed if the initial surgery is thought to be incomplete or a T1 tumor is identified

in the absence of muscularis propria [57]. A second surgery can often provide additional tissue for



Figure 1.2: Management of non-muscle invasive bladder cancer. Treatment algorithm for non-

muscle-invasive bladder cancer based on risk stratification. IB ChemoTx: intrabladder intravesical
chemotherapy; Ta LG: Ta low-grade disease; TURBT: transurethral resection of bladder tumor;

BCG: Bacillus Calmette-Guerin. Figure adapted from [57].
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histological examination allowing for more accurate staging. It has been reported that under
staging can occur in up to 50% of patients with high-grade T1 tumors if there is insufficient
muscularis propria in the first surgical sample. Even with excellent initial tissues samples,
upstaging occurs in 14% of patients after receiving a second TURBT [56]. Herr has reported that
76% of patients had residual disease detected in their second TURBT resulting in a change in the
treatment course for a third of the patients [58]. This initial surgery plays a critical role in the
diagnosis and management of bladder cancer.
1.2.2 Intravesical therapy

For patients with NMIBC at low risk of tumor recurrence (and without a bladder wall
puncture), early instillation of a chemotherapeutic agent following TURBT is now the standard
treatment recommendation [57]. Intravesical chemotherapy, however, is not without risk given
that the urothelium is already potentially destabilized by the field effect of carcinogen exposure
[59]. Immediate post-operative instillations of mitomycin C, epirubicin, or doxorubicin are all
valuable options for reducing disease recurrence [60]. A number of clinical studies have also
shown gemcitabine to give good outcomes when used as an intravesical therapy [61,62]. In
Canada, the most commonly used intravesical chemotherapy is mitomycin C. In one study, a single
post-operative instillation of chemotherapy resulted in a recurrence rate of 37% compared with
48% for patients who only received a TURBT [60]. Interestingly, Onishi et al. showed that simply
irrigating the bladder with saline after TURBT reduces recurrence in low risk NMIBC.
Additionally, the recurrence-free survival was not significantly different between saline irrigation
and a single instillation of mitomycin C [63,64]. This study indicates that recurrences are partly

due to tumor cell seeding after surgery.
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For patients with intermediate-risk NMIBC, intravesical chemotherapy in combination
with TURBT is the current recommendation for preventing disease recurrence [57]. One study
found no significant differences between time to recurrence and progression, as well as overall
survival when comparing standard Bacillus Calmette-Guerin (BCG) induction to mitomycin C
induction followed by instillations every month for 5 months [65]. However, further randomized
clinical studies need to be performed to fully evaluate maintenance chemotherapy compared to
induction therapy in preventing recurrence. High-grade Ta, T1, or CIS tumors put patients at an
increased risk for recurrence and, more significantly, progression. Recommended treatment for
patients with these high-grade tumors is TURBT followed by intravesical treatment with the
immunotherapeutic agent BCG and maintenance immunotherapy for at least 1 year [57,66,67].
1.2.3 Bacillus Calmette-Guerin (BCG)

1.2.3.1 History. BCG is a live, attenuated, but genetically stable Mycobacterium bovis that
was initially isolated from the udder of an infected cow in 1921 (reviewed in [68]). The principal
use of BCG was as a vaccine for tuberculosis (TB). The first link between TB and cancer was
reported by Pearl in 1929 [69]. Here he showed that patients who survived cancer had higher rates
of previous or ongoing TB infections than those succumbing to cancer. However, due to
contaminations of BCG vaccines with a virulent strain of M. tuberculosis, the excitement of using
BCG as a cancer therapy faded [68]. Interest in BCG as a cancer therapy regained traction again
in the 1950’s when Lloyd Old showed that mice infected with BCG rejected tumors at higher rates
when challenged than did uninfected mice [70]. It was later found that the anti-tumor activity of
BCG was not due to direct cytotoxic effects but was a result of delayed hypersensitivity type
immunological responses [71]. Burton Zbar conducted a number of experiments to determine the

requirements for successful BCG therapy. These requirements include contact between BCG and
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the tumor cells, an immune competent host that can generate an immune response against BCG,
and finally, a relatively small tumor [71]. In 1976, Alvaro Morales was the first to publish the
results of intravesical BCG therapy for NMIBC [72]. Morales’ original protocol for BCG
instillation consisted of 120 mg instilled into the bladder in 50 ml of saline. This treatment was
performed weekly for six weeks. Amazingly, this is the exact same induction protocol used today.
Initially ten patients with recurrent bladder cancer were treated and in seven cases there was no
sign of visible tumor [72]. Based on these early results two additional trials were performed and it
was concluded that BCG dramatically reduced tumor recurrence [73,74]. Many subsequent trials
demonstrated efficacy of BCG immunotherapy in reducing recurrence and progression of bladder
cancer which led to FDA approval in 1990. BCG remains the standard of care for high-grade non-
muscle-invasive Ta, T1, or CIS tumors [57].

1.2.3.2 Mechanism of action. Amazingly, despite ~40 years of use the exact anti-tumor
mechanism of BCG is still not completely understood (reviewed in [75]). Current evidence
indicates that the initial attachment and internalization of BCG to bladder cancer cells are critical
first steps. Here BCG binds to fibronectin attachment protein (FAP) [76] then this FAP/BCG
complex binds to cell surfaces through integrin a531 [77,78]. Internalization of BCG in vitro can
vary widely between bladder cancer cell lines [79,80]. It has also been show that BCG can be
internalized in in vivo bladder cancer models [81]. Recently, is was found that BCG is internalized
through macropinocytosis as a result of oncogenic activation of the Racl1-Cdc42-Pakl signaling
pathway [80,82] downstream of Ras which is commonly activated in bladder cancer. However, in
vivo evidence for the importance of internalization is lacking and further work is required. After
BCG attachment and internalization, bladder cancer cells secrete numerous cytokines resulting in

immune cell recruitment. One of the primary cytokines that is released after BCG internalization
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is interleukin (IL)-6 [83]. IL-6 has been show to increase integrin 531 on bladder cancer cells
[84] to recruit neutrophils [85], and to induce secretion of IL-8, granulocyte-macrophage colony-
stimulating factor (GM-CSF), tumor necrosis factor (TNF)-o, and TNF-related apoptosis-inducing
ligand (TRAIL) [86]. In addition, expression of major histocompatibility complex (MHC) class 11
on the surface of bladder cancer cells is increased, which contributes to the development of an
anti-BCG immune response [87]. This upregulation of MHC II may be a direct result of BCG
internalization [87]. There is some evidence that shows BCG can be directly cytotoxic to bladder
cancer cells in vitro [88]. However, this generally requires 50-100 bacteria per cell and these levels
are unlikely to be achieved in vivo [75]. CD4" cell recruitment to the bladder after BCG therapy
results in a shift in the urinary cytokine environment from Th2-like to Thl [89,90]. Efficacy of
BCG has been shown to be dependent on the generation of this Thl-like immune response [91].
The Th1 cytokines secreted by monocytes and CD4 " cells work to activate cytotoxic lymphocytes.
The presence of both CD4" and CD8" T-cells is required for tumor cell killing [92]. Natural killer
(NK)-cells mediated lysis has also been shown to be critical for an anti-tumor response [93].
Macrophages have been found in the bladder wall of patients treated with BCG [94] and can be
cytotoxic in vitro against bladder cancer cells but there is no in vivo evidence of tumor killing by
macrophages [95]. Despite decades of research, there are still many aspects of BCG therapy that
are not fully understood.

1.2.3.3 Bladder cancer treatment with BCG. The use of BCG in the treatment of bladder
cancer was first described by Morales et al. [72] in 1976. Since then, BCG has become the standard
of care for high-grade NMIBC. A number of clinical trials have shown BCG after TURBT
decreases recurrence rates [96,97]. Additionally, several meta-analyses have shown BCG to be

superior to intravesical chemotherapy for preventing recurrence of high-grade disease [98-100].
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BCG is administered to patients 2-4 weeks after they undergo a TURBT to limit the
possibility of systemic side effects. For patients with high-risk NMIBC the Canadian Urological
Association recommends an induction course of BCG that consists of 6 weekly intrabladder
instillations followed by maintenance therapy (3 weekly cycles at 3 months and 6 months, then
every 6 months up to 36 months) [57]. Intravesical chemotherapy is the first treatment choice for
patients with intermediate-risk NMIBC. However, patients with intermediate-risk NMIBC who
fail intravesical chemotherapy may be treated with induction and maintenance courses of BCG.

1.2.3.4 Recurrence and BCG failure. Approximately 50% to 70% of NMIBC patients
will have a recurrence within 5 years, and up to 20% will progress to muscle-invasive disease
[101]. The greatest risk is with high grade T1 tumors which have a 70% to 80% recurrence rate. If
BCG therapy is unsuccessful in high-grade T1 disease and/or CIS, the risk of progression to
muscle-invasive disease may reach 50% [15,16]. Additionally, 30 to 40% of patients treated with
BCG do not respond to this therapy (reviewed in [102-104]). There has been very little
improvement in the treatment of high-grade NMIBC in the last 20 years and recurrence after BCG
therapy is still one of the most significant problems in the management of bladder cancer [102].
This highlights the urgent need for safer and more reliable bladder-sparing approaches.

There are numerous disease categories for patients who do not respond to BCG therapy
[105]. BCG refractory is defined as persistent high-grade disease at 6 months despite BCG therapy,
or progression in stage, grade, or disease extent by 3 months after the induction cycle of BCG.
BCG resistant means there is recurrence or persistence of disease (of lesser stage or grade) at 3
months after the induction cycle, which subsequently resolves by 6 months. BCG relapse occurs
when there is recurrence of disease after tumor clearance for at least 6 months. Finally, BCG

intolerance occurs when therapy must be stopped because of side effects.
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In patients whose cancer fails to respond to any of the above bladder-sparing treatments
and who refuse surgery or are not suitable patients for surgery, the treatment choices become
limited. Patients with NMIBC recurrence after intravesical chemotherapy can benefit from BCG
instillations [98]. However, if this treatment fails, the treatment options are restricted and comprise
a modified immunotherapy treatment (low-dose BCG plus interferon-alpha [106]), chemotherapy
with intravesical gemcitabine [107-109] or docetaxel [110]. Cystectomy, however, remains the
standard treatment for high-risk patients whose cancers have been unsuccessfully treated with
BCG therapy and/or chemotherapy [103,111]. Patients who receive a cystectomy before their
bladder cancer progresses to a muscle-invasive disease have shown an excellent disease-free
survival [112]. However, cystectomy is not without the possibility of significant morbidity and the
possibility of mortality, especially in the older patient with associated comorbidities [113]. Patients

with NMIBC that fail BCG need other bladder-sparing treatment options.

1.2.4 Bladder preservation

Even though radical cystectomies are the gold standard for patients diagnosed with MIBC
or who progress to muscle-invasive disease, there are circumstances where other bladder-sparing
treatment options are desired. In eligible patients, bladder preservation can maximize a patient’s
survival while at the same time decreasing toxicity and improve a patient’s quality of life [114].

Radical TURBT may be a viable option for patients with solitary tumors that are accessible
to the surgeon. In appropriately selected patients treated this way, survival can be equal to that of
radical cystectomies [115]. Partial cystectomy is another bladder-preserving treatment that
involves surgical removal of the bladder tumor and adjacent bladder wall [116]. To be a candidate,
the tumor should be primary, isolated, easy to access and <3 cm in size. Multiple studies have

shown that partial cystectomy offer sufficient control of MIBC in select patients [116,117].
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However, recurrence is not uncommon and patients require regular monitoring with cystoscopy.
If there is a recurrence, a radical cystectomy is the preferred treatment.

Trimodal therapy comprises a radical TURBT followed by concurrent chemotherapy and
radiation therapy and is currently the best treatment option for bladder preservation (reviewed in
[118]). The time course and doses of chemotherapy and radiotherapy can vary between centers,
and is an area of active evaluation. In a phase III study, concurrent chemotherapy with fluorouracil
and mitomycin C combined with radiotherapy was compared to radiotherapy alone. Here they
found disease-free survival was significantly improved in the chemoradiotherapy group compared
to the radiotherapy alone group [119]. Ploussard ef al. have performed an extensive systematic
review of trimodal therapy and the data they collected indicate that trimodal therapy leads to
satisfactory outcomes and may be considered a suitable treatment option in appropriate patients
[120]. They also concluded that any patient that does not respond to trimodal therapy or that does
have recurrence should undergo a cystectomy. Even though trimodal therapy has shown promising
outcomes, there is still a need for larger randomized clinical trials, as well as novel treatment
options.

1.2.5 Emerging bladder cancer therapies

Although bladder cancer is the 5™ most common cancer in Canada, it only ranks 20" in
research funding according to Bladder Cancer Canada. There have been very few advances in the
management of bladder cancer in the past two decades [121]. Recently there has been an increased
interest in developing therapies for both NMIBC as well as MIBC [122]. It is clear from the clinical
outcomes and cost of managing bladder cancer that there is a significant need for effective

therapies not only to prolong patient survival but to improve their quality of life as well. The next
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few sections will give an overview of some of the new therapies that have moved into clinical
trials.

1.2.5.1 Fibroblast growth factor signaling. Bladder cancer has a high rate of FGFR
overexpression or activating mutations and this has generated significant interest in targeting this
pathway as a treatment option. Multiple in vitro and in vivo studies have shown promising results
with a variety of FGFR inhibitors. Ponatinib (AP24534) is a pan-FGFR inhibitor that has been
shown to strongly inhibit the activity of all 4 FGFRs in vitro [123]. Another pan-FGFR inhibitor
AZ12908010 (or AZD4547), showed significant anti-proliferative activity that was associated
with unregulated FGFR signaling in cell culture models [124]. A phase I dose-escalation study of
JINJ-42756493, an oral pan—FGFR inhibitor, showed a good toxicity profile with some signs of
tumor control [125]. A confirmed response was seen in one patient with bladder cancer. Based on
these promising results, a phase II study in metastatic or unresectable bladder cancer harboring
FGFR gene alterations is underway (NCT02365597). Although there have been encouraging
results with FGFR inhibitors, pre-clinical and clinical data are limited and more studies will need
to be conducted to determine their true efficacy.

1.2.5.2 PI3BK/AKT/mTOR inhibitor. The PI3K/AKT/mTOR signaling pathway is
involved in cell cycle regulation, survival, proliferation, and motility. Forty percent of bladder
cancers can have genetic alterations in this pathway. These include both activating mutations as
well as deletion of the tumor suppressor PTEN [126]. Another pan-PI3K inhibitor LY294002
showed pre-clinical efficacy in bladder cancer [127] and this has resulted in a clinical trial for
patients with metastatic bladder cancer (NCT01551030). Dual PI3K/mTOR inhibitors have also

been investigated in bladder cancer. NVP-BEZ235 was shown to have a synergistic interaction
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with cisplatin and was effective in cisplatin-resistant cell lines. However, it was found to cause
MEK/ERK pathway activation [128], therefore its clinical development will likely be limited.

1.2.5.3 Epidermal growth factor receptor 2 (HER2)/ERBB2. HER2 is a receptor
tyrosine kinase that activates a variety of signaling pathways resulting in cell proliferation,
survival, and differentiation [129]. One study found HER2 overexpression in 41 of 80 patients
with bladder cancer. Expression correlated with tumor stage and grade as well as overall survival
[130]. However, analysis of the The Cancer Genome Atlas (TCGA) data set showed HER2
amplification or mutations in only 9% of bladder cancer [44]. A phase II study examined patients
with metastatic bladder cancer and confirmed over-expression or amplification of HER2. Patients
were treated with a combination of trastuzumab (HER2 monoclonal antibody), paclitaxel,
carboplatin, and gemcitabine. Thirty-one of 44 patients showed a response to the treatment, and
survival for HER2 negative vs. HER2 positive patients was 9.3 and 14.1 months, respectively
[131].

Although it is encouraging to see new drugs being investigated in bladder cancer there has
been a lack of overly promising results and further investigation is required.

1.3 Overview of oncolytic viruses

1.3.1 History of oncolytic viruses

Oncolytic viruses (OVs) are a form of cancer immunotherapy where a natural or genetically
engineered virus selectively replicates in cancer cells while leaving normal cells unharmed (Figure
1.3 and reviewed in [132-134]). Replication of the OV within cancer cells results in cell death and
spread of the virus while at the same time stimulating an anti-tumor immune response. Although
only recently have OVs really started to gain traction in the clinic, the history of virus infections

and anti-tumor responses have a much longer history. As far back as the mid-1800s there have
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Figure 1.3: Oncolytic virus mechanism of action. Oncolytic viruses replicate in cancer cells but
leave normal cells unharmed. The efficiency of oncolytic viruses is achieved through direct lysis

of cancer cells and activation of anti-tumor immune responses. Figure from [135].
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been reports on dramatic tumor regression in patients that had ongoing viral infections at the same
time [136]. One of the first reported cases was a leukaemia patient that acquired influenza in 1896
[137]. Another well know case occurred in 1912: a patient with cervical cancer was vaccinated for
rabies then experienced a reduction in disease [138]. These early observations paved the way for
further investigation into viruses as possible cancer therapies.

One of the first documented clinical studies of viruses in cancer therapy was in 1949 [139],
after two patients with Hodgkin’s lymphoma were seen to have a partial anti-tumor response after
contracting hepatitis. Based on these observations a clinical study with 22 Hodgkin’s lymphoma
patients was conducted. Here patients were administered serum from known hepatitis patients. In
this study, 7 of 22 treated patients had signs of disease improvement, 4 of 22 showed a reduction
in tumor size, 14 of 22 developed hepatitis and one patient death was reported. Over the next
couple decades several other viruses were analyzed in clinical studies.

In 1952, Egypt 101 virus (early passage West Nile virus) was administered by intravenous
(IV) injection to patients with various different cancers [140]. Only 4 of 34 patients had a transient
anti-tumor response while five patients suffered severe encephalitis. In 1956, adenovirus was
tested as treatment for cervical cancer [141]. Interestingly, nearly two-thirds of patients had signs
of necrosis within the tumor, and the necrosis seemed to be confined to the tumor tissues. However,
the virus was rapidly cleared and there was little to no improvement in survival. Then in 1974,
wild-type (WT) mumps virus was tested in a variety of cancers including gastric, pulmonary, and
uterine [142]. Amazingly, 37 of 90 patients treated had tumors that shrank to half of their original
size or smaller. However, numerous studies carried out around the same time showed no dramatic

improvement in clinical outcomes [143,144]. Due to lack of efficacy paired with increasing
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regulatory and ethical guidelines, the use of viruses as cancer therapies significantly decreased
through the 1970’ and 80’s.

The introduction of recombinant deoxyribonucleic acid (DNA) technologies in the 1990°s
meant that viruses could now be engineered to enhance their tumor selectivity and ultimately their
safety. Interestingly, this was 30 years after Southam suggested that altering the virus genome
could improve viral therapies [145]. The ability to genetically modify viruses brought a new wave
of excitement in using viruses as not only cancer therapies but as gene therapies for a variety of
diseases. One of the first reported OVs in the new era of recombinant DNA was by Martuza et al.
where they described a thymidine kinase (TK)-deleted herpes simplex virus type 1 (HSV-1) in a
preclinical model of glioma [146]. This virus could replicate in dividing cancer cells but had
limited replication capacity in non-dividing cells resulting in significant tumor control with little
toxicity in nude mice. From there, numerous viruses were engineered and tested for their oncolytic

capabilities and the new wave of OVs emerged.

1.3.2 Mechanism of oncolytic virus immunotherapy

OV induced cell death following infection of a cancer cell is a complicated and
multifactorial process that varies widely between viruses and cell type. The anti-tumor actions of
OVs fall under two general categories: direct cell lysis and generation of an anti-tumor immune
response (Figure 1.3 and reviewed in [132,133]). Direct killing of tumor cells occurs through
virus replication within the cancer cells and then subsequent lysis and destruction. Cell death has
been reported to occur through a variety of mechanisms such as apoptosis, necrosis, and autophagy
[147]. Different viruses utilize a variety of mechanisms to lyse cells. Cell lysis not only results in
death of the infect cells but allows the virus progeny to spread to adjacent cells, continuing the

cycle of cell killing. This ‘self-amplifying’ feature of OVs is one of their unique properties. While
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the initial thought was that more virus replication would result in more cell killing and thus better
clinical outcomes, more recently it has been show that the development of anti-tumor immunity is
critical for complete and long term tumor control [148]. Much of the recent work in the OV field
has been focused on enhancing the anti-tumor immune response after virus delivery.

During lysis, tumor cells release tumor-associated antigens that can be recognized by the
immune system. Virus replication and cell lysis also result in an inflammatory environment and
the release of numerous compounds that help initiate immune cell recruitment. Some of these
include pathogen-associated molecular patterns (PAMPs), danger-associated molecular patterns
(DAMPs) (such as high mobility group box 1 (HMGB1) and ATP), as well as cytokines (TNF-a
and interferon (IFN)-y) [149,150]. Ultimately, activation of anti-viral signaling, cytokine
production and an ‘immunogenic’ type of cell death promotes the stimulation of immune responses
(reviewed in [151]). Immune activation within the tumor site results in the infiltration of antigen-
presenting cells (APC) such as dendritic cells (DCs) that can process the tumor-associated antigens
to activate CD4" and CD8" T-cells. Activated and expanded anti-tumor cytotoxic CD8" T-cells are
key mediators of tumor clearance and long term control. Activated CD8" T-cells not only help to
destroy the primary tumor but they are also capable of circulating throughout the body destroying
distant tumor cells.

Although CDS8" T-cells are often the primary focus of anti-tumor immune responses,
several other cell types have been shown to contribute. NK cells can be activated by the release of
type I interferons and DAMPs from the lysis of tumor cells [152]. NK cells are particularly
efficient at killing cells that have lowered expression of MHC class I receptors at the cell surface
[153]. Decreased MHC expression has been shown to be a common way for cancer cells to evade

cytotoxic T-cell recognition [154]. Neutrophils are also critically important for initiating the anti-
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tumor immune response after OV therapy [155]. Neutrophils are one of the first immune cells
recruited to the site of viral infections. Here they are able to kill tumor cells as well as release
TRAIL and TNF-a, enhancing cell death and increasing additional immune cell infiltration [156].
Although direct tumor cell lysis is essential for the anti-tumor activity of OVs, it has also been
show that viruses such as vaccinia virus (VACV) [157,158], vesicular stomatitis virus (VSV)
[159], and HSV [160] can infect and replicate in the tumor vasculature where they can destroy the

blood vessels thus starving the tumor of required nutrients.

1.3.3 Development of tumor selective viruses

The most important safety consideration when developing and testing a OV is tumor
selectivity. Ideally, a virus will have robust replication and killing within tumor cells but will be
unable to infect and/or replicate in normal tissues. Numerous strategies have been used to restrict
virus replication to tumor sites and some of them will be highlighted in this section.

Several viruses have a natural selectivity for cancer cells. Tumors have numerous aberrant
signaling pathways that result in sustained growth, evasion of cell death, immune suppression, and
increased angiogenesis (reviewed in [161]). Viruses such as reovirus [162], myxoma virus [163],
VSV [164], and Coxsackievirus [165] can take advantage of these altered signaling pathways to
replicate preferentially in cancer cells while leaving normal cells unharmed.

Although some native viruses have selectivity for cancer cells, many viruses are able to
infect normal cells and replicate in them. Because of this, most viruses are genetically engineered
to restrict their replication to cancer cells (reviewed in [166]). Numerous engineering strategies
have been developed and some common strategies will be briefly highlighted below.
Transductional targeting involves genetically modifying a virus in order to alter the ligands

expressed on the virion surface (reviewed in [167]). This results in a virus that is restricted to

24



entering only tumor cells that express the corresponding receptor. Transcriptional targeting is
achieved by placing essential viral genes under the regulation of a tumor-specific promoter. The
virus is then able to replicate only in cells that activate the expression of this essential viral gene.
This technique is limited to DNA viruses that replicate in the nucleus. For example, tumor-specific
promoters from genes such as telomerase reverse transcriptase (W"TERT) [168] or survivin [169]
are highly active in many different tumor types. Additionally, there are tissue-specific promoters
such as prostate-specific antigen (PSA) that are overexpressed in prostate cancer [170]. Finally,
complementation-based targeting involves removing viral genes that are redundant in cancer cells
with aberrant signaling pathways.

The tumor targeting strategies above are used to improve the tumor selectivity of viruses
and thus improve their safety. However, many of these viruses show minimal anti-tumor activity,
and consequently significant research has gone into enhancing the anti-tumor response. One of the
main strategies applied has been to engineer the viruses to express immune-stimulating molecules
such as cytokines and chemokines which are intended to improve the anti-tumor immune response.
The most commonly used immune-stimulating cytokine is GM-CSF. Other cytokine genes such
as IL-2, IL-12, IL-15, and IFN-B have been engineered into OVs. OVs have also been generated
to express cytotoxic proteins like TRAIL. In order to further enhance immune activation, viruses
have been generated to express the T-cell costimulatory molecule CD40 ligand (CD40L) [171].
Even more recently, viruses have been engineered to express tumor antigens and bispecific
antibodies [172]. There is a constant evolution to try to engineer safer and more effective OVs.
1.4 Bladder cancer as a target for oncolytic viruses

Recently developments in cancer immunotherapies, which include OVs, have shown

dramatic efficacy in patients and can often eliminate tumors. OVs could potentially be used in the
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many patients that fail conventional bladder cancer treatments. The urinary bladder is an excellent
organ to evaluate local OV therapy for a number of reasons. The urethra permits easy intravesical
instillation of this isolated organ, allowing the tumor to be exposed to large titers of vector [173],
while the trilaminar (asymmetric) unit membrane limits systemic exposure [174,175].
Furthermore, the papillary configuration of NMIBC exposes a large surface area ideal for topical
virus application. The success of BCG therapy highlights the immunosensitivity of bladder cancer,
providing a basis for examination of other immunomodulatory agents as therapies [75]. OVs could
potentially be administered earlier during therapy (immediately after TURBT) without the
significant risk of severe systemic illness, unlike BCG [176,177]. Direct oncolysis by selective
replication in transformed NMIBC cells could potentially avoid a high degree of inflammation and
the profound symptoms of cystitis while also promoting the development of an anti-tumor immune
response. Since OVs often take advantage of multiple dysregulated pathways there is less chance
to develop resistance. Finally, there is an urgent need for more bladder-sparing therapies for
patients failing conventional therapies.

