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ABSTRACT

Granulosa cell tumour (GCT) is a malignant sex-cord stromal cell form of ovarian cancer
that constitutes ~5% of ovarian neoplasms. Current chemotherapy regimens are not effective
enough in controlling recurrent GCT, and as a result ~80% of women who relapse will die of
disease. Procaspase-activating compound 1 (PAC-1) is a small-molecule activator of
procaspase-3 that has shown efficacy in treating several cancers either alone or in combination
with other agents. Here we investigated the effectiveness of PAC-1 in treating GCT in vitro, and
the amount of synergy displayed by combining PAC-1 with selected apoptosis-inducing agents.
We found that while tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) was only
marginally toxic to GCT, combining it with PAC-1, even at low doses, was strongly synergistic in
killing an established GCT cell line. The combination was also toxic to patient samples of
primary and recurrent GCT cells. Based on those results we sought to overcome known
limitations in the clinical effectiveness of TRAIL through generation of a novel recombinant
oncolytic vaccinia virus that secretes human TRAIL (VACV*AL), Infection and replication by our
virus was efficient, it generated significant levels of TRAIL, and it displayed strong cytotoxicity in
GCT model cell line KGN. Our attempt to develop a xenograft mouse model using KGN cells for
in vivo testing of PAC-1 and VACV®t was unsuccessful. While we did see small lesions in mice
injected with KGN cells expressing Runx3, the extended time required for development of
tumours and their small size currently limits the model’s utility as a test platform. Never the
less, we propose that the novel combination of this TRAIL-expressing oncolytic virus and
caspase-activator PAC-1 has potential as a GCT treatment, and warrants further investigation in

models of GCT that are under development.
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CHAPTER 1. INTRODUCTION



1.1 Granulosa cell tumour

The Canadian Cancer Society reports that in 2017, approximately 2,800 women were
diagnosed with ovarian cancer and 1,800 women died from the disease [6]. Granulosa cell
tumour (GCT) is a non-epithelial, malignant, sex-cord stromal cell form of ovarian cancer that
constitutes 5 - 8% of ovarian neoplasms [7, 8] suggesting that annually there are upwards of
140 new cases of GCT in Canada. The disease was first identified 1859 [9], and there are two
categories of GCT, adult (AGCT) and juvenile (JGCT), with 95% of GCTs being AGCT [10]. The
general incidence of GCT ranges from 0.47 cases/100,000 women in Finland, to 0.99/100,000 in
United States/Europe, to 1.7/100,000 in a range of other countries [8, 11-13]. There is no
known association between GCT and germline mutations in BRCA1 and BRCA2, known to
increase the risk of developing epithelial ovarian cancer [14, 15]. Standard of care treatment
for GCT is surgical resection, both for primary and recurrent disease if the recurrence is
localized. In the case of advanced-stage disease or widespread recurrence chemotherapy or
hormonal therapy may be utilised although results are inconsistent [16].

1.1.1 Epidemiology of GCT

The primary roles for the ovary are to develop mature oocytes for ovulation, and to
generate bioactive molecules such as the steroids oestrogen and progestin [17]. GCT originates
in granulosa cells which form the follicle around an oocyte and interact with endocrine factors
that control maturation of the follicle from a primordial to pre-ovulatory state (Figure 1.1).
During fetal development there are several million oocytes/primordial follicles in the
developing ovary, but by the time gestation is complete the number of primordial follicles has

been reduced to ~400,000, of which only ~400 will ever be selected for ovulation. During



gestation, loss of primordial follicles is largely driven by oocyte quality whereas after puberty
follicle loss is regulated by hormone signaling during the menstrual cycle.

Upon initial presentation GCT is almost always confined to one ovary and tumours are
commonly large (>10 cm in the greatest dimension) with surgery as the primary treatment
modality [18]. The majority (~90%) of GCT cases are classified as FIGO stage | (Table 1.1) [7, 10]
but they present a clinical conundrum: five-year survival for early-stage disease is cited as >90%
but that is a somewhat misleading metric because GCT is known for late (>5 years) recurrence
with 10 — 20 years post-diagnosis not uncommon [19, 20]. Stenwig, et al., reported in 1979 that
the average time from diagnosis to recurrence was 8.9 years, and the mean time between
recurrence and death from disease was 2.6 years [21]. Multiple retrospective studies have
concluded that stage of disease, along with tumour size, to be the leading prognostic factor
[22]. Although no causative effect has been inferred, it has been reported that there is a
tendency towards increased incidence of breast cancer, another hormonally-driven disease, in
women with GCT [23]. The dichotomy between JGCT and AGCT is interesting in that one occurs

in young, oocyte-replete women and the other occurs in older, more oocyte-depleted women.
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Figure 1.1 - Granulosa cells encapsulate and interact with the oocyte throughout follicular
development. GCT may develop initially as mutated GCs that avoid apoptosis during
follicular atresia.



Table 1.1- International Federation of Gynecology and Obstetrics (FIGO) staging for ovarian

cancer

FIGO stages (National Comprehensive Cancer Network (U.S.), 2005)

Stage

Description

Sub-category

Condition

Tumour confined to
ovaries

A

Limited to 1 ovary; capsule
intact; no tumour on
ovarian surface

Tumour involves both
ovaries; capsules intact; no
tumour on ovarian surface

Capsule(s) ruptured or
tumour on ovarian surface
or malignant cells in
washings

Tumour involves
pelvic extension

Extensions on uterus or
tubes, no malignant cells
in peritoneal washings

Extensions on other pelvic
tissues, no malignant cells
in peritoneal washings

Extensions with malignant
cells in peritoneal
washings

Tumour spread to
peritoneum or
retroperitoneal

lymph nodes

Microscopic peritoneal
metastases

Macroscopic peritoneal
metastases less than 2 cm

Peritoneal metastases > 2
cm and/or regional lymph
node involvement

Distant metastases

Excludes peritoneal
disease




1.1.1.1 Adult GCT

AGCT is the result of somatic mutations and it tends to occur in post or peri-menopausal
women with a median age at diagnosis of 48 - 54 years [8, 24]. During the course of any given
menstrual cycle there will be several follicles undergoing development until the dominant
follicle is selected for ovulation (Figure 1.1). As the follicle develops, an anti-apoptotic
microenvironment is created in response to hormones produced under the influence of
steroidogenic acute regulatory protein (StAR) [25], which also serves as a marker for granulosa
cell differentiation. Post-ovulation the dominant follicle forms a corpus luteum and the cells
undergo apoptosis and autophagy. For those developing follicles that were not selected,
hormone signaling shifts to induce follicular atresia which requires granulosa cells to undergo
apoptosis. Granulosa cells that have somatic mutations will be resistant to apoptotic
processing and, eventually, proliferate to the point of being detected as GCT.

Clinically AGCT is often categorized as a slow-growing, indolent disease of low malignant
potential [8, 17, 24, 26, 27]. Common clinical symptoms include endocrine-driven
manifestations such as irregular vaginal bleeding, and non-specific complaints such as
abdominal pain, abdominal distension, and bloating with tumour size commonly being over 10
cm. Tumours tend to be a mixture of solid and cystic components, and can include
hemorrhagic areas due to high vascularization of the tumour.

1.1.1.2 Juvenile GCT

JGCT represents only 5% of GCT cases and while it may visually appear similar to AGCT,
it has distinct histopathologic differences and affects a different age group with a reported

median age at diagnosis of 3 — 8 years including patients less than 1-year old [28, 29]. As with



AGCT, bilateral disease is very rare and most cases are presented as stage | disease [26].
Common symptoms are reported to be precocious puberty due to oestrogen secretion,
abdominal pain and abdominal distension [30, 31]. In general, girls experiencing precocious
puberty do not experience ovulation [32]. Interestingly, Dorward, et al., has reported that
SWXJ-9 recombinant inbred mice that are used as a model for JGCT only develop disease
between 3 and 5 weeks of age [33]. Beyond that the mice are no longer at risk, which suggests
that JGCT is the result of early, possibly in utero, somatic events whereas AGCT is the result of
later, acquired somatic events. This might also be reflected by the propensity for JGCT to occur
pre-puberty in women [26], whereas prepubescent girls almost never develop a case of AGCT
[32]. While overall rates for recurrence are favourable for patients with early-stage JGCT,
advanced-stage disease tends to be more rapidly aggressive than AGCT [26, 34, 35].

1.1.2 FOXL2

FOXL2, a member of the forkhead—winged-helix family of transcription factors, is a
single-exon gene that is known to interact with proteins involved in regulating cell-cycle arrest,
cell adhesion, genome stability, and apoptosis [36]. FOXL2 is also the earliest marker of ovarian
differentiation and is expressed in granulosa cells of the early follicle [37, 38]. FOXL2 regulates
granulosa cell proliferation by repressing StAR along with other genes involved in
steroidogenesis and cell cycle control [39]. Germline mutations in FOXL2 contribute to
conditions such as blepharophimosis-ptosis-epicanthus inversus syndrome (BPES) and
premature ovarian failure [38]. In 2009, using whole-transcriptome paired-end RNA
sequencing, Shah, et al., discovered a unique somatic mutation in AGCT (FOXL2¢34W) that was

present in 97% of cases and in the model cell line for GCT (KGN) [37] meaning the mutation can
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be used for diagnostic purposes [40]. While research continues to fully decipher the role of
FOXL2%34W in GCT oncogenesis, it has been found that the mutation persists in recurrent
disease lending credence to its importance in oncogenesis [41]. FOXL2 has been found to be
missing or expressed at very low levels in most JGCTs emphasizing the fact that AGCT and JGCT
are two distinct diseases arising from the same cell type [42, 43]. For women with AGCT, it has
been shown that FOXL2¢234W can be detected in circulating tumour DNA (ctDNA) and may
represent an effective, non-invasive means for clinical surveillance of recurrence with the ability
to detect disease before elevation of other serum markers [44].

1.1.3 Current treatment options

Surgery is the cornerstone for clinical treatment of GCT, both primary and recurrent
disease. The extent of surgical intervention depends on the extent of the woman’s disease, her
age and fertility status. At a minimum, conservative surgery will involve unilateral salpingo-
oophorectomy and clinical guidelines recommend that surgical staging be performed even if it
is presumed to be early-stage disease [45, 46]. Post-menopausal women will typically be
advised to undergo bilateral salpingo-oophorectomy or total abdominal hysterectomy, but
younger women may wait on more radical intervention in order to preserve their fertility [47,
48].

Clinical guidelines recommend chemotherapy for GCT only in the case of advanced-
stage or recurrent disease [46, 49]. Currently the most-used regimens for patients are
combinations of bleomycin, etoposide and cisplatin (BEP), or carboplatin and paclitaxel.
Reported results have varied in terms of clinical response, but there has been general inability

to sustain durable response in patients, which contributes to the high mortality (~¥80%) in



patients with recurrent disease [7, 19, 26]. In fact, multiple retrospective analyses of case
history data conclude that there is no survival advantage between adjuvant chemotherapy,
radiotherapy, or observation [45, 50, 51].

Radiotherapy (RT) is a less commonly used treatment option as adjuvant therapy. It
was reported to be somewhat useful for control of recurrent GCT in a limited retrospective
analysis [52], although a larger, 45 year retrospective assessment in Canada concludes there is
no demonstration of survival advantage with use of RT [53]. Choan, et al., suggest that the
problem assessing RT effectiveness partly lies in differences between eras of RT methodology,
dosing levels, and inconsistent or lack of sectional imaging to assess treatment effect [54].

1.1.4 Factors impacting research on GCT

As a rare disease, GCT presents limitations on the ability to robustly research both the
nature of the disease and the effectiveness of treatment regimes. Clinically, there have been
numerous retrospective studies of GCT patients attempting to analyse treatment outcomes [22,
45, 55-57]. Most of them have low sample numbers; involve incorporating data from multiple
treatment centers with inconsistent record-keeping; and/or cover a study period that may be
too short—given the tendency for late recurrence of GCT—or so long that specific treatment
practices could have changed but not be captured in data (e.g., records indicating
chemotherapy was used, but not the number of cycles) (Table 1.2). As a result posted findings
can be confusing with wide variations in individual parameters reported such as: age at
diagnosis; stage of disease; recurrence rate; time to recurrence; and effectiveness of treatment.

Prospective trials investigating adjuvant chemotherapy is especially needed for GCT, but rarity



of the disease and need for long-term follow-up means that such trials would have difficulty
reaching statistical power, especially if looking at incremental changes in survival [55].
Pre-clinical research faces a more basic limitation in that there is only one established
cell line for GCT (KGN) that carries the FOXL2¢34W mutation [58, 59] that differentiates AGCT
from other ovarian malignancies, and there are no cell lines definitively characterized as JGCT
after the COV434 cell line was determined to display markers more typical of small-cell
carcinoma of the ovary, hypercalcemic type (SCCOHT) [60, 61]. To complicate matters further
there is no established xenograft animal model for GCT. There have been only a few reports on
the establishment of tumours from the human adult GCT cell line KGN (which contains the
FOXL2¢134W mutation [62]) [63-65] but in these reports endpoints varied considerably and
tumours were very small, thus not ideal as a model for testing therapeutics (Table 1.3). The
conclusions reached by these reports also vary from suggesting: betaglycan moderates
tumourigenesis of KGN [63]; GCT is the result of GSK3-B-mediated post-translational
phosphorylation of FOXL2¢13*W on S33 [66]; KGN spontaneously transforms into an aggressive
phenotype with advanced passages [64]; and GCT oncogenesis is promoted by microRNA-10a

through downregulation of PTEN and, interestingly, GSK3-B [65].
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Table 1.2 - Selected retrospective studies of GCT cases

Study NCDB Bryk Mangili Sun Uygun Haupsy Suri  Babarovic
N 2660 187 97 176 45 103 201 36
Study period (yr) 15 56 43 26 19 45 15 18
Median age 53 53 51 46 46 47 47 54
Stage 1 (%) 64 89 72 77 52 77 86 100
Recurrence (n) -- 54 33 37 9 39 17 4
Deaths!? 417 27 5 5 18 10 -- 2
MEdia”(;f)”ow’“p 59 137 73 51 7 61 34 9.8
Tumour size (cm) 9 10 -- 10.4 -- 10 -- 6.6
Chemo (n) 610 32 23 28 30 0 41 3
Rad (n) 39 23 2 - 11 31 - -
':/E'!eci'rizrf'cr:fytr‘)’ - 7 44 48 16 - - 3.3
Reference [55] [67] [68] [22] [69] [45] [45] [70]

1 patient death from disease

11



Table 1.3 - Reported attempts to generate KGN xenograft animal models

Study Reference Injected Mice Endpoint Tumour size Notes
cells age
Bilandzic [63] 5 x 10° 6 wk 16 wk 24 mm3 a b, c
Kim [66] 2 x 107 (x2) 5 wk 4 wk 10 mm3 a, b c
Imai [64] 5x 10° 6 wk 12 wk 13.5 mm3 a, b de
Tu [65] 5x 10° 4-6 wk 8 wk 6 mm (diameter) ac?f
1x10°8 4-6 wk 4 wk Not reported c?, g h

a — Size/volume estimated from graph data or published image

b — Subcutaneous injection using KGN cells

c — Model was Balb/c"/"- female mice (nude)

d — Model was BALB/c foxni/Foxnl famgle mice (nude)

e — Cells were advanced passage (p58) KGN cells

f — Cells were dox-inducible miR-10a KO KGN cells

g — Orthotopic injection into ovarian bursa of nude mice

h — Cells were pLVTHM-miR10a (miR10a overexpressing) KGN cells
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1.2 Programmed cell death — Apoptosis
1.2.1 Apoptotic pathways

One of the main objectives for most cancer treatments is overcoming a long-established
hallmark of cancer: resistance to the cellular process of programmed cell death, apoptosis [71,
72]. First defined in 1972 [73], the process of apoptosis is part of the normal lifecycle of cells as
it allows for deletion of damaged or aged cells, and recycling of constituents, without disrupting
nearby tissue and without inflammation. Apoptosis is activated in response to irreparable DNA
damage, external stimuli, or other cellular stresses [74-76]. In response to these stimuli the cell
undergoes distinctive morphological changes resulting in condensation of nuclei, cytoskeletal
restructuring, and the blebbing of small apoptotic bodies that eventually undergo phagocytosis
[77]. There are multiple pathways for execution of apoptosis within a cell, with separate
triggering events. What all apoptotic pathways have in common is that they are largely
regulated by caspases (cysteine-dependent aspartate-specific proteases), a family of proteolytic
enzymes [78].

Within the group of caspases involved there are two classifications: initiator (caspase-2,
-8, -9, 10), and effector caspases (caspase-3, -6, -7) [79, 80]. In general, initiator caspases are
activated by upstream biologic events and they in turn activate the effector caspases. The
effector caspases then execute their proteolytic functionality leading to demolition of the cell
[81]. Each caspase initially exists as an inactive zymogen and transforms into an active
multimeric conformation [82]. The zymogen is almost all localized to the cytoplasm while
active forms of some caspases traffic to the nucleus to execute part of their role [83, 84].

Because of the potential for detrimental effects from incidental activation of caspase functions,
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the cell maintains an equally robust complex of anti-apoptotic proteins that are often
upregulated in cancer cells leading to resistance to therapy and proliferation of cancer cells
[76]. There are also caspases that fill roles outside apoptosis, primarily dealing with
inflammation (caspase-1, -4, -5) [85], which is a research area outside the scope of this report.
What follows is a brief description of three apoptotic pathways relevant to this report.