1.5 Oncolytic activity of specific viruses (excluding vaccinia virus)

Many different OVs have been developed and evaluated in preclinical models with a
number of them having moved on to clinical trials (reviewed in [132-134,178]). A complete review
of all OVs is beyond the scope of this thesis, so the discussion of specific OVs is limited here to
those that have been tested for activity against bladder cancer.

1.5.1 HSV

HSV is a large (150-200 nm diameter) enveloped virus [179] with a double-stranded DNA

genome of approximately 150 kbp [180]. HSV commonly causes infections in the orofacial region

(HSV-1) and in the genital region (HSV-2) (reviewed in [181]). Multiple genetic manipulations to
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HSV have been implemented in the development of viruses that selectively replicate in cancer
cells. One mutation that has been examined is the inactivation of the viral UL39 gene, which codes
for the large (RRM1) subunit of ribonucleotide reductase (RNR) [182,183]. RNR plays a key role
in making the deoxyribonucleotide triphosphates (ANTPs) that are needed for DNA synthesis
[184]. RNR levels are elevated in dividing tumor cells but low in normal cells. This mutation
therefore renders the virus dependent on the cellular enzyme, resulting in tumor selectivity. A
second modification that has been investigated is the inactivation of the y;-34.5 gene that encodes
the ICP34.5 protein which is important for viral replication [185], viral exit from cells [186],
prevention of the early shut-off of protein synthesis [187], and neurovirulence [188]. In normal
cells, the double-stranded- ribonucleic acid (dsSRNA-) dependent protein kinase (PKR) shuts off
protein synthesis and prevents viral replication [189]. Tumor cells often have defects in this
signaling pathway and thus allow viral replication. Mutation of the viral UL23 (TK) gene also
renders the virus dependent on host cell TK1 expression [190].

Oncolytic HSV armed with immunomodulating transgenes such as GM-CSF [191], IL-2
[192], IL-12[193], and B7-1 [194] have also been developed. In addition, conditionally replicating
HSV has been used to deliver gene products that convert pro-drugs into cytotoxic agents. One
example of this is rRp450, a replication-selective HSV that has a deletion in the viral UL39
(RRM1) gene and codes for the rat cytochrome P450. Cytochrome P450 activates prodrugs such
as cyclophosphamide (CPA) to generate highly toxic metabolites. It has been shown in vitro that
rRp450 oncolytic cell killing was improved by administration of CPA [195]. Another
enzyme/prodrug system used is HSV-1-encoded thymidine kinase (HSV-TK) that phosphorylates
the prodrug ganciclovir. The resulting activated metabolite induces increased cell death compared

to virus oncolysis alone. HSV-TK activation of ganciclovir in infected cells also stops viral
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replication [196]. HSV-TK and ganciclovir could therefore be used as a safety mechanism to
prevent virus spread if serious virus toxicity were to develop.

Cozzi et al. reported on two attenuated, replication-competent HSVs, G207 and NV 1020,
for treatment of bladder cancer in a mouse model [197]. G207 is modified by deletions of both
copies of y;-34.5 and interruption of the UL39 gene (RRM1) [198]. NV1020 has a deletion in the
UL23 (TK) region of the genome and a 15 kb deletion across the junction of the long and short
segments of the HSV-1 genome that disrupts one copy of several diploid genes [199]. Both G207
and NV1020 were compared to BCG treatment and proved very successful when delivered by
intravesical instillation weekly for 3 weeks (10" plaque forming units (PFU)) in the immune
competent MBT-2 orthotopic bladder cancer model [197]. Ten of 11 animals in the control group
had bladder tumors at autopsy. A significant increase in tumor clearance was shown in the treated
groups, with tumors observed in only six of 12 animals in the BCG group, 5 of 13 animals in the
G207 group, and only 2 of 12 animals in the NV1020 group. These encouraging pre-clinical results
suggest that there should be further evaluation of intravesical oncolytic HSV therapies for bladder
cancer in clinical trials.

Simpson ef al. have reported results with OncoVEX“*"VP as an intravesical therapy for
bladder cancer [200]. OncoVEX®*"V“P is an oncolytic HSV-1 that expresses a potent prodrug
activating gene Fcy::Fur which combines the activity of the yeast cytosine deaminase and uracil
phosphoribosyltransferase to sensitize cells to 5-fluorocytosine [200]. It also encodes the fusogenic
gibbon ape leukemia virus envelope (GALV) glycoprotein that enhances tumor cell killing [201].

ALV/CD
XG V/C

Deletion of the viral y;-34.5 genes in OncoVE results in tumor-selective viral replication.

ALV/CD
XG /C

An 85% decrease in tumor size in the presence of both OncoVE and 5-fluorocytosine
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when compared with control was observed in the rat AY-27 orthotopic bladder tumor model
(model described in detail within results section of this thesis).

Talimogene laherparepvec or T-Vec (previously named OncoVEX™ “*F [202]) is similar
in structure to OncoVEX“*"V'“® and has shown promising results in phase L, II, and III clinical
trials for a variety of cancers; including breast, head and neck, and malignant melanoma [202-
205]. T-Vec has recently received US clinical approval and is the first and only oncolytic virus to
do so thus far [205]. It has been modified by deletion of y;-34.5 and replacement of US/2 (encodes
ICP47) with the coding sequence for human GM-CSF under the control of the human
cytomegalovirus immediate early promoter [206]. ICP47 blocks the MHC class I antigen
presentation pathway by binding to the transporter associated with antigen presentation protein
[207]. As a safety mechanism, the TK gene remains intact, maintaining sensitivity to ganciclovir
or related antiviral agents. A phase II study of T-Vec in metastatic melanoma demonstrated a 26%
objective response rate after direct injection into accessible melanoma lesions. Patients that
showed a response had regression of both injected and noninjected lesions [204]. The safety profile
of oncolytic HSVs in both the phase I and II studies has been encouraging, and further evaluation
was conducted with a phase III trial for unresectable stage III or IV melanoma to determine
significance [202,205,208]. Multiple oncolytic HSV mutants have shown promise in both
preclinical bladder cancer models and in clinical trials for other cancers. Thus, there is a huge
untapped potential for oncolytic HSV to be used in the treatment of bladder cancer patients.

1.5.2 Adenovirus

Adenovirus (Ad) is a nonenveloped, linear, double-stranded DNA virus with a genome of

approximately 36 kbp. The human Ad subgroup C, which contains 2 of the most studied serotypes

(types 2 and 5), is widespread in the population and associated with a mild upper respiratory tract
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infection [209]. Ads have been genetically modified to take advantage of the altered tumor
environment to allow selective replication. Two general approaches have been used to generate
this tumor selectivity. The first is to delete gene functions that are critical for efficient viral
replication in normal cells but are expendable in tumor cells [210,211]. For example, ONYX-015
(dI11520 or CI-1042) was the first conditionally replication-competent engineered Ad to enter a
clinical trial. In 2006 a similar adenovirus (H101) became the first oncolytic viral therapy to be
approved in China [212]. ONYX-015 and H101 contain a deletion of the E1B-55 kDa coding
sequence and demonstrate oncolytic activity in cancer cells with mutant p53, but only limited
cytotoxicity in normal human cells with WT p53 function [213,214] (however, it has become clear
that this is not the reason for selective replication) [215]. A second general approach is to limit the
expression of the E1A gene product using tumor- and/or tissue-specific promoters [216]. E1A
functions to stimulate S-phase and transcriptional activation of both cellular and viral genes,
allowing virus replication to proceed. An example is the CN706 virus in which the E1A gene is
transcriptionally controlled by the PSA promoter, resulting in a virus that selectively replicates in
tissue with high PSA levels [217]. Another Ad has a 24-base pair deletion in the Rb-binding
domain of the E1A protein (Ad5-A24) and is unable to inhibit RB1. Van Beusechem et al. reported
on an Ad5-A24 transductionally modified by producing bispecific antibody directed towards the
Ad fiber knob and the epidermal growth factor receptor (EGFR) [218]. This virus had increased
infectivity and replication in cells (including T24 bladder cancer cells) resistant to a non-modified
oncolytic adenovirus. Onco* RGD-hTERT-TRAIL is a multiply-modified adenovirus with A24-
E1A and EIB-55K deletions, TRAIL transgene under control of the tumor-specific hTERT
promoter, and with an RGD motif genetically incorporated into the fiber protein on the viral capsid

to target integrins on the cell surface. This virus showed promising results in both in vitro and
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xenograft models of bladder cancer [219]. There are many other examples of selectively
replicating oncolytic Ads that have been reviewed elsewhere [220].

Ramesh et al. have reported both preclinical and clinical results of their oncolytic
adenovirus, CG0070 for the treatment of bladder cancer [221,222]. CG0070 is a selectively
replicating Ad in which the human E2F-1 promoter drives expression of the viral E1A gene. E2F-
1 is regulated by Rb, which is commonly mutated in many bladder cancers [223,224]. Loss of RB
binding to E2F-1 results in a transcriptionally active E2F. In addition, CG0070 encodes human
GM-CSF [225], a cytokine that stimulates the maturation and recruitment of macrophages and
dendritic cells and is known to be a potent inducer of local anti-tumor immunity. CG0070
preferentially replicates in Rb protein-defective bladder cancer cells resulting in increased
production of GM-CSF that activates the host immune response. The tumor selectivity of CG0070
was indicated by the 100-fold higher replication and 1000-fold greater cytotoxicity in bladder UCC
cells compared to normal fibroblast cells. Expression of GM-CSF in MRC-5 (normal lung
fibroblast) cells was up to 45-fold lower than in the UCC cell lines used in these experiments.
CGO0070 showed tumor killing in orthotopic and subcutaneous human xenograft bladder tumor
models. A significant anti-tumor effect was seen after five intratumoral injections of CG0070 at
concentrations up to 3x10'" viral particles per dose. Half of the mice (5 of 10) treated with the
highest dose showed complete tumor regression compared with no regression in mice treated with
PBS.

These promising preclinical data led to a phase I clinical trial of CG0070 that focused on
NMIBC (CIS, Ta, and T1 groups) in patients with recurrent bladder cancer after BCG treatment
[221]. Results with CG0070 delivered intravesically at doses up to 3x10" virus particles showed

response rates of 23% (3/13) in single dose and 64% (14/22) in multi-dose (weekly 6x or monthly
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3x) groups as assessed by cystoscopy and urine cytology or biopsy [226]. Local toxicities (dysuria,
bladder pain, and frequency) and flu-like symptoms were the most common adverse events
observed. To our knowledge, this is the first report of a clinical trial using an oncolytic Ad in
bladder cancer. The encouraging results have led to CG0070 currently being evaluated in a phase
I study (BOND2) that is designed to determine the safety and efficacy in high-grade NMIBC that
has failed BCG therapy (NCT02365818). There are also plans for CG0070 to be studied in a phase
I/IT study (NAOMI), to assess the safety and efficacy of neo-adjuvant combination of CG0070
plus anti-cytotoxic T-lymphocyte associated protein 4 (CTLA-4) in patients with MIBC who are
ineligible for platinum-based chemotherapy.

1.5.3 Reovirus

Reoviridae are a family of viruses that includes viruses that infect the gastrointestinal tract
and respiratory system. Human reoviruses contain 10 segments of double-stranded RNA and a
double shell of proteins that compose the inner capsid or core and the outer capsid (reviewed in
[227]).

The first report of the oncolytic properties of these viruses came following the realization
that the virus replicated in transformed cell lines but not in normal cells [228]. In normal cells,
infection is attenuated because reovirus activates PKR that inhibit eukaryotic initiation factor 2a
(eIF2a) blocking viral protein synthesis. In cancer cells with activated Ras, activation of PKR is
inhibited, allowing viral protein synthesis and an oncolytic infection to occur. Around 30% of all
cancers have mutations in the Ras proteins [229]. The majority of the remaining cancers rely on
mutations in members of the epidermal growth factor (EGF) pathway that initiates Ras function.

Up to 90% of bladder cancers have an overactive EGF pathway [230].
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Reovirus has been extensively studied as an oncolytic virus in a variety of cancers
(reviewed in [231]). Hanel ef al. demonstrated oncolytic activity of reovirus in vitro and in the
AY-27 orthotopic rat bladder tumor model [232]. Rats were treated twice a week for 3 weeks with
low, medium, and high doses (2.5%10°, 2.5x10°, 2.5x10” PFU) of intravesical reovirus or BCG as
control. Complete tumor response was observed in 90% of animals by 100 days after tumor
implantation in medium- and high-dose reovirus-instilled animals, while the highest survival in
the BCG-treated groups was 50%. Despite these encouraging results, little research has gone into
further use of reovirus for bladder cancer.

Multiple phase I, I1, and III studies have been completed with over 1,000 patients being
treated (reviewed in [233]). Only one clinical study has reported on activity of oncolytic reovirus
in bladder cancer patients [234]. Two out of 33 patients in the phase I trial presented with UCC,
however, as it was a phase I trial no significant data on clinical repose was obtained. These clinical
results, as well as the relatively low risk due to reovirus’ limited pathogenicity in humans, highlight
the promising potential for this oncolytic agent to expand its clinical potential to include bladder
cancer.

1.6 Poxvirus biology
1.6.1 History

The most notable member of the poxvirus family is variola virus, the causative agent of
smallpox which is one of the most devastating diseases in human history [235]. The last naturally
occurring case of smallpox was diagnosed in October 1977 after an extensive eradication program
using VACV as a vaccine. By 1980 the World Health Organization had declared smallpox
eradicated, the only disease eradicated so far that specifically affects humans. Because of its use

as a vaccine, VACYV is the most extensively studied poxvirus, however the origin and natural host
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are not fully understood. Some evidence indicates that it may be a derivative of horsepox virus
[236,237]. There are many different strains of VACV (reviewed in [238,239]) that have been used
and studied. Here we will highlight some of the strains that have been used in the development of
oncolytic VACVs.

The New York City Board of Health (NYCBH) is a first-generation smallpox vaccine that
was the most widely used vaccine strain in North America during the smallpox eradication
campaign. Western Reserve (WR) is a highly neuropathogenic laboratory strain that originated
from passaging the NYCBH vaccine strain in mice. Dryvax is a non-clonal vaccine that was
derived by passaging the NYCBH strain in the skin of calves. Genetic analysis has shown that
Dryvax is composed of various different VACYV strains [240]. Dryvax strains are often also termed
Wyeth, the manufacturer of the vaccine. The Lister strain was developed at the Lister Institute and
was used in Europe during the smallpox eradication campaign.

1.6.2 Entry and early gene expression

VACV has a linear double-stranded DNA genome that replicates exclusively in the
cytoplasm (reviewed in [241]). The general life cycle for VACV is shown in Figure 1.4. VACV
encodes many of the proteins required for transcription and replication of the viral genome as well
as many virulence factors that modulate the immune response upon infection, allowing robust virus
replication in a wide range of hosts and cell types [242,243]. There are two main infectious forms
of VACYV particles: the mature virion (MV) and the enveloped virion (EV) [244,245]. MVs are
comprised of a single lipid bilayer membrane containing over 20 viral proteins. MVs account for
over 99% of virions released upon cell lysis [246]. EVs are formed when M Vs gain a second lipid

bilayer during exit of the cell through the plasma membrane.
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Figure 1.4: Poxvirus replication cycle. There are two distinct infectious virus particles, the
mature virus (MV) and the enveloped virus (EV), that can initiate infection. The MV and EV
virions differ in their surface glycoproteins and in the number of wrapping membranes. The
binding of the virion is determined by several virion proteins and by glycosaminoglycans (GAGs)
on the surface of the target cell or by components of the extracellular matrix. Poxviruses utilize
two primary modes of infection: uptake via macropinocytosis or fusion with the cellular
membrane. Fully permissive viral replication is characterized by three waves of viral mRNA and
protein synthesis (known as early, intermediate and late), which are followed by morphogenesis
of infectious particles. The initial mature virus (MV) is transported via microtubules and is
wrapped with Golgi-derived membrane, after which it is referred to as an intracellular enveloped
virus (IEV). The IEV fuses to the cell surface membrane, which is either extruded away from the
cell by actin-tail polymerization (not shown) or is released to form free EV. The majority of MVs
are released upon cell lysis. Poxviruses also express a range of extracellular and intracellular
modulators to facilitate virus infection and spread. Figure and text adapted from [241] with

permission.
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Although there are slight variations between virus strains [247], in general MV can utilize
multiple modes of entry into a cell, including fusion with the cellular plasma membrane during
low-pH-dependent endosomal uptake [248,249] or through macropinocytosis [250]. EV first loses
its outer lipid membrane upon binding to the cell surface, then the inner membrane can enter
through the same mechanism as MVs. Once the virion has crossed the plasma membrane, the viral
core is released into the cytoplasm. Early transcription takes place within the viral core by a virally-
encoded RNA polymerase [251]. mRNAs produced within the core are extruded and translated by
host cell ribosomes. The viral early gene products are host cell modulators (intra- and
extracellular), proteins for DNA replication, and initiators of intermediate gene transcription. The
viral core is uncoated and the viral genomes are released to serve as templates for DNA replication
[252].

1.6.3 Genome replication and virion assembly

Once the viral core has been uncoated and the viral genome is released into the cytoplasm,
genome replication begins and ‘viral factories’ are formed [253]. The VACV genome is structured
so that conserved genes are located in the central region of the genome. These genes are primarily
involved in essential functions like transcription, DNA replication, and virion assembly. The outer
ends of the genome are more variable between poxviruses and encode genes primarily involved in
immune manipulation and evasion of host defenses [241]. There are also inverted terminal repeats
that are identical telomeric sequences located on both ends of the genome. The onset of viral DNA
replication signals intermediate and late gene transcription that begin 1.5 and 2-4 hrs post-
infection, respectively [254,255]. Intermediate genes code for transcription factors that initiate late
gene expression. Late gene products are primarily structural components of the virion or enzymes

packaged within the virion that are required for virion entry or initial transcription upon infection
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[252]. Virion assembly begins with a crescent-shaped structure containing lipids and protein that
grows to eventually enclose the viral genome and core proteins [256]. As virion assembly
progresses, these crescent shaped immature virions are proteolytically processed into MV. Most
of these MV particles are contained within the cell until lysis, at which point they are released
[252]. A proportion of the MVs are shuttled along microtubules towards the plasma membrane
and along the way they pick up an additional membrane derived from the trans-Golgi network
[252]. Once these intracellular wrapped virions arrive at the plasma membrane the outer viral
membrane fuses with the plasma membrane. Actin projections can drive the newly formed EV

particles to infect neighboring cells which allows for virus spread before cell lysis occurs.

1.6.4 Nucleotide metabolism

VACYV encodes many of the proteins required for robust replication in normal and/or non-
dividing cells (Figure 1.5) [241]. The rate of VACV DNA replication is extremely high and this
requires an abundant supply of dNTPs [257]. VACV has evolved to accommodate the restriction
in two main ways. Firstly, VACV encodes many proteins that are responsible for shutting down
host cells protein synthesis and DNA replication thus limiting the host’s use of dNTPs [258].
Secondly, VACV encodes its own proteins involved in ANTP synthesis allowing it to replicate its
DNA independent of many of the host proteins. dNTPs are synthesized through two parallel
pathways referred to as ‘de novo’ and ‘salvage’ pathways [259]. In de novo synthesis of dNTPs,
several enzymes and enzyme complexes catalyze reactions that generate phosphorylated purine
and pyrimidine nucleosides from precursor molecules such as carbon, amino acids, and sugars. On
the other hand, the salvage pathway recycles purine and pyrimidine nucleosides to generate

dNTPs.
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Figure 1.5: Nucleotide biosynthetic pathway. Cellular enzymes involved in ANTP metabolism
are shown in black, the VACV-encoded homologs are shown in red, and metabolites are shown in

blue. Figure modified from David Evans.
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Cellular ANTP levels are a key determinant of DNA replication and ultimately cell
proliferation [260]. The rate-limiting step in the generation of dNTPs for DNA replication is the
de novo reduction of ribonucleoside diphosphates (rNDPs) to deoxyribonucleoside diphosphates
(dNDPs) by the enzyme RNR (reviewed in [184] and Figure 1.6). The mammalian RNR complex
is composed of the large (RRM1) and small (RRM2) subunits that form the heterotetrameric
enzyme. The RRM1 subunit carries the active site and the RRM2 subunit contains a diferric iron
center, producing a tyrosyl free radical required for catalysis of the reaction [261]. Both the RRM1
and RRM2 proteins are transcribed during S/G2-phase but because of the long half-life (15 hr) of
the RRM1 protein, it remains relatively constant throughout the cell cycle [262]. In contrast, the
RRM2 protein is rapidly degraded in the G2/M-phase making it the rate-limiting factor in the RNR
reaction [263]. The RRM2 protein contains a “KEN box” sequence that is identified by the
anaphase-promoting complex-Cdh1 ubiquitin ligase. The anaphase-promoting complex cause
polyubiquitination, which leads to degradation of RRM2 [264]. Mammals also encode an
additional RNR protein, pS3R2. Like the RRM2 protein, pS3R2 contains a tyrosyl free radical and
can form an active RNR complex with the RRM1 protein [265,266]. Although p53R2 is almost
identical (~80%) to the rapidly degraded RRM2 protein, it lacks the 33 N-terminal amino acid
residues found in RRM2 that contain the KEN box and is therefore not targeted by the anaphase-
promoting complex [263]. This allows p53-dependent induction of pS3R2 in response to DNA
damage and stabilization of the protein outside of S-phase [267]. VACYV expresses both the large
(RRM1; 4L gene product) and small (RRM2; F4L gene product) subunits of the heterodimeric
RNR complex, which are critical for ANTP biosynthesis [268]. These proteins interact to form
active complexes with each other and with their cellular homologs allowing for ANTP production

outside of S-phase [269].
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Figure 1.6: Ribonucleotide reductase (RNR) structure. The mammalian RNR complex is
composed of the large (RRM1) and small (RRM2) subunits that form the heterotetrameric enzyme.
VACYV encodes homologs of the large (I4) and small (F4) subunits. The RRM1/14 subunit carries
the active site and the RRM2/F4 subunit contains a diferric iron center, producing a tyrosyl free

radical required for catalysis of the reaction. Figure and text adapted from [270] with permission.
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De novo dNTP synthesis provides the majority of nucleotides required for DNA
replication. However, the salvage pathway also plays an important role in the recycling of ANTPs
independently of RNR. Two enzymes critical in the salvage pathway (and of most importance to
this thesis) are TK1 [271] and thymidylate kinase (TMK) [272]. VACV homologs of the cellular
proteins are encoded by J2R and A48R genes, respectively. Viral TK plays a role in the salvage
pathway through the phosphorylation of deoxythymidine (dTh) to deoxythymidine
monophosphate (dTMP) [273]. TMK is responsible for dTMP phosphorylation in the salvage
pathway but it is also able to phosphorylate deoxyguanosine monophosphate (dGMP) and
deoxyuridine monophosphate (dUMP) [272]. TK1 and TMK are critical in the generation of
deoxythymidine triphosphate (dTTP) whereas RNR is required to produce all four nucleotides.
1.7 Development of oncolytic vaccinia virus

Over the past two decades there has been extensive research into VACV as a cancer
therapy. Genetic mutations that occur in cancer can generate an environment that is optimal for
VACYV replication; thus, some of the viral genes involved in replication become expendable.
Therefore, deletion of these genes from the viral genome greatly reduces the ability of the virus to
replicate productively in most normal cells, while allowing them to retain their replication ability
in cancer cells. A range of VACV gene deletions with such properties have been engineered to
increase tumor selectivity of the virus. Oncolytic VACVs reported to date are most commonly
generated by mutations that inactivate J2R (thymidine kinase, TK) and C//L/R (vaccinia growth
factor, VGF), which reduce virulence in the host (animals) and favors virus growth in rapidly
dividing cells [274,275]. Cellular TK1 is briefly expressed during S-phase in normal cells but is
expressed at high levels in many cancers throughout the cell cycle [276]. VGF is an epidermal

growth factor (EGF) homolog that can bind to cellular EGF receptor [277,278]. VGF is released
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from infected cells to induce proliferation, and VACYV strains with VGF deletions preferentially
replicate in cancers with an activated EGFR. The VGF deletion can be combined with the TK
deletion to generate a further attenuated virus [279]. Our group has also shown that, by deleting
the gene encoding the small subunit of VACV RNR (F4L), one can render the virus highly
dependent upon the cellular homolog to provide the complementing activity that is needed for
virus replication [269]. The F4L-deleted viruses are thus quite highly attenuated in infected
animals and show a tropism that greatly favors cells containing high levels of RNR.

Oncolytic VACVs armed with a variety of transgenes have also generated much attention
recently. Viruses have been developed that encode cytokines such as GM-CSF [280], I[FN-§ [281],
and IL-2 [282]. Interestingly, VACYV naturally encodes an inhibitor of type-I IFNs, the B/SR gene
product. An oncolytic VACV has been constructed with deletion of the B/8R gene and insertion
of the IFN-PB gene. Replication of this VACV should be highly restricted in normal cells, but
permissive in IFN-resistant cancer cells. Furthermore, IFN-B is predicted to elicit an increased
anti-cancer response [283]. Anti-angiogenic agents have been expressed to help complement the
oncolytic effects of the virus [284]. Finally, prodrug-converting enzymes have been introduced
into VACVs to convert nontoxic prodrugs into toxic products within the tumor [279].

There has been limited investigation of oncolytic VACVs in bladder cancer. One study
reports on a Lister strain VACYV that expresses p53 and has an inactivating mutation in J2R (rVV-
TK-53) that was evaluated in the murine MB-49 bladder cancer model [285]. Instillation of a single
dose (1x10° PFU) of r'VV-TK-53 increased animal survival over PBS treatment and 2 of 10 mice
were tumor free at endpoint. Although the luciferase expressing control virus (rVV-L15) increased

survival over PBS, none of the rVV-L15 treated animal were cleared of their tumors.
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To date we are only aware of one clinical study of VACV in bladder cancer. Gomella et
al. reported a phase I study in 2001 where increasing doses of WT VACV (Dryvax) were
administered intravesically to patients with MIBC for whom radical cystectomy was planned as
final treatment [286]. The study examined 4 patients that were treated 3 times over 2 weeks with
a maximum dose of 10° PFU per instillation prior to cystectomy. It demonstrated that even WT
VACYV can be administered safely into the bladder and cause the recruitment of lymphocytes and
induction of a local inflammatory response. Besides mild local toxicity, no serious treatment-
related side effects were reported. The excellent patient tolerance of intravesical VACV and the
significant immune infiltrates seen after instillation support the potential use of VACV as an
oncolytic agent for intravesical bladder cancer therapy.

Several clinical studies have now been published for the first targeted and armed oncolytic
poxvirus to be used in the clinic, Pexastimogene devacirepvec (Pexa-Vec) [previously called JX-
594]. It is a Wyeth strain VACV with inactivation of J2R (viral TK) and insertion of the GM-CSF
gene [280]. Phase I reports describe on the intratumoral injection of seven patients with surgically
incurable cutaneous melanoma [287]. Multiple injections with Pexa-Vec at doses up to 2x10’
PFU/lesion/injection were given over 6 weeks. Overall the treatment had limited side effects that
included transient flu-like symptoms and local inflammation, with the occasional pustule
formation at the site of injection. Five of seven patients had some response to the treatment with
one patient having a complete remission.

In another phase I trial, direct injection of Pexa-Vec into refractory primary or metastatic
liver tumors was well tolerated, with virus replication, expression of active GM-CSF, and tumor
killing observed [288]. In this dose escalation study, patients who had previously received multiple

therapies were injected with up to 3x10° PFU every 3 weeks with an average of 3.4 treatments. Of
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the ten patients assessed, three showed partial responses, six had stable disease, and one showed
progression. Pexa-Vec was generally well tolerated up to a dose of 10° PFU. The dose-limiting
toxicity, hyperbilirubinemia, seen at 3x10° PFU, was due to tumor swelling causing a bile-duct
obstruction.

Results of a phase II trial examining intratumoral administration of either low-dose (10®
PFU) or with a high-dose (10° PFU) Pexa-Vec to patients with hepatocellular carcinoma have been
reported [289]. It was found that the overall survival was significantly longer for patients receiving
the high dose treatment.

Pexa-Vec has also been administered intravenously (IV) in a phase I dose-escalation trial
with a cohort of 23 cancer patients with advanced solid tumors that had developed resistance to
multiple other treatments. This study established a maximum feasible dose of 3x10" PFU/kg
(equivalent to a total dose of about 2x10° PFU) [290]. This is the first report demonstrating
replication and transgene expression in metastatic tumors after IV administration of an oncolytic
virus.

Because of the anatomical isolation of the bladder, it may be possible to administer higher
doses of virus locally without systemic side effects. Encouraging clinical results for the treatment
of other cancers with oncolytic VACV further suggest that the investigation of oncolytic VACV
as a bladder cancer therapy should be a priority.

1.8 Project summary and rationale

Up to 80% of NMIBC can recur within 5 years of initial treatment, with high-grade NMIBC
posing the greatest risk of recurrence and progression to muscle-invasive disease. Treatment for
these patients includes transurethral resection followed by intravesical therapy with the

immunotherapeutic agent BCG. BCG, however, carries the risk of systemic infection and can be
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particularly dangerous for immunocompromised patients. Additionally, up to 40% of patients do
not respond to or go on to fail BCG therapy, requiring cystectomy. There is an urgent need for
more bladder-sparing therapies for patients failing conventional therapies. We hypothesize that a
F4L-deleted VACV will show superior safety and efficacy in models of bladder cancer.

Here, we report the generation and testing of a novel oncolytic VACV that is lacking the
viral F4L and J2R genes, homologs of cellular genes RRM?2 and TK1, respectively, that normally
promote nucleotide biosynthesis in infected cells. This oncolytic virus, AFALAJ2R VACV, was
highly attenuated in non-cancerous cells and replicated selectively in both an orthotopic AY-27
immunocompetent rat tumor model and an RT112-luc xenografted human tumor model, causing
significant tumor regression or complete tumor ablation with no toxicity. In contrast, a VACV
with a more commonly employed deletion, AJ2R, spread to normal organs and caused significant
toxicity in immunocompromised mice. Furthermore, rats cured of AY-27 tumors by VACV
treatment developed a protective anti-tumor immunity that was evidenced by tumor rejection upon
challenge, as well as by ex vivo cytotoxic T-lymphocyte assays. Finally, AF4ALAJ2R VACV
replicated in BCG-resistant human bladder cancer cell line and in cultures of primary human
bladder tumors.

This thesis demonstrates the high degree of safety and anti-tumor activity of a novel
oncolytic virus in pre-clinical bladder cancer models. Given the high rate of recurrence and the
lack of treatment options for BCG-resistant bladder cancer, our oncolytic VACV could provide a
safe and urgently needed therapy for BCG failure. More significantly, based on its tropism for
replicating cells it could target early cellular transformation; clearing the bladder of neoplastic

cells and decreasing the rate of recurrence.
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CHAPTER 2 - DELETION OF F4L (RIBONUCLEOTIDE REDUCTASE) IN VACCINIA
VIRUS PRODUCES SAFE AND SELECTIVE ONCOLYSIS IN VITRO AND IN
XENOGRAFT MODELS BASED ON ESTABLISHED BLADDER CANCER CELL
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2.1 INTRODUCTION

OVs are intended to replicate selectively in, and kill, cancer cells while sparing normal
tissues (reviewed in [132,133,178]). Some of the many cell pathways that affect virus replication
are those that regulate cell proliferation and DNA replication, processes that are critically
dependent upon dNTP production [291]. The rate-limiting step in ANTP biosynthesis is the de
novo reduction of rNDPs to dNDPs by the RNR [184]. Since DNA virus replication requires
dNTPs, this requirement for RNR activity provides an important biological feature that can be
exploited to target DNA viruses to cancer cells.

Most oncolytic VACVs reported to date encode mutations in J2R (viral TK). Little research
has been conducted to determine whether mutating the viral RNR genes [292] might also produce
advantageous oncolytic properties. The F4L gene (encoding the viral homolog of the small subunit
of RNR, RRM2) is an important determinant of VACYV virulence and viruses lacking F4L (AF4L)
are attenuated in vivo whereas AI4L mutants (deleted in the viral homolog of the large subunit of
RNR, RRM1) are not [269]. The fact that cellular RRM2 is cell-cycle-regulated whereas RRM1
is constitutively expressed can perhaps explain this observation [293] and leads to the prediction
that a AF4L virus should replicate selectively in dividing cancer cells. This complementation-based
strategy might be especially useful for treating more aggressive bladder cancers since increased
levels of cellular RRM2 predict a poorer prognosis for this disease [294].

Here we describe pre-clinical studies showing that VACYV can be used safely as a treatment
for NMIBC. We find that F4L-deleted VACVs retain much of their cytotoxicity and replication
proficiency in bladder cancer cells. F4L-deleted VACVs also safely and effectively clear bladder
tumors in a xenograft model as well as in model. These findings highlight the safety and selectivity

of a F4L-deleted VACYV in treating bladder cancer.
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2.2 MATERIALS AND METHODS

2.2.1 Cell lines. Human (253J, RT4-luc, HTB-3, HTB-9, MGH-U3, RT112-luc, T24) and
rat (AY-27) bladder cancer cell lines were maintained in RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, 100 U/mL streptomycin,
and 0.25 pg/mL Fungizone® (Gibco). Human bladder cancer cell lines HT-1376 (CRL-1472),
UM-UC3-luc, UM-UC6, UM-UC9, and UM-UC14-luc were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM)/F12 medium with the same supplements as above. MB49-luc (murine
urothelial cell carcinoma), N60 (early passage human skin fibroblast), NKC (normal human kidney
epithelial), HeLa (CCL-2), and RK3E (E1A immortalized rat kidney) cells were cultured in
DMEM, also with the same supplements. BSC-40 cells (CRL-2761) were grown in minimal
essential medium (MEM) supplemented as above, but using 5% FBS. Cells were cultured at 37°C
in 5% CO,. RT4-luc, RT112-luc, and UM-UC3-luc cell lines were provided by D. McConkey
(MD Anderson), 253J and T24 cells were provided by M. Gleave (University of British Columbia),
MGH-U3 cells were provided by Y. Fradet (University of Laval), UM-UC6 and UM-UC9 were
provided by H.B. Grossman (MD Anderson), HTB-3 were provided by C. Cass (University of
Alberta), MB49 cells were provided by J. Greiner (National Cancer Institute), and early passage
N60 human skin fibroblast cells were kindly by T. Tredget (University of Alberta). All lines were
routinely tested for and found free of mycoplasma either by Hoechst 33342 staining (Thermo
Fisher Scientific) and fluorescence imaging, or using the LookOut® Mycoplasma PCR detection
kit (Sigma-Aldrich). The identities of the cell lines were confirmed using a 16-marker
AmpFLSTR® Identifiler® system performed by the TCAG facility at the University of Toronto.

2.2.2 Viruses. All recombinant viruses used in this study were derived from a clonal isolate

of VACV strain WR, originally obtained from the American Type Culture Collection (ATCC). To
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permit in vivo imaging, we used homologous recombination to generate new versions of the AF4L
and AJ2R viruses described in [269] that encode mCherry fluorescent protein under virus early/late
promoter control. Plasmid DNA encoding mCherry fluorescent protein under control of a synthetic
early/late poxvirus promoter was subcloned from plasmid pE/L-mCherry-Topo2 into either pSC66
(to target the J2R locus) or R2-pZippyNeoGusA (to target F4L) [269]. The resulting constructs
were used to transfect Vero cells (ATCC CCL-81), 1 hr after infection with WT VACV at a
multiplicity of infection (MOI) of 2 PFU/cell. Transfections were done using Lipofectamine 2000
(Thermo Fisher) as per manufacturer’s instructions. The medium was replaced 2 hr later, the cells
cultured for 48 hr, and the virus harvested by freeze-thaw. The mCherry-positive viruses were
plaque purified using Vero cells. The virus referred to as AJ2R VACYV encodes LacZ and mCherry
genes disrupting J2R, and AF4L VACV encodes NeoGusA and mCherry replacing F4L (See
Figure 2.1).

A third virus was produced by transfecting the R2-pZippyNeoGusA construct into VERO
cells infected with AJ2R VACV. This created AF4LAJ2R VACYV encoding NeoGusA disrupting
F4L, and LacZ and mCherry genes disrupting J2R. The viruses were harvested, and recombinants
detected by plating under an agar overlay containing 0.4mg/mL of 5-Bromo-4-chloro-3-indolyl-
B-D-glucuronic acid (Clontech). PCR was used to confirm the purity of all the recombinant
VACVs using primers 5’-TGACGTAAATGTGTGCGAAAGT-3’ and 5’-TCAGCACCCATGA-
ATGTCGAT-3" to amplify the F4L locus and primers 5’-TATTCAGTTGATAATCGGCCCC-
ATGTTT-3" and 5’-GAGTCGATGTAACACTTTCTACACACCG-3’ to amplify the J2R locus.

2.2.3 Antibodies. The primary antibodies used for western blots included: goat anti-RRM1
(Santa Cruz sc-1733), goat anti-RRM2 (Santa Cruz sc-10846), rabbit anti-pS3R2 (Abcam ab8105),

rabbit anti-TK1 (Abcam ab76495), rabbit anti-TK1 (Abcam ab59271), rabbit anti-B-actin (LICOR
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926-42210), and rabbit anti-B-tubulin (CST #2416). The secondary antibodies used for western
blots included: 680LT donkey anti-rabbit (LICOR 926- 68023) and 800CW donkey anti-goat
(LICOR 926-32214).

2.2.4 In vitro infection experiments. Multistep growth curves were obtained by infecting
the indicated cell lines in 60 mm plates with VACV at MOI of 0.03 PFU/cell diluted in PBS. After
1 hr at 37°C fresh culture medium was added. For the 0 hr time point, plates were aspirated and
fresh medium was added; VACV inoculum was added and cells were then immediately harvested.
Infected cells were scraped into the culture medium at the indicated times, subjected to three
rounds of freeze-thaw, then 10x serially diluted and plated in duplicate on BSC-40 cells. Infected
BSC-40 cells were cultured in medium containing 1% carboxymethyl cellulose for 2 days, then
fixed and stained with crystal violet. Plaque counts were determined from wells containing 30-250
plaques.

2.2.5 Cytotoxicity assays. Cells were seeded in 48-well plates at a density estimated to
produce ~50% confluency at the time of infection. After an 8 hr incubation, cells were infected
with VACYV, cultured for 3 days, and the media replaced with fresh cell culture media containing
44 uM resazurin (Sigma-Aldrich). Plates were incubated 4-6 hr at 37°C, then fluorescence was
read using a FLUOstar plate reader (BMG LabTech) with 560 nm excitation/590 nm emission
filters.

2.2.6 Western blot analysis. Protein extracts were prepared from cells lysed on ice in buffer
containing 150 mM NacCl, 50 mM Tris-HCI (pH 8.0), 0.5% sodium deoxycholate, 0.1% SDS, 1%
NP-40, 0.1 mg/mL phenylmethylsulfonyl fluoride, and Halt protease inhibitor cocktail (Thermo
Fisher). Protein extracts were prepared from human or animal tissues by adding 1 mL of the same

buffer, but containing twice-concentrated protease inhibitors, per 100 pg of tissue, and then
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homogenizing the suspension using a gentleMACS tissue dissociator (Miltenyi Biotec) on the
protein lysis program. Lysates were clarified by centrifugation and assayed for protein using a
BCA protein assay kit (Thermo Fisher). For western blots, up to 30 pg of protein was fractionated
by SDS-PAGE and transferred to Immobilon-FL. PVDF membrane (EMD Millipore). The
membranes were blocked with Odyssey blocking buffer (Li-COR Biosciences), diluted 1:1 with
PBS, for 1 hr at room temperature, and incubated overnight at 4°C with primary antibodies diluted
in blocking buffer. Fluorescent-conjugated secondary antibodies were diluted in PBS containing
0.1% Tween and 0.01% SDS, and incubated with the membranes at room temperature for 1 hr.
The washed membranes were scanned using an Odyssey scanner (Li-COR Biosciences) and the
images analyzed using ImageStudioLite software (Li-COR Biosciences).

2.2.7 siRNA knockdown. 12 well plates were seeded with 100,000 HeLa (CCL-2) cells and
24 hr later were transfected with 20 nM AllStars non-targeting siRNAs (Qiagen Cat#1027280) or
RRM2 (hs RRM2 5 cat# S102653441) using Dharmafect 4 (GE Dharmacon) as per manufacturer’s
instructions.

2.2.8 Microarray datasets. Bladder cancer patient microarray expression data (log2 MAS
5.0 normalized Affymetrix U133A human GeneChip values) were retrieved from Sanchez-
Carbayo M., et al. [295]. Data was selected for RRM1, RRM2, and TK1 expression analysis:
201477 s at, 209773 s at, and 202338 _at (respectively). For genes with data available for more
than one probe (RRM1), the data from the probe with the highest median expression value was
chosen for analysis.

2.2.9 Cell cycle analysis. Cells were harvested, pelleted by centrifugation for 5 min at 350
x g, washed once in PBS then re-centrifuged. Next, 70% ice-cold ethanol (2-3 mL) was added

drop-wise to the cell pellets with continuous vortex-mixing. Cells were kept at 4°C for 30 min and
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then centrifuged at 1000 % g and 4°C for 5 min to remove the ethanol. The cell pellets were washed
twice with PBS and resuspended in 0.5 mL of 0.50 pg/mL Propidium iodide (PI) (Thermo Fisher)
plus 10 pg/mL RNaseA (Thermo Fisher) and incubated at 37°C for 30 min. Cell suspensions were
analyzed on LSR-Fortessa X20 flow cytometer (BD Biosciences) using the FACS DiVa software
(BD Biosciences). Cell populations were gated using FSC-A and SSC-A and a single cell
population was gated by using FSC-H and FSC-A. PI signal was detected on the PE-Texas Red
channel using a 488-nm laser. FlowJo (Version 10.2) was used to perform cell cycle analysis.

2.2.10 Animal care and housing. All studies reported were conducted with the approval of
the University of Alberta Health Sciences Animal Care and Use Committee in accordance with
guidelines from the Canadian Council for Animal Care. Animals were housed with access to food
and water ad libitum in ventilated cages (1-5 mice per cage) in a biosafety level 2 containment
suite at the University of Alberta Health Sciences Laboratory Animal Services Facility.

2.2.11 Invivo RT112-luc and UM-UC3-luc tumor models. For all xenograft models, female
Balb/c nude mice (Charles River Laboratories) were 8 weeks old and at least 16 g in weight at the
time of tumor implantation. To establish orthotopic RT112-luc tumors, mice were anesthetized
with 2% isoflurane and a 24G angiocatheter (BD Biosciences), with the needle removed, was
lubricated with sterile Lubrifax and inserted into the bladder via the urethra. The bladder was
infused for 15 sec with 50 puL of 0.1 M HCI, neutralized with 50 uL of 0.1 M KOH for 15 sec,
then washed three times with phosphate buffered saline (PBS). Next, a 50 uL suspension of Hank’s
balanced salt solution (HBSS) containing 2x10° RT112-luc cells was instilled into the bladder
using the catheter and left in-dwelling for 1 hr while the mice remained under anesthesia. To

produce RT112-luc or UM-UC3-luc flank tumors, Balb/c nude mice were anesthetized with
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isoflurane then injected subcutaneously with 0.1 mL of 2x10° tumor cells in PBS containing 50%
Matrigel (Corning). Flank tumor volumes were determined weekly by caliper measurements.

For intravesical virus treatments, the bladders of anesthetized mice were emptied by
catheterization and then 50 uL of PBS, containing 1x10° PFU of virus, was instilled into each
mouse on day 10 post-implantation. Instillations were repeated on days 13 and 16. The virus was
left in-dwelling for 1 hr while the mice remained under anesthesia. For intratumoral virus
treatments, 50 pL of PBS, containing 1x10° PFU of virus was injected into the tumor following
the same schedule as intravesical treatments.

2.2.13 Bioluminescence and fluorescence imaging. For bioluminescence imaging, mice
bearing RT112-luc tumors were anesthetized then given an intraperitoneal injection of a solution
containing 0.15 mL of 15 mg/mL D-Luciferin (Gold Biotechnology) in PBS. 12-15 min later, mice
were imaged under anesthesia using an IVIS Spectrum imager (Caliper Life Sciences). White-light
photographs and bioluminescence images were superimposed using Living Image software
(Caliper Life Sciences, v 4.2). An average radiance was determined by manually selecting the
tumor center with the Autol “region of interest” tool and using a threshold of 5%.

Fluorescence images were taken using the IVIS Spectrum imager (Caliper Life Sciences).
All imaging utilized the built-in Image Wizard feature of Living Image software (Caliper Life
Sciences, v4.2). Images were acquired using the mCherry Spectral Unmixing spectrum
(Excitation: 570 nM and Emission: 620, 640, 660, 680, 700, and 720 nm). A 500 nm excitation
wavelength was also used for auto-fluorescence correction. All bioluminescence and fluorescence
images are presented on the same intensity scale.

2.2.14 Statistics. Data were analyzed using two-tailed Student’s 7 test when comparing the

means of two groups. Multiple ¢ test was used to determine significance of VACV growth after
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siRNA knockdown. Analysis of variance (ANOVA) was used when comparing multiple groups
followed by Tukey’s multiple comparison test. Microarray data were analyzed in the RStudio
programming environment (v0.98.501), with significance analysis performed by means of a one-
way ANOVA followed by Tukey’s honest significant difference (HSD). Data for animal survival
curves were analyzed by log-rank (Mantel-Cox) test. The numbers of animals per group for each
figure are indicated at the end of each legend. P-values are indicated within each figure.
2.3 RESULTS

2.3.1 Growth of VACV AF4L and AJ2R mutants in vitro. To determine whether bladder
cancer could be a potential target for oncolytic VACVs, we first tested a panel of bladder cancer
cell lines for sensitivity to WT VACV or VACV mutants lacking F4L, J2R, or both (a schematic
of the viruses is shown in Figure 2.1). Thirteen out of fourteen bladder cancer cell lines grown
under normal serum conditions (10%) supported robust WT VACYV replication, an exception being
UM-UC3-luc cells where there was only a 10-fold increase in virus yield (Figure 2.2A and E).
AF4L and AF4LAJ2R VACVs replicated to within a log of WT in 12 of the 14 cell lines. There
was a more significant reduction in replication in T24 and UM-UC9 cell lines, especially with the
AF4L VACV. In order to mimic in vivo conditions, we cultured cells under low serum (0.1%)
conditions. We found that both normal N60 and NKC cells grown in 0.1% FBS showed a low
proportion of cells in S-phase whereas the proportion of RT112-luc cells in S-phase remained high
(Figure 2.3), suggesting that proliferation status under our low serum growth conditions may
mimic the proliferation status of normal and tumor tissues in vivo. Under low serum conditions

(0.1%), the WT and AJ2R VACV grew nearly as well as was seen in 10% serum. Viruses lacking
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Figure 2.1: Genomic map of VACV constructs. Viruses were generated from the VACV
Western Reserve strain. Viral thymidine kinase is encoded by the J2R gene. Subunit 2 of viral
ribonucleotide reductase is encoded by the FAL gene. neo, neomycin resistance gene; gusA, p-
glucuronidase gene; lacZ, B-galactosidase gene; ITR, inverted terminal repeat; TKj, viral
thymidine kinase gene left homology; TKg, viral thymidine kinase gene right homology; and WT,
wild-type. Letters A-L (M, N, and O not shown) indicate HindIlI restriction fragments of the viral

genome in order of largest to smallest.
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Figure 2.2: AF4LAJ2R VACY retains much of the replication proficiency of WT VACYV in
bladder cancer cells. Growth curves are shown for the indicated VACYV strains in sub-confluent
human bladder cancer cell lines, rat bladder cancer cell line AY-27, murine bladder cancer cell
line MB49-luc, normal human kidney epithelial cell line NKC, and normal human skin fibroblast
line N60. The cells were infected with 0.03 PFU/cell and cultures were harvested at the indicated
times and titered on BSC-40 cells. (A) Panel of cancer cells grown under normal (10%) serum
conditions. (B) Panel of cancer cells grown under low (0.1%) serum conditions. (C) Panel of
normal cells grown under normal serum conditions. (D) Panel of normal cells grown under low
serum conditions. (E) Additional cancer cells grown under normal serum conditions.

Data Information: Mean + SEM is shown. Data represent titer of lysates from at least 2

independent lysates, each titered in duplicate.
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F4L replicated in the cancer cell lines under low serum conditions, however there was
approximately a 10-fold reduction in virus yield at 72 hrs relative to WT (Figure 2.2B). Most
importantly, compared to WT, growth of AF4ALAJ2R and AFAL VACVs in low serum was reduced
>4000-fold in the NKC (normal epithelial kidney) line and >250-fold in N60 (normal fibroblast)
cell line. Whereas the growth of AJ2R VACV was only marginally reduced compared to WT in
the NKC and N60 cells under the same low serum conditions (Figure 2.2A and B). These results
highlight the superior tumor cell selectivity of F4L-deleted VACVs.

The effect of VACV on cell survival was determined using a resazurin-based viability
assay. Similar to growth of virus under normal serum conditions, no dramatic difference in the
efficiency of virus-mediated cell killing was seen among the different viruses under normal serum
conditions (Figure 2.4A and E). However, under low serum conditions, both N60 normal skin
fibroblasts and NKC epithelial kidney cells were relatively resistant to AF4L and AF4LAJ2R
VACYV killing (Figure 2.4C and D). Interestingly, in low serum conditions, 253J and AY-27
cancer cells were highly susceptible to killing by AF4LAJ2R VACYV (Figure 2.4B), even though
virus replication was attenuated. This was a specific property of the AF4LAJ2R virus; 253]) and
AY-27 cells were not as easily killed by the AF4L VACV. These data indicate that the mutant
VACVs, in particular AFALAJ2R VACYV, retained much of the cytotoxic capabilities and
replication proficiency of WT virus in bladder cancer cells but did not replicate in non-dividing
cells.

2.3.2 Nucleotide biosynthetic proteins are elevated in bladder cancer cells. One might
expect that AF4L and/or AJ2R strains would depend upon complementation from cellular RRM2
and TK1 respectively, to provide the dNTPs required for virus replication. Some limited data

suggested that AFAL VACVs do grow better in cells expressing higher levels of RRM2 [269].
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Figure 2.3: Non-tumorigenic cells have reduced S-phase population when grown under lower
serum conditions. (A) Indicated cell lines were grown in media supplemented with either 10%
FBS or 0.1% FBS for 48 hrs and then cell cycle distribution was monitored by flow cytometry
after PI staining. Red traces indicate cells grown in 10% FBS and blue traces indicate cells grown
in 0.1% FBS. (B) Analysis of cell cycle phase distribution.

Data Information: Representative flow cytometry traces are shown.
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Figure 2.4: AF4LAJ2R VACYV Kills bladder cancer cells to the same level as WT VACV.
Survival of cell lines infected in vitro with the indicated VACV strains is shown. Sub-confluent
cells were infected at the indicated multiplicities of infection (in PFU/cell). Uninfected cells were
used as control. The cells were incubated with resazurin3 days post-infection to assess viability
relative to uninfected control cells. (A) Panel of cancer cells grown under normal (10%) serum
conditions. (B) Panel of cancer cells grown under low (0.1%) serum conditions. (C) Panel of
normal cells grown under normal serum conditions. (D) Panel of normal cells grown under low
serum conditions. (E) Additional cancer cells grown under normal serum conditions.