1.2.1.1 Intrinsic pathway

The intrinsic pathway is initiated in response to stress stimuli signaling that irreparable
DNA damage has occurred. This induces oligomerization of BCL2-antagonist/killer (Bak) and
BCL2-associated X protein (Bax) in the mitochondrial outer membrane creating pores through
which cytochrome c and second mitochondria-derived activator of caspase/direct IAP binding
protein with low isoelectric point (SMAC/DIABLO) are released (Figure 1.2) [76]. Cytochrome c
binds with apoptotic protease activating factor 1 (APAF-1) and recruits/activates caspase-9
(CASP9) to form the apoptosome heptamer [80, 86]. CASP9 then cleaves/activates caspase-3
(CASP3), the primary effector caspase. CASP9, CASP3, and CASP7 can be directly inhibited by X-
linked inhibitor of apoptosis (XIAP) which has three baculoviral IAP repeat (BIR) domains that
specifically bind the caspases (BIR2 binds CASP3/CASP7; BIR3 binds CASP9) [87-89].
SMAC/DIABLO inhibits XIAP from binding caspases through competitive binding to the BIR
domains, allowing apoptosis to occur. Two other cellular inhibitor of apoptosis proteins
(clAP1/clAP2) share homology with XIAP but are only weak inhibitors of CASP3 and CASP7. Itis
thought that their anti-apoptotic role may partly be to act as a protein sink by binding pro-

apoptotic proteins such as SMAC/DIABLO [90].
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Figure 1.2 — Primary apoptotic pathways. Ligands such as TRAIL bind death
receptors to induce the extrinsic pathway while stress stimuli such as irreparable

DNA damage induce the intrinsic pathway. Both pathways converge with caspase-3-
activated apoptosis.
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1.2.1.2 Extrinsic pathway

The cellular membrane contains a number of death receptors belonging to the tumour
necrosis factor (TNF) family. Among these are receptors for tumour necrosis factor-related
apoptosis-inducing ligand (TRAIL), death receptors 4 and 5 (DR4/DR5) [76, 91]. The receptors
have extracellular, transmembrane, and cytosolic domains. When ligands bind the receptor,
signals recruit Fas-associated via death domain (FADD) and caspase-8 (CASP8) to the receptor’s
cytosolic death domain forming the death-inducing signaling complex (DISC). CASP8 is then
activated to cleave CASP3 and also truncates BH3 interacting domain death agonist (tBid), a
pro-apoptotic protein. tBid then induces oligomerization of BAK and BAX resulting in
mitochondrial outer membrane permeabilisation and release of cytochrome c and
SMAC/DIABLO as described for the intrinsic pathway [92].

1.2.1.3 Endoplasmic reticulum (ER) stress response

The ER is a fundamentally important organelle where synthesized secreted proteins
undergo post-translational modification prior to being released from the cell to carry out their
cellular function [93, 94] and where calcium ions are stored for release into the cytosol [95].
Changes in ER homeostasis result in a state of ER stress, which if not rectified leads to apoptotic
cell death [93, 94]. Response to ER stress is called unfolded protein response (UPR), which
initially helps the cell adapt to stressful conditions such as hypoxia [95]. If the ER stress is
protracted, however, the UPR signals a switch to pro-apoptotic processes, leading to cell death
through activation of caspase-12 (CASP12) which then cascades activation of CASP9 and CASP3

[93, 95, 96].
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1.2.2 Caspase-3

CASP3 is the primary effector of apoptosis in most cells. Once activated it begins
proteolytic cleavage of substrates leading to controlled demolition of the cell and distinctive
morphological signs of apoptosis, such as membrane blebbing [77, 78]. CASP3 also translocates
to the nucleus to cleave inhibitor of caspase-activated DNase (ICAD) and poly(ADPribose)
polymerase (PARP) [97]. Cleavage of ICAD frees up caspase-activated DNase (CAD) which then
carries out DNA fragmentation [85].

As a zymogen, CASP3 consists of three domains: a small prodomain, a large subunit
(P17) and a small subunit (P12) with a polypeptide linker between the two subunits. The P17
subunit contains the active site which is a Cys — His catalytic dyad. Once the interunit linker is
cleaved the P17 and P12 subunits form a dimer which the combines with another P17/P12
dimer to form the final active heterodimer (Figure 1.3) [79, 85, 98, 99].

Paradoxically, CASP3 expression is elevated in many cancers even though the cancer
cells show resistance to endogenous death-signaling and signaling induced by
chemotherapeutic agents [100]. The cancer cell employs endogenous anti-apoptotic pathways
to evade cell death including proteins such as XIAP, and in the case of CASP3 Zn?* ions.
Specifically in the case of CASP3, Zn?* sterically limits access to the active site (near His121) and
may interfere with conformational exposure of the IETD inter-subunit cleavage site (at Asp175)

[101, 102].
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Figure 1.3 - Procaspase-3 matures into an active heterotetramer. Procaspase-3 is inhibited
by ZnZ*ions (yellow pentagon) near its active site (red star) and triaspartic acid ‘safety catch’
(DDD). The cleavage site in procaspase-3 (IETD) generates a large/small subunit (p17/p12)
dimer, with the fully mature caspase-3 forming a heterotetramer with two catalytically
active sites.
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1.2.3 Procaspase activating compound-1 (PAC-1)

Procaspase activating compound-1 (PAC-1) is a small-molecule compound that was
identified through a high-throughput screen of ~20,500 small-molecule compounds for the
ability to activate procaspase-3 in vitro [100]. Later it was determined that PAC-1 prepares
CASP3 for activation by sequestering labile inhibitory Zn?* ions from the zymogen allowing it to
undergo either auto-maturation into an active state or cleavage by initiator caspases, caspase-8
and caspase-9 (CASP8/CASP9) [103]. The ability of CASP3 to auto-mature means that
sequestration of Zn?* potentiates activation of apoptosis even when upstream signals are
defective, in a manner directly proportional to the concentration of procaspase-3 in the cell,
explaining PAC-1 selectivity for cancer [100, 104]. PAC-1 has shown efficacy as an anti-cancer
agent in vitro and in vivo, and has minimal activity towards other zinc-dependent enzymes
[105], which may account in part for its demonstrated safety. PAC-1 is currently in phase | trials
for advanced malignancies and in combination with temozolomide for recurrent malignant
glioma (NCT02355535, NCT03332355) [106].

1.2.4 Tumour necrosis factor-related apoptosis inducing ligand (TRAIL)

TRAIL is a 281-amino-acid transmembrane protein whose extracellular domain (aa 114-
281) binds TRAIL-R1 or TRAIL-R2 (also known as death receptor-4 or -5, respectively (DR4/DR5))
triggering apoptotic pathways [107, 108]. TRAIL executes the extrinsic apoptotic pathway
through CASP8 activation of CASP3. It augments induction of apoptosis through the intrinsic
pathway by truncating Bid, which induces mitochondrial outer membrane permeabilisation

(MOMP) and subsequent activation of CASP3 by CASP9 (Figure 1.2) [109, 110]. Full-length
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TRAIL can act in an autocrine manner to bind DR4/5, or the extracellular domain can be cleaved
to form soluble TRAIL to act in a paracrine manner. In either form TRAIL is only active once it
forms a trimer, causing trimerization of the ligated death receptor. Physiologic TRAIL is
stabilized in the trimeric form through non-covalent interaction of Cys230 with a Zn?* ion [111].
TRAIL has been reported to be selective for cancer cells without causing toxicity in
normal cells [112] and clinically it has been well-tolerated by patients, both alone and in
combination with other drugs in clinical trials [111-115]. There is some debate as to whether
the full-length or soluble form of TRAIL is more effective as a cancer therapy [116-118].
Perplexingly however, clinical trials with soluble TRAIL have failed to display efficacy [119].
Assessment of results has identified a short half-life in vivo, lack of drug stability and inability to
reach therapeutic concentration at the tumour site as limiting factors along with a significant
reduction in effectiveness as a monomer or homodimer versus as a homotrimer [120, 121].
TRAIL and TRAIL-R2 (DR5) have been found to be expressed in human fetal ovaries from
the 11" week of gestation onward [122] indicating its role in normal ovarian apoptosis such as
occurs with follicular atresia [25]. While normal granulosa cells have been found to be resistant
to TRAIL-induced apoptosis, follicles undergoing atresia have upregulated expression of TRAIL
MRNA [123]. It has also been shown that KGN cells undergo apoptosis in a dose-dependent
manner when treated with rhTRAIL [122]. Using a panel of patient-derived GCT tissue, Farkkila,
et al., found variable amounts of TRAIL mRNA expression and no correlation to tumour size
[124]. Immunohistochemistry of tumour tissue displayed diffuse staining of tumour cells but

stronger staining in tumour stroma. TRAIL protein expression was inversely correlated with
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tumour size for tumours > 10 cm, suggesting that reduction of TRAIL production in the stroma
might support progression of GCT. It has also been reported that in GCT expression of GATA4
protects against TRAIL-induced apoptosis [125] and high GATA4 expression is associated with
more aggressive disease [126].

1.3 Development of vaccinia viruses for treating cancer
1.3.1 History of oncolytic viruses (OV)

The interaction between viruses and cancer was first noted anecdotally by George Dock
in 1904. He initially noticed that a patient with leukemia had a decreased leukocyte count after
contracting influenza. The use of viruses as cancer therapy was largely unexplored, however,
due to a poor understanding of viral biology, until the late 1940s when it was observed that two
patients with Hodgkin’s lymphoma had a sustained partial anti-tumour response after
contracting hepatitis [127-129]. That led to the first clinical trial involving 22 patients with
Hodgkin’s lymphoma. This was followed by multiple trials with diverse viruses, all of which were
ineffective and the use of virus as cancer therapy waned until advances in recombinant
deoxyribonucleic acid (DNA) technology provided the opportunity to engineer viruses that were
more selective for tumour cells, which enhanced their safety. Since then, OVs have developed
into a widely studied field due to their selectivity for cancer without causing harm to normal
issue.

OV offer several means for killing cancer cells, such as: direct lysing of the cells; release
tumour antigens that activate an anti-tumour immune response; destruction of tumour
vasculature; and delivery of cytotoxic transgenes that are amplified/expressed by the infected

cell [130]. Once the infected cell is lysed, amplified viral progeny spread through the tumour to
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repeat the cycle. As of April 15 2019 there are 81 clinical trials registered in the NIH clinical
trials database (clinicaltrials.gov) for oncolytic virus use against cancers, of which 47 are (or
soon will be) active. To date, only one oncolytic virus (talimogene laherparepvec, Imlygic) has
received US FDA approval (for unresectable melanoma). Another oncolytic virus
(pexastimogene devacirepvec, Pexa-vec) is currently in phase 3 trials for liver cancer.

1.3.2 Biology of vaccinia virus (VACV)

VACV is a large, enveloped double-stranded DNA virus that belongs to the Poxviridae
family of viruses. VACV encodes many of the proteins required for viral replication including
proteins involved in DNA synthesis. This allows VACV to complete its lifecycle entirely within the
cytoplasm of infected cells following construction of membrane-bound factories [131, 132].
VACV has been well-characterized due to its use as the vaccine that eradicated smallpox and
has an established safety profile. Because of its large size, VACV may preferentially locate in
tumours due to the leaky nature of tumour vasculature [133, 134]. VACV can be in one of two
forms of infectious particles: mature virion (MV) and enveloped virion (EV). MV have a single
wrapping membrane and primarily collect in the cell until released by cell lysis. EV are formed
by transportation of MV through the Golgi apparatus where it is wrapped with another
membrane on its way to being extruded from the cell [135]. It is thought that the wrapping of
host membrane around the EV helps it avoid immune detection [136].

As reviewed in [135], VACV enter a cell either through macropinocytosis or by
membrane fusion with the cell membrane. After cell entry the viral core is released into the
cytoplasm and early transcription takes place controlled by viral RNA polymerase, which

produces mRNA that is translated by host ribosomes. Among the early products are proteins
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for DNA replication and intermediate gene transcription. As the viral core is uncoated, viral
factories are established. In the viral factory, DNA replication will begin which also signals the
start of intermediate and late gene transcription. Late gene products are largely structural or
associated with enzymes required for viral entry and early transcription following the next
round of infection. As virion assembly begins crescent structures made of lipids and proteins
enclose the genome and core proteins, and these will become MV. Most MVs remain within
the cell until lysis, however some are trafficked through the Golgi network and pick up an
additional membrane layer to become EV. The EV then fuses with the plasma membrane and is
released to the extracellular space, or is extruded by an actin-tail polymerization to enter a
neighboring cell [135].

VACV is attractive as an oncolytic vector because it is very efficient both in DNA
replication and in cell-to-cell spread of virus. Within two h of infection, early genes are already
being synthesized and viral assembly begins as soon as six h post-infection [137]. VACV
generates two forms progeny. The EV then fuses to the cell membrane and is either extruded
by an actin tail to infect a nearby cell, or released as free virions. Importantly, the host-
membrane-wrapped EV is relatively stable in blood, able to resist antibody and complement-
mediated neutralization when administered intravenously [133, 138].

1.3.3 Development of more tumour-selective VACV

Normal cells limit virus production and spread via control pathways aimed at restricting
viral gene expression thereby disrupting viral DNA replication. In addition, cells release

cytokines, such as interferon (IFN), to signal other cells of an infection and generate an immune
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response [139]. These control pathways are often deregulated in tumour cells, which allows a
foothold for OVs to replicate, achieving tumour selectivity [139, 140].

The availability of a pool of 2’-deoxyribonucleotides (ANTP) are critical for DNA
replication, such as is carried out by proliferating cancer cells [141]. DNA synthesis is also
crucial for replication of OV. Maintenance of dNTP pools is carried out through two parallel
pathways: the de novo or the salvage pathway (Figure 1.4). In de novo synthesis of dNTPs,
ribonucleotide reductase (RNR) catalyzes precursor molecules to generate purine and
pyrimidine nucleosides. RNR is a heterotetramer made of large (R1) and small (R2) subunits
(Figure 1.5A). Of the two subunits, R2 is the rate-limiting enzyme [2, 142]. While the level of R1
within a cell is relatively constant throughout the cell cycle, the level of R2 is cell-cycle
dependent and rises during DNA replication [141]. The salvage pathway recycles purine and
pyrimidine nucleosides and, as an example, cellular thymidine kinase (TK) is a key enzyme in the
thymidine salvage pathway [131, 143].

VACV encodes viral homologues for TK (J2R), R1 (I4L), and R2 (F4L) and they are able to
combine with cellular R1/R2 to form a chimeric RNR complex [2] (Figure 1.5B). To increase
selectivity of VACV for cancer cells, there is commonly mutation or deletion of the viral TK gene
(AJ2R), including in VACV that are currently in clinical trials [144]. Gammon, et al., showed that

in the de novo pathway, the R2 subunit homologue F4, but not R1 subunit 14, was critical for
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Figure 1.5 — The ribonucleotide reductase (RNR) complex. (A) RNR is a heterotetrameric
complex composed of large (R1) and small (R2) subunits. (B) VACV encodes viral homologues
of the large (14) and small (F4) subunits and can combine with the cellular homologues to
form functional chimeras. Adapted from [113] with permission from AACR.
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VACV replication both in vitro and in vivo [2]. Potts, et al., further showed that the
combined western reserve-based (WR) VACVAF442R was able to control BCG-resistant bladder
cancer in vivo and generate a lasting anti-tumour immune response [145]. The result is that
recombinant VACV lacking two key genes for viral DNA synthesis provides an improved safety
profile while maintaining efficacy both in vitro and in vivo.

1.3.4 Arming VACV for delivery of gene therapy

Gene therapy is the general term for treatments that involve inserting foreign DNA into
a patient’s cell. The introduced gene may be intended to correct a mutated gene in the
patient’s own genome, introduce a new gene to fight the disease, or to knock-out a gene that is
acting improperly. Among the potential advantages of gene therapy in treating cancer are the
possibility of high dose and longer-term expression of a drug; localized delivery of drug with
minimal toxicity to other cells [146]. VACV is an excellent vector for gene therapy in cancer
treatment. As described earlier, VACV is highly efficient at infecting cells; rapidly begins viral
replication; is able to travel safely to tumour sites through vasculature; is tumour-selective; and
is able to encode a large range of transgenes for expression in infected cells [138]. Design of a
transgene under the control of a VACV early viral promoter allows for rapid expression of the
transgene, and use of an early/late promoter will allow for robust expression throughout the
viral lifecycle. To date, there are, or have been, clinical trials using VACV-mediated gene
therapy for expression of: granulocyte-macrophage colony-stimulating factor (GM-CSF) (Sillalen
Pexa-vec); Mucin 1 (MUC1) and interleukin-2 (IL-2) (Transgene TG4010); a proprietary gene

(FCU1) for conversion of prodrug 5-FC into 5-FU (Transgene TG6002) [147-150].
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1.4 Animal models in cancer research

Animal models of cancer have become a standard tool for researchers looking to
understand both the etiology of cancer, and to assess the efficacy of potential new treatments
[151]. Animal models of human cancer, xenograft models, are either cell-line-derived or
patient-derived (CDX and PDX, respectively) and are generated in immunocompromised
animals. They have an advantage in that the models can develop tumours that mimic at least
some aspects of the human tumours from which they were generated. A disadvantage of CDX
and PDX models is that the animals lack, or have severe defects in, their immune system and it
is therefore not possible to assess what the immune response to a treatment may be [152].