Data Information: Mean £ SEM is shown. Data represent n>3 independent experiments, each

performed in triplicate.
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To examine this matter in more detail, the levels of proteins catalyzing nucleotide biosynthesis
were quantified in a panel of human bladder cancer cell lines and in normal N60 fibroblasts under
10% and 0.1% serum conditions (Figure 2.5A). Western blots showed a general elevation in the
levels of cellular RRM1, RRM2 and TK1 in cancer cell lines compared to normal cells (Figure
2.6). The abundance of the DNA damage inducible form of RRM2, p53R2, did not significantly
differ between the cancer cell lines and normal skin fibroblasts.

To demonstrate F4L-deleted VACVs’ dependence on cellular RRM2, we tested whether
knockdown of RRM?2 in HeLa cells would prevent VACYV replication. Efficient knockdown was
achieved following transfection with RRM?2-specific siRNAs, as confirmed by Western blot
analysis (Figure 2.5B). The cells were then infected with the different VACVs and virus yield
measured by plaque assay (Figure 2.5C). There was a significant reduction in AF4L and
AFALAJ2R VACV replication in cells with RRM2 knockdown, while WT or AJ2R VACV
replication was unaffected.

We also examined expression of nucleotide metabolism proteins in samples isolated from
primary human bladder tumors and from normal bladder urothelium. Western blot analysis showed
elevated expression of both RRM1 and RRM2 in the tumor tissues relative to the normal
urothelium (Figure 2.5D). Additionally, TK1 was only detectable in the tumor lysates, with two
of these showing high expression levels, and only minimal expression in the remaining lysates. As
in cultured cells, pS3R2 expression was not specifically associated with tumors. These
observations were generally corroborated by gene expression data obtained from primary tumor
samples previously analyzed by Sanchez-Carbayo et al. [295]. Reanalysis of these data showed
that RRM2 and TKI expression were significantly increased in both NMIBC and MIBC when

compared to the normal urothelium (Figure 2.5E).
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Figure 2.5: Elevated levels of proteins catalyzing nucleotide biosynthesis in bladder cancer
cell lines and primary human tumor lysates. (A) Western blot showing RRM1, RRM2, p53R2,
and TK1 expression in human bladder cancer cell lines and N60 normal human fibroblasts. [3-
tubulin is shown as a loading control. (B) siRNA depletion of RRM2 in HeLa cells 3 days post-
transfection as determined by western blot analysis. (C) Growth of the indicated VACV strains in
sub-confluent HelLa cells. The cells were treated for 24 hr with a scrambled control siRNA
(“Scram”) or an RRM2-targeted siRNA, then infected with the indicated viruses at 0.03 PFU/cell.
The cultures were harvested 2 days later and titered on BSC-40 cells. (D) Western blot showing
RRM1, RRM2, p53R2, and TK1 expression levels in human primary tumor tissues and adjacent
normal urothelium. -tubulin is shown as a loading control. (E) Analysis of RRM1, RRM2, and
TK1 expression levels from publicly available bladder cancer patient microarray data (NMIBC:
non-muscle-invasive bladder cancer; MIBC: muscle-invasive bladder cancer). Data points denote
log, transformed MASS5.0 normalized values. (F) Western blot showing RRM1, RRM2, and TK1
expression in rat AY-27 orthotopic bladder tumor tissue and the indicated normal tissues. B-tubulin
and Ponceau S staining are shown as loading controls. In all Western blots, equal amounts of total
protein (30 pg) were assayed.

Data Information: Mean + SEM is shown. Western blots are representative of at least 2 or 3
independent experiments. For (C) n=4 and significance was determined by Multiple ¢ test.
Microarray data were analyzed using RStudio (v0.98.501) and significance analysis was

performed using a one-way ANOVA followed by Tukey’s HSD.
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Figure 2.6: Quantification of levels of nucleotide metabolism proteins in bladder cancer cell
lines. Quantification of RRM1, RRM2, p5S3R2, and TK1 expression relative to beta- tubulin (from
Figure 2.5A). The images were scanned using the LI-COR Odyssey scanner and quantified using
Image Studio software (LI-COR Biosciences).

Data Information: Data are expressed as ratios relative to total beta-tubulin (mean = SEM) of

three independent experiments.
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In contrast, RRM1 was only significantly over-expressed in MIBC.

The expression level of these same proteins was also measured in different tissues
recovered from an orthotopic rat AY-27 bladder cancer model (Figure 2.5F). We detected high
RRM2 expression in tumor tissue as well as from non-tumor bearing bladder tissue. RRM1 did
not appear elevated in tumors compared to normal tissues, and very little TK1 expression was
detected in any of the tissues.

2.3.3 VACVs encoding F4L and J2R mutations safely clear human bladder tumor
xenografts. The safety and oncolytic activity of the mutant VACVs was tested in xenograft models
of human bladder cancer. These models were established by subcutaneous or orthotopic
implantation of luciferase-expressing human RT112 cells (RT112-luc) in Balb/c immune-deficient
mice. In the first study, we injected three doses of virus, each comprising 10° PFU of AJ2R, AF4L,
AF4LAJ2, or UV-inactivated VACV as a control, directly into subcutaneous RT112-luc tumors
(Figure 2.7A). An mCherry signal, indicative of virus replication, was detected in all mice before
the third live virus injection (Figure 2.8) and all animals treated with live virus showed
significantly prolonged survival compared to those treated with UV-inactivated VACV (Figure
2.7B). Tumor growth was controlled in all animals treated with live viruses as determined by
caliper measurements (Figure 2.7C), and by luciferase detection (Figure 2.7F, G, and 2.9).

The AJ2R virus showed strong anti-tumor activity, but this was only achieved with
significant toxicity in Balb/c immune-deficient mice. Seven of ten AJ2R VACV-treated mice were
euthanized due to excessive weight loss (Figure 2.7D). Weight loss in mice euthanized prior to
day 50 was due to significant viremia (Figure 2.7E) whereas weight loss in mice euthanized at
later time points was due to acquired systemic Staphylococcus aureus infections (See Appendix

Figure 3). These, as well as other AJ2R VACV-treated mice, exhibited transient and
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Figure 2.7. AF4LAJ2R VACYV safely and effectively clears subcutaneous human RT112-luc
xenografted tumors. (A) Experimental scheme. Balb/c nude mice were injected with 2x10°
RT112-luc cells in the left flank at day zero. Then 10° PFU of UV-inactivated, AJ2R, AF4L, or
AF4LAJ2R VACV were injected into the tumors on days 10, 13, and 16 post-implantation. (B)
Overall survival of immunocompromised mice bearing RT112-luc flank tumors following
treatment with the indicated viruses (n=10 mice per group). (C) Growth of individual virus-treated
RT112-luc tumors. Legend as in (B). (D) Analysis of individual animal body weights plotted as
mean change in body weight relative to day 10. Legend as in (B). (E) VACV titers in tissues taken
from animals euthanized due to toxicity (note: only mice that had detectable virus (4/10) as
determined by plaque assay are shown). (F) Quantification of average luminescence (an indication
of live tumor cells) from bladder tumors corresponding representative animals in (B) with 5 mice
per group. (G) Area under the curve (AUC) calculation from the data in (F).

Data Information: Animal survival was analyzed by log-rank (Mantel-Cox) test. One-way
ANOVA followed by Tukey’s multiple comparison test was used in (G). For luciferase

quantification n=5 representative animals per group. Mean + SEM is shown for F and G.
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Figure 2.8: mCherry signal is detectable in RT112-luc subcutaneous xenografts after
intratumoral injection of VACVs. RT112-luc-tumor-bearing mice (representative animals from
Figure 2.7) were imaged for virally encoded mCherry signal on the indicated days. All mCherry

images are shown on the same scale.
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Figure 2.9: Intratumoral AF4LAJ2R VACV effectively clears human RT112-luc
subcutaneous xenograft tumors as indicated by luciferase signal. RT112-luc-tumor-bearing
mice (from one of the experiment with 5 mice per group shown in Figure 2.7) were imaged for
luciferase expression following luciferin injection on the indicated days. All luciferase images are

shown on the same scale.
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spontaneously-resolving dermal pox lesions at sites distant to the tumor injection site, which may
have provided a route for the bacterial infection. In contrast, all mice treated with AF4LAJ2R
VACYV were completely cured of their RT112-luc tumors and continued to gain weight throughout
the experiment (Figure 2.7D). We saw no signs of toxicity or virus lesions in this treatment group.
Consequently, both AF4L and AF4LAJ2R VACYV significantly increased survival compared to
animals treated with the AJ2R strain (p=0.015 and p=0.001, respectively). A pilot experiment using
a subcutaneous UM-UC3-luc xenograft model also suggested strong oncolytic activity from
AF4LAJ2R VACYV (Figure 2.10) even though UM-UC3-luc cells supported only limited VACV
growth in vitro (Figure 2.2).

We next developed a new orthotopic RT112-luc xenograft model to replace the KU7 model
that was recently shown to have been contaminated with HeLa cells [296]. The treatment scheme
is shown in Figure 2.11A. Bioluminescence images show a continuous increase in luciferase
signal from tumors treated with UV-inactivated virus, and a decline in signal from all live-VACV-
treated animals, with most tumors eventually being cleared (Figure 2.11B-D). To measure virus
distribution after intravesical treatment, we euthanized mice three days after the last virus
instillation and measured virus titers in tumors and other organs. We detected little or no spread of
the AF4L or AFALAJ2R virus to other organs (Figure 2.11F). In one animal, significant levels of
AF4LAJ2R VACV were detected in the kidney, but this coincided with a luciferase signal
indicating tumor spread to this site, demonstrating the tumor-selectivity of this virus. In contrast,
AJ2R VACYV was detected in several organs in treated mice (Figure 2.11F). Delivering the virus
directly into the bladder caused no toxicity as judged by animal weights (Figure 2.11E). However,
as was seen in the RT112-luc subcutaneous model, most of the AJ2R-treated mice developed pox

lesions on their backs (Figure 2.11G).
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Figure 2.10: Intratumoral AF4LAJ2R VACY safely and effectively clears human UM-UC3-
luc subcutaneous xenograft tumors. Balb/c nude mice were injected with 2x10° UM- UC3-luc
cells in the left flank (day 0). UV-inactivated or AFALAJ2R VACVs were injected intratumorally
on days 10, 13, and 16 (1x10° PFU per injection). Average growth of VACV-treated UM-UC3-
luc tumors are shown.

Data Information: Data obtained using n=3 mice per group and mean = SEM is shown.
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Figure 2.11. AF4LAJ2R VACY safely and effectively clears orthotopic human RT112-luc
xenografted tumors. (A) Experimental scheme. Balb/c nude mice were instilled with 2x10°
RT112-luc cells on day zero. Mice were imaged for luciferase following luciferin injection on day
9 to verify tumor implantation. On each of days 10, 13, and 16 post tumor implantations, 10° PFU
of UV-inactivated, AJ2R, AF4L, or AF4LAJ2R VACYV was instilled into the bladder and left in-
dwelling for 1 hr. n=5 per group. (B) Representative luminescence images from animals bearing
orthotopic RT112-luc tumors and treated with VACVs. (C) Quantification of average
luminescence, the dashed line indicates limit of detection. (D) Area under the curve calculation
from the data in (C). (E) Analysis of individual animal body weights plotted as mean change in
body weight. (F) Virus titers in tissues on day 19. Organs were harvested, homogenized, and the
virus titered on BSC-40 cells with n=4 mice per group. (G) Representative images of lesions on
two mice taken approximately 125 days post-tumor implantation. Arrows indicate lesions.

Data Information: Mean = SEM is shown. One-way ANOVA followed by Tukey’s multiple

comparison test was used in (D).
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Finally, we tested efficacy and toxicity when virus was administered by intravenous
injection in a subcutaneous RT112-luc xenograft tumor model. Although AJ2R VACV decreased
tumor volume and replication was detectable at the tumor site by day 20, AJ2R VACV provided
no significant survival benefit over UV-inactivated virus by log-rank test (Figure 2.12A, B, and
2.13). The AJ2R virus caused significant toxicity in mice as evident by weight loss and virus
detection in multiple normal organs (Figure 2.12C and D). In contrast, there was a significant
increase in the survival of mice treated with the AFAL (P=0.0015) and AF4LAJ2R (p=0.013)
viruses (Figure 2.12A). The AF4LAJ2R group exhibited virus-encoded mCherry fluorescence at
the tumor site by day 27 (Figure 2.13), while this signal was not seen until day 40 (24 days after

the last virus injection) in the AF4L group.
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Figure 2.12: Intravenously injected AF4LAJ2R VACYV safely and effectively clears human
RT112-luc xenografted tumors. Balb/c nude mice were injected with 2x10° RT112-luc cells in
the left flank (day 0). 1x10° PFU of UV-inactivated, AJ2R, AF4L, and AFALAJ2R VACVs were
injected L.V. (via tail vein) on each of days 10, 13, and 16. (A) Overall survival of
immunocompromised mice bearing RT112-luc flank tumors. (B) Growth of individual VACV-
treated RT112-luc tumors. (C) Analysis of individual animals’ body weight plotted as mean
change in body weight. (D) VACYV titers in tissues from euthanized animals (note: only mice that
had detectable virus (2/4) as determined by plaque assay are shown). Organs were harvested and
homogenized in HBSS using Miltenyi gentleMACS, then homogenates were titered on BSC40
cells.

Data Information: Data for (A) to (C) represent n=5 mice per group. Animal survival was

analyzed by log-rank (Mantel-Cox) test.

79



AF4LAJ2R AF4L AJ2R

mh Akiis _ﬁﬂt \iiis

Day 40

Day 48

Day 55

Day 62

%o Radiance
(p/sec/cm?/sr)

Day 69 Color Scale
Min = 1.5e8

Max = 3.0e9

Figure 2.13: mCherry signal is detectable in RT112-luc xenografts after IV injection of
VACYVs. RT112-luc-tumor-bearing mice (representative animals from Figure 2.12) were imaged
for virally encoded mCherry signal on the indicated days. All mCherry images are shown on the

same scale.
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2.4 DISCUSSION

Most oncolytic VACVs reported to date bear mutations that inactivate J2R. J2R encodes
the viral TK, a critical enzyme in the salvage pathway for nucleotide biosynthesis [297,298].
Deleting the J2R gene has been shown to reduce virulence while allowing VACV replication in
dividing cells [232]. We have shown here that all our bladder cancer cell lines supported replication
of AJ2R VACYV to nearly the same level seen in cells infected with WT VACV. Surprisingly, we
could not detect cellular TK1 in the normal N60 cell line even though it supports robust AJ2R
VACYV growth. This could be explained by the fact that dTTP can also be produced from dUMP
by thymidylate synthase and TMK [297,298] and VACYV encodes the latter enzyme.

To produce a safer and more tumor-selective oncolytic VACV, we investigated deletion of
F4L, ahomolog of the RRM?2 gene encoding the small subunit of RNR. We used a panel of bladder
cancer cell lines and primary tissues to confirm reports that RRM2 is elevated in bladder cancer
[285]. Cancer cells often undergo metabolic reprogramming because of aberrant oncogenic-
signaling, adopting a state of anabolic metabolism to generate the needed macromolecules and
dNTPs for division [200]. Additionally, cancer cells generally have an increased S-phase fraction
compared to normal cells [291]. These characteristics of bladder tumor cells may partly explain
the complementation of the viral RRM2 deletion, even under low serum conditions. This is
consistent with our observations of robust replication of both AF4L VACV and AF4LAJ2R VACV
in most bladder cancer cell lines. However, unlike a J2R-deleted mutant, replication of the F4L-
deleted viruses was attenuated in non-proliferating (partially serum-deprived) normal cells.

For our initial in vivo experiments, we used both subcutaneous and orthotopic RT112-luc
tumors as models for NMIBC. This provides a replacement for HeL.a-contaminated KU7 or KU7-

luc cells [296] and permits bioluminescence monitoring of orthotopic tumor progression. RT112
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cells have been used previously to model MIBC cancer by injecting cells into the bladder wall
[299]. However, MIBC is not treated by intravesical therapies. Our cell instillation technique
produces a model for NMIBC, for which intravesical therapies are appropriate. These orthotopic
RT112-luc tumors responded dramatically to intravesical administration of the three mutant
VACVs. In addition, intratumoral and intravenous injection of each of the three VACVs in the
subcutaneous xenograft model produced tumor control in a manner that corresponded roughly to
the degree of virus replication in the tumor. It is interesting to note that AFALAJ2R VACV
consistently produced better anti-tumor activity than AF4L VACYV in our animal models, and often
in vitro as well. This seems counterintuitive, and the reason(s) why are unclear, but the mechanism
is being investigated.

The VACV WR strain was originally adapted for growth in mice and exhibits virulence in
this model. However, we saw no signs of toxicity in any of the immune-compromised mice treated
with AF4L or AF4LAJ2R VACYV, while significant toxicity was observed in animals treated with
AJ2R VACV. In addition, AJ2R VACV was recovered from multiple normal organs after
intratumoral or systemic treatments. These data show that the J2R mutation does not suffice to
prevent VACYV replication in normal tissues of immune-compromised mice. Although a number
of oncolytic J2R-deleted VACV strains have been used safely in many clinical trials, including
one based on the VACV strain WR [300], a further improvement might be obtained by
incorporating F4L mutations.

Accumulating clinical data has shown that OVs have the potential to be a standard in cancer
therapy. As with any new treatment, safety is of the utmost importance in the eventual clinical

application. Here we describe a unique VACV mutant that shows enhanced safety without a loss
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of efficacy over the commonly used AJ2R mutation. Results presented here suggest that NMIBC

could be a highly suitable target for oncolytic treatment with a WR-based AF4LAJ2R VACV.

&3



CHAPTER 3 - PRE-CLINICAL EVALUATION OF RIBONUCLEOTIDE REDUCTASE

MUTANT VACCINIA VIRUS IN IMMUNE COMPETENT AND PATIENT DERIVED

MODELS OF BLADDER CANCER
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H.* (2017), Deletion of F4L (ribonucleotide reductase) in vaccinia virus produces a selective
oncolytic virus and promotes anti-tumor immunity with superior safety in bladder cancer models.
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3.1 INTRODUCTION

There has been very little improvement in the treatment of high-grade NMIBC in the last
20 years and recurrence after BCG therapy is still one of the most significant problems in the
management of bladder cancer [102]. Additionally, because of the high rates of recurrence and
need for lifelong surveillance, bladder cancer is one of the most expensive cancer to treat, imposing
a high economic burden [301,302]. Elimination of the transformed cells may allow reduced
surveillance and the need for ongoing cystoscopy. The potential high degree of safety and efficacy
highlighted in Chapter 2 for oncolytic VACV therapy of bladder cancer warrants immediate further
investigation in more clinically relevant preclinical models.

Patient-derived xenografts (PDXs) provide in vivo models that closely resemble human
tumors by maintaining the cellular and histological features of the original tumor (reviewed in
[303]). Additionally, it has been shown that the tumors conserve their genetic and gene expression
profiles [304]. These characteristics make PDX models more predictive in determining treatment
response. However, these models are developed in severely immune-compromised mice and
therefore provide little insight into the role of the immune system. Syngeneic models are
established by implanting tumors into immunocompetent animals, allowing the study of both the
tumor and immune response (reviewed in [305]. The AY-27 syngeneic rat bladder cancer model
closely resembles human disease [297]. This cell line was derived from carcinogen induced
bladder tumors in Fischer 344 rats. Both models have advantages and disadvantages but taken
together they provide significant insight into the safety and efficacy of a therapy.

Here we describe pre-clinical studies showing that VACV can be used safely as an
intravesical treatment for NMIBC. We find that F4L-deleted VACVs safely and effectively clear

bladder tumors in an immunocompetent animal model as well as induce a durable and protective
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anti-tumor immunity that was evidenced by tumor rejection upon challenge, as well as by ex vivo
cytotoxic T-lymphocyte assays. Finally, AFALAJ2R VACYV replicated in fresh cultures of primary
human bladder tumors and safely and effectively clear bladder tumor (PDX) model. These findings
highlight the significant potential of using a AF4LAJ2R VACYV in the treatment of NMIBC.

3.2 MATERIALS AND METHODS

3.2.1 Cell lines. Cell culture in this chapter was performed as described in Chapter 2.2.1
Materials and Methods.

3.2.2 Viruses. Viruses used in this chapter were generated as described in Chapter 2.2.2
Materials and Methods.

3.2.3 Antibodies. The primary antibodies used for flow cytometry against rat proteins
included: mouse anti-CD4 FITC (eBiosciences 11-0040), mouse anti-CD8 APC (eBiosciences 17-
0084), and mouse anti-CD107a (Abcam ab2S630). The secondary antibody used for flow
cytometry was donkey anti-mouse PE (Abcam ab7003).

3.2.4 Primary cell culture. Primary cancer and adjacent normal tissues were obtained from
consenting patients undergoing surgery with the approval of the University of Alberta Health
Research Ethics Board. Samples were received in saline and processed within 2 hr of surgery. Sub-
mucosal and necrotic tissues were stripped from the tumor tissue and the remaining tumor was
processed in 4 mL of “spleen dissociation medium” (STEMCELL Technologies) using a
GentleMACS dissociator (Miltenyi Biotec). After rocking at 37°C for 30 min, the suspension was
reprocessed on the dissociator, then EDTA was added to 10 mM, and the cells incubated at room
temperature for 10 min. The cells were centrifuged for 5 min at 350 x g, washed, and plated in 100
mm tissue culture plates with EpiLife medium (Thermo Fisher Scientific) supplemented with 25

pg/mL bovine pituitary extract (Thermo Fisher Scientific), 0.5 ng/mL epidermal growth factor
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(Thermo Fisher Scientific), 3 mM glycine (Sigma-Aldrich), 0.1 mM MEM non-essential amino
acids (Gibco), 1% ITS (Gibco) [10 pg/mL insulin, 5.5 pg/mL transferrin, 6.7 ng/mL selenium],
2% FBS, 2 mM L-glutamine, 100 U/mL penicillin, 100 U/mL streptomycin, and 0.25 pg/mL
Fungizone® (Gibco). Twelve to 16 hrs after plating the cells were washed twice with PBS and the
medium was replaced. Adherent cells were sub-cultured using standard tissue culture techniques.

3.2.5 Animal care and housing. All studies reported were conducted with the approval of
the University of Alberta Health Sciences Animal Care and Use Committee in accordance with
guidelines from the Canadian Council for Animal Care. Animals were housed with access to food
and water ad libitum in ventilated cages (1-2 rats per cage) in a biosafety level 2 containment suite
at the University of Alberta Health Sciences Laboratory Animal Services Facility.

3.2.6 In vivo AY-27 tumor model. Ten week old Fisher F344 immune-competent female
rats (Charles River Laboratories), weighing at least 150 g, were used for orthotopic AY-27 tumor
implantation as previously described [297]. Briefly, 0.3 mL 0.1 M HCI was instilled into the
bladder of rats anesthetized with isoflurane, left in-dwelling for 15 sec, neutralized with 0.3 mL of
0.1 M KOH for 15 sec, then the bladder washed 3 times with PBS. The catheter was then used to
deliver 0.3 mL of saline containing 3x10° AY-27 cells, the cells left in-dwelling for 1 hr, and the
rats returned to their cages. Five days later tumor take was confirmed by cystoscopy [306]. For
virus treatments, the rats were anesthetized, catheterized, the bladders emptied by suprapubic
pressure, and then 3x10% PFU of virus in 0.3 mL PBS was instilled into each bladder on days 6, 9,
and 12 and left in-dwelling for 1 hr.

Rats that were determined to be tumor-free by cystoscopy at day 125 post-tumor
implantation were challenged with 3x10° AY-27 cells back in the bladder (as described above) or

the flank. Cells were resuspended in HBSS and mixed with an equal volume of Matrigel (Corning).
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A total of 200 uL was injected per rat. Age matched Fisher F344 immune-competent female rats
were used as controls.

3.2.7 In vivo patient-derived xenograft (PDX) model. Primary bladder cancer tissues were
obtained from consenting patients undergoing surgery with the approval of the University of
Alberta Health Research Ethics Board. Samples were received in saline and processed within 2 h
of surgery. Submucosal and necrotic tissues were stripped from the tumor tissue and the remaining
tumor was cut into ~3x3x3 mm pieces and placed in HBSS containing 100 U/ml penicillin, 100
U/ml streptomycin, and 0.25 pg/ml Fungizone® (Gibco).

Male NOD SCID gamma (NSG) [NOD.Cg-Prkdc* 112rg"™ ™/SzJ] mice were 6-12 weeks
old and at least 20 g in weight at the time of tumor implantation. To establish subcutaneous PDX
tumors, mice were anesthetized with 2% isoflurane and site of implantation was sterilized with
70% isopropanol. A small incision (3-4 mm in length) was made in the right flank of the mice and
the connecting tissue was separated via blunt dissection. Tumor tissue from patients, or from mice
when performing passages, was then placed into the incision and the tissue was closed with
Vetbond™ Tissue Adhesive (3M). Initial implanted tumors were grown to ~500 mm’ and then
were processed as described above for primary patient tissue and implanted into additional NSG
mice. This process was performed again to have enough tumor bearing mice for experimentation
(These PDX tumors were referred to as Passage 3).

When passage 3 tumor volumes reached approximately 150 mm®, mice were randomized,
and then intratumorally injected with 1x10° PFU of UV-inactivated VACV, AF4LAJ2R VACYV,
or PBS on each of days 1, 4, and 7. Flank tumor volumes were determined weekly by caliper

measurements.
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3.2.8 Isolation of CD3+cells. Spleens were harvested from euthanized rats and placed in
HBSS on ice. Next, they were cut into small pieces, resuspended in 4 mL of spleen dissociation
medium, and broken up using a GentleMACS dissociator, followed by rocking at 37°C for 30 min.
The dissociation program was run again, EDTA was added to 10 mM, and the cells incubated at
room temperature for another 10 min. Cells were then filtered through a 70 um MACS
SmartStrainer (Miltenyi Biotec), centrifuged for 5 min at 350 x g, and washed with HBSS. Red
blood cells were lysed with Red Blood Cell Lysis Buffer (eBioscience), then the remaining cells
recovered by centrifugation, then resuspended in PBS and counted. CD3" cells were isolated from
this preparation using a MagCellect™ Rat CD3" T-cell isolation kit following the manufacturer’s
protocol (R&D Systems).

3.2.9 Preparation of tumor cells lysates. Cells were washed with PBS and then removed
from the tissue culture plate using cell lifters (Thermo Fisher). Cells were the subject to five freeze
(liquid nitrogen) and thaw (37°C water bath) cycles. To remove large particles, the lysate was
centrifuged (2000 x g for 10 min at 4 °C). Protein concentration was then determined using a
bicinchoninic acid (BCA) protein assay kit (Thermo Fisher).

3.2.10 Bone marrow derived dendritic cell (BMDC) culture and lysate loading. Method is
highlighted in figure 3.1. The femurs were removed from euthanized naive Fischer F344 female
rats, cleaned of attached tissue, soaked in 70% isopropanol for 2 min, and rinsed in HBSS. Femur
ends were removed and the marrow flushed with HBSS. Red blood cells were lysed, and 3x10° of
the remaining bone marrow cells were plated on 100 mm untreated petri dishes in 8 mL RPMI
1640 medium supplemented with 10% FBS, 50 uM 2-mercaptoethanol, 2 mM L-glutamine, 100
U/mL penicillin, 100 U/mL streptomycin, 0.25 ug/mL Fungizone® (Gibco), 500 U/mL rat GM-

CSF (Peprotech), and 20 ng/mL rat IL-4 (Peprotech). The cells were cultured at 37°C and the
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Figure 3.1: Generation of Bone marrow derived dendritic cells (BMDC) and lysate loading.
Bone marrow cells were plated on 100 mm untreated petri dishes in medium supplemented 500
U/mL rat GM-CSF and 20 ng/mL rat IL-4. On day 5 the medium was replaced and 100 pg/mL of
AY-27 tumor lysate was added to selected dishes. Twelve hours later, the cultures were matured
by adding 20 U/mL TNF-a and 0.5 pg/mL CD40L. Two days after adding the tumor cell lysates
the cells were washed with PBS, harvested, and co-cultured with CD3" cells. Figures adapted from

[307,308] with permission.
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medium, still containing GM-CSF and IL-4, replaced on day 3. On day 5 the medium was replaced
again, and 100 ug/mL of AY-27 tumor lysate was added to selected dishes. 12 hours later, the
cultures were matured by adding 20 U/mL TNF-a (Peprotech) and 0.5 pg/mL CD40L (AdipoGen)
[309,310]. Two days after adding the tumor cell lysates, the cultures were resuspended at 1x10°
cells/mL in fresh medium.

3.2.11 T lymphocyte assays. Proliferation assays were performed in 96-well U-bottom
plates (Greiner Bio-One). BMDCs (pulsed with or without lysates) were co-cultured with 10’
CD3" cells at different ratios (1:1, 10:1, and 100:1 CD3:BMDC) in RPMI 1640 medium as
described above. The CD3" cells were previously labeled with CellTrace Violet per the
manufacturer’s directions (Thermo Fisher Scientific). After 6 days of co-culture, flow cytometry
was used to measure CD3" T-cells proliferation. Supernatants were collected from cells co-
cultured for 24 hr, and assayed by ELISA for interferon-y (Legend Max, BioLegend™).

Cytotoxicity assays were performed using 10° rat splenic CD3 " cells co-cultured in 96-well
U-bottom plates with 10* BMDCs in RPMI 1640, supplemented with GM-CSF and IL-4 as
described above. On day 7, the CD3" cells were collected, counted, and incubated for 18 hr in flat
bottom 96-well plates, along with target cells, at effector-to-target ratios ranging from 20:1 to
0.625:1. The plates were assayed for lysis by LDH assay (Thermo Scientific Pierce).

CD107a expression was measured as described by Betts et al. [311] and summarized in
figure 3.2. Here 10° rat splenic CD3" cells co-cultured in 96-well U-bottom plates with 10*
BMDCs in RPMI 1640, supplemented with GM-CSF and IL-4 as described above. Cells were co-
cultured for 1 hr in the presence of 5 pg/mL CD107a antibody, and incubated for another 5 hr in
the presence of 2 uM monensin and 5 pg/mL brefeldin A (BioLegend). The cells were fixed with

Fixation Buffer (BioLegend) in the dark for 20 min at room temperature. Cells were stained with
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Figure 3.2: CD107a mobilization assay. CD107a glycoproteins line the luminal surface of the
outer membrane of lytic granules but are not detectable on the cell surface of resting CD8" cells
(left panel). Upon cell activation, for example, by a tumor cell, lytic granules move to the site of
interaction with the target cell and merge with the plasma membrane (right panel). In the course
of this process, the lytic content of granules is exocytosed and the CD107a molecules temporarily
appear on the cell surface. At this stage, degranulating cells are detected by flow cytometry

analysis using CD107a-specific antibodies. Figure and text adapted from [312] with permission.
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2.5 pg/mL anti- CD4 and 0.6 pg/mL anti-CD8 for 20 min at 4°C. Cells were washed twice with at
least 2 mL of Cell Staining Buffer (BioLegend) with centrifugation at 350 x g for 5 minutes. Next,
5 ug/mL CD107a secondary (Anti-mouse IgG) was added for 20 min at 4°C and cells were then
washed as above. Cells were analyzed by flow cytometry.

3.2.12 Flow cytometry. Cell suspensions were analyzed on LSR-Fortessa X20 flow
cytometer (BD Biosciences) using the FACS DiVa software (BD Biosciences). In all experiments
an eBioscience Fixable Viability Dye was used to determine allow for gating on viable cells.
Viability staining was done as per manufactures instructions. Lymphocyte population was gated
using forward-scattered light-area (FSC-A) and side-scattered light-area (SSC-A) and a single cell
population was gated by using forward-scattered light-height (FSC-H) and FSC-A. Fluorescence-
minus-one (FMO) controls [313] were used in all experiments to define cells that have
fluorescence above back-ground levels. CellTrace Violet was detected on the DAPI channel using
a 405-nm laser. FITC, PE, and APC antibodies were detected on the FITC, PE, and APC-Cy7
channels. FITC and PE were excited using a 488-nm laser and APC was excited with a 561-nm
laser. FlowJo (Version 10.2) was used to perform analysis.

3.2.13 Quantitation of VACYV neutralizing antibodies. Sera were serially diluted in PBS and
incubated with 500 PFU of VACYV for 1 hr at 37°C. Next, the viruses were used to infect BSC-40
cells in 60 mm plates, then 48 hr later, cultures were stained with crystal violet and plaques
counted.

3.2.14 Ex vivo infection of tumor explants. Primary bladder tumor tissue (~3x3x3 mm)
was infected in a 96-well plate with 10° PFU of indicated VACVs in PBS at 37°C. After 1 hr at
37°C fresh culture medium was added. Virus-infected tumor tissues were imaged ~24 hr post-

infection using a Zeiss Lumar stereomicroscope equipped with a Hamamatsu digital camera and
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controlled with Volocity image acquisition software (PerkinElmerTM). The same exposure and
contrast settings were used for all tissues. Volocity image analysis software was used to quantify
the mCherry signal and mock-infected tissue was used to establish a background.

3.2.15 Statistics. Data were analyzed using two-tailed Student’s t-test when comparing the
means of two groups. ANOVA was used when comparing multiple groups followed by Tukey’s
multiple comparison test. Data for animal survival curves were analyzed by log-rank (Mantel—
Cox) test. The numbers of animals included in each figure are indicated at the end of each legend.
P-values are indicated within each figure.

3.3 RESULTS

3.3.1 VACV mutants clear syngeneic orthotopic rat bladder tumors. The modified VACVs
were tested for anti-tumor activity in an orthotopic immune-competent AY-27 rat bladder cancer
model. AY-27 tumors resemble high-grade urothelial cell carcinoma in both morphology and
tumor biology, providing an excellent model of human bladder cancer [297]. Animals were treated
by 3 sequential intravesical instillations with 3x1 0°PFU of live AJ2R, AF4L, or AFALAJ2R VACV,
or UV-inactivated virus (Figure 3.3A). By day 35, there was a significant reduction in the growth
rate of all tumors treated with live virus (Figure 3.3B). Following AF4LAJ2R VACV treatment,
representative cystoscopic images of the rat bladders revealed tumor necrosis and tumor
elimination with little or no inflammation in normal urothelium (Figure 3.4). On day 15 after
tumor implantation (3 days after final virus instillation), AF4L and AF4LAJ2R VACVs could only
be detected in the tumor, whereas AJ2R VACV was found in the tumor and in the ovaries, kidneys,
and lungs (Figure 3.5). Of particular concern was the apparent development of cysts on the ovaries
of some rats treated with J2R VACV (Figure 3.6). However, none of the animals treated with any

virus showed signs of overt toxicity. The most important result of this study is that all live VACV
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Figure 3.3: AF4LAJ2R VACY safely clears rat orthotopic AY-27 syngeneic tumors. (A)
Experimental scheme. Rats were instilled in the bladder with 3x10° AY-27 cells on day zero and
cystoscoped on day 5 to verify tumor engraftment. Then, 3x10° PFU of UV-inactivated, AI2R,
AF4L, or AFALAJ2R VACYV were instilled into the bladder of each rat on each of days 6, 9, and
12. (B) Tumor weight from animals euthanized on days 15 and 35. (C) Overall survival of
immunocompetent rats bearing AY-27 bladder tumors following treatment with the indicated
VACVs. Data represent combined survival of two independent experiments.

Data Information: Mean £ SEM is shown. Two-way ANOVA followed by Tukey’s multiple
comparison test was used in (B). Animal survival was analyzed by log-rank (Mantel-Cox) test.

n=>5 rats per group for each day in (B) and n= 12 to 15 rats per group for (C).
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Figure 3.4: Tumor and cystoscope images show tumor control in VACV-treated AY-27
tumor models. (A) Images of rat bladders treated with AF4ALAJ2R VACYV [left image] or UV-
inactivated VACYV [center and right images] on days 6, 9 and 12, and then excised on day 35. The
bladder tumor treated with UV-inactivated virus has been cut in half. The center sample shows the
tumor interior; the right sample shows the exterior. (B) Representative cystoscope images of the
bladders of a AF4LAJ2R virus-treated rat and a UV-inactivated virus-treated rat on days 5, 14, 21,

28, and 35. Black arrow indicates tumor and white arrow indicates necrotic tumor tissues.
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Figure 3.5: F4L-deleted VACVs selectively replicate in AY-27 tumors. Virus titers in tissues
taken from animals euthanized on day 15 post-implantations. Organs were harvested and
homogenized and then lysates were titered on BSC-40 cells.

Data Information Data for each organ represent n=>5 rats per group.
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Figure 3.6: AJ2R VACY treated rats developed ovarian cysts. Ovaries from rats euthanized 15
days post-tumor implantation and 3 days following final treatment with AJ2R VACV (left) or

AF4LAJ2R VACYV (right).
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treatments significantly increased survival (p<0.001) when compared to the UV-inactivated
control (Figure 3.3C). It is noteworthy that, although nine of the AJ2R VACV-treated animals
appeared to be tumor-free by day 75, three of these rats later developed rapidly growing recurrent
tumors. This was not seen with either AF4L or AF4ALAJ2R VACYV as far out as 125 days into the
study. Interestingly, we also observed significantly higher levels of anti-VACV antibodies in
animals treated with AJ2R VACYV relative to the F4L-deleted VACVs (Figure 3.8).

3.3.2 Cured animals develop protective anti-tumor immunity. To test whether animals with
complete tumor responses had developed anti-tumor immunity, we implanted fresh AY-27 cells
in the bladders of eleven surviving VACV-treated animals that were tumor free 125 days post
tumor-implantation and all cured animals rejected tumor implantation (Figure 3.9A). Systemic
anti-tumor immunity was also tested by implanting fresh AY-27 tumor cells subcutaneously in the
flanks of six cured AF4LAJ2R-treated animals that were tumor free 125 days post tumor-
implantation. Again, all cured rats were protected from tumor development whereas significant
tumor growth (p<0.001) was seen in the age-matched controls (Figure 3.9B).

The cellular anti-tumor immune response was examined in cured animals that were
resistant to tumor challenge. One hundred days after subcutaneous challenge with AY-27 cells,
cured AF4LAJ2R-treated rats were euthanized, the spleens were removed and CD3" cells were
isolated. The CD3" cells were stimulated with bone-marrow-derived dendritic cells (BMDCs)
previously pulsed with AY-27 tumor lysate to enable antigen presentation [309]. Both splenic
CD3'CD4" and CD3"CDS8" cells proliferated when stimulated by lysate-pulsed BMDCs (Figure
3.9A-C). To confirm activation of the CD8" cells, the CD3"CDS8" population was examined for

expression of the CD107a marker [311]. There were significantly more CD8'CD107a" cells

100



Day 15 Day 35

ns s
s - v

c T L B AR
-% B AFAL
N Bl AF4LAJZR
(1]
5
V]
=
2 = 5 318 s

101 102 103 10-1 102 10-3
Serum Dilution Serum Dilution

Figure 3.7: VACYV treatment generates neutralizing antibodies. VACV neutralizing antibodies
in virus-treated rats 15 and 35 days after implantation were measured as described in section 3.2.
Data Information: Mean £ SEM is shown. Two-way ANOVA followed by Tukey’s multiple

comparison test was used relative to the AJ2R group. n=4-5 rats per group.
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Figure 3.8: AF4LAJ2R VACYV generates protective local and systemic antitumor immunity.
(A) AY-27 cells were implanted in the bladders of cured (n=11) and naive (n=4) age- matched
control rats. Cured animals consisted of 4 AJ2R, 2 AF4L, and 5 AF4LAJ2R treated animals. (B)
Protection from subcutaneous tumor challenge after virus-induced tumor clearance. AY-27 cells
were implanted in the flanks of AF4LAJ2R cured rats (n=6) and naive age-matched control rats
(n=4).

Data Information: Mean £ SEM is shown. Two-way ANOVA followed by Tukey’s multiple

comparison test was used in (B).
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Figure 3.9: AF4LLAJ2R activates immune responses in rats bearing AY-27 bladder tumors.
(A-C) T-cell proliferation after co-culturing with bone marrow derived dendritic cells (BMDC).
CD4" and CDS" cells, isolated from controls or cured and protected rats (post-challenge), were co-
cultured with BMDCs and proliferation assayed with CellTrace Violet. The representative plots
show CD4" and CD8" T-cell proliferation after co-culture with either mock-pulsed (A) or with
tumor-lysate-pulsed BMDCs (B). Panel (C) shows the percentage of CD4" and CD8" T-cell that
proliferated in response to BMDC stimulation (n=2-3 independent animals). (D and E) Ex vivo
upregulation of CD107a by CD8" T-cells from challenged rats. (D) CD3" cells were incubated +/-
BMDC:s for 1 hr in the presence of anti-CD107a antibody, incubated for 5 hr with monensin and
brefeldin A, and then stained with anti-CD4 and anti-CD8 antibodies. Events were gated for viable
CD8" T-cells. Panel (E) shows the percentage of CD107a” CD8" T-cells +/- BMDC stimulation
(n=4 independent animals). (F) IFN-y released after 24 hr co-culture of CD3" cells with BMDCs.
Data Information: Mean = SEM is shown. Two-tailed Student’s t-test was used in (C) and (E).

Two-way ANOVA followed by Tukey’s multiple comparison test was used in (F).
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following stimulation with lysate-pulsed BMDCs (Figure 3.9D and E). These stimulated CD3"
cells also exhibited elevated secretion of IFN-y (Figure 3.9F) and killed AY-27 tumor cells, but
not normal RK3E (F344 Fischer rat kidney) or N60 fibroblast cells (Figure 3.10). Significantly,
CD3" cells from AY-27-tumor-bearing rats that had never been exposed to VACV could not kill
AY-27 cells. Collectively these data show that VACV treatment generated a durable tumor-
antigen-specific cytotoxic T-cell response in the AY-27 rat model.

3.3.3 VACYV can replicate in primary tumor cell cultures and in tumor explants ex vivo. We
also examined whether AF4L and/or AF4ALAJ2R VACYV could replicate in human bladder cancers
in either primary cell cultures or tumor explants. Explanted tissues from a low-grade T1 tumor
(UCKP-6), a high grade T2+ tumor (UCKP-4), and normal urothelium, were infected with 10°
PFU of each VACV, and replication detected using a virus-encoded mCherry reporter (Figure
3.11). In the low-grade tumor, the AF4LAJ2R and AJ2R VACVs produced nearly identical
mCherry signals, while AF4L VACV produced a much lower signal (Figure 3.11A and B). In
high-grade tissues, all viruses produced nearly identical mCherry signals (Figure 3.11C and D).
All viruses had minimal fluorescence in normal urothelium (Figure 3.11A and B). We used the
same low- and high-grade tumor samples to establish monolayer cell cultures (Figure 3.11E). The
AF4LAJ2R VACV grew to the same level as AJ2R VACYV in both low- and high-grade primary
tumor cells, whereas the AFAL VACV grew more poorly in the low-grade UCKP-6 culture, just as
was seen in the tissue explants (Figure 3.12). Collectively, these data support the hypothesis that
the AF4ALAJ2R VACYV could be used to treat both high- and low-grade bladder cancer.

3.3.4 AF4LAJ2R VACYV clear patient-derived xenografted (PDX) bladder tumors. The
AF4LAJ2R VACV was further examined in a PDX model of bladder cancer in NSG mice. The

PDX tumor was derived from a primary high-grade T3b urothelial cell carcinoma. Animals were
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Figure 3.11: VACY infects and selectively replicates in primary bladder tumor tissue. (A)
Viruses encoding mCherry fluorescent protein were used to infect primary low grade T1 (UCKP-
6) and normal urothelial tissue samples from patients undergoing transurethral resection of bladder
tumors. Tissues were infected with 10° PFU of the indicated viruses using buffered saline as a
negative control (mock). The images from top to bottom represent a white light tissue image,
mCherry signal, an overlay, and a heat map image showing mCherry expression, respectively
(scale bar = 1 mm). (B) Quantification of the mCherry expression in panel (A) at 24 hr post-
infection. Mock-infected cells were used as background correction. (C) Ex vivo infection of high
grade T2 (UCKP-4) bladder tumor as in (A). (D) Quantification of the mCherry expression in
panel (C) at 24 hr post-infection. (E) Representative (4x) microscope pictures of the uninfected
UCKP-4 and UCKP-6 primary cell cultures used in (F).

Data information: Quantification in (B) and (D) shows the mean mCherry signal intensity (value
per pixel) over the area of a given tumor sample. Data are shown as the mean = SEM of these

intensities over the tumor area.
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Figure 3.12: AF4LAJ2R VACYV maintains replication properties in primary bladder tumor
cultures. Growth of the indicated VACV strains in UCKP-4 primary human bladder cancer
cultures. The cells were infected at 0.03 PFU/cell, harvested at the indicated times, and titered on
BSC-40 cells.

Data Information: Data represents single lysates titered in duplicate.

108



treated by intratumoral injection with 3 doses of 1x10° PFU of live AF4ALAJ2R VACV, UV-
inactivated virus, or PBS. AFALAJ2R VACYV treatments significantly increased survival when
compared to the UV-inactivated and PBS controls (Figure 3.13A). Importantly, all mice treated
with AF4LAJ2R VACV were completely cured of their tumors as determined by caliper

measurements (Figure 3.13B) and continued to gain weight throughout the experiment (Figure

3.130).
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Figure 3.13: AF4LAJ2R VACYV safely and effectively clears human patient-derived
xenografts (PDX) in immunocompromised mice. Primary bladder cancer tumors (stage T3b) we
implanted, then subsequently passaged twice, in NSG mice. When tumor volumes reached
approximately 150 mm’, mice were randomized, and then intratumorally injected with 1x10° PFU
of UV inactivated or AF4ALAJ2R VACV, or PBS on days 1, 4, and 7. (A) Overall survival of NSG
mice bearing flank tumors following treatment with the indicated viruses (n=4-5 mice per group).
(B) Growth of individual virus-treated PDX tumors following virus treatment. (C) Analysis of
individual animal body weights plotted as mean change in body weight relative to day 1.

Data Information: Animal survival was analyzed by log-rank (Mantel-Cox) test in (A).

110



3.4 DISCUSSION

Bladder cancer has not received much attention as a target for clinical trials of oncolytic
virotherapy [reviewed in [134,178]]. Currently the most advanced clinical trial is one using
CGO0070, a conditionally replicating Ad. CG0070 has completed a phase I trial [221] and is
presently being evaluated in patients with high-risk NMIBC who have failed BCG and refuse a
cystectomy. However, the efficacy of this treatment is yet to be determined. It is interesting to note
that in 2001, four patients with MIBC were treated with smallpox vaccine (Dryvax) intravesically
before cystectomy. Three out of the four patients remained disease-free after 4 years, which
highlights the potential of VACV as a durable treatment for bladder cancer [286]. It is difficult to
judge whether one could perform such a study today using the WT Dryvax virus, but these
intriguing results suggest that a VACV modified to enhance tumor specificity and reduce virulence
might offer a superior therapy for bladder cancer.

Our VACVs were evaluated in the AY-27 immune-competent orthotopic rat model of
bladder cancer. AY-27 tumors resemble high-grade human urothelial cell carcinoma [297,298].
Oncolytic reovirus was previously tested in this model, where it proved more effective and less
toxic than BCG [232]. In the current study, we saw that all rats treated with live VACV showed a
reduction in tumor size, with complete tumor clearance in the majority of animals, and a significant
increase in survival relative to the controls. One caveat with the AY-27 model is that up to 30% of
the tumors have been reported to invade the muscle by day 6 [297,298]. While all three live VACV
treatments produced statistically similar outcomes, it is interesting to note that regular monitoring
of tumors by cystoscope showed that some of the rats treated with AJ2R VACV had relapsed and

this was not seen in rats treated with the F4L-deleted VACVs. The AJ2R VACV-treated animals
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had significantly higher levels of neutralizing antibodies suggestive of a more robust anti-viral,
and thus possibly a more oncolysis-limiting, response.

Outside of the previously cited studies, there has been little other pre-clinical work with
OVs in immune-competent bladder cancer models. Fodor et al. studied a p53-expressing J2R-
deleted VACV in an orthotopic MB49 immune-competent mouse model and obtained three long

term survivors out of 9 treated animals [285]. OncoVEXAMV/CP

, a HSV-1 engineered to express
cytosine deaminase and a fusogenic glycoprotein, was tested in the AY-27 rat bladder cancer
model [200] and caused a significant reduction in tumor volume. Unfortunately, in neither study
was there any further investigation to establish whether treatment generated an anti-tumor immune
response.

As in the xenograft studies, the two F4L-deleted VACVs proved highly tumor-selective in
the rat AY-27 model. In contrast, AI2R VACV was detected in the lungs, kidneys, and ovaries in
a subset of animals, although spread was not associated with overt toxicity. The ovaries
consistently had the second highest levels of AJ2R VACYV after the tumor and we also saw what
appeared to be ovarian cysts in multiple mice and rats. Other J2R-deleted VACVs are reported to
replicate in normal mouse tissues, including the ovaries where they can cause pathology and
sterility [314-316].

All rats that remained tumor-free through day 125 (as determined by cystoscopy) exhibited
anti-tumor immunity as shown by tumor rejection upon challenge. In vitro assays performed 100
days after challenge confirmed the presence of long lasting tumor-specific CD8" T cells in all
cured AF4LAJ2R-treated rats (other cured animals were not tested for CD8+ T-cells). It is notable

that these tumor-specific cytotoxic T-lymphocytes were only detected in animals that had also

been exposed to live virus. Surprisingly, we know of no clear evidence that BCG can induce a

112



protective anti-tumor immune response [92,317]. If BCG treatment is not also generating anti-
tumor immunity, it could explain the high recurrence rate in BCG-treated patients.

As an additional experiment, we showed that primary human bladder cancer tissues, in the
form of either monolayers or as tumor fragments, could support the replication of both AJ2R and
AF4LAJ2R VACYV ex vivo to a much greater degree than was seen in normal urothelium. This
effect is similar to what has been reported for Pexa-Vec (JX-594) using rectal, endometrial, and
colon cancer fragments along with adjacent normal tissues [290]. The fact that AFALAJ2R VACV
also grew selectively in primary explanted human bladder cancer tissues provides some promise
that these pre-clinical results might also be seen in patients treated with oncolytic VACV.

Finally, we developed a PDX model of high-grade T3b urothelial cell carcinoma. PDX
models have been show to maintain characteristics of the original tumor in both genetics and
morphology [318,319]. AFALAJ2R VACYV cleared 5/5 PDX tumors while UV-inactivated and PBS
treated tumors continued to grow. Interestingly, Pan et al. [304] recently characterized several
bladder cancer PDX models and subsequently treated animals with gemcitabine, cisplatin, or a
combination of the two. Although they could delay tumor growth in many of their models, they
were unable to completely clear tumors from the mice. Our results, although only in a single model,
provide encouraging evidence for clinical evaluation of a AF4LAJ2R VACV.

In conclusion, these results suggest that NMIBC could be a highly suitable target for
oncolytic treatment with a WR-based AF4LAJ2R VACV. From a practical perspective, intravesical
bladder delivery offers a way of delivering high doses of virus directly to the tumor while also
helping to limit systemic spread. AF4LAJ2R VACV showed an impressive safety profile,
selectively infecting both established cell lines, primary cell cultures, and primary human bladder

cancer tissues. AF4LAJ2R VACV treatment of AY-27 immune-competent rat model induced an
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anti-tumor immunity. Although patients with immune deficiencies and BCG-refractory cancers
would be ideal candidates for this therapy, in the longer-term oncolytic AF4ALAJ2R VACV might
offer a more attractive replacement for BCG and potentially reduce the need for surgical

management.
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CHAPTER 4 - AF4LAJ2R-DELETED VACV AS A TREATMENT FOR BCG

REFRACTORY BLADDER CANCER
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4.1 INTRODUCTION

One of the most significant challenges in the treatment of bladder cancer is management
of BCG failure. Up to 40% of patients initially fail or stop responding to BCG therapy [320]. There
is an increased risk of disease progression in patients that fail frontline BCG therapy. These
patients have very few effective treatment options and cystectomy remains their standard of care
[104]. This chapter examines whether VACV can be used to treat NMIBC and in particular,
bladder cancer that is refractory to BCG therapy.