Models of immunocompetent animals can fall into several categories, most commonly
syngeneic or genetically-engineered models (GEM). Syngeneic mouse models, for example,
allow allografts of mouse cancer cell lines allowing rapid, scalable and economic assessment of
potential therapies. One drawback to the widespread use of syngeneic models, however, is the
limited number of cell lines available for use in these models, which is especially the case for
many rare or less-researched cancers. GEM, on the other hand, provide potential opportunity
to investigate the role of cell-specific genes in tumourigenesis through development of models
that can be induced to, or spontaneously develop cancer. These models can also provide a
more physiologically-relevant microenvironment for the developing tumour and the ability to
assess the immune response in vivo. There are drawbacks to GEMs including: GEM may have
lower mutational burden because the tumours are generated as the result of a select set of

mutations and gene expression may exceed patient-relevant levels [152]; there will be latency

27



and variable penetrance in disease development [153]; and costs tend to be higher due to
animal numbers required for animal cross-breeding [152].

1.5 Project rationale

GCT is an especially troublesome diagnosis for women because: it often presents as
early-stage disease, which might otherwise suggest a favourable prognosis; is clinically
considered an indolent disease of low malignant potential; is known for late relapse (> 5 years
after diagnosis); and has repeatedly shown itself to be highly resistant and/or refractory to
standard chemotherapy. Even in the case of early-stage disease women must be vigilant for
the remainder of their life due to the fact that currently, 80% of women who have recurrence
of GCT die of disease.

In an attempt to address this lack of effective treatments for recurrent GCT, here we
report on the testing of a novel small-molecule CASP3 activator (PAC-1) in combination with an
activator of the extrinsic apoptotic pathway (TRAIL). The combination of clinically-relevant
doses of PAC-1 and rhTRAIL resulted in effective control of both model GCT cell line KGN, and
cultured patient-derived GCT cells in vitro. The combination of rhTRAIL with PAC-1 displayed a
synergistic drug interaction in GCT yet was less toxic to normal cells indicating a potential safety
profile in keeping with those reported for the individual agents.

Based on those results, we generated a unique recombinant VACV that lacks the viral
F4L and J2R genes normally used for nucleotide biosynthesis, and expresses soluble TRAIL
(VACVTRAILY " That combination results in a VACV that is tumour-selective and delivers TRAIL

directly to the tumour site. Combining VACV™/L with PAC-1 resulted in more effective killing of
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GCT cells in vitro than VACV™!L glone, and supernatant from infected cells contained effective

levels of soluble TRAIL that was cytotoxic to GCT even in the absence of active virus.

This thesis demonstrates the potential for a novel combination of oncolytic VACV, gene

therapy, and small-molecule activation of apoptosis in cancer cells (Figure 1.6). Recurrent

disease, especially metastatic disease, is the bane of cancer therapy and GCT is known to have a

poor prognosis once relapse occurs. With its tropism for replicating cells, VACV™'L could be
effective in clearing micro sites of tumour cells allowing for more sustained disease-free

survival and decreased recurrence rates.
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Figure 1.6 - Graphical abstract. Treatment with PAC-1 along with infection by VACV™4L will
result in self-amplifying control of GCT cells while normal cells are left unaffected. Modified

from: Potts, et al., EMBO Molecular Medicine (2017) e201607296
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CHAPTER 2. PAC-1 COMBINATION WITH TRAIL AS TREATMENT FOR GRANULOSA CELL
TUMOUR
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PREFACE

A portion of this chapter has been submitted for publication in the manuscript: Crosley,
P., Potts, K., Agopsowicz, K., Farkkila, A., Pihlajoki, M., Heikinheimo, M., Fu, Y., Hitt, M.
Procaspase-activating compound-1 synergizes with TRAIL to induce cytotoxicity in established
granulosa cell tumor cell line KGN and in primary granulosa cell tumor cells in vitro. (Submitted)
2019.
Contributions:

| designed and performed experiments (except experiments with primary patient GCT
samples), analyzed the data, and prepared the manuscript. Dr. Kyle Potts provided guidance in

experimental design, data interpretation, and manuscript preparation.
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2.1 Introduction

Granulosa cell tumour (GCT) is a malignant sex-cord stromal cell form of ovarian cancer
that constitutes ~5% of ovarian neoplasms. Current chemotherapy regimens are not effective
enough in controlling recurrent GCT, and as a result ~80% of women who relapse will die of
disease. Procaspase-activating compound 1 (PAC-1) is a small-molecule activator of
procaspase-3 that has been extensively studied both in vitro and in vivo for many types of
cancer both as a single agent and in combination with other drugs [78-80, 124], but never with
GCT and not in combination with tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL). Here we investigated the effectiveness of PAC-1 in treating GCT in vitro, and the
existence of synergy displayed by combining PAC-1 with selected apoptosis-inducing agents.
We found that while TRAIL was only marginally toxic to GCT, combining it with PAC-1, even at
low doses, was strongly synergistic in an established GCT cell line, and induced a significant
increase in CASP3 activity in patient samples of primary and recurrent GCT cells. We propose
that the novel combination of these two pro-apoptotic agents warrants further investigation as
a potential GCT treatment.

2.2 Materials and Methods
2.2.1 Cell culture and reagents

The human GCT cell line, KGN (Riken Biosciences) was cultured in Dulbecco’s Modified
Eagle’s Medium/Nutrient Mixture F12 (DMEM/F12, Sigma-Aldrich) with 5% fetal bovine serum
(FBS, Gibco). Adenovirus E1- and SV40 T antigen-transformed human embryonic kidney cell line
293T (generously provided by Dr. Gordon Chan, University of Alberta), human breast cancer cell

lines MCF7 (ATCC® HTB-22), MCF7casp3 (MCF7 stably-transformed with CASP3 cDNA, generously
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provided by Dr. Shairaz Baksh, University of Alberta), normal human fibroblast cell lines F202
and N60 (generously provided by Dr. Ted Tredget, University of Alberta), and normal human
kidney epithelial cell line NKC (generously provided by Dr. Ronald Moore, University of Alberta)
were cultured in DMEM/high glucose (Sigma-Aldrich) with 10% FBS. All culture media were
supplemented with 2 mM L-glutamine, 100 U/mL penicillin, and 100 U/mL streptomycin)
(Gibco). Cell line authentication was performed for KGN and MCF7 (and their derivatives) using
short tandem repeat DNA profiling (Promega's GenePrint 10 System; [125]) at the Genetic
Analysis Facility at the Centre for Applied Genomics of The Hospital for Sick Children (Toronto,
Ontario, Canada). 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
Mycoplasma PCR Detection Kit (Applied Biological Materials, Inc.).

PAC-1 was generously provided by Dr. Paul Hergenrother (University of lllinois) and
Hoechst 33342 was generously provided by Dr. Linda Pilarski (University of Alberta). Other
chemicals include recombinant human TRAIL (sTRAIL/Apo2L, Peprotech #310-04); carboplatin
(Enzo Life Sciences #400-041); resazurin sodium salt (R7017), embelin (E1406), and gemcitabine
hydrochloride (G6423-10) from Sigma-Aldrich; NucView 488 Caspase-3 substrate (Biotium
#30029); and RevertTM Total Protein Stain (#926-11010) and Odyssey blocking buffer (#927-
50003) from Li-COR Biosciences. Western blot antibodies for beta-tubulin (#2146), caspase-3
(#9662), survivin (#2808), BID (#2002), SMAC (#2954) and Jurkat positive control lysate (#2043)
were purchased from Cell Signaling. Secondary antibodies (#926-68, #926-68070) and

Chameleon Duo protein ladder (#928-60000) were purchased from Li-COR Biosciences. PE-
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conjugated antibodies for flow cytometry against DR4 (TRAIL-R1, #FAB347P), DR5 (TRAIL-R2,
FAB6311P) or isotype controls (mouse IgG1 (#/C002P) or IgG2B, #IC0041P) were purchased
from R&D Systems.

2.2.2 Lentiviral transduction of KGN cell lines

KGN-shCASP3 and KGN-shScramble cells were generated by lentivirus transduction of
KGN cells as described by Campeau et al. [154]. Briefly, 293T cells were plated in 100 mm
dishes to be 50-60% confluent at the time of transfection. 15 pg plasmid pLKO.1-puro-U6-
TRCNO000003549; TRCNO000003550; or TRCNOO00003551 (Dharmacon [126]) expressing an
shRNA against CASP3 (generously provided by Dr. Maya Shmulevitz, University of Alberta), 15
ug pPMDLg/pRRE (Addgene #12251), 6 ug pRSV-REV (Addgene #12253), and 3 ug 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 h 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 h and 72 h post-transfection (7 mL medium was added back
after collecting at 48 h). Supernatants were filtered through a low protein binding PVDF 0.44
uM filter (Millipore) and this crude vector stock was stored at -80° C. To construct the
knockdown cell lines KGN cells in 6-well plates were infected with 1 mL of undiluted vector
stock containing polybrene 6 pg/mL (Thermo Fisher). Transduction efficiency was determined in

a parallel infection with a GFP-expressing vector. After 18 h incubation at 37°C the inoculum
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was aspirated and cells washed twice with PBS before adding normal growth medium. 72 h
post-infection cells were selected with puromycin 4 ug/mL and after 5 days of drug selection
cells were single-cell sorted into a 96-well plate by FACS. Three clones were expanded, assayed
for reduction of CASP3 expression and the cell line with most effective knock-down of CASP3
was selected for use in assays.

2.2.3 Cell viability/metabolism assay

5000 cells/well were seeded in triplicate wells of a 96-well plate containing a range of
doses of selected compounds and incubated at 37° C with 5% CO; for the time indicated.
Resazurin (final concentration 44 uM) was then added to the medium and cells incubated up to
four h at 37°C. Reduction of resazurin was measured on a BMG FLUOStar Omega microplate
reader (544 nm excitation/590 nm emission). Blank-corrected relative fluorescence units (RFUs)
were normalised to untreated control wells. Each assay was repeated at least 3 times.

2.2.4 Caspase-3 activity assay
5000 KGN cells/well in black 96-well plates were stained with 0.1 pg/mL Hoechst 33342

and 1 uM NucView-488 Caspase-3 substrate for 30 min in the dark at 37°C. Cells were then
treated with 20 uM PAC-1, 10 ng/mL TRAIL, or PAC-1 combined with TRAIL and incubated at 37°
Cfor 12 h. Plates were then transferred to a Molecular Devices ImageXpress high-content
screening instrument and incubated at 37° C with 5% CO,. Images were acquired at four sites
per well every 30 min until 48 h post-treatment. Imagery was processed using the MetaXpress
Multi-wavelength Cell Scoring module and the number of NucView-fluorescent cells (using the

FITC channel) were normalized to the number of Hoechst-stained cells (using the DAPI channel).
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2.2.5 Western blots

Whole-cell protein extracts were prepared by collecting cells and medium from plates
then pelleting by centrifugation at 4°C for 5 min at 500 x g. Cells were washed in cold PBS, re-
centrifuged, then lysed on ice in RIPA buffer (150 mM NaCl, 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)). Lysates were clarified by centrifugation at 4°C for
20 min at 20,000 x g, then assayed for protein (BCA protein assay kit, Thermo Fisher). For
western blots, up to 40 pug of protein was resolved by SDS-PAGE (12% (w/v) acrylamide) running
at 150 volts for 1 h, then transferred to Immobilon-FL PVDF membranes (EMD Millipore) at 100
volts for 1 h. Protein transfer was confirmed by staining membranes with RevertTM Total
Protein Stain and scanned at 700 nm using an Odyssey scanner (Li-COR Biosciences).
Membranes were then washed before blocking with Odyssey blocking buffer for 1 h at room
temp, and incubating overnight at 4°C with primary antibodies (diluted 1:1000 in blocking
buffer with 0.2% Tween). Fluorescent conjugated secondary antibodies were diluted in blocking
buffer (1:20000) containing 0.2% Tween and 0.01% SDS, and incubated with the membranes at
room temperature for 1 h. Washed membranes were scanned using an Odyssey scanner and
the images analyzed using ImageStudio software (Li-COR Biosciences).

2.2.6 Flow cytometry

For each sample to be analysed 2.5 x 10° cells were collected in microfuge tubes,
centrifuged at 4°C for 5 minutes at 300 x g and then decanted and resuspended in cold FACS
buffer (PBS, 1% BSA, 1mM EDTA, 0.1% sodium azide). Cells were then centrifuged at 4°C for 5

minutes at 300 x g and decanted followed by resuspension in 5% human serum and incubation
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at RT for 15 minutes. Cells were then washed with FACS buffer and resuspended in 10 pL of
antibody at manufacturer’s recommended dilution and incubated for 30 minutes on ice in the
dark. After incubation 0.5 mL of cold FACS buffer was added to each tube, cells were
centrifuged at 4°C for 5 minutes at 300 x g then decanted, resuspended in 0.5 mL cold FACS
buffer, vortexed and passed through a cell strainer into Falcon tubes (BD). Flow cytometry was
performed on a BD Biosciences Fortessa X-20 and data were analysed using FlowJo version
10.5.3.

2.2.7 Irradiation of cells

15,000 KGN cells were seeded in 48-well plates in medium, incubated overnight and
then treated with either medium or PAC-1 and irradiated (or mock) in a Faxitron MultiRad 160
with one dose of 5, 10 or 20 Gy. 72 h after irradiation cells were assayed for viability using
methodology described earlier (section 2.2). ANOVA adjusted p value calculations were
performed using GraphPad Prism with Tukey’s multiple comparison test.

2.2.8 Patient-derived cultures and assays

Patient-derived tumour samples were acquired and assayed by A. Farkkila and M.
Pihlajoki (tissues collected with informed consent and in accordance with The Code of Ethics of
the World Medical Association (Declaration of Helsinki)). Samples were verified to possess the
402C->G (C134W) mutation in FOXL2 and processed as previously described [101]. Briefly, GCT
tissue was minced then dissociated with 0.5% collagenase (Sigma—Aldrich) in DMEM/F12
(without FBS) for 2 h. The resulting cell suspension was filtered through a 140-um mesh to

obtain single cells, washed with PBS, resuspended in DMEM/F12 containing 10% FBS, then
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plated. Viability was assessed using the cell proliferation agent WST-1 (Roche), and caspase
activity was measured using the Caspase Glo® 3/7 kit (Promega).

2.2.9 Statistical analysis

Unless otherwise indicated, experiments were independently repeated at least 3 times,
each time using duplicate or triplicate wells. GraphPad Prism (version 8) was used for statistical
analysis of viability data. Drug synergy was calculated using viability data processed by the
Matlab software plugin module Combenefit [127]. Statistical significance was calculated using
either analysis of variance (ANOVA) or Student’s t-test.

2.3 Results
2.3.1 PAC-1 potentiates CASP3-mediated apoptosis.
To confirm that PAC-1 cytotoxic activity was dependent on CASP3, we examined PAC-1

activity in cell lines with a range of CASP3 levels (Figure 2.1). The AGCT model cell line KGN
expressed high levels of CASP3, while KGN-shCASP3 cells had significantly reduced CASP3 levels,
and the control cell lines, a CASP3-transfected MCF7 line (MCF7casp3) [128] and MCF7 (naturally
CASP3-null) expressed even less CASP3. PAC-1 sensitivity of KGN in a dose-response assay was
consistent with its high level of CASP3, while the other three cell lines with lower levels of
CASP3 were more resistant to PAC-1. At doses >30 uM, PAC-1 is reported to induce ER stress
independent of CASP3 [129], which is consistent with our observation that >50% killing was
achieved at 40 uM PAC-1 even with CASP3-null MCF7 cells. Overall, the data demonstrate that
PAC-1 induces cytotoxicity of the established AGCT cell line KGN, similar to reports for other

cancers with elevated CASP3 levels [78].

38



A) & oo & s
¥ & ¥ Caspase-3 expression
50 KD - — — - Tubulin 187
D ns-
£
30 kg | — _-—- Caspase-3 é 0.6
Ky @ 04
2
& -
6@» . 2 0.2
& R
& & n.o-
> 2 ' " ] X
S R e ¢ ¢ O
o & & @ & a & & &
s & A
50 kDa-—?_———Tuhulin e

30 kD - —— Q — — Caspase-3

B) 1.2-

1.0

0.8
0.6+

B4 a| —= MCF7

i bl MCFTcﬁspa
024 .| " KGN

_ -8~ KGM-shCasp3
0.0 T T T T T T T T T
-1.0 -0.5 0.0 0.5 1.0 1.5

Log [PAC-1 uM]

Viability
relative to control

Figure 2.1 — PAC1 toxicity is potentiated by expression of Caspase-3. (A) Left panels: CASP3
expression was detected by Western blot analysis of lysates from untreated CASP3-null MCF7,
MCF7casp3s (MCF7 stably transformed with CASP3), KGN, KGN-shScramble and KGN-shCasp3
cells (KGN stably transformed with CASP3 shRNA) with Jurkat cells as a positive control. Right
panel: CASP3 expression was quantified, normalizing to tubulin expression for each cell line,
and then shown relative to normalized caspase-3 expression in KGN cells. (n = 1 for each
western blot). (B) MCF7, MCF7casp3, KGN-shCasp3 and KGN cells were treated with PAC-1 (0.1
— 40 pM) then viability determined 48 h later by resazurin metabolic assay. Data are
normalised to untreated cells. (Mean +/- SEM for 3 independent experiments)
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2.3.2 Granulosa cell tumour cells display sensitivity to CASP3 activating compounds.

We next examined the response of KGN cells to PAC-1 compared to a panel of other
apoptosis-inducing agents (Figure 2.2). Conventional chemotherapeutic agents carboplatin
(alkylating agent) and gemcitabine (nucleoside analog) interfere with DNA replication,
activating the DNA damage response [130] and subsequent apoptosis. TRAIL binds cell death
receptors and induces CASP3 activation through both intrinsic and extrinsic apoptotic pathways
[114, 155]. Embelin is a SMAC-mimetic that inhibits XIAP, an inhibitor of CASP3 [156-158]. PAC-
1 activates apoptosis by direct interaction with CASP3, the point furthest downstream in
apoptosis pathways of any of the agents tested here. Clinically relevant drug doses were
selected for this study, based on either established dosing guidelines or results from ongoing
clinical trials, with viability assessed at 24 and 48 h [131].