Recently, Redelman-Sidi et al.[80] found that the ability of bladder cancer cells to take up
BCG is determined by macropinocytosis activity. It was also shown by them and others that uptake
is a result of oncogenic activation of the Rac1-Cdc42-Pak1 signaling pathway [80,82] downstream
of Ras which is commonly activated in bladder cancer cells. Unlike many other viruses, VACV
can utilize multiple modes of entry, including fusion with the cellular plasma membrane [248] via
a low-pH-dependent endosomal route [249] or through macropinocytosis [250].

Previous reports have shown that knockout of Pak1 from mouse embryonic fibroblasts had
a negative impact on VACV replication and spread [321], here we show that Pakl knockdown
sufficient to decrease BCG uptake has little to no effect on VACV production in bladder cancer
cells. We wish to further investigate the effect of reduced Pak1 activity on VACYV production. Our
objective is to test whether AF4LAJ2R oncolytic VACV can be effective in treating bladder cancer
that is resistant to BCG due to poor BCG uptake through macropinocytosis. We suggest that
blocking macropinocytosis should have little impact on VACV uptake since VACV can use
alternative fusion pathways to infect tumor cells.

Here we describe results showing that an oncolytic VACYV is effective at replicating in and

killing bladder cancer cells with induced BCG resistance. We also find that treatment with
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AF4LAJ2R VACYV is superior to BCG in a rat model of bladder cancer. These findings highlight
the prospects for using the AF4LAJ2R VACYV in treating bladder cancer that has become resistant
to BCG treatment.

4.2 MATERIALS AND METHODS

4.2.1 VAC viruses. Viruses were generated as described in Chapter 2.2.2 Materials and
Methods.

4.2.2 Lenti and retroviruses. Both the scrambled shRNA lentivirus and retrovirus targeted
the same sequence. The scrambled shRNA retrovirus plasmid was purchased from OriGene (see
below). The lentivirus scrambled shRNA plasmid was generated as follows. The shRNA oligo 5’-
CCGGGCACTACCAGAGCTAACTCAGATAGTACTCTCGAGTACTATCTGAGTTAGCTC
TGGTAGTGCTTTTTG -3’ was annealed with the reverse oligo: 5’- AATTCAAAAAAGAGCT
GCTACAGCATCAATTCCTCGAGGAATTGATGCTGTAGCAGCTCCCGG -‘3.

Next the plasmid pLKO.1 (Addgene #10878) was digested with Agel and EcoRI (Thermo
Fisher) restriction enzymes. The resulting 7 kbp band was purified using the Qiaquick gel
extraction kit (Qiagen). The “shRNA” duplex and the digested pLKO.1 vector were ligated with
NEB T4 DNA ligase and used to transform chemically competent Stbl3 cells (Thermo Fisher).
Ampicillin-resistant colonies were grown overnight and purified using HiSpeed Plasmid Midi Kit
(Qiagen). Correct recombinants were identified by digestion with EcoRI and Ncol (Thermo Fisher)
restriction enzyme. This plasmid, as well as other plasmids used to construct shRNA vectors, was
purified with HiSpeed Plasmid Midi Kit (Qiagen).

The lentivirus plasmid targeting human Pakl (TRCNO0000197010, from The RNAi

Consortium at the Broad Institute, gift of Dr. Maya Shmulevitz), had the sequence 5’-
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CCGGGAGCTGCTACAGCATCAATTCCTCGAGGAATTGATGCTGTAGCAGCTCTTTTT
TG -3".

All lentiviruses targeting human Pak1 sequences (or a scrambled control sequence) were
generated as described by Campeau et al. [322]. Briefly, 293T cells were plated in 100 mm dishes
to be 50-60% confluent at the time of transfection. 15 pg of shRNA lentiviral vector plasmid, 15
ng pMDLg/pRRE (Addgene #12251), 6 ng pRSV-REV (Addgene #12253), and 3 pg pMD2.G
(Addgene #12259) were mixed with OPTI-MEM (Thermo Fisher) to a final volume of 1.5 mL.
1.5 mL of a 1:50 dilution of Lipofectamine 2000 (Thermo Fisher) in OPTI-MEM was added to the
plasmid mixture. The mixture was incubated at room temperature for 25 min, then added to cells
plated in 7 ml of OPTI-MEM. After incubating at 37°C for ~6 hrs the medium was replaced with
7 mL of DMEM medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
100 U/mL penicillin, 100 U/mL streptomycin, and 0.25 pg/mL Fungizone® (Gibco). Viral
supernatant was collected 48 hr and 72 hr post-transfection (7 mL medium was added back after
collecting at 48 hrs). Supernatants were filter through a low protein binding PVDF 0.44 uM filter
(Millipore) and this crude vector stock was stored at -80C.

Retrovirus shRNA expression plasmids (pRS-based with MMLV LTRs) were obtained
from OriGene (#TR710002). The shRNA targeting sequences were: rat Pakl shRNA sequence B,
5’- TTGGATGGCACCTGAAGTTGTGACACGCA -3°, rat Pakl shRNA sequence D, 5’-
GATTGGACAAGGTGCTTCAGGCACAGTGT -3, scrambled shRNA sequence, 5’-
GCACTACCAGAGCTAACTCAGATAGTACT -3°. To produce retroviruses, the same
procedure as above was used to co-transfect 6 pg of shRNA vector plasmid, 6 pg pUMVC
(Addgene #8449), and 1 pg pCMV-VSV-G (Addgene #8454). Crude vector stock was prepared

as described above.
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4.2.3 BCG. GFP-expressing BCG (BCG-GFP) was a generous gift of Drs. Gil Redelman-
Sidi and Michael Glickman (MSKCC) and has been previously described (Redelman-Sidi ef al.,
2013) [80]. BCG-GFP was grown in polystyrene roller bottles (Corning) at 37°C in Middlebrook
7H9 medium (Sigma-Aldrich) supplemented with 0.5%bovine serum albumin (Sigma-Aldrich),
0.2% dextrose (Sigma-Aldrich), 0.085% NaCl, 0.5% glycerol (Thermo Fisher), 0.05% Tween 80
(Thermo Fisher), and 20 pg/mL kanamycin (Sigma-Aldrich). BCG-GFP was pelleted, washed in
PBS, and then suspended in PBS with 25% glycerol, then frozen at -80°C. BCG-GFP titers were
determined by spectrophotometric absorbance at 600 nm with 1 OD600 = 5x10® colony forming
units (CFU)/mL [80].

4.2.4 Cell lines. Cell culture methods were performed as described in Chapter 2.2.1
Materials and Methods.

4.2.5 Construction of Pakl knockdown cell lines. For lenti- and retrovirus transduction,
target cells were infected with 1 mL crude undiluted vector stock (from 4.2.2) containing 6 mg/mL
of polybrene (Thermo Fisher) is added per well of 6-well plate. Transduction efficiency was
determined in a parallel infection with a GFP-expressing vector. In some cases, infected plates
were centrifuged at 20°C for 20 min and 1000 x g to increase efficiency of infection. Infected
cultures were incubated at 37°C. Approximately 18 hrs after infection, the infection medium was
aspirated, cells were rinsed twice with PBS, and fresh medium was added. Selection with
puromycin (Thermo Fisher) at 1-3 pg/ml was started 72 hr post-infection. After 5 days of drug
selection, the cells were single-cell-sorted into wells of a 96-well plate by FACS. Six to eight
clones were expanded and assayed for BCG internalization.

4.2.6 IPA-3 treatment. IPA-3 [323,324] (Tocris) was dissolved in DMSO at 10 mg/mL and

stored at -20°C. Cells were pretreated with IPA-3 for 1 hr in the indicated medium, and drug was
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kept in the medium for the duration of the experiment. Treatment with DMSO alone was used as
a control.

4.2.7 In vitro VACYV infection. VACV infections were performed as described in Chapter
2.2.4 Materials and Methods.

4.2.8 In vitro BCG infection. BCG infections were performed as described by Redelman-
Sidi et al. [80]. Briefly, bladder cancer cells were washed and held in serum- and antibiotic-free
medium for 1 hr prior to infection. A GFP-tagged Pasteur strain of BCG (gift of Drs. Redelman-
Sidi and Glickman) was added at a MOI of 10 CFU/cell, then the cells and bacteria were incubated
at 37°C for 24 hrs. The plates were washed three times with PBS, three times with medium
containing serum and antibiotics, and once with PBS. Next, the cells were detached with trypsin
and the trypsin was inactivated with medium containing 10% FBS. Cells were centrifuged at 5°C
for 5 min and 300 x g then resuspended in FACS buffer (BioLegend) for analysis by flow
cytometry.

4.2.9 Viability assay. The resazurin metabolic assay was performed as described in Chapter
2.2.5 Materials and Methods, and used to determine cytotoxicity in response to treatments.

4.2.10 Western blot analysis. Western blotting was performed as described in Chapter 2.2
Materials and Methods. The primary antibodies used for western blots included: Rabbit anti-Pak1
(Cell Signaling Technologies #2602) and rabbit anti-B-tubulin (Cell Signaling Technologies
#2416). The secondary antibodies used for western blots included: 680LT donkey anti-rabbit
(LICOR 926- 68023) and 800CW donkey anti-rabbit (LICOR 926-32214).

4.2.11 Flow cytometry. Cell suspensions were analyzed on LSR-Fortessa X20 flow
cytometer (BD Biosciences) using the FACS DiVa software (BD Biosciences). Cell populations

were gated on FSC-A and SSC-A and a single cell population was gated by using FSC-H and FSC-
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A. GFP was detected on the FITC channel using a 488-nm laser. APC antibody was detected on
the APC-Cy7 channel and excited with a 561-nm laser. To accurately gate around the population
of interest, an empty channel (DAPI) was used. For BCG internalization assays, cells were either
fixed with Fixation Buffer (BioLegend) in the dark for 20 min at room temperature, or fixed as
above then permeabilized with Permeabilization Buffer (BioLegend) in the dark for 20 min at
room temperature. Cells were then stained with a 1:100 dilution of rabbit anti-mycobacterium
tuberculosis primary antibody (Abcam ab905) and 0.1 pg/10° cells goat anti-rabbit APC secondary
(Abcam ab130805) antibody for 20 min at 4°C. Cells were wash twice with at least 2 mL of Cell
Staining Buffer (BioLegend) with centrifugation at 350 x g for 5 minutes. Cells were analyzed by
flow cytometry. FlowJo (Version 10.2) was used to perform analysis.

4.2.12 Animal care and housing. All studies reported were conducted with the approval of
the University of Alberta Health Sciences Animal Care and Use Committee in accordance with
guidelines from the Canadian Council for Animal Care. Animals were housed with access to food
and water ad libitum in ventilated cages (1-2 rats per cage) in a biosafety level 2 containment suite
at the University of Alberta Health Sciences Laboratory Animal Services Facility.

4.2.13 In vivo AY-27 tumor model and treatments. Orthotopic AY-27 tumor implantation
was previously described in Xiao et al. [297] as well as in Chapter 3 Materials and Methods. For
VACV treatments, 3x10° PFU of UV-inactivated or live AF4ALAJ2R VACV were instilled into the
bladder on each of days 6, 9, and 12 as described in Chapter 3.3.6. For BCG treatments, 3x10°
CFU of UV-inactivated BCG-GFP, or live BCG-GFP were instilled into the bladder of on each of
days 6,9, 12, 15, 18, and 21 and left to in-dwelling for 1 hr. Rats were weighed weekly and tumor

growth monitored by palpation.

122



4.2.14 Statistics. Data were analyzed using two-tailed Student’s ¢ test when comparing the
means of two groups. ANOVA) was used when comparing multiple groups followed by Tukey’s
multiple comparison test. Significance analysis was performed by means of a one-way ANOVA
followed by Tukey’s HSD. Data for animal survival curves were analyzed by log-rank (Mantel-
Cox) test. The numbers of animals in each experiment are indicated at the end of each figure
legend. P-values are indicated within each figure.

4.3 RESULTS

4.3.1 Determining the number of GFP+ cells by flow cytometry is a valid method to
measure internalization of BCG-GFP into bladder cancer cells. Our flow cytometry protocol was
carried out with trypsinized cells, so much of the extracellularly bound BCG would likely be
removed by trypsin prior to flow cytometric analysis. However, we wished to verify that the flow
cytometry protocol used here accurately measures BCG internalization and not merely
extracellular binding. Following our standard protocol for quantifying BCG uptake, bladder cancer
cells were infected with BCG (Pasteur strain) expressing green fluorescent protein (BCG-GFP),
and after 24 hr, the number of GFP+ cells were determined by flow cytometry (Figure 4.1A and
B). To test whether BCG was bound to the cell surface or internalized, we used an anti-
Mycobacterium tuberculosis antibody to specifically detect BCG in infected cells with and without
cell permeabilization prior to antibody treatment. Following permeabilization, we detected
internalized BCG (Figure 4.1C and D) at levels similar to that seen with GFP detection. In
contrast, we did not see any indication of BCG surface binding (Figure 4.1E and F). Therefore,
we conclude that it is valid to use GFP detection by flow cytometry as an indicator of BCG-GFP

uptake.
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Figure 4.1: BCG is internalized by bladder cancer cells. GFP-tagged Pasteur strain of BCG was
added to subconfluent T24 or 253J human bladder cancer cells at an MOI of 10 CFU/cell, then the
cells and bacteria were incubated in serum- and antibiotic-free medium for 24 hrs. The plates were
washed three times with PBS, three times with medium containing serum and antibiotics, and once
with PBS. Cells were detached from plates using trypsin, then analyzed by flow cytometry. (A
and B) BCG binding/uptake by human bladder cancer cell lines, using GFP as a marker. The
numbers show the percentage of GFP-positive events out of total events. (C and D) BCG uptake
by human bladder cancer cells following permeabilization and treatment with BCG-specific anti-
Mycobacterium tuberculosis antibody. (E and F) BCG binding to the surface of human bladder
cancer cell lines following treatment with BCG-specific antibody without permeabilization. In all
cases the DAPI channel was used as an empty channel and the gates were set based on uninfected

cells.
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4.3.2 Bladder cancer cells have different abilities to take up BCG and these do not
correlate with VACV sensitivity. To stratify our panel of bladder cancer cell lines based on their
ability to internalize BCG, we exposed the cells in culture to BCG-GFP, and measured uptake by
flow cytometry (Figure 4.2). These studies showed that T24, 253], HTB-3, and AY-27 cells
supported BCG uptake while the RT112-luc and MB49 cells were resistant to BCG uptake (Figure
4.2). Nevertheless, as we have shown previously, our VACVs replicated in cell lines from both
BCG-sensitive and resistant subtypes (Figure 2.2).

4.3.3 AF4LAJ2R VACYV effectively kills primary bladder tumor cultures that do not take up
BCG. We next examined BCG uptake in primary cultures prepared from NMIBC low-grade Ta
(UCKP-16) and low-grade T1 (UCKP-17) bladder tumors. Although both primary cultures were
resistant to BCG (Figure 4.3A), they still were killed by VACV and for the most part supported
virus replication (Figure 4.3B and C). Cytotoxicity of primary cultures was similar to that seen in
established cell lines (Figure 2.3) despite the lower levels of virus replication, especially notable
in UCKP-16. Interestingly, while both F4L-deleted VACVs replicated to lower levels than WT
and AJ2R viruses (Figure 4.3B), AF4LAJ2R was just as effective at killing these two primary
bladder cancer samples as WT and AJ2R VACV were. Overall, these results highlight the potential
for using oncolytic AFALAJ2R VACYV, to treat BCG-refractory bladder cancer.

4.3.4 IPA-3 inhibits Pakl autophosphorylation. IPA-3 has been shown to be a highly
selective, non-ATP-competitive allosteric inhibitor of Pakl [323,324]. It was shown that IPA-3
prevents Cdc42-induced Pakl autophosphorylation at amino acid residue T423 which results in
inhibition Pakl activity. Redelman-Sidi ef al. have shown that IPA-3 inhibits BCG uptake. In
order to confirm that IPA-3 is indeed inhibiting Pak1 we performed western blot analysis of total

Pak1 as well as phospho-Pak1 (T423).
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Figure 4.2: Bladder cancer cells have different abilities to take up BCG. BCG uptake was
measured in sub-confluent human bladder cancer cell lines, the rat bladder cancer cell line AY-27
and the murine bladder cancer cell line MB49-luc. (A) Cells were incubated with BCG-GFP in
serum- and antibiotic-free medium for 24 hours then BCG uptake was measured by flow
cytometry. The numbers show the percentage of GFP-positive events out of total events. DAPI
was used as an empty channel and the gates were set based on uninfected cells. (B) Quantification
of BCG-GFP uptake from (A).

Data Information: Mean = SEM is shown. Data in (B) represent at least 2 independent

experiments.
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Figure 4.3: AF4LAJ2R VACY effectively kills primary NMIBC cultures that do not take up
BCG. (A) BCG uptake by primary bladder tumor cultures. UCKP-16 was derived from a low-
grade Ta tumor and UCKP-17 was derived from a low grade T1 tumor. Cells were incubated with
BCG-GFP for 24 hours then BCG uptake was measured by flow cytometry. The numbers show
the percentage of GFP-positive events out of total events. DAPI was used as an empty channel and
the gates were set based on uninfected cells. (B) Growth of the indicated VACYV strains in sub-
confluent primary human bladder tumor cultures in vitro. Cells were infected at an MOI of 0.03
PFU/cell, harvested at the indicated times, and titered on BSC-40 cells. (C) VACV killing of
UCKP-16 and UCKP-17 cells. Sub-confluent cells were infected at the indicated MOIs (PFU/cell),
cultured for 3 days, and assayed for viability with resazurin dye. Uninfected cells were used as

control.
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We found that 10 uM IPA-3 treatment decreased phospho-Pak1 (T423) levels at 24 hrs (Figure
4.4).

4.3.5 Pakl inhibitor (IPA-3) decreases BCG uptake in bladder cancer cells and has little
effect on VACV infectivity or replication. We first examined Pak1-dependent BCG uptake using a
small molecule Pak1 inhibitor, IPA-3 [323,324]. T24 cells were pre-treated for 1 hr with DMSO
or 10 uM IPA-3 in serum- and antibiotic-free medium. Cells were then incubated with BCG-GFP
(in the presence of DMSO or IPA-3) then 24 hours later, BCG uptake was measured by flow
cytometry. Treatment with Pak1 inhibitor resulted in a significant reduction in the uptake of BCG
(Figure 4.5A and B). To determine whether Pakl inhibition could alter VACV infection, cells
were pre-treated with IPA-3 as above, then infected with 0.3 PFU/cell of AF4ALAJ2R VACYV and
cultured for 24 hours in the presence of drug. Control infections were carried out in parallel,
treating with DMSO instead of IPA-3. The number of cells expressing virally encoded mCherry,
a marker for infection, was then measured by flow cytometry (Figure 4.6A and B). Virus infection
was significantly decreased in the IPA-3 treated cells compared to DMSO treated, although
infectivity was still high (78% vs. 95%, respectively; p=0.0023). Interestingly, titers of WT and
AFALAJ2R VACYV after 24 hrs growth in sub-confluent T24 cells treated with 10 uM IPA-3 were
not significantly different from those observed when infected cells were cultured in DMSO
(p=0.075 and 0.14, respectively) (Figure 4.6C).

4.3.6 Pakl knockdown reduces BCG uptake in bladder cancer cells. To further investigate
the role of Pakl we depleted Pakl protein in T24 and 253]J cells by lentiviral delivery of short
hairpin RNA (shRNA) targeting Pakl. Control lines were generated using a scrambled shRNA
vector. Knockdown was verified by western blotting (Figure 4.7A and C). Knockdown of Pakl,

much like treatment with the inhibitor IPA-3, caused a dramatic reduction in BCG uptake
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Figure 4.4: IPA-3 inhibits Pakl autophosphorylation. Pakl and T423-phospho-Pakl
expression in human T24 bladder cancer cells treated with IPA-3 or DMSO were examined by
western blot analysis. B-tubulin is shown as a loading control. Equal amounts of total protein (30

ng) were assayed. The images were scanned using the LI-COR Odyssey scanner (LI-COR

Biosciences).
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Figure 4.5: Pakl inhibitor (IPA-3) decreases BCG uptake in T24 bladder cancer cell line. (A)
T24 cells were pre-treated for 1 hr with DMSO or 10 uM IPA-3 in serum- and antibiotic-free
medium. Cells were then incubated with BCG-GFP (in the presence of DMSO or IPA-3) for 24
hours then BCG uptake was measured by flow cytometry. The numbers show the percentage of
GFP-positive events out of total events. DAPI was used as an empty channel and the gates were
set based on uninfected cells. (B) Quantification of BCG-GFP uptake from (A).

Data Information: Mean + SEM is shown. For (B) n=3 independent infections.
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Figure 4.6: IPA-3 treatment has little effect on VACYV infectivity or replication. (A) T24 cells
were pre-treated for 1 hr with DMSO or 10 uM IPA-3 in serum- and antibiotic-free medium. Cells
were then infected with 0.3 PFU/cell of AFALAJ2R VACV. mCherry expression, as an indicator
of virus infection was measured by flow cytometry 24 hours later. The numbers show the
percentage of mCherry-positive events (each indicating a VACV-infected cell) out of total events.
DAPI was used as an empty channel and the gates were set based on uninfected cells. (B)
Quantification of AF4LAJ2R VACYV infected cells from (A). (C) Growth curves for WT or
AF4LAJ2R VACYV in sub-confluent T24 cells. Cells were pre-treated for 1 hr with DMSO or 10
pM IPA-3 in serum- and antibiotic-free medium. Cells were then infected with 0.3 PFU/cell.
Cultures were harvested after 24 hrs and titered on BSC-40 cells.

Data Information: Mean + SEM is shown. For (B) n=3. For (C) data represents n=3 independent

infections, each titered in duplicate.
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(Figure 4.7B, D, E, and F). These data highlight the significance of Pakl in the uptake of BCG
in bladder cancer cell lines.

4.3.7 AF4LAJ2R VACYV replicates in and kills human bladder cancer cells with induced
BCG resistance. Multi-step virus growth curve analysis was carried out to evaluate the replication
of AFALAJ2R VACYV in BCG-resistant bladder cancer. T24 and 253]J cell lines with and without
Pakl knockdown were infected with virus at an MOI of 0.03 PFU/cell. Cultures were then
harvested at the indicated times and titered on BSC40 cells. We saw no difference in VACV
growth in T24-shPak1 cells when compared to the T24-shScram cell lines (Figure 4.8). In contrast,
there was a noticeable decrease in VACV replication in the 253J-shPak1 cells compared to the
control at both 48 and 72 hrs post-infection (Figure 4.8). Next, the effect of VACV on cell survival
was determined using a resazurin-based viability assay. Again, there was no difference in VACV
killing between T24 and T24-shPak]1 cell lines (Figure 4.9). There was a slight reduction in 253J-
shPak1 cell killing at an MOI of 1.0 PFU/cell, however, this reduced killing was not observed at
any other MOIs (Figure 4.9). Overall these results show that AF4ALAJ2R VACV maintains almost
all its replication and cytotoxic properties in a model of induced BCG resistance.

4.3.8 Evaluation of AF4LAJ2R VACV in BCG-resistant AY-27 cell lines. Since BCG uptake
by AY-27 cells was low, we sought to optimize culture conditions for BCG uptake in vitro (Figure
4.10). We typically saw around 5% BCG uptake when using RPMI 1640 medium without
antibiotics or serum. BCG uptake increased to 35% after supplementing the medium with 2% fetal
bovine serum, although there was no benefit to further increases in serum concentration. We saw
a similar 35% uptake when using the medium in which we grow primary bladder cancer cells
(Materials and Methods 3.3.4). Based on these results we opted to use RPMI 1640 medium with

2% serum and no antibiotics for the remainder of the experiments.
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Figure 4.7: Stable Pakl knockdown reduces BCG uptake in bladder cancer cells. (A and C)
Western blot showing Pak1 expression in T24 and 253J human bladder cancer cell lines woth Pak1
or control shRNA expression. B-tubulin was used as loading control. Equal amounts of total protein
(30 pg) were assayed in all Western blots. (B and D) Cell lines expressing Pakl shRNA or
scrambled shRNA were incubated with BCG-GFP in serum and antibiotic free medium for 24
hours then BCG uptake was measured by flow cytometry. The numbers show the percentage of
GFP-positive events out of total events. DAPI was used as an empty channel and the gates were
set based on uninfected cells. (E and F) Quantification of BCG-GFP uptake from (B and D).

Data Information: Representative flow cytometry traces are shown. For (E) and (F) n=3

independent infections.
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Figure 4.8: AF4LAJ2R VACYV effectively replicates in bladder cancer cells with induced
BCG-resistance. Growth curves for the AF4ALAJ2R VACYV in sub-confluent T24 or 253J bladder
cancer cell lines with or without Pak1 knockdown. Cells were infected at a multiplicity of infection
(MOI) of 0.03 PFU/cell. Cultures were harvested at the indicated times and titered on BSC40 cells.
Data Information: Mean + SEM is shown. Data irepresent 2 independent experiments each titered

in duplicate.
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Figure 4.9: AF4LAJ2R VACV effectively kills bladder cancer cells with induced BCG-
resistance. Survival of cell lines was analyzed after infection in vitro at the indicated MOI with
AF4LAJ2R VACV. Cells were incubated with resazurin to assess viability at 72 hr post-infection.
Uninfected cells were used as control.

Data Information: Mean £ SEM is shown. Data represent n=3 independent experiments, each

performed in triplicate.

140



Counts

1 RPMI 1640 - No FBS

RPMI 1640 - 2% FBS

35.0%

| RPMI 1640 - 10% FBS

141



Figure 4.10: BCG uptake by AY-27 cells under various culture conditions. Sub-confluent AY-
27 cells were incubated with BCG-GFP in the indicated medium without antibiotics for 24 hours,
then BCG uptake was measured by flow cytometry. The numbers show the percentage of GFP-
positive events out of total events. DAPI was used as an empty channel and the gates were set
based on uninfected cells. Primary medium, medium used to culture primary bladder cancer
samples (see Section 3.3.4).