The most potent of the drugs tested, based on the dose at which 50% cell death was
induced, were PAC-1 and embelin, followed by gemcitabine, with carboplatin and TRAIL failing
to reach 50% killing in this assay. Results with gemcitabine and carboplatin are consistent with
clinical observations showing poor efficacy of standard chemotherapy in treating AGCT [132,
133]. The lack of response to TRAIL was unexpected, as KGN expresses the TRAIL receptor DR5,
although it does not express DR4 (Figure 2.3). Interestingly, the drugs that induced the greatest
cytotoxicity act at the most downstream point of apoptosis, where the intrinsic and extrinsic
pathways converge. Furthermore, the most potent drugs act proximally to CASP3 which is
highly overexpressed in KGN cells (Figure 2.1C). These results suggest that CASP3 activation

could be an effective therapeutic strategy for AGCT.

40



Cell viability
relative to control

Gemcitabine

—
(=]
1 aaed 1

=
=]

0.4 4

Cell viability
relative to confrol
=
[=2]

0.2

0.0

Cell viability
relative to control

T T T T T T T T
10 €05 00 05 10 15

20 25 30
Log [ng/mL]

PAC-1

T T —
0.5 0.0 0.5 1.0 1.5

Log [uM]

Cell viability
relative to control

Cell viability
ralative to control

v

= 24 hour
= 48 hour

1.2
1.0
TJ.B:
£|.E:
1:'.4:
1:'.2:

0.0

Carboplatin

0.

1.2

0.0

T —T % T —J— 4
0.5 1.0 1.5 2.0 2.5

Log [uM]

Embelin

-1.0

T T T

—T— T
-0.5 0.0 0.5 1.0 1.5 20

Log [uM]

Figure 2.2 — KGN cells are sensitive to caspase-activating compounds compared to other
chemotherapy drugs. KGN cells (7000/well) were seeded into 96-well plates containing a
range of doses for (A) gemcitabine (0.1 — 100 uM), (B) carboplatin (1 — 400 uM), (C) TRAIL (0.1
— 1000 ng/mL), (D) embelin (0.1 — 100 uM), or (E) PAC1 (0.1 — 40 uM). After 24 or 48 h viability
was determined by resazurin metabolic assay. ¥ Indicates peak serum plasma levels reported
in literature or from clinical trials [1]. TRAIL (Dulanermin) peak plasma level (80 pug/mL) in phase
1b trial [3]. To our knowledge there have been no human trials with Embelin.
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Figure 2.3 - Death receptor expression in KGN cells. (A, B, C) Flow cytometry analysis of
untreated KGN cells. (A) DR4 expression level compared to isotype control; (B) DR5 expression
level compared to isotype control; (C) Gating strategy used to select populations to be
analysed. (D) Western blot analysis of TRAIL-R1 (DR4) and TRAIL-R2 (DR5) in KGN cells treated
as indicated. Total protein probed using Revert™ Total Protein Stain.
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2.3.3 PAC-1 displays no or low synergy with carboplatin, gemcitabine or embelin, but strong
synergy with TRAIL in killing KGN cells

PAC-1 has been shown to display synergistic killing with standard chemotherapy drugs
in several cancers [79, 134]. PAC-1 synergy in GCT was tested by assessing viability of KGN cells
treated with PAC-1 in combination with gemcitabine, carboplatin or embelin. Drug interaction
was calculated using both the Loewe and Bliss reference models. The Bliss model uses a
probabilistic approach assuming that the two drugs respond independently: suitable for
compounds that target different pathways. The Loewe model compares the dose-response of
the individual compounds to the combination, assessing deviations from additivity: most
applicable when drugs have a similar mode of action on the same pathway or target [135, 136].

We observed that gemcitabine, carboplatin and embelin were not highly effective at
boosting KGN killing when used in combination with PAC-1 (Figure 2.4). Gemcitabine combined
with PAC-1 induced moderate loss in viability with low to moderate synergy (Loewe analysis) or
very little synergy (Bliss analysis). Carboplatin, which induced low to moderate cytotoxicity in
combination with PAC-1, showed low or no synergy. Embelin, although cytotoxic on its own and
in combination with PAC-1, displayed a weakly antagonistic interaction, illustrating that strong

cytotoxicity and strong synergy do not necessarily correlate.
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Figure 2.4 - PAC-1 is more synergistic with TRAIL than with gemcitabine, carboplatin or
embelin in KGN cells. Two-way dose-response assays were set up with 5000 KGN cells/well in
96-well plates. Wells were treated for 48 h with PAC-1 doses from 0 — 40 uM combined with
(A) gemcitabine (0 — 100 uM); (B) carboplatin (0 — 400 uM); (C) embelin (0 — 100 uM); or (D)
TRAIL 0 — 1000 ng/mL. Viability was determined by resazurin metabolic assay (left panels, %
viability indicated by color gradient). Drug interaction was calculated by Matlab module
Combenefit using both the Loewe (centre panels) and Bliss (right panels) reference models
[5]. (n = 3 independent experiments)
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As a single agent, we did not observe high levels of KGN killing following TRAIL
treatment (Figure 2.2C). Reports that combination with other agents can sensitize cancers to
TRAIL [138-140], stimulated us to investigate TRAIL in combination with PAC-1. Two-way dose-
response assays combining TRAIL and PAC-1 in KGN cells (Figure 2.4D) showed an increase in
loss of viability and strong synergy with the combination. Observing the distribution of z-index
scores in two-way dose-response data (Figure 2.5) we selected the relatively low dose of TRAIL
10 ng/mL combined with PAC-1 20 uM for further investigation in single-dose assays. (We
calculated an ECso for PAC-1 of 17 uM when used with TRAIL at 10 ng/mL). Interestingly we
observed a trend of increased effectiveness of PAC-1 in combination with irradiation (Figure
2.6), which might be expected given the ability of ionizing radiation to activate Caspase-3 as a
DNA damage response [137]. This supports reported effectiveness of PAC-1 combined with

temozolomide and radiation using in vivo glioma models in rodents and dogs [124].
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Figure 2.5 - PAC-1 and TRAIL synergy results in mutual lowering of ECso values. (A) 5000
cells/well in 96-well plates were treated in a two-way dose response assay with PAC-1 (0 —
500 uM) and TRAIL (0 — 500 ng/mL). After 48 h viability was measured using a resazurin
metabolic assay. Z-scores were calculated from viability data using the equation

Z = (Xo— 1)/ o where X, is the observed response in relative fluorescence units (RFU); p is
the mean RFU for untreated control wells, and o is the standard deviation of untreated
wells. A Z-score of >1.98 or < -1.98 indicates a significance of p < 0.05 [4]. (B) Using two-
way dose-response data, PAC-1 ECsp values were plotted against increasing doses of TRAIL
(left panel), and TRAIL ECso values were plotted against increasing doses of PAC-1 (right
panel).
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Figure 2.6 - PAC-1 may sensitize KGN cells to radiotherapy. KGN cells were treated with
PAC-1 or left untreated, then immediately irradiated at the indicated doses. (A) Viability was
determined by resazurin metabolic assay 72 h after irradiation. Viability was normalised to
untreated control (normalized viability values indicated in the color scale). (B) Viability data
(analysed with GraphPad Prism), show a trend of increased killing with the combination
compared to either agent alone, the differences were not significant. (C) Adjusted p-values
based two-way analysis of variance comparing addition of PAC-1 to radiation (left) and
addition of radiation to PAC-1. (n=3)
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2.3.4 Combining TRAIL with PAC-1 rapidly induces CASP3 activity in KGN.
The kinetics of PAC-1-TRAIL induction of CASP3 activity in KGN cells was tracked over

time using high-content imaging (Molecular Devices ImageXpress) (Figure 2.7A). PAC-1 (20
UM) generated a moderate level of caspase activity by 48 h, similar to results of the PAC-1-
induced loss of viability assay (Figure 2.2E). TRAIL alone (10 ng/mL) was less active than PAC-1
in both cytotoxicity (Figure 2.2C) and CASP3 activation. However the combination of PAC-1 and
TRAIL rapidly and dramatically amplified caspase activity reaching over 80% of cells by 24 h
(Figure 2.7B). This is consistent with our proposal that PAC-1 primes CASP3 molecules for
activation, which then enhances TRAIL-induced death signaling for execution of caspase-

mediated apoptosis.
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Figure 2.7 - Combining PAC-1 with TRAIL induces rapid activation of caspase-3 in KGN cells.
(A) KGN cells (5000/well) were treated with either 20 uM PAC-1, 10 ng/mL TRAIL, or 20 uM
PAC-1 combined with 10 ng/mL TRAIL. Cells were then stained with Hoechst 33342 and
NucView-488 Caspase-3 substrate and monitored over 48 h for caspase-3 cleavage
(Molecular Devices ImageXpress high-content imaging). Imagery was then processed using
the MetaXpress Multi-wavelength Cell Scoring module and the number of NucView-
fluorescent cells was determined relative to the total number of Hoechst-stained cells
(percentages are color-coded as indicated in the scale). Length of bars indicates time to
reach maximal NucView-fluorescence. Data shown are representative of multiple analyses
of caspase-3 activity. (B) Quantification of data from (A).
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2.3.5 Combination of TRAIL with PAC-1 is less toxic in normal cells.

Most toxicity in patients is the result of off-target effects of drugs on normal tissues.
We investigated the impact of PAC-1 and TRAIL on a human dermal fibroblast cell line (F202) as
a surrogate for normal non-cancerous cells. A two-way dose-response viability assay
demonstrated that F202 cells were much less sensitive to the PAC-1/TRAIL combinations than
KGN cells even at relatively higher doses of PAC-1 (Figure 2.8A). Similar results were seenin a

second fibroblast cell line and a cell line derived from normal human kidney cells (Figure 2.8B).
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Figure 2.8 — Noncancerous cells are refractory to PAC-1 combined with TRAIL than KGN cells.
Two-way dose-response assays were carried out on (A) KGN cells and dermal fibroblasts (F202)
(5000 cells/well) treated for 48 h with TRAIL (0 — 1000 ng/mL) combined with PAC-1 (0 — 40 uM).
(B) Normal human kidney cells (NKC) and skin fibroblasts (N60) treated for 48 h with TRAIL (0 -
1000 ng/mL) combined with PAC-1 (0 — 500 uM). Viability was determined by resazurin
metabolic assay and normalised to untreated wells (normalized viability values indicated in the
color scale). (n = 3 independent experiments)
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2.3.6 Combining TRAIL with PAC-1 induces loss of viable cells and increased CASP3 activity in
patient-derived granulosa cell tumour cells

The potential clinical utility of PAC-1/TRAIL combination treatment was investigated in
vitro using patient-derived explants from primary and recurrent GCT. Qur in vitro work with
KGN suggested that maximal CASP3 activity was induced after ~24 h treatment with PAC-1 so
for this experiment TRAIL was added to PAC-1 treated cells halfway through the 48 h cell
viability assay (Figure 2.9). In cultures of both primary and recurrent disease, the combination
of PAC-1 followed by TRAIL resulted in increased CASP3 activation and loss of cell viability
relative to single agents and to untreated controls. There was significant increase in CASP3
activity with primary and recurrent disease treated with TRAIL or TRAIL after PAC-1 (p<0.05).
Interestingly, it appeared that recurrent disease had greater activation of CASP3 than primary

disease, with at least similar, if not more, induced cell killing.
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Figure 2.9- PAC-1 combined with TRAIL reduces viability and increases Caspase-3 activity in
cultured patient-derived GCT cells. Patient-derived GCT cells were cultured for 5 days then
treated with 20 uM PAC-1, 10 ng/mL TRAIL, or 20 uM PAC-1 followed 24 h later with 10 ng/mL
TRAIL. (A) Viability as measured by WST-1 viability assay 48 h after initiation of PAC-1 treatment.
(B) Caspase-3 activity measured with Caspase-Glo® 3/7, 48 h after initiation of PAC-1 treatment.
Graph represents analysis of two primary tumour samples and two recurrent tumour samples.
Star (k) indicates that TRAIL was added 24 h after PAC-1 treatment. Bars represent mean
response +/- SEM. Significance tested by two-way ANOVA (* p<0.05; ** p<0.01; *** p<0.001;
**** p<0.0001). Data was collected by A. Farkkila and M. Pihlajoki (University of Helsinki).
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2.4 Discussion

Granulosa cell tumour (GCT) is a rare, sex-cord stromal neoplasm that has been the
subject of few clinical trials owing partly to the difficulty in recruiting enough participants (e.g.
NCT02101684). GCT is considered a hormonally-responsive tumour, but trials using agents
interacting with the ovarian steroidogenesis pathway have had inconclusive results [141].
Chemotherapy, in general, is ineffective for GCT [39, 44, 45, 133] and the lack of effective
treatment options contributes to the ~80% mortality among women who suffer relapse [11,
142]. Research on new therapies for AGCT is challenging due to the paucity of research tools:
only one established cell line (KGN), and lack of animal tumour models carrying the
phenotypical FOXL2¢34W mutation. The situation is more dire for research on JGCT as no
established cell line exists (COV434 was recently reclassified as small cell carcinoma of the
ovary hypercalcemic type (SCCOHT) [55]).

We sought to investigate a different approach, using apoptosis inducers to target GCT.
We found that the pro-CASP3 activator PAC-1 was cytotoxic to KGN cells, and this activity was
at least partly CASP3-dependent. KGN cells are also sensitive to embelin, a SMAC-mimetic that
inhibits the endogenous CASP3 inhibitor XIAP; but are less sensitive to other apoptosis-inducing
agents including carboplatin, gemcitabine, and TRAIL. KGN appears therefore to be more
sensitive to single agents that influence CASP3 directly than to agents that act upstream in
apoptosis signaling pathways.

To examine potential benefit from drug combination, we paired PAC-1 with each of the

other agents. The combination of TRAIL and PAC-1 was the only combination that displayed
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strong synergy and was very effective at reducing viability of KGN cells. Normal cells were
much less sensitive to PAC-1/TRAIL combination in agreement with published reports on the
safety of PAC-1 and TRAIL individually.

Using clinically relevant doses of PAC-1 and TRAIL, we established the kinetics of CASP3
activation. We observed a dramatically rapid increase in CASP3 activity with the combination
compared to response of either agent alone. This is consistent with PAC-1 - TRAIL synergy as
discussed in section 2.3.3. We propose that as a single agent, PAC-1 prepares CASP3 for
activation in KGN cells but does not induce immediate auto-cleavage, while TRAIL as a single
agent activates death signals that are impeded by Zn-mediated inhibition of CASP3. In
combination, we propose that PAC-1 primes CASP3 to a ready-state, then TRAIL sends the
signal that sparks CASP3 activity resulting in cell death.

We examined the effect of these apoptosis inducers on patient-derived explants of
primary and recurrent GCT tumours as an in vitro indicator of clinical relevance. The results
were consistent with the KGN-based assays in terms of the superiority of PAC-1/TRAIL
combination and suggested that recurrent disease might be more susceptible than primary
disease, although only CASP3 activity showed statistical significance.

TRAIL is a well-documented agent and is often efficacious in drug combination in vitro,
although it has been less promising in clinical trials [90] due to a short half-life, ineffective
dosing at the tumour site, and TRAIL resistance. Even so, during a phase | clinical trial of a
monoclonal antibody targeting DR5, an early-cohort patient with GCT was one of only a few

patients showing some response to treatment [143] and circulating TRAIL is reportedly reduced
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in patients with large GCTs and correlated inversely with tumour size suggesting TRAIL may
represent a therapeutic target [100]. We have found that it is possible to dramatically increase
the ability of TRAIL to induce apoptosis in GCT by combining with PAC-1, which primes CASP3
for activation by TRAIL-induced death signaling (Figure 2.8). This could be a strategy for

overcoming reported limitations in the clinical use of TRAIL.
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Figure 2.10 - PAC-1 combined with TRAIL leads to increased levels of apoptosis. Based on
data presented in this paper, we propose that PAC-1 and TRAIL synergistically function to
increase apoptosis through removal of inhibitory Zn?* ions resulting in primed caspase-3
molecules, combined with TRAIL-induced death-signaling that drives final activation of
caspase-3 via the extrinsic and/or intrinsic apoptotic pathway.
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CHAPTER 3. TRAIL-EXPRESSING ONCOLYTIC VACV AS TREATMENT FOR GRANULOSA CELL
TUMOUR
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PREFACE
This chapter is an original work by Powel Crosley.

Contributions:
| designed and performed experiments (except where noted), analyzed the data, and

prepared the manuscript. Dr. Ryan Noyce assisted in design of the vaccinia shuttle vector
plasmid and performance of next generation sequencing of VACV'®L, Dr. Kyle Potts performed
the experiment shown in Fig 3.5, and provided guidance in experimental design, data

interpretation, and manuscript preparation.
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3.1 Introduction

Vaccinia virus (VACV) possesses many key attributes necessary for an ideal viral
backbone to be used in oncolytic viral gene therapy. These include a short lifecycle, rapid cell-
to-cell spread, strong lytic ability, a large cargo capacity, and well-defined molecular biology. It
has previously been shown that VACV tumour selectivity is increased by the deletion of the viral
J2R gene that encodes thymidine kinase (TK), making the virus dependent on cellular TK that is
up-regulated in proliferating cancer cells [147, 148, 159, 160]. It has also been shown that
additional disruption of the genes encoding viral ribonucleotide reductase (RR) increases the
safety profile of VACV without negatively impacting viral replication in cancer cells [145, 147,
161, 162].

Granulosa cells are susceptible to TRAIL-induced apoptosis as part of normal follicular
atresia, and GCT is reported to have an inverse correlation between TRAIL expression and
tumour size suggesting a potential for TRAIL as a therapeutic [124]. While TRAIL has exhibited
great potential as a cancer therapeutic, in vitro, it has consistently failed to display strong
efficacy in vivo. Reasons for the lack of clinical effectiveness are varied, but include: inadequate
delivery methods; a short half-life; and inherent or acquired resistance to TRAIL therapy [121,
163]. Several studies to date have attempted to improve TRAIL effectiveness by combining it
with another agent [3, 116, 164-166], while others have investigated use of viral vectors to
deliver a TRAIL gene to tumour cells [167-172]. Here we report on the development of a
recombinant VACV expressing TRAIL (VACVT*4L) that generates effective levels of soluble TRAIL
during the viral replication cycle. In addition we show that VACV'*'t combines with PAC-1 to

effectively control GCT in vitro.
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3.2 Materials and methods
3.2.1 Cell lines and reagents

The human cell lines KGN (GCT), F202 and N60 (normal fibroblasts) were cultured as
described in section 2.2.1. African green monkey kidney cell line BSC-40 (ATCC® CRL-2761™)
was grown in minimal essential medium (MEM) supplemented with 5% FBS. All cells were
cultured at 37°C in 5% CO,. 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 Mycoplasma PCR Detection Kit (Applied Biological Materials, Inc.). Mycophenolic acid
(MPA), xanthine, and hypoxanthine (Sigma-Aldrich) were generously provided by Dr. David
Evans. FastDigest restriction enzymes Eco311 (#FD0293), Notl (#FD0593), Xhol (#FD0694),
BamHI (#FD0054), and Xag! (#FD1304) were purchased from Thermo Fisher Scientific. QIAquick
gel extraction kit, and HiSpeed DNA purification kit were purchased from Qiagen.

3.2.2 VACV deletion mutants and generation of recombinant VACVTRAIL

All recombinant viruses used in this study were derived from the VACV Western Reserve
strain, and are shown in Figure 3.1. VACV AF4L"™ virus deleted in the F4L locus, VACV AF4LAJ2R
virus disrupted in the F4L locus by gusA and neo and in the J2R locus by lacZ and mCherry, and
VACV AF4L"™ AJ2R virus deleted in the FAL locus and disrupted in the J2R locus with yellow
fluorescent protein (VACV'") were generously provided by Dr. David Evans (University of
Alberta). Virus stocks were prepared using BSC-40 cells that were infected at a multiplicity of
infection (MOI) of 0.03 plaque-forming units (pfu)/cell and incubated 72 h at 37°C with 5% CO,.
Cells were then harvested with a cell scraper and medium plus cells were collected into

centrifuge bottles and centrifuged at 2000 x g for 10 minutes. Supernatant was decanted and
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pellets were resuspended in 10 mM Tris pH 8.0 and transferred to a dounce homogenizer and
dounced 20x with the tight pestle. Virus was then transferred to a 50 mL conical tube and
centrifuged at 1100 x g for 10 min. Supernatant was then drawn off and aliquoted to be stored
at -80°C. Virus titre was determined by standard plaque assay using 10-fold serially diluted virus
plated in duplicate wells of 6-well plates on BSC-40 cells. Infected cells were cultured for 2
days, then fixed and stained with crystal violet. Plaque counts were determined from wells
containing 30 — 300 plaques.

The TRAIL gene used to generate VACV®AL was human-codon-optimized using
OptimumGene™ Codon Optimization Analysis then synthesized by Genscript. This sequence
was inserted at Genscript into the pSC67 plasmid vector between the Notl and Xhol restriction
sites, generating pPOX-B17F11-SS-Fur-ILZ-TRAIL. This plasmid DNA was expanded using One
Shot™ Stbl3™ chemically competent E. coli (Thermo Fisher). 50 ng of plasmid DNA was digested
with FastDigest restriction enzymes (Thermo Fisher): Eco31I to confirm linear size of the
plasmid (6240 bp); BamHI — Xgal to check insert orientation; and Notl — Xhol to verify TRAIL
sequence insertion.

Recombinant VACV™'L was generated by rescuing the J2R-flanked insert encoding TRAIL
and YFP/gpt from pPOX-B17F11-SS-Fur-ILZ-TRAIL into the J2R locus of VACV AF4L™ through
homologous recombination as described previously [2]. Briefly, BSC-40 cells were grown to
confluence and infected for 1 h with VACV AF4L"™ at a MOI of 2 PFU/cell. Inoculum was then
aspirated from the cells and replaced with 4 mL OPTI-MEM and placed back in the incubator.

Two h post-infection, infected BSC-40 cells were transfected with 2 pg linearized TRAIL-
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encoding shuttle plasmid DNA using Lipofectamine 2000 (Thermo Fisher) as per manufacturer’s
instructions. Cells were cultured for 48 h at 37°C, then the cells/virus were harvested by
scraping into media followed by transfer to 15 mL conical tubes and three rounds of freeze-
thaw to release virus from cells.

Recombinant virus from the infected cell lysate was isolated by two rounds of drug
treatment (MPA: 25 pug/mL of mycophenolic acid plus 250 pg/mL xanthine, and 15 pg/mL
hypoxanthine in liquid culture medium). Serially-diluted virus was used to inoculate a 6-well
plate of BSC-40 cells and a companion set of three 60 mm dishes of BSC-40 cells. After 1 h
incubation at 37°C, inoculum was aspirated and replaced with MEM containing MPA. One set
of wells in the 6-well plate received MEM without MPA. Cells were left to incubate 48 h at
37°C, then the 6-well plate was stained with crystal violet to determine virus titre and
corresponding 60 mm dishes were harvested by scraping and freeze-thaw as described earlier.
Following drug selection there were three rounds of selection under 0.85% agar (the first
containing MPA and then two rounds without MPA). BSC-40 cells were seeded in 100 mm
plates and incubated at 37°C until 80% confluent. Cells were then infected with 10-fold serial
dilutions of virus and incubated 1 h at 37°C. Inoculum was then aspirated and replaced by agar
mixed with MEM, then incubated for 2 — 4 days at 37°C. Once large, single plaques were
identifiable multiple clones were picked and placed in separate microfuge tubes with PBS and
freeze-thawed 3x to release virus. This step was repeated two more times. PCR was used to

confirm the purity of all the recombinant VACV clones using primers
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5’- AACTATAGAAGTTAAACTGTGAATGTC -3” and 5’- TTTACAATGCGTGTAAGTTG - 3’ to amplify
the FAL locus and primers 5’ -TATTCAGTTGATAATCGGCCCCATGTTT- 3’ and
5’-GAGTCGATGTAACACTTTCTACACACCG-3’ to amplify the J2R locus. PCR products were then
run in a 0.8% agarose gel for 1.25 h and visualized using a Hewlett-Packard Alpha Imager with
default UV gel imaging parameters.

3.2.3 Virus infection and growth curves

For multistep growth curves, cells were seeded into 60 mm plates, then the next day,
medium was removed by aspiration and cells were inoculated with VACV diluted in PBS and
incubated 1 h at 37°C. After incubation, either fresh culture medium or medium plus 20 uM
PAC-1 was added. For the 0 h time point, plates were aspirated and then fresh medium was
added; VACV inoculum was added and cells were then immediately harvested and subjected to
three rounds of freeze-thaw. For other time points, infected cells were scraped into the culture
medium, drawn off into 15 mL Eppendorf conical tubes and subjected to three rounds of
freeze-thaw. Virus titre was determined by plaque assay where 6-well plates of confluent BSC-
40 cells were aspirated then inoculated with 10-fold serially diluted virus in duplicate wells and
incubated for 1 h at 37°C. After 1 h medium was added to the wells and infected cells were
cultured for 2 days, then fixed and stained with crystal violet. Titers were calculated from wells
containing 30-300 plaques.

3.2.4 Purification of VACVTRAIL

Prior to sequencing of VACV™L the virus was sucrose purified to remove contaminants
such as cellular particles. Thawed virus was resuspended in 5.5 mL of cold Tris pH 9.0 + 2 mM

MgCl, + 50 U/mL benzonase, then transferred to a 7 mL dounce homogenizer and dounced 20x.

64



Inoculum was then transferred to 50 mL conical tube and centrifuged at 1500 x g for 10 min at
4°C. Supernatant was then transferred to a new tube and stored on ice. The pellet was
resuspended in Tris as above, dounced 20x and inoculum was transferred to a 50 mL conical
tube and centrifuged as above. Supernatants were pooled and incubated 30 min at 37°C, then
centrifuged at 1500 x g for 10 min. 19 mL 36% sucrose in 10 mM Tris pH 9.0 was added to a 38
mL Oakridge tube and overlaid with 19 mL of virus (10 mM Tris pH 9.0 + MgCl, was used to
bring virus volume up to 19 mL). Tubes were then centrifuged at 26500 x g for 90 min. Sucrose
was aspirated and the pellet was resuspended in 10 mM Tris pH 8.0, aliquoted and stored at -
80°C. Illumina Next Generation de novo sequencing mapped purified VACV*t to VACV WT
and confirmed correct location of the insert (data not shown).

3.2.5 Cytotoxicity assays
Cells were seeded in 48-well plates (KGN: 15000 cells/well; F202: 10000 cells/well) and

incubated overnight. Wells were then aspirated and cells were inoculated in replicate wells
with VACV diluted in PBS to the indicated MOI and incubated for 1 h at 37°C before medium or
medium plus PAC-1 20 uM was added back into the wells. Mock infections consisted of
incubation with PBS alone followed by adding medium alone. After being incubated for 2 days,
44 uM resazurin (Sigma-Aldrich) was added to the wells and plates were further incubated 3 - 4
h at 37°C. Fluorescence was read using a FLUOstar plate reader (BMG LabTech) with 544 nm
excitation/590 nm emission filters. Relative fluorescent unit (RFU) readings for treated wells

were normalised to the average RFU for mock-infected cells.
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3.2.6 Generation of TRAIL supernatant

BSC-40 or KGN cells were seeded in 150 mm plates and grown to ~70% confluence.
Cells were then inoculated with either VACV™RAL or VACVY*? in medium at MOI 1.0 PFU/cell and
incubated at 37°C for 48 h. Medium was collected, passed twice through 0.22 um filters and
then UV-inactivated (x2) using a Stratalinker® UV crosslinker at 0.999 J/cm?. Virus inactivation
was confirmed by plaque assay, following which TRAIL concentration in supernatant from KGN
cells was measured with a human TRAIL Alphalisa Detection Kit (PerkinElmer, AL3089C/F),
while supernatant from BSC-40 cells was measured with a colorimetric human TRAIL ELISA
(RayBiotech, ELH-TRAIL). Supernatant was stored at -80°C until use.

Remaining cells in the plates were scraped into 14 mL Eppendorf conical tubes, washed
with PBS and then lysed using RIPA buffer (150 mM NaCl, 10 mM Tris, pH 7.2, 0.1% SDS, 1.0%
Triton X-100, 1% Deoxycholate, 5 mM EDTA) with 1 mM phenylmethylsulfonyl fluoride and 1x
protease cocktail (Sigma Cat P7626). Lysate was assayed for protein (BCA protein assay kit,
Thermo Fisher). TRAIL protein expression was confirmed by western blot with anti-human
TRAIL antibody (Cedarlane, CLDB040) using methods described in section 2.2.6.

3.2.7 TRAIL supernatant cytotoxicity

5000 KGN cells were seeded in 96-well plates and incubated overnight. Cells were then
incubated with 50 UM caspase inhibitor (R & D Systems, z-DEVD-FMK (FMK004), z-IETD-FMK
(FMKO007), z-VAD-FMK (FMKO001) ), or normal medium for 1 h at 37°C before being treated with
PAC-1 at 20 uM, VACV*AL supernatant at 10 ng/mL (estimate based on ELISA), PAC-1 plus
VACV'RAL sypernatant, or mock-treated (medium only). 48 h after treatment, viability was

assessed by resazurin metabolic activity assay as described in section 2.2.3.
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3.3 Results
3.3.1 Generation of a recombinant TRAIL-expressing vaccinia virus (VACVTRALL)

Gene therapy offers the potential for high local dosing and long-term expression of a
therapeutic protein. VACV has been shown to be an excellent vector for delivering gene therapy
safely, and can be designed with selectivity for tumour cells [145, 146, 173]. To extend the
results of our work described in chapter 2, we designed a synthetic gene for expression of a
secretable trimeric form of human TRAIL in order to avoid some of the issues previously cited as
limiting TRAIL effectiveness in clinical trials. The engineered TRAIL gene encodes the signal
peptide sequence for human-Fibrillinl [174], a Furin cleavage site, and a modified yeast GCN4-
pll isoleucine motif (Figure 3.2) (RMKQIEDKIEEILSKIYHIENEIARIKKLIGER [159, 175]) linked to the
extracellular domain of TRAIL (aa 114-281). This synthetic TRAIL gene was inserted into a VACV
shuttle vector (pSC67) downstream of a synthetic early/late poxvirus promoter, and upstream
of a YFP/gpt expression cassette already present in pSC67 (Figure 3.1). The resulting plasmid
(pPOX-B17F11-SS-Fur-ILZ-TRAIL) was digested with restriction enzymes to ensure correct
insertion and orientation of the gene (Figure 3.3).

Recombinant VACV™L was rescued by homologous recombination into the J2R locus of
VACV AF4L"™ followed by drug selection and plaque purification. DNA from independently
isolated plagues was then PCR-amplified with F4 and J2 primers to verify the site of gene
insertion (Figure 3.4). Crude stocks for four VACV'*A isolates were generated in BSC-40 cells,

then titred by standard plaque assay.
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Figure 3.1 - Genomic maps of VACV constructs. (A) Viruses used in this project were generated
from the VACV Western Reserve strain. Viral thymidine kinase (TK) is encoded by the J2R gene.
The small subunit (R2) of viral ribonucleotide reductase is encoded by the F4L gene. nm, no
marker; YFP, yellow fluorescent protein; gpt, xanthine phosphoribosyltransferase gene; ITR,
inverted terminal repeat; *, viral thymidine kinase homology region; and WT, wild-type. Letters
A-L (M, N, and O not shown) indicate Hindlll restriction fragments of the viral genome in order of

largest to smallest. (B) Design of the synthetic gene for expression of secretable TRAIL. Diagram
modified from [2].
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Figure 3.2 - Isoleucine zipper monomer sequence results in formation of a helical wheel coil.
Hydrophobic residues are diamonds; negatively-charged residues are triangles; positively-
charged residues are pentagons; hydrophilic residues are circles. Green indicates the most
hydrophobicity while red indicates the most hydrophilicity. Helical wheel projection was
generated online using Helical Wheel Projections: rzlab.ucr.edu/scripts/wheel/wheel.cgi with
sequence: RMKQIEDKIEEILSKIYHIENEIARIKKLIGER.

69



A)

A (1246)

(4857) Xagl —__

pSC67 + pPOX-B17F11-SS-Fur-ILZ-TRAIL
6176 bp

(4571) XhoIl ——

(3154) BamHI

S é;' ’b'\>
& 8 90 <& Figure 3.3 — Restriction analysis of pPOX-B17F11-SS-Fur-
.- . 10000bp ILZ-TRAIL plasmid DNA confirms proper insertion of TRAIL
o -""  s00  cassette. (A) Design of plasmid pPOX-B17F11-SS-Fur-ILZ-
4476, W g 4000 TRAIL with restriction enzymes and key regions. (B) 50 ng of
#3000 plasmid DNA was digested with FastDigest restriction
R 2000 enzymes (Thermo Fisher): Eco31l to confirm linear size of

1700 - 1500
- 1000 the plasmid (6176 bp); Xagl — BamH| to check insert

790 750 orientation (1700 & 5386 bp); and Notl — Xhol to verify
TRAIL insert size (790 bp). Plasmid map generated by
SnapGene Viewer version 4.3.10.

70



A) TK (J2R) primers

AF4L"™ AJ2RTRAL

3000 bp
2500 bp W O ww we.

VACV WT
AF4Lnm
BSC40 cells only

500 bp

B) R2 (FAL) primers
AF4L"™ AJ2RTRAL

1500 bp

BSCAO cellsonly

~

i
oy
"
-

=
<
—
750 bp
500 bp

Figure 3.4 — PCR analysis indicates correct insertion of TRAIL and YPF/gpt cassettes into the
J2R locus in VACVRAL_ (A) Primers for TK (J2R) reveal insertion of the expected size for the
TRAIL-YFP/gpt DNA sequence (2767 bp VACV™L 516 bp WT). (B) Primers upstream and
downstream of R2 (F4L) confirm maintenance of gene deletion in recombinant virus (1527
bp WT, 658 bp AF4L"™). Plaques highlighted in red were selected for further expansion.
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3.3.2 Recombinant TRAIL-expressing VACV mutant replicates effectively and is cytotoxic in
KGN cells.