Data Information: Representative flow cytometry traces are shown.
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Next, we attempted to generate BCG-resistant AY-27 cell lines by depleting Pak1 protein
using retrovirus delivery of shRNA targeting Pakl as described in the Materials and Methods.
Control cell line was generated using a scrambled shRNA vector. Knockdown was verified by
western blotting (Figure 4.11A). Although we only saw a slight decrease in total Pak1 levels there
was almost no detectable phosphorylation at T423 of Pak1 following knockdown. Interestingly we
saw what looks like a shift in the molecular weight of Pakl. Also, we observed no significant
change in the RRM2 protein levels in the Pakl knockdown cell lines. Knockdown of Pakl with
either of two different shRNA sequences caused a dramatic reduction in BCG uptake (Figure
4.11B and C). AF4LAJ2R VACYV replication was nearly identical in AY-27-shScram cells and the
two AY-27-shPakl knockdown cell lines (Figure 4.12). Next, the effect of VACV infection on
cell survival was determined in a resazurin-based viability assay (Figure 4.13A and B). ECs
values for the AY-27-shScram, AY-27-shPak1-B, and AY-27-shPak1-D were 0.039, 0.079 and
0.078 PFU/cell, respectively. Although there was an apparent increase in ECsy values for the
shPak1 clones, the difference was not statistically significant. We suggest that tumors established
from the AY-27-shPakl cell line may provide an appropriate immune-competent BCG-refractory
bladder cancer model to evaluate oncolytic VACV.

4.3.9 AF4LAJ2R has anti-tumor activity superior to BCG in a bladder cancer model.
AF4LAJ2R VACV was also compared to BCG in the orthotopic immune-competent AY-27 rat
bladder cancer model. Here, animals were treated by intravesical instillation with 3x10* PFU of
live AF4ALAJ2R VACYV, or UV-inactivated virus on days 6, 9, and 12 post-tumor implantation
(Figure 4.14A). For BCG treatments animals were instilled with 3x10° CFU of UV-inactivated
BCG-GFP (Pasteur strain), or live BCG-GFP on days 6, 9, 12, 15, 18, and 21 after tumor

implantation (Figure 4.14B). This BCG dose and schedule have previously been used by our group
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Figure 4.11: Pakl knockdown reduces BCG uptake in AY-27 rat bladder cancer cells. (A)
Western blot showing Pak1, phospho-Pakl (T423), and RRM2 expression in rat AY-27 bladder
cancer cell lines. B-tubulin is shown as a loading control. Equal amounts of total protein (30 pg)
were assayed. The images were scanned using the LI-COR Odyssey scanner (LI-COR
Biosciences). (B) Cell lines with or without Pak1 knockdown were incubated with BCG-GFP in
antibiotic-free medium supplemented with 2% serum for 24 hours then BCG uptake was measured
by flow cytometry. The numbers show the percentage of GFP-positive events out of total events.
DAPI was used as an empty channel and the gates were set based on uninfected cells. (C)
Quantification of BCG-GFP uptake from (A).

Data Information: Mean + SEM is shown. Data in (B) represent n=3 independent experiments.
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Figure 4.12: AF4LAJ2R VACYV maintains replicating capabilities in AY-27-shPak1 cells.
Growth ofr AF4LAJ2R VACV was determined in sub-confluent AY-27 rat bladder cancer cell
lines cultured in medium with 2% serum. Cells were infected at an MOI of 0.03 PFU/cell. Cultures
were harvested at the indicated times and titered on BSC40 cells.

Data Information: Mean + SEM is shown. Data represent n=3 lysates, each titered in duplicate.
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and others [325-327]. AFALAJ2R VACV treatment significantly increased survival (p=0.003)
when compared to the UV-inactivated VACV control, as we have previously seen (Figure 4.14C).
Additionally, AF4LAJ2R VACV treatment increased survival over live BCG treatment (54% vs.
23%, respectively), however, this was not a statistically significant increase based on our limited
sample size. Interestingly, consistent with a previous report [328], approximately 20% (2/11) of
animals treated with UV-inactivated BCG cleared their tumors whereas UV-inactivated VACV
treated had no apparent anti-tumor activity. These data highlight the potential of AF4LAJ2R
VACYV to offer a superior therapy for bladder cancer, especially in cases where patients suffer

toxicity from BCG or may be ineligible for BGC therapy.
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Figure 4.13: AF4LAJ2R VACYV effectively kills AY-27-shPakl1 cells. (A) Survival of cell lines
infected in vitro at the indicated MOI (in PFU/cell) with AF4LAJ2R VACV. Cells were incubated
with resazurin to assess viability 72 hr post-infection. Uninfected cells were used as control. (B)
ECs calculation from data in (A).

Data Information: Mean + SEM is shown. Data in (A) and (B) represent n=3 independent

experiments, each performed in triplicate.
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Figure 4.14: AF4LLAJ2R has anti-tumor activity equal or superior to BCG in the AY-27
bladder cancer model. (A and B) Experimental schemes are shown. Rats were instilled in the
bladder with 3x10° AY-27 cells on day zero and cystoscoped on day 5 to verify tumor engraftment.
For VACV treatments, 3x10° PFU of UV-inactivated or AF4LAJ2R VACV were instilled into the
bladder of each rat on each of days 6, 9, and 12. For BCG treatments, 3x10° CFU of UV-inactivated
BCG-GFP, or live BCG-GFP were instilled into the bladder of each rat on each of days 6, 9, 12,
15, 18, and 21. (C) Overall survival of immunocompetent rats bearing AY-27 bladder tumors
following indicated treatments.

Data Information: Mean + SEM is shown. Data represent combined survival of two independent

experiments. Animal survival was analyzed by log-rank (Mantel-Cox) test; n=8 to 12 rats per

group.
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4.4 DISCUSSION

Here we investigated the potential of using a novel oncolytic VACV as a safer and
potentially more effective treatment for NMIBC, especially for patients who fail BCG. Even
though the local immune activation in the bladder after BCG therapy is thought to be primarily
responsible for the anti-tumor activities, several lines of investigation indicate that the initial
attachment and most importantly, the internalization of BCG by tumor cells are critical first steps
in activating the immune response [76,77]. It was previously shown, using confocal microscopy,
that BCG is internalized by bladder cancer cells [80]. However, flow cytometry, the standard
technique used in this chapter to measure the levels of BCG uptake, does not necessarily
distinguish between BCG-GFP binding to the cell surface and BCG-GFP internalization. We found
that BCG was indeed internalized and not bound to the cells surface. Using this validated assay,
we observed varying degrees of BCG uptake in our panel of bladder cancer cells lines. The human
RT112-luc and the murine MB49 cell lines were highly resistant to BCG uptake, while other cell
lines showed varying degrees of sensitivity to BCG. It is interesting that the primary human lines
UCKP-16 and UCKP-17, established from low grade tumors which are not typically treated with
BCG, were resistant to BCG internalization. We have shown that AF4ALAJ2R VACV can replicate
in, and kill, BCG-resistant cell lines as well as primary bladder cancer cultures. Efficacy of the
virus in low grade tumors may also open the possibility of using OVs at early stages in treatment.

To confirm previous reports [80] that inhibition of Pakl inhibits BCG uptake, we treated
cells with the Pakl inhibitor, IPA-3 [323,324]. Treatment with IPA-3 caused a reduction in
autophosphorylation of Pakl at amino acid residue T423, which is catalyzed by Cdc42, and is
normally required for full activation of Pakl. Pretreatment of cells with IPA-3 significantly

decreased BCG uptake. We next investigated the effect of IPA-3 treatment on AF4LAJ2R VACV
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activities. We saw that IPA-3 treatment caused a small reduction in infection levels, as indicated
by the number of mCherry positive cells. However, when we assessed virus yield through plaque
assay there was no difference in yield, suggesting that Pakl inhibition does not strongly affect
VACYV activity in bladder cancer cells.

We propose that oncolytic VACV has significant activity in human bladder cancer cells
that are resistant to BCG due to downregulation of the Pakl pathway. Toward this end, we
successfully generated stable Pakl shRNA knockdown clones of T24 and 253J] human bladder
cancer cells. Both Pakl knockdown clones showed a dramatic decrease in BCG uptake when
compared to the parental cells lines. These data confirm reports from , Redelman-Sidi ez al. [80]
who first demonstrated the role of macropinocytosis and Pak1 in BCG uptake. More importantly
for our study, just like with IPA-3 treatment, Pakl knockdown had little effect on AF4LAJ2R
VACYV replication and cytotoxicity. We did see a minor reduction in 48 and 72 hr virus yields
from the 253J-shPakl cell lines. However, this is likely a result of the slower growth rate of
knockdown cells compared to the parental cell line, thus this multi-step virus growth assay would
result in reduced virus yields. These data provide promising results to support use of an oncolytic
VACYV in treating BCG-refractory bladder cancer. The effectiveness of VACV in BCG-resistant
cells may be due to the fact VACV utilizes two primary modes of infection: uptake via
macropinocytosis [250] and fusion [245] with the cellular membrane, whereas BCG has only been
shown to enter through macropinocytosis. Notably, VACV strain WR, which is used in these
studies, has been shown to have a higher ability to enter cells via the fusion route than other VACV
strains, again enhancing the potential of this treatment [247]. Another important aspect of oncolytic
activity is spread of virus to surrounding cells. In order to spread from one cell to another, VACV

induces cell motility [329] and the formation of actin projections [330-332] that propel VACV
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toward other cells. Pak1 has been shown to be involved in both cell motility and actin tail formation
[82,333] and can be directly activated by VACV [250]. This activation of Pak1 could partly explain
why AF4ALAJ2R VACV maintains most of its replication and cytotoxic properties in BCG resistant
cells lines. VACV activation of Pakl may reverse BCG-resistance allowing for a combination
therapy, however further investigation is required.

A key experiment presented is the comparison of AF4ALAJ2R VACYV and BCG in the AY-
27 immune-competent orthotopic rat model of bladder cancer. AY-27 tumors resemble high-grade
human urothelial cell carcinoma in both tumor biology and morphology [297,298]. Previously, an
oncolytic reovirus in this model demonstrated increased efficacy with less toxicity than BCG
[232]. We showed in chapter 3 that AFALAJ2R VACYV increased animal survival with a potential
safety advantage. Surprisingly, we know of no clear evidence that BCG can induce a long-term
protective anti-tumor immune response [92,317]. Moreover, Biot et al. showed that effective
tumor clearance by BCG in a mouse model of bladder cancer was determined by an anti-BCG
immune response, and that pre-vaccination with BCG enhanced tumor clearance [327]. A lack of
BCG-mediated anti-tumor immunity could possibly explain the high recurrence rate in BCG-
treated patients.

Finally, we have initiated the development of a BCG-resistant rat model of bladder cancer.
We successfully cloned AY-27-shPakl cell lines that displayed reduced BCG uptake; yet
supported AF4LAJ2R VACYV replication and cytotoxicity. These cells showed a slight decrease in
total Pakl levels and an even more significant decrease in phospo-Pakl (T423). One strange
observation was the apparent shift down of the Pak1 band. Although the exact explanation for this
is unclear there are a few possibilities. One explanation could be that both ShRNA sequences map

to exon 9 and a variant lacking all or part of exon 9 is over-expressed and translated to a smaller
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protein. Alternatively, there could be increased Pak2 expression, which is slightly smaller, to
compensate for the decreased Pakl. In future experiments, these cells will be used to establish a
model of BCG resistance where we can determine the role of Pak1 in BCG therapy and the efficacy
of AF4LAJ2R VACV.

Surgery, BCG, and chemotherapy dramatically slow the progress of bladder cancer but do
not totally eradicate the disease in a significant portion of patients. Patients with NMIBC that fail
BCG therapy are in urgent need of other bladder-sparing treatment options. Our results highlight
the potential of an oncolytic VACV as a treatment option in BCG resistant bladder cancer. The
high degree of safety and efficacy seen here with OV therapy warrants immediate further

investigation at both the preclinical and clinical levels.
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CHAPTER 5 - DISCUSSION AND FUTURE DIRECTIONS
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5.1 Summary and key findings

This thesis examines whether the poxvirus, VACV, can be used to kill bladder cancer cells
safely and selectively, and therefore would be especially suitable for patients that have failed or
even in place of conventional therapies. Tumor development requires multiple genetic mutations
and epigenetic alterations that cause continued growth, immune system evasion, and metastasis
[161]. This has several consequences that can be exploited in the development of OVs. Rapidly
dividing cancer cells have a high level of DNA precursors that are required for the replication of
the cell’s DNA. One enzyme that plays a critical role is RNR, which catalyzes the formation of
deoxyribonucleotides from ribonucleotides. Recent data from the our group suggests that VACV
replication can be supported by the combined activities of both host cell and virus RNRs [269].
Disruption of the viral F4L gene (encoding the RRM2 protein of the RNR complex) results in virus
growth that becomes dependent upon cellular RRM2. This mutation also dramatically reduces the
virulence of AF4L viruses in infected animals, likely because most cells are not replicating and
naturally express too little RRM2 to support efficient virus growth. We have developed VACVs
tagged with the gene encoding mCherry and with deletions in F4L, J2R or both and examined their
oncolytic properties in models of bladder cancer.

Using these viruses as a starting point, this thesis reports a number of significant
contributions to preclinical studies to improve the treatment of bladder cancer. We show that
AFA4LAJ2R VACYV has superior safety while maintaining efficacy in models of bladder cancer. We
have reported the first use of the RT112-luc orthotopic xenograft bladder cancer model that allows
for in vivo tumor imaging. We have also developed a series of primary bladder tumor cultures, a
unique PDX model of high-grade bladder cancer, and a platform for generating additional bladder

cancer PDX models. Of most significance, we provide preliminary evidence that AF4LAJ2R
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VACYV has superior safety over a single J2R-deleted VACV and may induce stronger anti-tumor
immunity. Our AF4LAJ2R VACYV also increases survival in rodent models over BCG and is
effective in killing BCG-resistant cells in vitro. Collectively, we have contributed both new models
and reagents to the field as well as advanced the safety threshold and efficacy of oncolytic VACVs.
5.2 Immunotherapy in bladder cancer

One of the most exciting and promising developments in recent decades in cancer
immunotherapy. Cancer immunotherapy is a form of treatment that boosts your body's own
immune system to help fight cancer (reviewed in [334-336]). Although this strategy has been
studied for over a century [337] it is only in the last few years that phase III clinical trials have
shown consistent and significant improvements in the survival of patients with a variety of cancer.
Three main types of immunotherapy have been examined in bladder cancer; immune checkpoint
inhibitors, cancer vaccines, and OVs. Although these are not the only forms of cancer
immunotherapy, they will be the focus of this discussion. The power of genome sequencing has
identified many of the genetic alterations that lead to the development and progression of bladder
cancer [44]. Lawrence et al. showed that bladder cancer has one of the highest rates of somatic
mutations of any cancer [338]. This high mutational burden can provide tumor antigens that can
be recognized by the immune system. All three forms of immunotherapy take advantage of such
mutations to generate an anti-tumor immune response.

5.2.1 Immune checkpoint blockade. Of all the cancer immunotherapies, immune
checkpoint inhibitors are leading the way in the clinic for a variety of cancers (reviewed in [339]).
There are multiple inhibitory checkpoints that regulate the immune system. Cytotoxic T-cells are
activated following interaction with APCs that allow engagement of the T-cell receptor (TCR)

with MHC complexed to tumor antigen-derived peptides [340]. These activated T-cells can then
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seek out cells displaying the target antigen and kill them. Under normal conditions, immune
checkpoints are essential in self-tolerance, preventing states of autoimmunity [341]. However,
tumor cells can be selected for and express checkpoint-activating ligands on their surface which
ultimately shut down the immune response, preventing tumor clearance. Immune checkpoint
blockade therapies are designed to prevent this interaction, allowing maintenance and
amplification of antigen-specific T-cell responses. There are two main checkpoint pathways that
have been targeted for cancer immunotherapy (reviewed in [342,343]). CTLA-4 is an immune
checkpoint protein that antagonizes the stimulatory interaction between CD28 on T-cells and B7-
1/B7-2 (CD80/CD86) on APCs. The other pathway is mediated by the programmed death 1 (PD-
1) receptor, found mainly on T cells, and its ligand PD-L1 (B7-H1), which is expressed by a
number of normal cell types and can be overexpressed on cancer cells. Engagement of PD-L1 with
its receptor, PD-1, on T cells results in a signal that inhibits TCR-mediated activation of T-cell
proliferation.

Ipilimumab is an anti-CTLA-4 monoclonal antibody that generated significant survival
improvements in a phase III clinical trial in patients previously treated for metastatic melanoma
[344]. However, grade 3 or 4 toxicities were reported in 10-15% of patients in the trial. In 2011,
the FDA approved ipilimumab for the treatment of metastatic melanoma, due to the impressive
increase in survival of patients with this difficult to treat cancer. This drug has recently been tested
for the treatment of bladder cancer. Liakou ef al. conducted a pre-surgical clinical trial with
ipilimumab in six patients with bladder cancer who were candidates for radical cystectomy [345].
Treatment resulted in an increase in effector T-cells and production of IFN-y. Ipilimumab was also
tested in a phase I trial with 12 NMIBC patients [346]. Treatment was well tolerated,

demonstrating only grade 1 and 2 toxicities. Following treatment, all 12 patients had increased
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presence of CD4'ICOS™ T-cells [347] which is pharmacodynamic biomarker of successful anti-
CTLA-4 treatment. These are encouraging results but further clinical trials are needed to determine
if anti-CTLA-4 therapy is superior to current therapies.

Atezolizumab is an anti-PD-L1 monoclonal antibody that has been tested in numerous
clinical trials of bladder cancer. In a phase I clinical trial, metastatic bladder cancer patients were
treated regardless of PD-L1 status to determine whether PD-L1-negative tumors could be cleared
[348]. The authors report that 57% of patients developed treatment-related toxicity, 4% of which
were grade 3. The study found that response rate correlated with PD-L1 expression on the tumor.
Atezolizumab was next tested in a phase II clinical trial (IMvigor210) of untreated patients with
locally advanced or metastatic bladder cancer who were cisplatin-ineligible [349]. The objective
response rate was 23%, while complete response rate was 9%. The study also determined that
response rate correlated with mutational burden of the tumor. Based on these results, in May 2016
the FDA granted an accelerated approval of atezolizumab as a frontline treatment for cisplatin-
ineligible patients with locally advanced or metastatic bladder cancer. Recently, Roche had a press
release on their phase III clinical trial (IMvigor211) testing atezolizumab in patients with locally
advanced or metastatic bladder cancer whose disease progressed during or after platinum-based
chemotherapy. IMvigor211 did not meet its primary endpoint of increasing overall survival
compared to chemotherapy alone. Based on these results numerous clinical trials are being
planned. However, so far only a fraction of patients are seeing dramatic responses and toxicities
are significant, so it is clear that there is still significant room for improvement.

5.2.2 Cancer vaccines. The goal of a cancer vaccine is to expose the host to expressed
tumor associated antigens and increase the number of tumor-specific T-cells as well as to reactivate

T-cells. In general, this is achieved by stimulating APCs such as DCs with a known tumor antigen.
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T-cells can then be activated by interacting with these APCs, allowing antigen presentation and
engagement with the TCR. Although not as encouraging as the clinical results of immune
checkpoint inhibitor treatment, there are currently several cancer vaccines in clinical trials of
bladder cancer. One example is DN24-02, which consists of APCs that have been pulsed with
BA7072, a recombinant HER2-derived antigen linked to GM-CSF. DN24-02 is currently being
examined in a phase II study of patients with high-risk HER2" bladder cancer. Although no
response rates have been reported, interim data showed that DN24-02 activated APCs, increase
HER2-specific antibody responses, and increase expression of T-cell cytokines [350,351].
Another cancer vaccine that is of interest to this thesis is PANVAC. A poxvirus-based
cancer vaccine that consists of a priming dose with VACV (Wyeth strain) and subsequent boosting
doses with fowlpox virus [352]. Both viruses encode the tumor-associated antigens epithelial
mucin 1 (MUC1) and carcinoembryonic antigen (CEA). They also express T-cell costimulatory
proteins, B7.1, intracellular adhesion molecule-1 (ICAM-1) and leukocyte function-associated
antigen-3 (LFA-3), to help enhance the immune response. PANVAC has been tested for activity
in multiple cancer types. A clinical trial in metastatic breast cancer showed PANVAC to be well
tolerated and saw a trend in improved progression-free survival [353]. In another phase I trial of
advanced pancreatic cancer, PANVAC was shown to be capable of generating an antigen-specific
immune response [354]. Bladder cancer is also a potential target for PANVAC therapy. MUCI1
has been shown to be significantly increased on the surface of bladder cancer cells, and expression
levels directly correlate with stage and grade [355,356]. However, CEA levels are not significantly
elevated in NMIBC, although they are in MIBC [357]. A phase II clinical trial is currently
underway testing PANVAC with BCG therapy versus BCG alone in high-grade NMIBC patients

who failed prior BCG therapy (NCT02015104). Cancer vaccines have had limited success in the
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clinic as single agents, but the identification of tumor antigens and the ability to present them
support the investigation of multiple strategies for cancer immune therapy. Introduction of tumor
antigens and immune activating molecules into OVs could enhance their efficacy.

5.3 Oncolytic viruses

Although there has recently been an increased interest in developing new therapies for
bladder cancer, it can be seen by the discussion above that many of these treatments have either
shown little efficacy or are still under investigation in very early clinical settings. Some of the most
promising cancer therapies in recent years have been biological agents, namely immune
checkpoint inhibitors. The clinical results with immune checkpoint inhibitors are encouraging but
these have primarily been investigated in MIBC or metastatic disease. Additionally, a significant
proportion of patients do not respond to these therapies and some have been associated with fairly
severe toxicities. There is a dire need for more safe and effective therapies for both MIBC and
NMIBC.

This thesis focuses on the development of a highly safe and selective oncolytic VACV for
the treatment of NMIBC. Not only is there a strong rationale for using OVs in bladder cancer but
the data presented here demonstrates pre-clinical support for a clinical investigation. As introduced
in chapter 1, OVs are engineered to selectively replicate in and destroy cancer cells while leaving
normal cells unharmed. OVs are unique in that they pose multiple modes of action. Firstly, they
directly lyse cancer cells which not only kills the cells, but also releases tumor antigens. Secondly,
local virus infection stimulates the immune system, increasing immune cell infiltration, and
cytokine production. This can be a critical step in immune system recognition of tumor antigens
and generation of an anti-tumor immune response. Finally, since OVs replicate, they self-amplify

allowing for spread and additional rounds of infection and lysis. OVs may have added benefit over
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immune checkpoint inhibitors that are excellent at reactivating a preexisting immune response, but
are unable to generate new anti-tumor T-cells. Additionally, cancers with low mutational burden
typically do not respond to checkpoint blockade, but may be responsive to OVs. For these reasons,
there is significant interest in investigating OVs as a treatment option bladder cancer.

5.4 F4L-deleted VACYV as a treatment for bladder cancer

WT VACYV encodes many of the proteins required for robust replication in normal cells.
Many of these proteins are involved in the synthesis of ANTPs for viral genome replication (Figure
1.5). These proteins include TK (J2R gene product) and both large (RRM1; /4L gene product) and
small (RRM2; F4L gene product) subunits of the heterodimeric RNR complex. The cellular
homologs of these viral proteins are overexpressed in rapidly dividing cancer cells that require a
high rate of ANTP production [358]. Since VACV can utilize cellular TK1, and virus-encoded
components of RNR can complex with each other or with cellular homologs [269], one can employ
a complementation-based strategy to design a cancer-selective OV.

The most common strategy used to generate oncolytic VACVs has been to introduce
mutations that inactivate J2R. Cellular TK1 is a critical enzyme in the salvage pathway for
nucleotide biosynthesis. TK1 catalyzes the reaction of dTh and ATP to generate deoxythymidine
monophosphate (d{TMP). TK1 is cell cycle regulated, being synthesized during S-phase and
subsequently degraded [359]. Many cancers show elevated levels of TK1 and we and others show
that TK1 is overexpressed in both NMIBC and MIBC [360]. Interestingly, we have shown here
that all our bladder cancer cell lines supported replication of AJ2R VACYV to nearly the same level
as that seen in cells infected with WT VACV. All the bladder cancer cell lines showed high levels
of TK1 protein expression but we could not detect cellular TK1 in the normal N60 cell line even

though it supported robust AJ2R VACV growth. This could be explained by the fact that dTTP
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can also be produced de novo from dUMP by thymidylate synthase and TMK [297,298] and
VACYV encodes a homolog of the latter enzyme. It has also been reported that thymidylate synthase
is cell cycle regulated much like cellular TK1. It would be of interest to this project to examine
thymidylate synthase expression in the N60 cell line to see if its upregulation could explain why
we see AJ2R VACV replication in the absence of TKI1. Additionally, we could perform
knockdown studies of TK1 to determine the TK1-dependence of AJ2R VACYV replication.

Pexa-Vec is the most clinically advanced oncolytic VACV, having completed at least 7
phase I and 6 phase II clinical trials [132]. Pexa-Vec has a deletion of J2R and encodes GM-CSF
to enhance the host anti-tumor immune response. Although Pexa-Vec has been examined in many
clinical trials with minimal toxicity there have been reports that it produced pox lesions in some
patients [361-363]. Recently, a phase I clinical trial of another oncolytic VACV, vvDD, was
reported [364]. vvDD is based on backbone strain WR, as are viruses we have used in our studies,
and contains deletions in the vaccinia growth factor gene and J2R. They found evidence of
replicating virus in a healing wound and as well as in the oral cavity. They suggest that the
attenuating mutations introduced into VACV were unable to prevent virus replication in healing
or inflamed tissue. The added safety of our F4L-deleted VACVs may provide a benefit when
moving to the clinic, especially in patients with compromised immune systems.