Previous work in our lab had shown that KGN were capable of supporting robust
replication by a panel of VACV strains and subject to virus-mediated toxicity in a dose-
dependent manner (data by K. Potts, Figure 3.5). To determine whether GCT would support
VACVTRAL replication we conducted multistep growth assays using four clones of VACV™®t and
compared them to the VACV AF4LAJ2R double mutant used during other research by our lab
(Figure 3.6A) [145]. KGN supported robust replication by all tested VACV™4!L strains so next we
wanted to assess the impact of PAC-1 on virus replication. We repeated growth assays in KGN
cells with one selected clone (VACV™4'L 1,3.2.2, hereafter referred to as VACV'*L ) both with
and without co-administration of 20 uM PAC-1, and compared that to the growth of VACV'?
(non-TRAIL expressing VACV AF4L"MAJ2R expressing YFP) with and without PAC-1. Patterns of
virus replication were similar between VACV'®L and VACV"?, although the addition of PAC-1

dramatically reduced replication of both viruses over the 72 h growth period (Figure 3.6B).
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Figure 3.5 VACV efficiently replicates and is cytotoxic in KGN cells. (A) KGN cells were
seeded in 60 mm plates and incubated overnight. Plates were aspirated and inoculated
with one of the indicated VACV viruses at MOI 0.03 for a growth assay. (B) 48-well plates
were seeded with 15000 KGN cells/well, incubated overnight then inoculated with the
indicated VACV viruses using 10-fold serial dilutions in PBS. After 1 h medium was added
to the wells and incubated for 72 h. Viability was then determined by resazurin metabolic
activity assay.
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Figure 3.6 — PAC-1 attenuates VACV replication in KGN cells. (A) 60 mm plates were seeded
with KGN cells, incubated overnight at 37°C and inoculated with indicated VACV clones or
control virus VACV AF4LAJ2R at MOI 0.03 and incubated 1 h at 37°C. Medium was then added
to the plates and virus was collected at indicated time points. (B) 60 mm plates were seeded
with KGN cells, incubated overnight and infected with VACV™®L clone 1.3.2.2 or control virus
VACV" at MOI 0.03 for 1 h after which either normal medium or medium plus 20 uM PAC-1
was added to the plates. Cells were then incubated at 37°C for the times indicated, and virus
titres determined as described in Materials and Methods.
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Next we looked at the cytotoxicity of VACV™L in KGN (Figure 3.7). After 48 h metabolic
assays showed significantly more cytotoxicity in cells infected by VACV'*At compared to
VACV"?. Importantly, toxicity of both viruses was increased by adding PAC-1 even though PAC-
1 had been previously shown to reduce virus replication. The significant difference between
VACVTRAL and VACVY suggests that indeed TRAIL was being secreted from infected cells and
PAC-1 priming of CASP3 was reflected in the increased toxicity observed with VACV'R4L and

PAC-1 combination versus VACV'R4L alone.
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Figure 3.7 — PAC-1 potentiates cytotoxicity of VACV*'L in KGN cells. 15000 cells were seeded
in 48-well plates overnight after which wells were aspirated and cells inoculated with VACV at
indicated MOI and incubated at 37°C for 1 h. After 1 h medium or medium plus 20 uM PAC-1
was added to the wells and incubated for 48 h. Viability was then determined by resazurin
metabolic activity assay. Significance was calculated comparing area under the curve using
GraphPad Prism ver. 8. (Paired t-tests of the data result in p > 0.05 for VACV"?/VACV""" & PAC-
1 and VACV™RAL & PAC-1/VACVY? & PAC-1.)
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3.3.3 VACV™AL secretes functional TRAIL

The difference in cytotoxicity between VACV'®t and VAC""P-infected cells suggested
that TRAIL was being secreted by infected cells. In order to determine the amount of TRAIL
secreted, and measure its effectiveness as an agent, supernatant was collected from BSC-40
cells infected with four VACV™'L clones. Levels of TRAIL in the supernatant were determined
using an anti-TRAIL colorimetric ELISA (Figure 3.8A). At 48 h post-infection of the propagating
cell line BSC40, VACVTAL clones generated ~80 ng/mL of TRAIL while TRAIL in VACV"*?
supernatant was at or below detection limits. We then selected the VACV™ clone that
generated the most TRAIL (1.3.2.2) for use in follow-on assays and tested expression of VACV-
encoded TRAIL in infected KGN cells (Figure 3.8B). Again, 48 h post-infection the supernatant
was collected, filtered twice, UV-inactivated, and verified as virus-free using a plaque assay.
This virus-free supernatant was then assayed for TRAIL using a Perkin EImer Alphalisa TRAIL
detection kit. KGN was found to generate detectable, and significant, levels of TRAIL when
infected with VACV™4L. KGN infected with VACV'"" showed no trace of TRAIL in the
supernatant. Differences between levels of TRAIL detected in BSC-40 and KGN cells are most
likely explained by several factors: BSC-40 cells are much smaller than KGN cells resulting in an
order of magnitude difference in both cell number and therefore pfu used to inoculate the
same size dish (150 mm); while cells were incubated in 20 mL of media, slight variations in
volume will affect detected concentrations; and the assay of BSC-40 supernatant was done with
a colorimetric-based ELISA with multiple wash/handling steps whereas the KGN assay was done

with a no-wash AlphaLISA assay designed for high-throughput and high-sensitivity.
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Figure 3.8 — BSC-40 and KGN cells infected with VACV'*4L  secrete detectable levels of
soluble TRAIL. (A) BSC-40 cells were grown in 150 mm plates to ~70% confluence and then
infected with one of the VACV®AL clones. At 48 h supernatant was drawn off, filtered and
UV-inactivated before measuring TRAIL by colorimetric ELISA (RayBiotech #ELH-TRAIL). (B)
KGN cells were grown as in (A) and infected with VACV'®AL (clone 1.3.2.2) or VACV'?. After
48 h supernatant was drawn off, filtered and UV-inactivated before being assayed by
Alphalisa TRAIL detection kit (Perkin-Elmer, #AL3089C). Significance determined by one-way
ANOVA corrected by Sidak’s multiple comparison test. Open circle in (B) identifies result for
supernatant sample that was diluted 2-fold in medium to verify assay sensitivity. Different
dates in (B) represent separate supernatant collection dates. LOD: Limit of detection
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Assays of supernatant detected concentrations of TRAIL that had already been secreted,
but we also wanted to see if TRAIL was still being expressed by cells 48 h after initial infection.
To do that we washed cells remaining in the dish after medium was decanted and then

generated protein lysate for western blot detection of human TRAIL (Figure 3.9).

Total protein aTRAIL

-

uTt V. AchRAH \Y} AchFP uTt VAchRAIL VAchFP

Figure 3.9 - KGN cells infected with VACV'*" express soluble TRAIL. Lysates from
infected KGN cells were probed with anti-TRAIL antibody. Detected band (arrow) is the
correct size for the modified monomer of TRAIL extracellular domain (~24 kDa). Total
protein probed using Revert™ Total Protein Stain.
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The cells that had been infected with VACV?L showed detection of a band ~24 kDa,
which correlates with reports on the size of extracellular TRAIL. Neither the mock-infected
KGN, nor the VACV"P-infected cells showed expression of TRAIL, supporting the determination
that the soluble TRAIL detected was being produced by our virus-encoded gene, rather than the
endogenous cellular TRAIL gene.

3.3.4 Secreted TRAIL is an active agent in VACV™RAL toxicity.

To verify that the TRAIL detected in the supernatant was active soluble TRAIL, we
repeated in vitro cytotoxicity assays similar to those in chapter 2 using 20 uM PAC-1 and
supernatant containing ~10 ng/mL TRAIL from VACV™* infection. KGN cells were treated with
PAC-1 and supernatant for 48 h, at which time a metabolic activity assay was conducted. In
addition, some wells were pre-incubated for 1 h with either 50 uM z-DEVD-FMK (a CASP 3
inhibitor) or 50 uM z-IETD-FMK (a CASP8 inhibitor) before drug was added to the well.

Figure 3.10 displays that with PAC-1 alone, CASP3 inhibition (DEVD-FMK) reduced the
toxicity of PAC-1 in KGN cells whereas inhibition of CASP8 (IETD-FMK) did not. When VACV'RAL
supernatant alone was used on cells it was effective at controlling KGN and significantly more
effective than VACV'? supernatant alone. Furthermore, while CASP3 inhibition strongly
reduced toxicity of VACV'*L supernatant, CASP8 inhibition almost totally protected KGN from
TRAIL supernatant toxicity. VACV"" supernatant showed no toxicity to KGN cells. Finally, when
PAC-1 was combined with supernatant, VACV/L was effective in combination whereas
VACV'? was no better than PAC-1 alone. Inhibition of CASP3 gave some small amount of

protection from PAC-1 combined with VACV'*L supernatant, and CASP8 inhibition provided
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somewhat more although as described in chapter 2, the combination of PAC-1 and TRAIL was

more effective than either agent alone.
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Figure 3.10 - Soluble TRAIL generated by VACV*" -infected cells has cytotoxic activity both
alone and in combination with PAC-1 to control KGN. Virus-free supernatant was used with
and without 20 uM PAC-1 on KGN cells in 96-well plates replicating earlier cytotoxicity assays.
Supernatant was from either VACV*L.infected cells (~10 ng/mL concentration) or VACV"-
infected cells (no TRAIL detected). Some wells were pre-incubated with 50 uM z-DEVD-FMK
(CASP3 inhibitor) or 50 uM z-IETD-FMK (CASP8 inhibitor). 48 h after PAC-1/supernatant
treatment, a metabolic activity assay was conducted, RFU values were normalised to untreated
cells.
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3.4 Discussion

TRAIL has been known to be a tumour-selective, apoptosis-inducing protein since its
initial discovery in 1995 [176]. While many studies have shown soluble TRAIL to have great
effect in vitro, that success has not translated to the clinic where several limitations have
appeared including: a short half-life ; ready clearance by the body; and the resulting difficulty
in achieving therapeutic dosing at tumour sites [177]. One avenue for attempting to increase
effectiveness is through gene therapy where the TRAIL gene would be delivered directly to the
tumour cell. Multiple vectors have been described including mesenchymal stromal cells,
adenovirus and poxvirus encoding TRAIL [117, 120, 167, 168]. Kim, et al., reported on the
superiority of a soluble, isoleucine zipper (ILZ)-stabilized trimeric TRAIL (stTRAIL) molecule
delivered by a replication-incompetent adenovirus vector when compared to full-length TRAIL,
also delivered by an adenovirus vector. They found that stTRAIL had more tumour-suppressor
activity (as measured by CASP3 activity) and that expression of stTRAIL persisted for more than
4 days [120]. It should be noted that these results were achieved following infection with a
MOI of up to 100 pfu/cell, a dose that may not be achievable in the clinic.

Ziauddin, et al., used an oncolytic vaccinia virus vector to construct a recombinant VACV
that delivered membrane-associated TRAIL, and combined that with oxaliplatin. They reported
significant improvement in survival of mouse models implanted with colorectal carcinomatosis
when treated with the recombinant VACV and oxaliplatin, although they do not elucidate a
possible mechanism for oxaliplatin interaction with TRAIL [167]. Yuan, et al., generated
mesenchymal stromal cells (MSC) expressing full-length TRAIL that they found significantly

more effective at inducing apoptosis than MSC expressing ILZ-stabilized soluble TRAIL [117].
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We pursued developing an alternative means of delivering TRAIL by inserting a synthetic
soluble TRAIL gene into the genome of an oncolytic vaccinia virus, which itself has shown high
selectivity for cancer cells with an excellent safety profile in vivo. The TRAIL gene included a
synthetic viral promoter that would be active from early to late in the VACV life cycle providing
robust expression of TRAIL. To that we attached sequences encoding the secretion signal
peptide for human Fibrillin-1, which is reportedly expressed to high levels in KGN and ovarian
follicles [178]. A Furin cleavage site was added to remove the signal peptide and activate the
TRAIL molecule [179], and an ILZ motif to induce trimerization of secreted monomeric TRAIL
molecules. This would minimize dependence on a Zn?* ion for stable trimerization of TRAIL in
the presence of PAC-1. To that we fused coding sequences for the extracellular domain of
TRAIL, amino acids 114-281. After rescuing VACV™L we verified that two key genes for viral
DNA replication (FAL and J2R) had been deleted (in the case of F4L) or disrupted (by inserting
our TRAIL construct in to the J2R locus).

Next we evaluated the ability of VACVR clones to replicate in GCT cell line KGN, and
assessed the growth of a selected VACV'*L to replicate in the presence of PAC-1. We found
that all tested clones of VACV'FAL efficiently replicated in KGN but we also saw that replication
was markedly diminished in KGN when treated with 20 uM PAC-1. This reduced virus
replication, however, did not negatively impact the cytotoxicity of VACV™*L as we saw that
VACV™ AL infected cells treated with PAC-1 were significantly less viable than cells treated with

virus alone, and VACV'®'L was significantly more cytotoxic than non-TRAIL-expressing VACV.
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Finally, we wanted to confirm that functional TRAIL is secreted by VACV'*A!L _infected
cells. We saw that in both BSC-40 cells and KGN cells, infection with VACV™L for 48 h resulted
in robust generation and secretion of human TRAIL. We also found that virus-free supernatant
of VACVTRAL _infected cells was cytotoxic to KGN cells both alone and in combination with PAC-
1. The toxicity of supernatant alone was stronger than we observed in earlier assays with
rhTRAIL (Figures 2.2D and 3.10), but could reflect the fact that other cytokines may also be
expressed as the result of infection by VACV™®4L " Again, the synergy between PAC-1 and TRAIL
was reflected by the fact that inhibition of CASP8 (the initiator caspase in the extrinsic
apoptotic pathway) was able to eliminate any toxicity from combining PAC-1 and TRAIL beyond
the effect of PAC-1 alone.

What we show here is that VACV'*'L combined with PAC-1 constitutes an effective
treatment alternative, in vitro, for GCT. We propose that this combination would generate a
three-pronged attack on GCT through activation of CASP3, localized delivery of clinically
relevant levels of TRAIL, and the additional induction of killing by oncolysis in cells that may

harbor TRAIL resistance.
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CHAPTER 4. ESTABLISHMENT OF XENOGRAFT MODELS FOR GRANULOSA CELL TUMOUR
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PREFACE

This chapter is an original work by Powel Crosley except section 4.3.3 which is part of a
paper submitted for publication in the manuscript: H. Chen, P. Crosley, A.K. Azad, N. Gupta, N.
Gokul, Z. Xu, M. Weinfeld, L. Postovit, S.A. Pangas, M.M. Hitt, Y. Fu; RUNX3 promotes the
tumourigenic phenotype in KGN, a human granulosa cell tumour-derived cell line; Int J Mol Sci,
20 (2019).
Contributions:

| designed and performed experiments, analyzed the data, and prepared the figures for
this chapter. Kate Agopsowicz assisted in animal experiments. Dr. YangXin Fu and Jiesi Zhou
transformed KGN cells with Runx3 and empty vector constructs; Huachen Chen performed

western blots of lysate recovered from recovered tissue samples, probing for Runx3.
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4.1 Introduction

Animal models have an important role in the process of discovering new drug
candidates, validating their target(s) and method(s) of action, and gaining an appreciation for
how the agent(s) work within a complex biological system [180]. Testing done in vitro, or
analysis run in silico provides much of the information on which early progress is made in
researching new cancer therapies, but no in vitro model is going to fully encapsulate
simultaneous effects on the nervous system, as an example, by a drug that may be targeting
ovarian cancer [181]. Probably the most widely-used animal model is the xenograft model
where human cells or tissue are implanted into immunocompromised animals, typically mice. A
primary limitation of xenograft models of human disease, however, is that they will not provide
a robust understanding for how a human with the disease will react to treatment because the
animals have compromised immune systems [182]. In contrast, animal diseases that model
diseases in humans are sometimes available, and these likely would be immunocompetent, but
they will almost surely be different from human disease in some aspect such as important
biomarkers, or a genetic alteration required to artificially stimulate the disease [181]. Even so,
moving a therapy from bench to bedside will almost always depend on having demonstrated a
capability and efficacy in vivo that supports the findings developed in vitro or in silico.

We report here on attempts to establish a xenograft animal model of human GCT
utilizing two models of immune compromised mice and KGN-based tumour cells in order to
have a disease model that carries the characteristic FOXL2/3*W mutation found in adult GCT.
NIH-III nude mice were developed at the U.S. National Institutes for Health (NIH). In addition to

the nude gene, which results in the absence of thymus and T-cell function, this mouse has two
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other mutations: Btk*®, X-linked immunodeficiency (xid) which affects maturation of B-
lymphocytes; and Lyst? (beige) which results in defective natural killer (NK) cells. Both xid and
beige are important in regulating the function of the immune system. Another mouse strain
used in xenograft models is called Nod-scid gamma (NSG). These mice carry two mutations on
the NOD/ShilLtJ genetic background: severe combined immune deficiency (scid) and a complete
null allele of the IL2 receptor common gamma chain (/L2rg™").

Unlike many cancers, there is no established protocol for inducing xenograft GCT
tumours in mice, and the few cases that report having done so were limited to having
established very small lesions that would not be dependable as a model for evaluating
treatment success [63-66].

4.2 Materials and methods
4.2.1 Cell lines and reagents

The human GCT cell line, KGN, and derivatives of the KGN cell line, were cultured as
described in section 2.2.1.

4.2.2 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 (3 mice per cage) in a biosafety level 2 containment suite at the
University of Alberta Health Sciences Laboratory Animal Services Facility.

4.2.3 In vivo KGN tumour model

Female NIH-IIl mice (Charles River Laboratories) were 6 weeks old and at least 18 g in

weight at the time of KGN cell implantation. Mice were anesthetized with 2% isoflurane after
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which six (6) mice were injected subcutaneously in one flank with 0.1 mL of 5 x 10® KGN tumour
cells in PBS and six (6) mice received intraperitoneal injections of 1 x 107 tumour cells in 0.2 mL
of PBS. Mice were weighed and flank tumour sites were palpated for signs of tumour twice per
week.

4.2.4 Construction of KGN-luc cell line

A lentivirus vector for expression of luciferase was generated by packaging pLenti-CMV-
puro-luc (Addgene w168-1) as described by Campeau et al. [154] and in section 2.2.2. The day
before transduction, KGN cells were seeded in a 6-well plate to be 50% confluent at the time of
transduction. Media was aspirated and 6 pg of polybrene (Millipore Sigma) was added to 1 mL
lentivirus stock and placed in each well. One well was mock-infected with medium as control.
At 48 h post-transduction, puromycin (Thermo Fisher) was added to the medium (final
concentration 2.5 pg/mL) for selection of transduced KGN-luc cells. After five (5) days of drug
selection, cells were pooled.

4.2.5 In vitro luciferase assay

KGN-luc cells were assayed for detection of luciferase activity per manufacturer’s
protocol (Promega #E4030). Briefly, a dilution series of KGN-luc cells were seeded in 24-well
plates overnight, then washed twice with PBS before being lysed with Promega Reporter Lysis
Buffer (#£3971) by two freeze-thaw cycles. Lysates were scraped into 1.5 mL microfuge tubes,
spun at 12,000 x g for 2 minutes at 4°C then supernatants were transferred to fresh microfuge
tubes. Using 96-well white opaque plates 20 uL of each lysate was added to duplicate wells. A
BMG FLUOstar Omega plate reader injected Promega Luciferase Assay Reagent (#£151A) and

measured luciferase activity. Mock transduced KGN cells were used as negative control.
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4.2.6 In vivo KGN-luc tumour model

Female NSG mice were 7 weeks old and at least 20 g in weight at the time of KGN-luc
cell implantation. Thirty-one (31) 150 mm plates of KGN-luc (p 11) were harvested for
implantation. Mice were anesthetized with 2% isoflurane after which three (3) mice were
injected s.c. in the right flank, three (3) mice were injected i.p., with both models receiving 50
uL of cell suspension containing 1 x 107 tumour cells in PBS with 50% Matrigel (Corning). In
addition, three (3) mice were injected intraperitoneally using 50 pL of cell suspension
containing 1 x 107 tumour cells in PBS without Matrigel. For monitoring, mice were weighed
under anesthesia and then injected with 10 pL of 15 mg/mL luciferin per gram of weight and
imaged with the IVIS Spectrum imaging system (Perkin Elmer) weekly until the bioluminescent
signal fell to background levels, after which imaging was carried out biweekly to minimize stress
to the animals.

4.2.7 In vivo advanced passage KGN-luc tumour model

Advanced passage cells were prepared for implantation into mice by harvesting sixty
(60) 150 mm plates of KGN-luc cells (passage 86). Female NSG mice were 7 weeks old and at
least 20 g in weight at the time of cell implantation. Mice were anesthetized with 2% isoflurane
after which three (3) mice were injected s.c. in the right flank and three (3) mice were injected
i.p., both models receiving 0.5 mL of cell suspension (5 x 107 tumour cells in PBS containing 50%
Matrigel (Corning)). Post-implantation, an aliquot of remaining cells in Matrigel was placed in
tissue culture to confirm viability of cells that had been implanted. Monitoring of mice was
conducted by weighing them under anesthesia and then injecting 10 pL of 15 mg/mL luciferin

per gram of weight for bioluminescence imaging with the IVIS Spectrum imaging system (Perkin
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Elmer). This occurred weekly until the bioluminescent signal fell to background levels, after
which imaging was carried out biweekly to minimize stress to the animals.

4.2.8 KGN-Runx3 tumour model
Flag-tagged KGN-Vector (empty vector) and KGN-Runx3 cells were generously provided

by Dr. YangXin Fu (University of Alberta). Both cell lines were tested for, and found free of,
mycoplasma using the Mycoplasma PCR Detection Kit (Applied Biological Materials, Inc.).
Female NSG mice were 7 weeks old and at least 24 g at the time of initial injection. For this
experiment cells were injected twice in the same location, two weeks apart. Forty (40) 150 mm
plates each of KGN-Vector and KGN-Runx3 were harvested for implantation into mice at each
timepoint. At each timepoint, mice were anesthetized with 2% isoflurane after which six (6)
mice were injected s.c. with 0.25 mL of cell suspension containing 2 x 107 tumour cells in PBS
with 50% Matrigel (Corning). The left flank was injected with KGN-Vector cells and the right
flank was injected with KGN-Runx3. Post-implantation, an aliquot of remaining cells in Matrigel
was placed in tissue culture to confirm viability of cells that had been implanted. Mice were
weighed and palpated weekly for signs of tumour growth.

4.2.9 Generation of KGN-RUNX3F1 cell lines

Following termination of the KGN-Runx3 animal experiment, mice were dissected and
four (4) mice were found to have small (¥4 mm diameter) lesions at the spot where KGN-Runx3
cells had been implanted s.c.. No lesions were seen on the flank injected with KGN-Vector cells.
Tissue excised from the lesions was washed 3x in PBS supplemented with 200 U/mL penicillin,
200 U/mL streptomycin, and 0.50 pg/mL Fungizone®, then digested overnight at 37°C with

constant rocking in a buffer made up of 10 mM HEPES pH 7.4, 2% BSA, 10 pug/mL insulin, 300
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U/mL collagenase, 100 U/mL hyaluronidase, and DMEM/F12. Following digestion the mixture
was passed through a cell strainer and 500 pL was seeded into triplicate wells of a 24-well plate
and incubated at 37°C overnight, after which digestion buffer was aspirated and replaced with
normal DMEM/F12 medium. When one of the triplicate wells for each mouse became 80%
confluent all three replicates for that mouse were trypsinized and pooled into 100 mm dishes
for normal tissue culture of putative KGN-RUNX3F1 cells.

4.2.10 KGN-RUNX3F1 RNA isolation and quantitative reverse transcription PCR (qRT-PCR)
RNA isolation and qRT-PCR were performed in the Fu lab as described previously [183].

Briefly, total cellular RNA was extracted by using TRIzol® (Invitrogen) according to the
manufacturer's instructions and treated with DNase to remove DNA contamination. cDNA was
synthesized using the superscript Il reverse transcriptase in the presence of random primers
and RNaseOUT™ recombinant ribonuclease inhibitor (Invitrogen) according to the
manufacturer's instructions. qRT-PCR was carried out using the Mastercycler® ep realplex real-
time PCR system (Eppendorf). The reaction mixture consisted of 1 ul of cDNA, 1 ul of 10 uM
primers, and 10 pl of SYBR® Select Master Mix (Applied Biosystems) in a total volume of 20 pl.

Primer sequences are shown in Table 4.1.

Table 4.1 - Primer sequences for isolation of gRT-PCR [183]

Gene Forward primer Reverse primer
RUNX3 TGGCAGGCAATGACGAGAACTACT | TGAACACAGTGATGGTCAGGGTGA
GAPDH GGACCTGACCTGCCGTCTAGAA GGTGTCGCTGTTGAAGTCAGAG
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4.3 Results
4.3.1 Preliminary attempt establishing KGN tumour model in NIH Il mice

Previous work in our lab had attempted to replicate one of the few reports on
establishing KGN xenograft models in mice. That report stated that 5 x 10° subcutaneously (s.c.)
injected KGN cells generated bowel metastases, but no primary tumour, within 16 weeks [63].
In our experiment, we injected 5 x 10° KGN cells s.c. into the flank of six (6) female NIH Ill mice.
We chose the NIH Il mouse model because they are more immunodeficient than the Balb/c""
/nu- mice used in the published study, which we thought would increase the chance of a
successful xenograft. In addition, we injected another cohort of three (3) mice with 1 x 107 cells
intraperitoneally (i.p.) in an attempt to develop a model of peritoneal recurrence. At 93 days
post-injection, with no sign of disease by palpation of the s.c. injection site, the mice were
euthanized. Postmortem pathology confirmed none of the s.c. or i.p. injected KGN cells had
established a tumour (postmortem report #15-170 by P. N. Nation DVM).

4.3.2 KGN-luc tumour model in NSG mice

In order to facilitate surveillance of tumour development in vivo, KGN cells were
transformed with firefly luciferase, which we named KGN-luc (Figure 4.1), for bioluminescence
monitoring of tumour growth using the VIS Spectrum imaging system. We also assessed the
comparative sensitivity of KGN-luc and KGN to PAC-1 in a limited dose-response assay (Figure
4.2) and found the transformation with luciferase did not alter sensitivity to PAC-1. Two in vivo
experiments were ultimately carried out with these cells.

In the first experiment, female NSG mice were injected either s.c. or i.p. with 1 x 107

KGN-luc cells. Six (6) mice (3 i.p. and 3 s.c.) were injected with cell suspension containing 50%
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Matrigel to try and provide an initially supportive environment for successful grafting of the
KGN-luc cells. Three (3) additional mice were injected i.p. with cell suspension lacking Matrigel
to see if Matrigel did affect tumour development. Beginning 19 days post-injection, mice were
periodically imaged with the VIS Spectrum imaging system to monitor any tumour
development. Initially, bioluminescent signal fell by about 50% (Figure 4.3) until around day 47,
at which time the signal seemed to strengthen. At or around day 105, however, it became
obvious that the signal had plateaued or was again slowly degrading back towards the day 47
level. At day 206 with no physical indication of palpable disease in the s.c.-injected mice, and
no indication of tumour growth by imaging, the mice were euthanized and the mouse that had
displayed the strongest signal (s.c.-injected) was dissected (Figure 4.4). A localized
bioluminescent signal was detected under the skin, but no macroscopic disease was evident

and when the tissue sample was dissociated and cultured no adherent cells were detected.
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Figure 4.1 - KGN cells transduced with a firefly luciferase gene showed cell-number
dependent expression of luciferase. Indicated number of KGN-luc cells were seeded in 24-
well plates overnight then washed, lysed with reporter lysis buffer and lysate was then
assayed for luciferase activity with BMG FLUOstar Omega plate reader. Non-transduced KGN
served as control.
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Figure 4.2 - KGN and KGN-luc are equally sensitive to PAC-1. 5000 cells of KGN or KGN-luc
were seeded into 96-well plates with PAC-1 at indicated doses. After 48 h viability was
determined by resazurin metabolic assay.
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Figure 4.3 - Bioluminescent signal from KGN-luc rebounded slightly from day 47 - day 85 then
slowly degraded. Mice were regularly monitored using an IVIS Spectrum imager. Mice were
injected with 10 puL 15 mg/mL luciferase per gram of weight and imaged over a 20-minute period.
Values represent average peak radiance per cage +/- SEM.
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Figure 4.4 - Localized bioluminescent signal did not reveal macroscopic disease. A
subcutaneously-injected mouse displaying the strongest signal on day 206 was dissected to
determine whether a tumour nodule had actually developed.
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It was reported by Imai, et al., that advanced passage KGN cells were more aggressive
than early passage KGN [64]. Furthermore, they reported that both early (p7) and advanced
passage (p58) cells injected s.c. generated metastatic tumours in the bowel of BALB/c Foxni/Foxnl
nude mice. The advanced passage cells were reported to develop metastatic tumours faster
than early passage cells, with more nodules, but the size of nodules in each model were similar.
There was no mention of primary tumour development. For the second experiment we
generated advanced passage (p 86) KGN-luc cells. We observed, qualitatively, that advanced
passage KGN-luc cells did proliferate more quickly in vitro than low passage cells. Low passage
(p < 20) KGN-luc cells generally required 6-8 days to become confluent following a 1:8 split
during tissue culture, whereas advanced passage (> p 70) cells became confluent 3 -4 days
following a 1:8 split.

With advanced passage KGN-luc cells, six (6) female NSG mice were injected either s.c.
(3 mice) or i.p. (3 mice) with 5 x 107 KGN-luc cells in PBS with 50% Matrigel. Imaging was
carried out weekly until day 36, after which imaging was reduced to biweekly due to the flat-
lining of signal at or near background levels. Unlike the initial animal experiment involving KGN-
luc, there was no recovery of bioluminescent signal at or around 47 days, and lack of any
indication of tumour growth, by palpation of s.c.-injected mice and imaging (Figures 4.5 and
4.6), led to the mice being euthanized at day 106 and dissected. No macroscopic disease was
detected in either i.p. or s.c. injected mice, and nothing unusual was seen in the bowels of

dissected mice. Unlike the findings reported by Imai, et al., we did not see the faster
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proliferation, in vitro, of advanced passage KGN-luc translate into more aggressive tumour cells

in vivo.
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Figure 4.5 — Advanced passage KGN-luc tumour model failed to develop in NSG mice. 5 x
107 KGN-luc cells in matrigel were injected into female NSG mice (three mice i.p. and three
mice s.c.) and monitored by IVIS imaging over 106 days. Images show the loss in luciferase
signal over the study period. Radiance measured as photons/sec/cm?/steradian. The regions
of interest (ROI) are circled in red.
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Figure 4.6 - Signal from implanted advanced passage KGN-luc cells deteriorated
rapidly following injection into mice. Quantification of bioluminescent signal
measured by VIS imaging. Regions of interest are defined in Figure 4.2.

99



4.3.3 KGN-Runx3 tumour model in NSG mice

Runt-related transcription factor RUNX3 is present in normal granulosa cells of mice and
regulates folliculogenesis and steroidogenesis [184, 185]. It was found to be highly expressed
in an ovarian stromal cell tumour (COV434), but is absent in the GCT cell line KGN [183]. One
study showed RUNX3 is silenced in KGN cells due to promoter methylation [186]. Re-expression
of RUNX3 promotes cell proliferation, anchorage-independent growth, and motility in KGN cells
in vitro so we wanted to see whether RUNX3 overexpression could increase proliferation of
KGN cells in vivo [183].

To determine whether RUNX3 promotes formation of KGN tumours in a mouse
xenograft model, we injected KGN-Vector and KGN-Runx3 cells s.c. in the flanks of female NSG
mice and monitored tumour formation twice a week by palpation for 185 days. Interestingly,
four out of six injections of KGN-Runx3 cells, but none of the six KGN-Vector injections, formed
small tumours (Figure 4.7). We then dissociated tumours into single cells and expanded them in
culture. Cells from all four tumours proliferated well in culture and displayed the same
morphology as regular KGN cells. Huachen Chen (in the lab of Dr. YangXin Fu, University of
Alberta) confirmed that these tumour-derived cells were indeed KGN-Runx3 cells by the
expression of RUNX3-FLAG as determined by Western blotting using a RUNX3 specific antibody
or an anti-FLAG antibody (Figure 4.7C), as well as by qRT-PCR using primers specific to human
RUNX3 (Table 4.2) [183]. These results suggest that expression of RUNX3 increases the capacity

of KGN cells to form tumours in mice.
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Figure 4.7 - KGN-Runx3-transformed cells generate small lesions in female NSG mice. (A)
Distribution of mouse weights during the study period. (B) Representative image of mouse
showing establishment of localized lesion at the site of KGN-Runx3 s.c. injections. Four of six
mice had lesions on the Runx3 flank while none had lesions on the contralateral KGN-Vector-
injected flank. (C) Western blot shows dissociated tissue from harvested tumours display both
human Runx3 and Flag expression.
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Table 4.2 - RUNX3 is strongly expressed in cultured tumour cells recovered from KGN-RUNX3
tumour model.

Cells Fold-change in RUNX3 expression relative to KGN-
Vector cells (empty vector)
KGN-Vector cells 1.0
KGN-RUNX3 cells 19619
KGN-RUNX3 tumour cells 22693

4.4 Discussion

Animal models are an essential component of cancer research as both the U.S. Food and
Drug Administration (FDA) and Health Canada require animal tests before allowing human use
of new drugs [187]. The purpose of these models is not just to assess the effectiveness of a
proposed therapeutic, but also to gain insight into other areas of concern such as route of
administration, potential reaction at the site of administration, and pharmacokinetics of a new
agent. Appropriate model selection should be based on relevance of the model to the reality of
human disease.

While there are at least 10 spontaneous or genetically-engineered tumour models for
GCT, none of them are known to carry the FOXL2¢3%W signature mutation found in AGCT [153].
Because the FOXL2 mutation is so prevalent in AGCT, and continues to be present in recurrent
disease, we wanted to establish a xenograft animal model for testing our VACV?AL /PAC-1
combination therapy that was based on KGN cells, which are known to carry the FOXL2
mutation. An early attempt by our lab to implant KGN cells in female NIH Ill mice had not been

successful (Table 4.3).
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Table 4.3 - Summary of animal experiments

. Mouse .. S . Endpoint
Cell line u' Cells injected | Injection site Result pol
strain
.C. &i.p.
KGN 2 NIH-I1I 5x 108 S.Calp No tumours 93 days
no matrigel
.C. &i.p.
KGN-luc 2 NSG 1x 10’ e &P, No tumours 214 days
+/- matrigel
.C. &i.p.
KGN-luc b NSG 5x 10’ 5L & 1P, No tumours 106 days
+/- matrigel
KGN-Runx3 or 4 of 6 Runx3
KGN-empty NSG 2x107 (x2) |>¢ | mice had small | 185 days
vector ¢ + matrige tumours
a — Experiment conducted prior to start of Masters project
b — The cells were advanced passage (p 86)
Notes: ¢ — KGN-Runx3 and empty vector cells were injected into opposite flanks
d — cells were injected twice, 14 days apart

In order to facilitate in vivo monitoring of tumour development, we transformed KGN
cells with firefly luciferase (KGN-luc) to enable bioluminescence imaging of the animals. For our
initial experiment we injected female NSG mice, which are more immune-compromised than
NIH Il mice, with what we thought was a large number (1 x 107) of KGN-luc cells both i.p. and
s.c. with Matrigel; and i.p. into a small cohort of mice without Matrigel. The KGN-luc did allow
us to monitor the mice with bioluminescence imaging, but at endpoint no tumour was detected
in any mice even though the s.c. mice showed a localized bioluminescent signal. For the next
experiment, we injected a larger number (5 x 107) of late passage KGN-luc cells in Matrigel
either i.p. or s.c. into female NSG mice. The late passage cells had a significantly higher growth
rate than the KGN cells we had used in the previous experiment. We hypothesized that the
higher cell count and faster growth rate combined with an initial supporting matrix of Matrigel

would give KGN-luc cells the best opportunity to survive and then proliferate. We found that
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while initial bioluminescent signal was strong and localized, it dissipated and fell to near
background levels within 60 days. At 106 days post-injection the mice were euthanized and no
macroscopic disease was detectable in either the i.p. or s.c. cohorts.