RNR is a heterodimeric complex that catalyzes the formation of dANTPs from
ribonucleotides (reviewed in [184]). Since RNR is responsible for the de novo synthesis of ANTPs,
it is essential for cell proliferation. Both subunits (RRM1 and RRM2) have been shown to be
overexpressed in cancer cells [291]. We found RRM1 protein levels in all bladder cancer cell lines
as well as normal N60 cells. mRNA analysis of patient samples showed that RRM1 was only

overexpressed in MIBC. In contrast, we found elevated RRM2 expression in bladder cancer cells

163



lines, and mRNA expression in patient samples was elevated in both NMIBC and MIBC. RRM1
is constitutively expressed and remains constant throughout the cell cycle [365]. In normal cells,
cellular RRM2 is cell-cycle-regulated with levels increasing through S/G2-phase and undetectable
for the rest of the cell cycle. Cellular RRM2 (as well as TK1 [366]) has a KEN box sequence in its
N-terminal domain, that is targeted by the anaphase promoting complex (APC)-Cdhl complex for
degradation during GO/G1 and mitosis [264]. Because of this, RRM2 has a half-life of
approximately 3 hrs and is the rate limiting step in ANTP synthesis [367]. Interestingly, the VACV
F4 protein lacks the N-terminal KEN box sequence required for degradation, allowing expression
outside of S-phase.

In our in vitro experiments we found a link between RRM2 levels and VACYV replication.
However, rather than a linear correlation between the RRM2 protein level and F4L-deleted VACV
replication, there seems to be a ‘threshold’ level of RRM2 required to support robust virus
replication. In relation to the work presented here, Fend et al. have described an oncolytic WR
strain of VACV bearing deletions in J2R and in /4L (encoding the RRM1 protein of the RNR
complex) [292]. While this virus showed promise as a therapeutic agent, in our experience virus
replication is regulated more stringently by F4L than by /4L since cellular RRM2 expression is
cell cycle regulated whereas RRM1 is not. Further safety and efficacy studies would need to be
performed to determine if /4L-deleted VACVs have an advantage over single J2R-deleted VACVs.

One interesting observation we made during our in vitro characterization of the F4L-
deleted VACVs was that AFALAJ2R VACV routinely outperformed AF4L VACV in both
replication and killing in bladder cancer cells. Additionally, we saw that AF4LAJ2R VACV was
superior in our xenograft model after IV injection. This observation was opposite to our initial

hypothesis, where we proposed that the multiple mutations in AF4LAJ2R VACV would cause it

164



to be more attenuated. The reason for these observations is unclear but one possibility is that the
presence of J2R in AF4L VACYV causes an over-production of dTTP, which can skew the ANTP
pool and thus increase the error rate during DNA replication. This may result in a decreased ratio
of infectious to defective virus particles. Additionally, the altered ANTP pool may initiate innate
immune signaling pathways. Further work is required to fully understand our observations.

The most advanced OV in bladder cancer is CG0070 which has undergone multiple phase
I and IT clinical trials. CG0070 conditionally replicating serotype 5 Ad in which the essential Ela
viral genes are driven by the human E2F-1 promoter, restricting virus replication to Rb-defective
tumor cells. In vitro CG0070 shows comparable replication and killing of bladder cancer cells
while having lesser effect in normal cells, similar to what we have found with AF4LAJ2R VACV.
CGO0070 showed tumor killing in orthotopic and subcutaneous human xenograft bladder tumor
models, with complete tumor regression in half of the treated animals (5 of 10) after five high dose
intratumoral injections. Human GM-CSF encoded by this virus is species-specific and their model
was immune compromised; therefore, the antitumor effects seen were likely a result of only the
oncolytic activity of CG0070. Although we used different xenograft models (s.c. RT112-luc and
PDX models), we saw 100% tumor clearance. In immune competent recipients, GM-CSF
expression might enhance the anticancer effect of CG0070 because uninfected local tumor and
potentially distant tumor metastases may be targeted by the induced immune response. It would
be of interest to directly compare our AF4LAJ2R VACV to CG0070 in a pre-clinical model,
however the choice of model is not straightforward, since adenoviruses have limited replication
proficiency in rodents. It would be interesting to determine if tumors that were resistant to
AF4LAJ2R VACV or CG0070 would be sensitive to the other virus, since it is unlikely that all

tumors will be equally susceptible to both viruses.
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The most concerning observation made in our immune competent model studies was the
apparent development of cysts on the ovaries of some rats treated with AJ2R VACV. Other J2R-
deleted VACVs are reported to replicate in normal mouse tissues, including the ovaries where they
can cause pathology and sterility [314-316]. This is of particular concern if J2R-deleted VACVs
are under consideration for treatment of premenopausal women. These observations provide
additional evidence of the increased safety of F4L-deleted VACVs.

One of the more interesting observations was that the F4L-deleted VACVs induced lower
levels of virus-neutralizing antibodies than AJ2R VACYV in rats bearing AY-27 tumors. While nine
of thirteen AJ2R VACV-treated animals appeared to be tumor-free by day 75, three of these rats
later developed rapidly growing recurrent tumors. This makes us wonder if the animals developed
more of an anti-viral as opposed to an anti-tumor immune response. In the future, it would be
interesting to conduct another experiment where we euthanize rats on day 35, not only to look for
neutralizing antibodies, but to examine the different abilities of the viruses to induce anti-tumor T-
cell responses. If in fact AF4ALAJ2R VACYV does induce superior anti-tumor immunity, this would
be another reason to adopt this mutation in a clinical setting.

5.5 Oncolytic VACY in treatment of BCG resistant bladder cancer

Intravesical BCG is the standard of care for high-risk NMIBC which includes CIS, high-
grade papillary tumors (stage Ta), and lamina-propria-invasive tumors (stage T1) [368]. Multiple
clinical trials have shown BCG to be the most effective treatment available for preventing tumor
recurrence. However, despite this strong clinical record, 30% to 40% of patients do not respond to
this therapy and up to 50% of BCG-treated patients will develop recurrence within 5 years of
treatment [104]. Recurrence after BCG therapy is still one of the most significant problems in the

management of bladder cancer since there are no reliable treatment options.
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The immune response generated after BCG treatment is dependent on contact between
BCG and bladder cancer cells [369]. Recent evidence has shown that the internalization of BCG
by bladder cancer cells may also be a critical step in initiating the anti-tumor activities [80].
Redelman-Sidi ef al. showed that activation of the Cdc42-Racl-Pakl signaling pathway by
oncogenic activation of PTEN/PI3K and/or Ras determines a cell’s ability to internalize BCG
through macropinocytosis. Macropinocytosis is a clathrin-independent endocytic process that
facilitates the non-selective uptake of molecules, nutrients, and antigens (reviewed in [370]). It is
an actin-dependent process resulting in cytoskeleton rearrangement at the plasma membrane
leading to formation of endocytic vacuoles called macropinosomes. Pakl phosphorylates LIM
kinase-1 (LIMKT1) [371] which goes on to phosphorylate cofilin, consequently rendering it inactive
[372]. When cofilin is inactive, Arp2/3 complex activity increases which promotes actin
nucleation, creating filaments that grow to form macropinosomes [373]. Finally, Pakl
phosphorylates the C-terminal-binding protein-1/Brefeldin A-ADP-ribosylated substrate
(CtBP1/BARS) which is involved in the final fission of macropinosomes [374].

Upwards of 80% of NMIBC can have mutations that lead to activation of the PTEN/PI3K
and/or Ras pathways. This may explain why BCG treatment is successful in the majority of
situations. The fact that BCG uses macropinocytosis to enter bladder cancer cells is of significant
interest to this project. There are numerous viruses, including VACV, that use macropinocytosis
as an entry mechanism [250,375]. There is a concern that an oncolytic VACV would have limited
efficacy in the same cases as BCG. To investigate this concern, it was necessary to set up a model
of induced BCG resistance. We found AF4LAJ2R VACV could effectively replicate in and kill

BCG-resistant cell lines and primary cell cultures.
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It has previously been shown that Pakl plays a role in VACYV entry via macropinocytosis
and cell-to-cell spread [250,321]. Andrade et al. showed that the deletion of Pak1 causes a delay
in entry and impaired virus spread but it does not play a role in production of progeny virus and
lysis of cells [321]. Although these results are informative they may not have a direct relationship
to our question since they were using fibroblasts cells deleted in Pakl. This is important since
another study by Mercer and Helenius showed that when VACV was added to cells there was an
increase in phosphorylation of residue T423 in Pak1, a marker of Pak1 activation [250]. Increased
T423 phosphorylation after VACYV infection may in part explain why VACYV is still effective in
BCG-resistant cells. It would be important to examine phospho-Pak1 after VACV infection of
BCG-resistant cells to see if it is increased. When we analyzed VACYV infection in IPA-3 treated
cells we saw decreased infectivity, however there was no significant difference from DMSO-
treated cells in terms of virus yield. Therefore, there may just be a delay in virus entry in cells with
low phospho-Pakl.

Although our preliminary data on using VACV as a treatment for BCG-resistant bladder
cancer is promising, we still have a number of questions that need to be answered. We would like
to determine the rate of virus spread in tumors that are resistant to BCG. For this we will utilize
tumors grown in vivo on the chorioallantoic membrane of the chick embryo model, a site that
provides stromal support resembling the mammalian tumor microenvironment [376-379]. We also
want to determine if our AY-27shPak]1 cells lines are resistant to BCG, when used in vivo in our
rat model of bladder cancer. Using this BCG-resistant model, we want to evaluate efficacy of
AF4LAJ2R VACV. Finally, we would like to correlate Pakl expression with response rates to

BCG in the clinic to determine if Pak1 is a suitable marker for BCG failure.
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5.6 Oncolytic virus combination therapies

Although OVs have shown some promising results in both pre-clinical and clinical settings,
it is unlikely that they will be curative agents on their own and would benefited from additional
biological modifiers. With the ultimate goal of generating a durable anti-tumor immune response,
it is becoming obvious that the current single-modality immunotherapies will likely not achieve
this goal. It is likely that the most successful therapeutic regime will combine multiple therapies,
each with different modes of action. OVs with low toxicity and broad application could play a
central role in these combination therapies. The challenge ahead will be how to accurately
determine the right combination for each patient. There have been several studies combining OV's
with both conventional chemotherapies as well as other immunotherapies.

Recently, Liu et al. showed that an oncolytic VACV was synergistic with PD-L1 blockade
in pre-clinical models [380]. Treatment with VACYV alone attracted effector T-cells to the tumor
site and caused an increase in PD-L1 expression. Combination treatment with VACV and anti-
PD-L1 reduced the number of PD-L1 positive cells and increased the infiltration of both CD4 " and
CDS8" T-cells while also causing a decrease in Tregs. These encouraging pre-clinical results
warrant further investigation of combining OVs with immune checkpoint inhibitors.

Another intriguing combination is OVs and gemcitabine. Pre-clinical studies with myxoma
virus [381] and HSV [382] as well as a phase I study with revovirus [234] have all shown enhanced
responses when combined with gemcitabine. One of the most potent suppressors of various T-cell
and NK cell functions are myeloid-derived suppressor cells (MDSCs) [374,375] (Reviewed in
[376]). It has been shown that gemcitabine treatment causes depletion of MDSCs in the spleen,
which results in a re-establishment of CD4+ and CD8+ T-cell proliferation [383]. Importantly,

gemcitabine treatment does not severely harm activated immune cells, particularly CD8+ T-cells
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and NK cells in the spleen, and they are able to elicit their tumor killing effects [384]. We also
have some data indicating that our oncolytic VACV has enhanced cell killing after pre-treatment
with gemcitabine (see Appendix Figure 1). Since gemcitabine is often used in recurrent bladder
cancer this could be a rational combination in the clinic.

Additionally, radiotherapy and VACV have been combined in pre-clinical models of
melanoma [385] and pancreatic cancer [386]. This combination showed synergistic cytotoxicity
in vitro and significantly delayed tumor growth and enhanced survival of tumor-bearing animals
compared to either single agent. The combination of chemo and radiotherapy with OVs may be of
interest in bladder-sparing treatments.

5.7 Improving oncolytic virus therapy

Although we and others have shown oncolytic VACVs to have significant anti-tumor
activity, there is still room for improvement. In our hands, we can clear most if not all xenografted
tumors however, in immune competent models we achieve around a 50% cure rate. The reason
why some animals fail to respond is not fully known, but there are a few possible explanations.
Firstly, there may not be sufficient infection of the tumor cells after virus instillation. Secondly,
the virus may simply be cleared too rapidly by the host immune response to have a significant lytic
effect. Or the virus may simply not stimulate the anti-tumor immunity required for long term tumor
control. To enhance the anti-tumor activities of OVs, several strategies could be applied. Immune-
stimulating transgenes inserted into the viral genome might help activate the immune system in
generating tumor-specific cytotoxic T-cells. OVs have been engineered to express T-cell-
activating cytokines that include IL-2, -12, -15 and -18 as well as APC-activating IFNs, TNF-a
and GM-CSF (reviewed in [387]). However, the ideal transgene choice is unclear and it may vary

significantly between each tumor type and mutational landscape.
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Immune evasion strategies have been implemented to increase virus delivery to the tumor
site. Rojas et al. [388] showed that deglycosylation of VACYV particles decreased Toll-like receptor
2 (TLR2) signaling which resulted in decreased anti-viral neutralizing antibodies. Additionally,
Rojas’ virus expressed the TIR-domain-containing adapter-inducing interferon-§ (TRIF)-
activating transgene to enhance the cytotoxic T-lymphocyte (CTL) response. TRIF expression
pushes the immune response from Th2 to a primarily Th1 response increasing the anti-tumor CTL
response. The oncolytic activity was improved over the parental virus and treatment was further
improved with repeated treatment. In another study by the same group, they found that MDSCs
are key mediators of immunotherapy resistance [389]. It is known that prostaglandin E2 (PGE2),
can induce the differentiation of MDSCs from bone marrow cells [390]. To counteract MDSCs,
they expressed hydroxy-prostaglandin dehydrogenase 15-(NAD) (HPGD), an enzyme responsible
for the metabolism of PGE2, from their oncolytic VACV. HPGD treatment with this modified
virus resulted in depletion of MDSC in the tumor, and enhanced antitumor immune responses in
both VACV sensitive and resistant tumor models. Another way to limit the consequences of virus
neutralization is with a prime-boost strategy. Here two immunologically different viruses are used
sequentially to express tumor antigens. This strategy allows for maximal expression of the tumor
antigen over time. An adeno-/vaccinia virus combination has been successful in slowing the
generation of anti-viral immune responses resulting in better anti-tumor therapy [391].

A variety of antibody therapies have shown excellent results in clinical trials. However,
long half-life and poor tumor penetration increase the chances of adverse side effects and decreased
efficacy. Local antibody production from a OV could help modify the tumor microenvironment
while minimizing the side effects [392]. Recently, oncolytic VACVs that expresses murine

programmed cell death-1 (mPD-1) whole antibody (mAb), fragment antigen-binding (Fab), or
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single-chain variable fragment (scFv) have been developed [393]. Both mAb and scFv VACVs
resulted in tumor growth and survival similar to unarmed VACV combined with systemically
administered anti-PD-1, and both treatments were superior to virus alone. Oncolytic measles
viruses engineered with transgenes encoding anti-CTLA-4 or anti-PD-L1 antibodies have also
been shown to increase survival and improve tumor regression in mouse models [394]. Virally
encoded antibodies could be expanded to targets beyond PD-1/PD-L.1 or CTLA-4 [395]. Another
interesting development are bispecific T-cell engagers (BiTEs) which consist of two linked scFvs
specific for the TCR and a tumor-specific surface antigen [396]. Linking of a tumor cells and T-
cell by the BiTE causes T-cell activation and tumor cell killing. Yu et al. described an oncolytic
VACYV expressing a BiTE against the tumor cell surface antigen EphA2 which activated human
PBMCs and enhanced anti-tumor activity in preclinical models [172]. These antibody expression
strategies may be a way to maximize the benefits of them while at the same time minimizing
toxicity.

In recent years, it has become clear that generation of a robust and long-lasting anti-tumor
immune response is key in the management of cancer. A number if strategies to enhance the anti-
tumor activities of OVs have been described here. The challenge moving forward will be to
determine which strategy will benefit a particular patient and even which OV is the ideal choice.
These optimized OVs can be even further enhanced by combination with conventional cancer
therapies.

5.8 Conclusions

OVs have continually shown excellent safety profiles with encouraging pre-clinical and

clinical efficacy. However, moving OVs into the clinic requires further investigation into

appropriate tumor targets, delivery methods, combination therapies, and evaluation of biosafety
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concerns. In this thesis, we show that NMIBC may be an ideal target to treat with OVs. We found
F4L-deleted VACVs to have improved safety compared to viruses deleted only in the J2R gene.
Specifically, AF4LAJ2R VACYV showed enhanced tumor selectivity while maintaining efficacy
both in vitro and in vivo. This VACV selectively replicated in the orthotopic AY-27
immunocompetent rat model, RT112-luc xenograft model, and a patient derived xenograft model,
causing significant tumor regression with no toxicity. Furthermore, rats cured of AY-27 tumors by
VACV treatment developed long lasting anti-tumor immunity. Bladder cancer cell lines with
inherent or induced BCG resistance were highly susceptible to VACV-mediated killing. Finally,
comparison of AF4LAJ2R VACV to BCG in the orthotopic AY-27 immunocompetent rat model
found the virus to achieve superior tumor clearance and long term survival. Future studies will
further investigate the mechanism of BCG failure and determine if a AF4ALAJ2R VACV could
provide an improved treatment for this group of patients. Additionally, combining OVs with
immune checkpoint inhibitors, chemotherapeutics, or arming the virus with immune-modulatory

cytokines or tumor antigens, may help improve the development of a durable anti-tumor immunity.
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Appendix 1. VACYV in combination with gemcitabine for treatment of bladder cancer cells
in vitro
Contributions: Data presented here were generated by Katelynn Rowe (undergraduate
summer and project student whom I supervised). I assisted in the experimental design, performed

some of the replicates and the data analysis.

Gemcitabine (GEM) is an anticancer drug that has shown activity against bladder cancer
[108]. A systematic review of clinical studies provides evidence that GEM may as effective as
BCG at preventing tumor recurrence and disease progression while at the same time was found to
cause fewer side effects [107,108]. Overall, intravesical GEM has shown encouraging results and
may be an option in treating patients with NMIBC.

GEM (2,2 difluorodeoxycytidine; dFdC) is a deoxycytidine analog that is used for the
treatment of a variety of cancers, including pancreatic, lung, ovarian, and bladder cancer. There
are several characteristics of GEM that make it an ideal candidate drug for use in intravesical
therapy (reviewed in [397]). These include rapid uptake into cells and high rate of plasma
clearance, which ensures any drug that enters the systemic circulation is rapidly cleared. Once
inside the cell, GEM is phosphorylated to its monophosphate form by deoxycytidine kinase
(DCK). Further phosphorylation to its di-phosphate (dFdCDP) and tri-phosphate (dFdCTP)
derivatives generates the active forms of GEM. dFdCTP is incorporated into DNA and inhibits
the DNA polymerase consequently causing inhibition of further DNA synthesis [398]. After
dFdCTP is introduced into replicating DNA, an additional nucleotide is added by the polymerase,
preventing dFACMP from being excised by proofreading enzymes [399]. In addition, the dFACDP

form can inhibit the RNR complex, depleting the cellular deoxynucleoside triphosphates (ANTP
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pools) allowing increased GEM incorporation into DNA [400]. Replication stress caused by GEM
can activate the DNA damage and replication stress signaling pathways.

Although GEM is promising as an intravesical therapy for NMIBC [108], there is a
significant issue with patients developing resistance to this drug. GEM is transported into cells by
the human concentrative nucleoside transporter (hCNT) 1 and equilibrative nucleoside transporter
(hENT) 1 [401]. Cells with reduced levels of these transporters are highly resistant to GEM
because they are unable take up GEM [402]. Resistance also results from an up-regulation of RNR
protein leading to increased RNR activity [403]. Higher activity increases the dNTP pool in the
cells which creates a negative feedback loop that decreases DCK activity causing a reduction in
GEM phosphorylation and ultimately less activity [404]. Moreover, the increased dNTP pool that
results from elevated RNR activity can reduce GEM incorporation into DNA due to competitive
inhibition. Due to the increased frequency of clinical use of GEM for bladder cancer, especially
after BCG failure, we investigated the combination of VACV and GEM, a likely combination
treatment in a clinical trial.

Sensitivity of a subset of bladder cancer cells to short term (4 hr) GEM treatment was
initially tested. We chose a short treatment to mimic the intravesical therapy used in the clinic.
When viability was assed at 48 hrs post-treatment, we found that some cell lines were highly
resistant (Figure A.1A). Next, we showed that in the HTB-3 bladder cancer cell line, there was an
increase in cellular RRM?2 as soon as 4 hr after GEM treatment (Figure A.1B) which could allow
for enhanced complementation of our AF4LAJ2R VACV. AF4LAJ2R VACV was still able to
replicate efficiently after a 4 hr GEM pretreatment, although there was a reduction in replication
compared to control cells (Figure A.1C). We have preliminary data indicating that treatment of

bladder cancer cells with GEM followed by AF4LAJ2R VACYV infection enhances cell killing. For
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the combination treatments, cells were treated with GEM only, virus only, or GEM followed by
virus. We found that using short-term (4 hr) treatment with GEM followed by VACV infection
resulted in greater cell killing than either treatment alone, as determined by resazurin assay (Figure
A.1D).

These data suggest that there is a significant potential for the combination of AF4LAJ2R

VACYV and GEM in the treatment of bladder cancer and warrant further investigation.
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Figure A.1: Pretreatment with gemcitabine enhances VACV mediated Kkilling. (A) Viability
of bladder cancer cells following GEM treatment. To mimic clinical treatment of bladder cancer
with GEM, the indicated cell lines were treated with GEM for 4 hr then washed and incubated for
48 hr. Control cultures were treated with PBS instead of GEM. Cell viability was determined by
resazurin assay. (B) Western blot analysis of cellular RRM2 expression following GEM treatment.
HTB-3 cells were untreated, or treated with 100 uM GEM for 4 hr. Cells were then washed and
incubated in fresh medium for the indicated time. Control was collected at 24 hr. 3-actin was used
as a loading control. (C) Multistep growth curve of AF4ALAJ2R VACYV following 4 hr pretreatment
with GEM. HTB-3 cells were treated with PBS or 100 uM GEM for 4 hr, then washed, and
incubated for an additional 20 hr. Cells were then infected at an MOI of 0.03 PFU/cell. Cells were
incubated for the indicated time before harvesting and titrating on BSC40 cells. (D) Sequential
GEM + VAC treatment. HTB-3 cells were treated for 4 hours with PBS or 100 uM GEM, then
washed, and incubated for an additional 20 hr. Cells were then infected at an MOI of 0.1 PFU/cell,
then 48 hr later assayed for cell viability by resazurin assay.

Data Information: Mean = SEM is shown. Data in (A), (C), and (D) represent n=3 independent

experiments.
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Appendix 2. Tumor abscess in RT112-luc xenografts

Contributions: I performed the tissue collection and processing. Histological analysis was

performed by Dr. Nick Nation.

In chapter 2 we showed that AF4L and AF4LAJ2R VACVs safely clear human bladder
tumor xenografts. The majority of RT112-luc flank tumors were completely cleared at the end of
the experiment. Interestingly, we noticed that a subset of animals retained, at the tumor cell
injection site, a palpable mass that produced no luciferase signal. The masses were unusual and
had a white color to them (Figure A.2A). The presence of the mass was not dependent on which
VACYV was used to treat the animal. Histological examination (Figure A.2B-D) suggested that the
mass from the subcutaneous tumor injection site was an abscess. It had a uniform thin but fibrous
wall with an inner layer of necrotic inflammatory debris and degenerate neutrophils. It was also
determined by a pathologist that there was no evidence of any tumor cells remaining. The cause

of the mass is not clear, but it did not seem to be deleterious to the animal’s health.
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Figure A.2: Abscess development after VACYV treatment. (A) Representative photograph of an
abscess remaining after the bulk of the tumor is cleared by VACV treatment. (B-D) Histological
ections of the mass were stained with hematoxylin and eosin (H&E) and analyzed by microscopy.
(B) 20x magnification image of the entire abscess structure. The green arrows indicate the central
mass of the abscess. The fibrous wall of the abscess is indicated by the black arrows while the skin
surface is indicated by the orange arrows. (C) 100x magnification image of necrotic core. The red
arrows show areas of mineralization of the debris in the abscess. (D) 100x magnification image of
the details of the abscess wall. Red arrows show the necrotic debris in the core of the abscess,
black arrows outline the abscess wall, and the green arrow points to a cluster of lymphocytes just

outside the abscess wall.
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Appendix 3. Staphylococcus aureus infections in AJ2R-treated mice.

Contributions: I performed the tissue collection and processing. Histological analysis was

performed by Dr. Nick Nation.

As show in chapter 2, the AJ2R virus had strong anti-tumor activity. However, this was
only achieved with significant toxicity in immune-deficient Balb/c nude mice. Mice euthanized
prior to day 50 of the experiment were found to have significant viremia and this was determined
to be the main factor behind their weight loss (Figure 2.7). Surprisingly, mice euthanized after
day 50 had no detectable virus in any organs. Instead it was determined that they acquired systemic
Staphylococcus aureus infections (Figure A.3). It was concluded that the infection likely occurred
at transient dermal pox lesions characteristic of some of the mice treated with AJ2R VACV (Figure
2.11). These lesions, while not sufficiently active to cause significant systemic spread of virus,
were capable of compromising integrity of the skin barrier, making the animal susceptible to

opportunistic S. aureus infection which can be lethal in immune compromised animals.
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Figure A.3: Staphylococcus aureus infections in AJ2R treated mice. Representative photograph
of skin tissue from mouse with S. aureus infection. Section was stained with hematoxylin and
eosin (H&E) and analyzed by microscopy. 100x magnification image is shown. The red arrows

indicate colonies of S. aureus. Tissue collection, processing and analysis was performed by Dr.

Nick Nation.

217