Next we made an attempt to increase the chance of in vivo KGN proliferation using cells
we received from Dr. YangXin Fu, who had transformed KGN cells with runt-related
transcription factor RUNX3 (KGN-Runx3) or an empty vector (KGN-Vector) RUNX3 is known to
be oncogenic in ovarian cancer but is silenced in KGN cells [183]. Using female NSG mice, we
injected 2 x 107 KGN-Runx3 cells in Matrigel into one flank and an equal number of KGN-Vector
cells in Matrigel into the contralateral flank. Two weeks later we repeated the injections into
the same location similar to the procedure used in another published study [66]. Our thought
was that the initial injection would condition the local environment and increase the chances of
establishing a tumour when the second injection of cells was made. After 180 days there was
no sign of disease by palpation and the mice were euthanized. We found, however, that 4 of 6
mice had flat, small (4 mm diameter) lesions on the side injected with KGN-Runx3 and none of
the KGN-Vector-injected sites had lesions. We dissociated tissue from the sites and cultivated
them through five passages. Their gross morphology was similar to KGN, and both western blot
and gRT-PCR assessment of the cells confirmed expression of human RUNX3. These cells (KGN-
RUNX3F1) could serve as the starting point to attempt serial passaging in mice in order to boost

their tumourigenicity.
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CHAPTER 5. DISCUSSION AND FUTURE DIRECTIONS
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5.1 Summary and key findings

Ovarian cancer, in general, is the fifth-leading cause of death among women [188].
Granulosa cell tumour (GCT) is a rare, sex-cord stromal cell ovarian cancer that is generally
categorized as low malignant potential, but is known for late recurrence. Women who do
relapse will die of disease 80% of the time [16]. This thesis has investigated the novel
combination of a small-molecule activator of CASP3 (PAC-1) with an apoptosis-inducing ligand
(TRAIL) as a potential therapy for GCT. CASP3 is the primary effector of apoptosis and begins
proteolytic cleavage of substrates once it is activated. TRAIL is a transmembrane protein that
acts as a ligand for DR4 and DR5, which induce the extrinsic apoptotic pathway ending with
CASP3 activation. We tested the hypothesis that treating GCT with PAC-1 would ‘prime’ CASP3
for death signaling induced by administration of TRAIL, resulting in increased killing of GCT cells.
Furthermore, this project examined whether a recombinant, oncolytic vaccinia virus that
encodes TRAIL could successfully operate as gene therapy in order to overcome some of the
documented inefficiencies in the clinical use of TRAIL. We have made significant contributions
to preclinical research on treatment of GCT including the first report of using oncolytic virus for
GCT, and in the use of oncolytic VACV as a vector for gene therapy.

5.1.1 Combination of PAC-1 with TRAIL for treatment of GCT
We sought to investigate a different approach in the treatment of GCT by using PAC-1 as

a sensitising agent in combination with TRAIL to induce apoptosis. Initially we wanted to see
whether PAC-1, itself, could be an effective agent in GCT. Using different cell lines with differing

levels of CASP3 expression we found that loss of viability in the presence of PAC-1 did tend to
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increase with increasing levels of CASP3. With respect to other apoptosis-inducing agents, we
found GCT model cell line KGN less sensitive to carboplatin, gemcitabine, and TRAIL, but very
sensitive to embelin. Embelin is a SMAC-mimetic that inhibits XIAP, which in turn is an inhibitor
of CASP3 [156-158]. KGN appears therefore to be more sensitive to single agents that have
direct interaction with CASP3 than to agents that depend on inducing CASP3-driven apoptosis
through signaling pathways.

To look at potential benefit from drug combination we paired PAC-1 with each of the
other agents and calculated a measure of drug synergy for each combination. While overall
loss of viability was not striking when combining PAC-1 with carboplatin or gemcitabine, the
combined effect did display weak synergy. Embelin, on the other hand, was effective at
reducing viability with PAC-1 but the combination shows an antagonistic relationship for
reasons that don’t seem obvious. TRAIL displayed a strong synergistic relationship with PAC-1
and the combination was very effective at reducing viability of KGN cells. We also found that
normal cells were much less sensitive to PAC-1/TRAIL combination in keeping with published
reports on the safety of PAC-1 and TRAIL individually. The PAC-1/TRAIL synergy allowed us to
select a low dose of TRAIL (10 ng/mL) to combine with a clinically relevant dose of PAC-1 (20
uM) for more detailed assessment.

First we looked to understand the kinetics of combining PAC-1 and TRAIL through time-
course measurement of CASP3 activation. Caspase activation is required to initiate apoptosis
and we knew from endpoint measurements that low-dose TRAIL with PAC-1 was effective, but

what was dramatic was how rapid the increase in CASP3 activity was compared to agents alone.
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It confirmed the synergy that exists between PAC-1 and TRAIL and offers interesting scenarios
as to what might be happening. As single agents PAC-1 and TRAIL are less effective at directly
activating CASP3 enzymatic activity. Perhaps PAC-1 prepares CASP3 for activation but is not
inducing immediate auto-cleavage, and TRAIL is inducing death signals but CASP3 is inhibited by
either Zn?* ions or XIAP. In combination, we hypothesize that as PAC-1 primes CASP3 to a
ready-state, TRAIL sends the signal to spark CASP3 activity.

With the lack of animal models expressing the FOXL2¢13%W mutation we looked at using
patient-derived tissue as an indicator of clinical relevance. Using a similar dose level with PAC-1
and TRAIL we treated four patient samples (two primary and two recurrent disease). Our in
vitro work with KGN suggested that it may take ~24 h for PAC-1 to start having optimal effect,
so for this experiment the TRAIL was added 24 h after PAC-1. The results were consistent with
the KGN-based assays in terms of the superiority of PAC-1/TRAIL combination and suggested
that recurrent disease may be as, or more, susceptible as primary disease, although only CASP3
activity showed statistical significance. The possibility that recurrent disease may be more
sensitive to PAC-1/TRAIL is intriguing because it is recurrent disease that represents the
challenge for women diagnosed with GCT.

TRAIL is a well-documented agent and is often used in drug combinations in vitro,
although it has been less than effective in clinical trials [114] due to inherent or developed
resistance to TRAIL, a short half-life, and ineffective dosing at the tumour site. Even so, during a
phase | clinical trial of a monoclonal antibody targeting death receptor 5, an early-cohort

patient with GCT was one of only a few patients showing some response to treatment [189] and
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circulating TRAIL has been found to be reduced in patients with large GCTs and correlates
inversely with tumour size suggesting TRAIL may represent a therapeutic target [124]. We have
found that it is possible to dramatically increase the ability of TRAIL to induce apoptosis in GCT
by sensitising the cells with PAC-1, which we propose is priming CASP3 for activation by TRAIL-
induced death signaling. This could be a strategy for overcoming reported limitations in the
clinical use of TRAIL because this result is achieved at very low dose levels, far below what has
been used in clinic.

5.1.2 TRAIL-expressing VACV as a gene therapy vector

VACV possesses many key attributes necessary for an ideal viral backbone to be used in
oncolytic viral gene therapy. These include a short lifecycle, rapid cell-to-cell spread, strong lytic
ability, a large cargo capacity, and well-defined molecular biology. It has previously been shown
that VACV tumour selectivity is increased by the deletion of the viral J2R gene that encodes
thymidine kinase (TK), making the virus dependent on the cellular TK that is up-regulated in
proliferating cancer cells [147, 148, 159, 160]. It has also been shown that additional disruption
of viral ribonucleotide reductase (RR) increases the safety profile of VACV without negatively
impacting viral replication in cancer cells [145, 147, 161, 162]. TRAIL has been known to be a
tumour-selective, apoptotic-inducing compound since its initial discovery in 1995 [176]. While
many studies have shown soluble TRAIL to have great effect in vitro, that success has not
translated to the clinic where several limitations have appeared including a short half-life and
ready clearance by the body, resulting in difficulty achieving therapeutic dosing at tumour sites
[177]. One avenue for attempting to increase effectiveness is through gene therapy where the

TRAIL gene would be delivered directly to the tumour cell. Multiple vectors have been
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proposed as means for delivering TRAIL to the site of tumours [117, 120, 167, 168]. Each study
reports some measure of success against the particular cancer they were treating, although
each has its own limitations, also. For example, Ziauddin, et al., reported successful
combination of a full-length TRAIL-expressing poxvirus with oxaliplatin, but did not identify or
propose what the mechanism might be that sensitizes oxaliplatin-treated cells to TRAIL [167].
Kim, et al., meanwhile, proposed a replication-deficient adenovirus to deliver secretable TRAIL,
but with a potential requirement for 100 pfu/cell it may not be directly translatable to the clinic
[120].

We pursued developing an alternative means of delivering TRAIL by encoding a
synthetic gene for secretion of soluble TRAIL into the genome of an oncolytic vaccinia virus,
which our lab has shown through other research has high selectivity for cancer cells and has an
excellent safety profile in vivo [145]. Our unique design combined the extracellular domain of
human TRAIL with an isoleucine zipper, a Furin cleavage site, the promoter for human Fibrillin-
1, and a synthetic viral early/late promoter. We called this recombinant virus VACV*l and we
proposed that in light of our results showing synergy between rhTRAIL and PAC-1 in vitro, we
would expect to see beneficial effect from the combination of VACV*4L with PAC-1.

We evaluated the ability of VACV'*L to replicate in, and reduce viability of, KGN cells,
and compared that to results using VACV™'L in the presence of PAC-1. We found that
VACVTRAL replication was moderated in the presence of PAC-1, but loss of viability by KGN cells
was enhanced by the combination. This may be due to apoptotic activity induced by expression

of TRAIL from infected cells overcoming a reduced replication rate. Thus, the reduction in virus

110



replication does not have a negative impact on the ability of VACV™®L to kill tumour cells
when combined with PAC-1.

Finally, we wanted to confirm that TRAIL is being secreted by VACV*L.infected cells,
and that it is an active cytotoxic agent. We collected supernatant from infected KGN cells,
measured TRAIL concentrations with an AlphaLISA assay, and then used the supernatant in
cytotoxicity assays combined with PAC-1. The synergy between PAC-1 and secreted TRAIL was
significant and inhibition of CASP8 (the initiator caspase in the extrinsic apoptotic pathway) was
able to eliminate any cytotoxicity from PAC-1/TRAIL combination beyond the effect of PAC-1
alone, which confirmed that the secreted TRAIL is inducing the extrinsic apoptotic pathway.

5.1.3 Establishment of a xenograft model for GCT

While there are at least 10 spontaneous or genetically-engineered tumour models for
GCT, none of them are known to carry the FOXL2¢13%W signature mutation found in AGCT [153].
Because the FOXL2 mutation is so prevalent in AGCT, and continues to be present in recurrent
disease [41], we wanted to establish a xenograft animal model for testing our VACV*4L/PAC-1
combination therapy using KGN or KGN-derived cells, which are known to carry the FOXL2
mutation. An earlier attempt by our lab to implant KGN cells in female NIH Il mice had not
been successful.

In order to facilitate monitoring of tumour development, we transformed KGN cells with
firefly luciferase (KGN-luc) to enable bioluminescent imaging of the animals, and utilized them
for a pair of animal experiments. At first we injected 1 x 10’ KGN-luc cells into mice combined
with an initial supporting matrix of Matrigel to give the cells the best opportunity to survive and

proliferate. The bioluminescent signal from IVIS imaging initially dipped before showing a brief
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rebound, but after 214 days p.i. we could not detect any s.c. tumour development even though
IVIS imaging showed localized bioluminescence in at least one animal. We saw no evidence of
disease when that animal was dissected, leading us to hypothesize that perhaps at least some
of the KGN-luc cells were still viable but dormant or senescent. We further postulated that a
higher number of initially-injected cells would increase the possibility of a successful graft so for
the second experiment we injected female NSG mice with 5 x 107 KGN-luc cells with Matrigel.
We found that while initial bioluminescent signal was strong and localized as in the first
experiment, it dissipated rapidly and fell to near background levels within 60 days. At 106 days
p.i. the mice were euthanized and no macroscopic disease was detectable in either the i.p. or
s.c. cohorts.

Next we made an attempt to increase the chance of in vivo KGN proliferation using cells
we received from Dr. YangXin Fu, who had transformed KGN cells with runt-related
transcription factor RUNX3 (KGN-Runx3) or an empty vector (KGN-Vector). Using female NSG
mice, we injected 2 x 107 KGN-Runx3 cells in Matrigel into one flank and an equal number of
KGN-Vector cells in Matrigel into the contralateral flank. Two weeks later we repeated the
injections into the same location. Our thought was that the initial injection would condition the
local environment and increase the chances of establishing a tumour when the second injection
of cells was made, but after 180 days there was no sign of disease by palpation and the mice
were euthanized. We found, however, that 4 of 6 mice had flat, small (4 mm diameter) lesions
on the side injected with KGN-Runx3 and none of the KGN-Vector-injected sites had lesions.

While small (~*32 mm3), these lesions were actually larger than those reported by Kim, et al.,
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who had used a similar strategy for implanting KGN cells into Balb/c nude mice [66]. We
dissociated tissue from the lesions categorized this resulting cell line as KGN-RUNX3F1.

While the length of time required to establish a tumour of that size is currently not ideal
from the standpoint of testing potential therapeutics, the establishment of a human GCT CDX in
this mouse model does show that it is possible and provides a baseline for continuing to
develop the platform. We continue to look at possibilities for increasing KGN’s proliferation
rate in vivo.

5.2 Future directions
5.2.1 Establish a xenograft animal model for testing VACV™AL combined with PAC-1

While a xenograft model of GCT has not been wholly successful so far, we continue to
look for ways to improve the chances for a KGN CDX model to proliferate in vivo because it
would present us with an opportunity to assess how FOXL2¢3*W_mutant GCT responds to
VACV™AL and PAC-1. One possibility is to attempt serial passage of KGN-RUNX3F1 in mice. If
tumours develop following implantation, they would subsequently be implanted into new
cohorts of mice in an attempt to serially increase their aggressiveness. It is reported that PDX
models of cancer develop increased aggressiveness when maintained by serial passage in
immunocompromised mice with no change in gene expression profile [190]. We would hope
that KGN-RUNX3F1 would see a concomitant increase in aggressiveness through serial
passaging in mice.

A second approach we are considering is establishing a KGN-based cell line that
overexpresses Activin A. Clinical experience has shown that overexpression of Activin A is

linked with worse prognosis in several cancers [191] and activin expression is known to enhance
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ovarian follicle development. In fact, GCT has been shown to have a high activin A to inhibin A
ratio, while the FOXL2¢13*W mutation is thought to suppress follistatin leading to the loss of
activin antagonism, and increased cell proliferation [191, 192]. We propose to transduce KGN
cells to overexpress activin A and try to establish a CDX model in a fashion similar to what was
used to generate KGN-RUNX3F1 cells.

5.2.2 Generate a genetically-modified syngeneic model of GCT

Thirdly, we will need to assess the effectiveness of VACV™4L and PAC-1 in
immunocompetent mice, both from the perspective of treatment efficacy and determining how
the immune system might respond to VACV'*'L infection. We know from other research in our
lab that VACV AF4LAJ2R is both effective and tolerated in multiple immunocompetent animal
models [145] and we would fully expect that VACV'®'L would mirror that performance profile.
We plan to test VACV™®L using an oocyte-driven PIK3CA* mouse model that generates
bilateral GCT [153, 193]. This model also overexpresses activin A, supporting the points raised
above about activin overexpression and development of GCT. This immunocompetent model
will allow us to investigate how the virus holds up following administration, and whether we are
able to induce a tumour-specificimmune response in vivo.

5.3 Conclusions

Even though it is rare, GCT strikes 1,000s of young girls and women world-wide every
year and ~40% of them will relapse. Current therapies are not effective enough in controlling
recurrent disease which means there is a need for innovative treatments that will not also bring
a burden of off-target toxicity. PAC-1 is a novel small-molecule compound that has shown itself

to be effective in the treatment of several cancers both in vitro and in vivo, is currently in
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clinical trials, and has shown very little toxicity, to date. To the best of our knowledge, this
thesis represents the first report combining PAC-1 with TRAIL as a therapeutic strategy, and the
first report combining oncolytic vaccinia virus gene therapy with PAC-1. We have shown that
GCT is vulnerable to agents that act proximal to CASP3 in apoptotic pathways and that drug
synergy between PAC-1 and TRAIL allows for treatment of disease at lower doses of each
compound than might otherwise be required in-clinic. We also showed that a recombinant
oncolytic vaccinia virus can be effective in use as a gene therapy vector and deliver TRAIL
directly to tumour cells at therapeutic dose levels, in vitro. Finally, we have shown that GCT
model cell line KGN can be altered through transfection with RUNX3, which acts as an oncogene
in ovarian cancer, to improve proliferation of KGN cells in vivo, although there is still much work
to be carried out to fully establish this as an animal model for treatment of GCT. The novel
combination of two compounds that have individually displayed low toxicity in clinical trials,
with oncolysis by VACV, which also has an established safety record, appears very effective in
vitro against a disease that currently has few effective alternatives for women who relapse.

This represents a potential solution that is strongly worthy of further preclinical development

with no reason that it could not be expanded to look at being used for many cancers.
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